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Abstract

Inorganic halide perovskites have become attractive for many optoelectronic applications due
to their outstanding properties. While chemical synthesis techniques have been successful in
producing high-quality perovskite crystals, scaling up to wafer-scale thin films remains
challenging. Vapor deposition methods, particularly physical vapor deposition and chemical
vapor deposition, have emerged as potential solutions for large-scale thin film fabrication.
However, the control of phase purity during deposition remains problematic. Here, we
investigate single-source (CsPbBr3) and dual-source (CsBr and PbBr;) physical vapor
deposition techniques with the aim of achieving phase-pure CsPbBr; thin films. Utilizing

Knudsen Effusion Mass Spectrometry, we demonstrate that while the single-source CsPbBr3



evaporation is partially congruent, it leads to compositional changes in the evaporant over time.
The dual-source evaporation, with a precise control of the PbBr2/CsBr flux ratio, can improve
phase purity, particularly at elevated substrate temperatures at excess PbBr2 conditions. Our
results give direct evidence that the growth is CsBr-limited. Overall, our findings provide
critical insights into the vapor phase deposition processes, highlighting the importance of
evaporation conditions in achieving the desired inorganic perovskite stoichiometry and

morphology.

1. Introduction

Inorganic halide perovskites have received tremendous and still increasing attention from the
scientific community because of their excellent optoelectronic properties, which qualify them
for use in solar cells, light-emitting diodes,! X-ray detectors, and more.? This rapid burst of
scientific studies was fuelled mainly by chemical synthesis preparation techniques, which
provide high-quality perovskite (nano)crystals at very low costs.®> However, upscaling this
approach to wafer-scale thin films poses a great challenge. Recently, vapor deposition
techniques have come to focus; evaporation from a solid source under vacuum conditions is an
established technology, e.g., in semiconductor lasers, allowing the preparation of thin films
with atomic-scale precision.* Building on a large know-how from different material systems,
deposition from a vapor phase has the potential to become a dominant technology for a large-

scale deposition of inorganic halide perovskite thin films as well.

The perovskite preparation technique is vital to determine the relevant properties of the resultant
thin film.> Many experimental studies on vapor deposition of halide perovskites have been
recently summarized by timely and important reviews.®® Importantly, if effusion cells are

utilized, vapor deposition offers much better control of the evaporation fluxes, thus allowing to



engineer the grain size”'* or the intermixing of different chalcogenides.!! The efficacy of vapor
deposition has soon been recognized and demonstrated by the deposition of the perovskite solar
cells'? and the perovskite light emitting diodes.!>!* However, many issues prevail. Deposition
of CsPbBr3; by evaporation of precursors of different composition results in thin films of
CsPbBr3; mixed with unreacted CsBr and PbBr> or other phases of a different stoichiometry.
Hence, the phase-purity control is poor even for the most prominent inorganic halide perovskite,
CsPbBr3. Overall, the literature reviews give a clear picture of current know-how in the field: a
comprehensive understanding of the processes involved in every stage of the growth

(evaporation, transport, and growth) is lacking.®®

The most prominent approaches to vacuum-based vapor deposition are chemical vapor
deposition (CVD) and evaporation from Knudsen-like cells, the latter belonging to the family
of physical vapor deposition (PVD) techniques. Usually, CVD relies on tubular quartz reactors,
where, for instance, the precursor powders are placed at a certain position within a temperature
gradient across the furnace. The vaporized precursors are dragged by a carrier gas toward the
substrate, which is located at different positions within the tube furnace; here, the vapors
condense into a thin layer. A sealed variant of CVD (without the carrier gas) is called the
chemical vapor transport (CVT); here, the sample size is limited. Tubular quartz CVD and CVT
reactors that utilize solid precursors are mostly single-use; after each growth run, the precursors
need to be refilled. Only recently, experimental CVD setups for perovskite growth that do not
require frequent precursor refilling were introduced.!>!¢ In contrast to tubular quartz CVD,
PVD techniques are typically housed in larger high-vacuum apparatuses,® where the Knudsen
cells do not require refilling after every deposition, thus ideally providing stable and
reproducible growth runs. However, typically in perovskites growth, this is difficult to achieve,

as it is shown in this paper.



Most often, the precursors in Knudsen cells are located in resistively heated crucibles. Another
possibility, specifically for organic-inorganic perovskites, is the pulsed laser deposition (PLD)!”
or its variant, resonant infrared matrix-assisted pulsed laser evaporation (RIR-MAPLE).!8

These technologies seem very promising but remain unexplored.

Regardless of the technology in use, the deposition of a multicomponent materials is done from
individual precursors of each component placed separately in different heating zones!® or

20-22 a5 well as from a single precursor.!!>*?* The former approach

separate evaporation cells,
promises a good stoichiometry control of the resulting material via tuning the evaporation
fluxes of each constituent (e.g. CsBr and PbBr»). Certainly, most studies focused on finding the
optimum evaporation flux ratio.>>’ With rare exceptions,?® depositing two constituents at 1:1
evaporation flux ratio does not lead to stoichiometry preservation of the deposit
(CsBr+PbBr;=CsPbBr3). The on-surface growth is determined by kinetic processes,
schematically illustrated in Fig. 1, that significantly alter the individual surface concentration
of species involved.?>** These processes are thermally activated and follow Bolzmann statistics.
Typically, high diffusivity at the surface is a key factor for the deposited atoms and molecules
to reach low-energy positions.>! If multicomponent materials are deposited, one ideally needs
a high diffusivity and similar desorption rate of all constituents simultaneously,>? which is
usually not the case (despite the fact that, for example, the CsPbBr3; formation from gaseous
CsBr and PbBr, is exothermic, —386 kJ/mol,"* providing an additional thermal energy to
deposited molecules). Such a situation is schematically illustrated in Fig.1, where imbalance in
the surface fluxes of individual constituents arises due to the enhanced desorption of one of the
species. Specifically, for halide perovskites, a proposed solution to this issue involves a
sequential, separate evaporation of each component, one after another, followed by annealing

of the entire multilayer stack.*®> However, post-growth annealing is another critical step that

faces several kinetic restrictions. Perfect mixing is achieved only if the temperature is high



enough to promote interdiffusion while avoiding PbBr> desorption. An alternative approach
could be the deposition of multiple layer sequences, but in principle, the difficulties associated

with annealing persist.>* Additionally, issues arise outside of vacuum conditions due to varying

levels of humidity.*

Fig. 1: Schematic illustration of the processes involved in multicomponent deposition. In this case, two
evaporation sources (blue and brown) of different constituents (blue and brown bricks) are evaporated
at the same evaporation rates F), i.e. F1 = F». Nevertheless, the on-surface fluxes, Fi" > F>", are not equal
due to different kinetic rates of on-surface processes for each constituent (4 — adsorption, D — diffusion,
Des — desorption). The kinetic rates are significantly dependent on sample temperature 7. Hence, the
growth may not result in stoichiometric product and the initial 1:1 ratio of the evaporation fluxes £ and

F> is not preserved on the surface.

Hence, an important “turning knob” for optimizing the growth process and achieving the correct
stoichiometry is the sample temperature 7.2’ The numerous surface processes are difficult to
precisely control by only two variables (sample temperature and precursor fluxes).
Nevertheless, it is possible to built on previously established compound semiconductor
deposition processes, utilizing self-limited kinetics of the growth system. This is the case, e.g.,
of GaAs,*® and SnSe,*” where the growth is Ga- and Sn-limited, respectively. The self-limiting
conditions are achieved at elevated temperature under excess group V (or VI) precursor flux.
High temperatures ensure that excess As (or Se) atoms are readily desorbed, leaving only those

that form Ga-As (or Sn-Se) bonds and remain on the surface. Thus, an optimum stoichiometric
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III-V crystal growth is achieved. Such an approach has not been studied for halide perovskites,
as the knowledge of surface processes that occur during growth from multiple precursor sources

1s rather limited.

Alternatively, evaporation from a single source (i.e., CsPbBr3) has the potential to simplify the
phase-pure deposition, provided that the compound evaporates congruently. That means the
composition of the vapor is reflecting that of the evaporant.*®* This is possible if the precursor
is in the form of a nanoscale powder or if the precursor pellet fragments into nanoscale parts
and decomposes only after fragmentation.’* The latter process has recently been documented
to occur during the melting of CsPbBr3.*° However, the congruent evaporation of CsPbBr;3 has
not yet been validated, despite speculations in the literature.® Understanding the single-source
evaporation of CsPbBr3 is complicated as different phases of the resulting perovskite layers are
reported, being Cs or Pb rich.*'*> Post-growth alloying strategies have been employed to
increase the purity of the CsPbBr3 phase, *1*>?% but this approach faces similar issues as the
aforementioned annealing of multilayer stacks.>**> An apparent solution is the deposition at
elevated temperature. Although this increases complexity, at the same time it introduces
possibility of tuning the resulting morphology, from polycrystalline layers at lower

19,24

temperatures to nanowires at higher temperatures, " although contradictory results have been

reported so far.!!

Here, we study single-source (CsPbBr3) and dual-source (CsBr and PbBr2) deposition strategies
with the objective of depositing phase-pure CsPbBrs. We analyze two critical phases of growth
by separately analyzing the evaporation products using Knudsen Effusion Mass Spectrometry
(KEMS) and the growth products at different sample temperatures by relevant analytical
techniques. We show that the decomposition of CsPbBrs; is partially congruent; however, the
precursor composition changes during the evaporation. It is observed that this problem can be

resolved to some extent by elevating the sample temperature, which enhances the phase purity



of the deposit by desorbing excess PbBr>. Similarly, the dual-source evaporation yields a high-
purity CsPbBr3 evaporant at elevated sample temperatures, because growth is CsBr-limited. At
lower sample temperatures, other phases, namely CsPboBrs and CssPbBrg, are detected on the

samples, either pure or mixed with CsPbBr3, CsBr, or PbBr».

11. Methods:

Perovskite CsPbBr3; precursor synthesis: PbBr, powder (Sigma Aldrich, 99.999% purity) was
dissolved in 48% aqueous HBr, and CsBr powder (Sigma Aldrich, 99.999% purity) was
dissolved in H>O. In both cases the molar ratio of the dissolved powders was 1:1. Next, the
solutions are mixed, resulting in the precipitation of orange solid, which was suction filtered,
washed with ethanol, and dried under vacuum. For co-evaporation experiments, pure PbBr>

and CsBr powders were used.

Perovskite evaporation: All evaporation experiments were conducted within a high vacuum
(HV) chamber, maintaining a base pressure of 1x10® mbar. The chamber was equipped with
two custom-built resistively-heated effusion cells, both aligned at an incident angle of 30°
relative to the substrate. During the operation, the pressure typically stabilized in the order of
10”7 mbar. The evaporators were operated at 450 °C for the evaporation of single-source
CsPbBrs3, and in the range of 400-450 °C and 240-360 °C for the evaporation of CsBr and PbBr»,
respectively. The evaporation rates were calibrated by a quartz crystal microbalance and
validated on room-temperature deposited layers by step-height measurement by atomic force
microscopy. The sample holder was fitted with a calibrated pyrolytic boron nitride (pBN) heater

to ensure a precise temperature control. Si(111) substrates were used in all the experiments.

X-ray diffraction (XRD): Structural analysis and phase identification of the deposited Cs-Pb-

Br samples was performed via in-plane grazing incidence XRD (GIXRD) measurements and



out-of-plane specular diffraction using a Rigaku Smartlab (9 kW) diffractometer with Cu-Ka
radiation (A= 1.54 A) and an incident parallel beam setting. A 5° in-plane Soller slit was utilized
in both the incident and diffracted optics. For GIXRD, the X-ray source and the detector were
set to a grazing angle (o = 0.8°, 20 = 1.6°) and intensity profiles were acquired by scanning the
20/y angle, where the detector arm is laterally scanned in order to look for crystalline planes
that are perpendicular to the sample surface. The grazing-incidence measurement geometry
maximizes the signal arising from the thin film in comparison to that of the substrate. In specific
cases, we have also utilized the out-of-plane diffraction geometry (specular diffraction) by
performing symmetric #-26 scans using a double-bounce Ge(022) monochromator, obtaining
reflections from crystallographic planes parallel to the sample surface. Such a configuration
allows scanning the 26 angle with better resolution, which is necessary for discriminating
between the orthorhombic and cubic CsPbBr3; phases. The recorded peaks were compared to

crystallographic databases (see Fig. S1).

Scanning electron microscopy (SEM) was performed using ThermoFisher Verios 450L and FEI

Versa microscopes.

X-Ray Photoelectron Spectroscopy (XPS): compositional analysis was performed using a
Kratos Axis Supra XPS instrument utilizing the monochromated Al Ka radiation (1486.6 eV)
and a hemispherical analyzer set in a high magnification mode with a pass energy of 20 eV.
The electron emission angle was set along the normal to the surface. All the spectra were
acquired with an energy step of 0.05 eV. The perovskite phase analysis, presented in the
Supplementary Material, was performed without shifting the spectra. Only to clearly present
the Pb® component after prolonged X-Ray irradiation, we have shifted the spectra shown in Fig.
6 with respect to the Pb>* component at 138.75 eV.** The intensity and fluence of the X-Ray

source were determined according to Ref. *4.



Photoluminescence and Raman spectroscopy analysis: spectra were obtained using a Witec
Alpha 300R confocal microscope set-up with a built-in spectral camera and continuous wave
laser illumination. The wavelength of the laser light used for excitation was 532 nm and the
optical power of the laser varied from 0.5 mW to 10 mW. The spectra were normalized with
respect to the intensity of the Si Raman peak (520 cm™). All the measurements were done using
an objective lens with 100x magnification, 0.3 mm working distance and 0.9 numerical
aperture. The diffraction grid settings for photoluminescence measurements and for the detailed

Raman spectra observations were 600 g/mm and 1200 g/mm, respectively.

For time-resolved photoluminescence (TRPL) measurements, free space optics was used. The
sample was placed into a @50 mm Thorlabs integration sphere with three SM05-threaded input
ports and one SMO05-threaded output port. The integration sphere has a reflectance greater than
94% over the wavelength range of 250 nm to 2500 nm. Through one SM05-threaded input port,
excitation light from a pulsed laser diode (PIL 040-FS) with a 407 nm wavelength, 100 ps pulse
width, 1.46 mW optical power, and 10 MHz repetition rate, was directed onto the sample placed
inside the integration sphere. The TRPL was collected through the SM05-threaded output port
and directed to an avalanche photodiode (SPCM-AQRH-64, Excelitas Technologies). The

measured PL intensities were fitted with a single-exponential function as follows:
¢
I1(t) = Iyexp (—;) (1)

where /(¢) is the PL intensity at time ¢, whereas /o and 71 are the amplitude and the lifetime of

the charge transfer process.

For photoluminescence quantum yield measurements (PLQY), the same set-up as for TRPL
was used with some modifications. The excitation pulsed laser light, with 407 nm wavelength,
was operated at an optical power of 0.84 mW and a repetition rate of 20 MHz. The signal was

collected through the SM05-threaded output port and directed to a Shamrock spectrograph 3031



equipped with an iDus 420 CCD camera from Oxford Instruments, a diffraction grating of 150
g/mm, input slit size of 10 um, and integration time 10 s. The PLQY was obtained and

calculated as

a
NpLoy = — =" 100, (2

Ainc.—Ascat.

where ApL is the area under the photoluminescence curve, Ainc. is the area under the reflectance
curve of the bare substrate and Asca. 1S the area under the reflectance curve of the substrate

covered by the perovskite thin film.

Knudsen effusion mass spectrometry experiments were conducted using a FINNIGAN MAT
271 spectrometer at Forschungszentrum Jiilich. Prior to sample introduction, the Knudsen cells
were preconditioned by heating at 1000 °C for 12 hours to remove impurities. For each
measurement, approximately 40 mg of sample powder were loaded into the cell. lonization was
performed using an electron beam generated by a tungsten cathode, operating at an energy of
60—70 eV and an emission current of 0.47 mA. Two types of measurement series were carried
out: isothermal measurements, where vapor species were analyzed at a constant temperature
over time, and polythermal measurements, which were taken at different temperature intervals.

Full experimental details are provided in the Supplementary Material.
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I11. Results
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Fig. 2: KEMS results: mass spectra of (a) CsPbBr3 pellet held at 450 °C, (b) CsBr powder at 450 °C, (¢)
PbBr; powder at 300 °C. (d) Isothermal evaporation of the CsPbBr3 evaporant at 450 °C, the most
relevant components monitored in time (only selected components are shown for clarity; more data are
in Supplementary Material, Fig. S3). The PbBr-related components are depleted faster (faster decrease
in the graph for PbBr", PbBr,", Pb* and Br") and at a certain moment a phase change to Cs4sPbBre occurs.

When all PbBr; evaporates, only CsBr remains.

The species evaporated from the source materials are the building blocks for further perovskite
phase formation on the substrate. We have utilized KEMS to identify the evaporated species
from the single-source (CsPbBr3 pellet) as well as dual-source precursor(s) (CsBr and PbBr»
powders). Fig. 2 shows a mass spectrum recorded for each of these source materials heated to

the temperatures further used in this study: CsPbBr3 at 450 °C (Fig. 2a), CsBr at 450 °C (Fig.
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2b), and PbBr at 300 °C (Fig. 2¢). As expected, the CsPbBr; KEMS spectrum contains ions
that do not appear in the spectra of CsBr or PbBr; alone, including CsPbBr2" (493-503 m/z)
which results from the fragmentation of CsPbBr; molecules after ionization. Although the
fragmentation is very efficient (compare the intensity of CsPbBr," and CsPbBrs* peaks in Fig.
2a), the presence of these components in the mass spectrum is indisputable proof that a
congruent evaporation of CsPbBr3 occurs as well. However, the congruent evaporation is only
a partial, although major process. This is documented by the existence of CsBr", which can
hardly originate from the CsPbBr3; molecular clusters alone. Its presence indicates that (CsBr)x
clusters evaporate as well (x>2).* Therefore, in addition to the congruent evaporation, the
precursor in the crucible partially decomposes into CsBr and PbBr», and these components
evaporate (at different rates, see below) simultaneously with the congruently evaporated
CsPbBr3 (see Fig. 2d). An extended analysis of KEMS data, including detailed temperature
dependencies that further support these conclusions, is shown in the Supplementary Material
(Fig. S4, S5 and S6). The equilibrium vapor pressure of PbBr is higher as compared to that of
CsBr;*+ therefore, if kept at the same temperature, PbBr, evaporates faster (compare the
absolute ion currents in Fig. 2b,c). This fact is also documented in Fig. 2d, where the isothermal
evaporation of CsPbBr3 is monitored over time. The intensity of PbBr.-related ions decreases
faster compared to CsBr-ones. Therefore, the composition of the evaporant in the crucible
gradually changes over time towards the Cs-rich phase. Consistent with the CsBr-PbBr> phase
diagram,? when a certain stoichiometry is reached (ratio 4:1), the phase change of the evaporant
to Cs4PbBrs occurs. This phase change is accompanied by different evaporation rates, followed
by a rapid loss of PbBr-related components (clearly distinguishable in Fig. 2d). Then, only CsBr
is left within the crucible. Thus, KEMS measurements explain the previous experimental

findings reporting different evaporant compositions after growth runs.?64!
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Congruent evaporation typically occurs in nanocrystalline evaporants because the heat is
delivered abruptly to the entire nanocrystal, leading to a rapid decomposition and evaporation.*®
Therefore, the preparation method is expected to be important. Nevertheless, we have found
that different forms of the evaporant produce very similar results (see Supplementary Material,
Fig. S4). Additionally, for evaporant temperatures between 400 °C and 450 °C, the vapor
composition (ratios between components) is stable with the temperature (see Fig. S6). Thus, if
operated before the phase change to CssPbBrs and considering that vapor pressure depends on
temperature, the single-source CsPbBr3; evaporation also allows control of the deposition rate

by adjusting the evaporant temperature.

e orthorhombic CsPbBr;  «Cs,;PbBrg m CsPb,Brg

intensity

10 20 30 50 60

40
20/ (deg)

Fig. 3: Analysis of single-source (CsPbBrs, 450 °C, evaporation rate was 15 nm/min) deposited
perovskite layers (30 minutes deposition) at different substrate temperatures (RT, 100 °C, 200 °C, 250
°C). Peaks in XRD spectra are marked by symbols relevant for each phase: orthorhombic CsPbBr; (@),
CsPb.Brs (m) and CssPbBrs (*) (see Fig. S1 for the full spectra and detailed peak assignments).

Representative SEM images of each sample are shown on the right.

13



Next, we show that it is possible to substantially tune the stoichiometry of the deposited layers
by controlling the substrate temperature, without requiring extensive flux control. First, in Fig.
3 we show the XRD and SEM analyses of layers deposited from a single-source evaporant
(CsPbBr3) at substrate temperatures ranging from room temperature (RT) to 250 °C. All growth
runs were performed using a fresh evaporant at 450 °C to avoid changes in flux compositions
due to phase changes in the evaporant (see Fig. 2d). We observe that both the RT and 100 °C
depositions yield a compact layer of CsPb2Brs (see Fig. 3). Upon increasing the substrate
temperature, the grain size of the deposit slightly increases, while the nominal layer thickness
corresponds to the deposition rate (470 nm). Conversely, we find that the morphology of the
layer deposited at 200 °C is strikingly different. The individual grains possess a nearly cubic
shape and, occasionally, nanowires of a rectangular cross-section (up to 300 nm size) and a
maximum length of 2 um are protruding the polycrystalline layer. We argue that the appearance
of the layer is clearly related to the phase change. At 200 °C, an orthorhombic CsPbBr3 phase
is identified in the XRD spectra (see left panel in Fig. 3 and Fig. S7 in SI for crystal phase
identification) with only a very minor presence of Cs4sPbBrs. At a higher sample temperature
(250 °C), the fraction of Cs4PbBrs slightly increases. At even higher temperature (300 °C, not
shown), no layer is formed, as all deposited material is desorbed. Further analyses by XPS and
Raman spectroscopy (see Supplementary Material, Figs. S8 and S9) support the phases

identified by XRD.
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Fig. 4: Analysis of dual-source (CsBr and PbBr;) deposited perovskite layers at different sample
temperatures (RT, 100 °C, 200 °C, 250 °C) and flux ratios. In (a) the XRD and SEM analysis of the
layers deposited with a PbBr,/CsBr flux ratio of 1:5 is shown. The evaporator temperatures were 240
°C and 450 °C, providing absolute fluxes of 0.8 nm/min and 4 nm/min for PbBr; and CsBr, respectively.
In (b), the same analysis is made for a PbBr,/CsBr flux ratio of 4:1. The evaporator temperatures were
300 °C and 400 °C, providing absolute fluxes of 8 nm/min and 2 nm/min for PbBr, and CsBr,
respectively. Peaks in XRD spectra are marked by symbols relevant for each phase: orthorhombic
CsPbBr; (@), CsPb,Brs (W), CssPbBrs (*), CsBr (0) and PbBr2 (o) (see Fig. S1 for the full spectra and

detailed peak assignments).

T
(©) PbBr, PbBr-terminated

e ]

Fig. 5: CsPbBr; nanowires observed when higher substrate temperatures and PbBr; flux (dual source
deposition) were used. In (a), a detailed SEM inspection of the sample grown at 250 °C (same as in Fig.
4b, PbBr,/CsBr flux ratio of 4:1) is shown, with the side view in the top row, and a tilted (45°) view in
the bottom row. At 250 °C, out-of-plane CsPbBr; nanowires are formed, with cuboid CsPbBr; crystals
mostly within the shade of nanowires in the direction of the PbBr; beam (the beam direction is marked

by an arrow, the sample was not rotated during the evaporation). A SEM image of a slightly elongated
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cuboid crystal, with a clearly visible square top facet, which is identical to the nanowire cross-section is
shown in the inset. (b) The sample grown at 300 °C using a very high PbBr»/CsBr flux ratio of 25:1,
where exclusively in-plane oriented CsPbBr3; nanowires are formed. The evaporation temperatures were
360 °C and 400 °C, providing absolute fluxes of 50 nm/min and 2 nm/min for PbBr, and CsBr,
respectively. The inset shows a detail of a nanowire tip with a nanoparticle, typical for vapor-solid-solid
growth. (c) The schematic illustration shows the proposed model for anisotropic growth, including the

side views of Cs-Br- and Pb-Br-terminated facets.

The dual-source deposition (simultaneous independent evaporation of CsBr and PbBr») allows
tuning the PbBr2/CsBr flux ratio. Fig. 4a shows XRD and SEM analysis of layers deposited at
sample temperatures ranging from RT to 250 °C when the flux ratio is smaller than 1 (in this
case, the PbBr2/CsBr flux ratio was 1:5). All the layers are composed mostly of CsBr. Only for
lower sample temperatures (RT and 100 °C), a certain fraction of Cs4PbBrs is detected. As
expected, the grain size increases with temperature. At 250 °C, the layer is partially decomposed
and roughened (similarly to the single-source deposition). When the PbBr,/CsBr flux ratio is
changed to 4:1 (Fig. 4b), the XRD analysis of perovskite phases resemble those of the single-
source evaporation. The compact layer of CsPb,Brs is deposited at low temperatures (RT and
100 °C), while at higher temperatures, orthorhombic CsPbBr3 is formed. However, in contrast
to the single-source evaporation, there are several noticeable differences. Firstly, below 250 °C,
the temperature is not high enough to evaporate excess PbBr2, as deduced from the PbBr;
signatures in the XRD. Importantly, pure orthorhombic CsPbBr3 is formed at 250 °C (other
phases were not detectable by XRD). At this temperature, the CssPbBrs present in samples
prepared by the single-source evaporation is absent. CsPbBr3 deposited at 250 °C forms well-

defined cuboid crystals as well as nanowires.

We have inspected the sample grown at 250 °C in more detail (see Fig. 5a). The nanowires on
the sample were all out-of-plane, no in-plane nanowires were observed. All the nanowires have

a square cross section (see detail in Fig. 5a). Interestingly, cuboid crystals on the sample
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predominantly form near nanowires, appearing almost exclusively in their shadow along the
direction of the PbBr, flux. The largest difference between the single- and dual-source
evaporation is that using the latter approach the growth of CsPbBr; is possible also at
temperatures above 250 °C. In order to do so, the PbBr/CsBr ratio has to be much higher
compared to the one achievable by the single-source deposition. Fig. 5b additionally shows that
at 300 °C and under a very high PbBr; flux (PbBry/CsBr flux ratio of 25:1), only small
crystallites and relatively long CsPbBr3; nanowires are present on the surface. Interestingly, in
contrast to the deposition at 250 °C, all the nanowires grow in-plane, along the substrate surface.
In many cases, a small droplet is visible at the nanowire end (see the inset in the bottom panel
of Fig. 5b), and the nanowires are frequently tapered. XRD revealed that both out-of-plane and

in-plane oriented nanowires exhibit orthorhombic CsPbBrj3 structure (Fig. S7).

(@)

(d) — PbBr,:CsBr — CsPbBr,, 200 °C 10" 4

(e)

fluence (cm?) (4:1), 250 °C
Esltgbérf 200 °C ——5x10" — single-exponential fit
y 1500 | | W L AN N e exp. data
5x10'®
——2+107

(b)

(4:1) PbBr,:CsBr
250 °C

Counts per bin

norm. intensity
2

intensity

(c)

146 144 142 140 128 136 14 137 13 135 134 480 500 520 540 560 580 20 40 60 80 100
binding energy (eV) wavelength (nm) time (ns)

Fig. 6: Comparison of optoelectronic properties of CsPbBr; prepared by different approaches (dual
source, PbBr,+CsBr, 4:1, at 250 °C and single source, CsPbBrs, at 200 °C). Panel (a) shows the X-ray-
induced damage evolution of the single-source deposited sample, documented by XPS spectra (in the
Pb 4f region) after exposure to 1486 ¢V X-Rays with an increasing fluence. A reduction of higher
valence states of Pb to metallic Pb® is documented by the appearance of a component at 136 eV, which
is shown in detail in (b). The same spectral detail is shown in (¢) for the CsPbBr; sample grown by dual-
source deposition after exposure to the same X-Ray fluences. PL spectra and TRPL measurements of

the two samples are shown in (d) and (e), respectively.
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We have already demonstrated via XRD that dual-source deposition at sample temperatures
above 200 °C produces better deposits in terms of phase purity. To support this conclusion with
additional techniques, Fig. 6 illustrates the effects of X-Ray exposure (Fig. 6a-c),
photoluminescence (PL, Fig. 6d) and time-resolved photoluminescence (TRPL, Fig. 6¢) on the
single-source deposited layer at 200 °C and the dual-source deposited samples (4:1 PbBr2:CsBr
ratio) at 250 °C (refer to Fig. 3 and 4b for XRD and SEM images). The degradation of halide

t.47 Formation of metallic Pb

perovskites under UV and X-Ray radiation is a well-known effec
after the exposure to high-energy photons has been associated with PL quenching;
subsequently, halide interstitials induce deep-level traps.*’” The former process is detectable
through the emergence of a Pb? component (metallic Pb) in the XPS spectrum. The series of
XPS measurements under continuous X-Ray irradiation (1486 eV) shown in Fig. 6¢ indicates
that the sample prepared by dual-source deposition exhibits negligible Pb® formation, in contrast
to single-source-deposited sample (Fig. 6b) where degradation is evident. It is worth noting,
however, that the resistance of both samples to degradation under high-energy photon
illumination is significantly greater when compared to samples composed of other perovskite
phases (see Fig. S10). Deposits prepared using both deposition methods exhibit intense PL with
peak maxima at positions characteristic of CsPbBr3 (Fig. 6d).*® The blueshift observed in the
dual-source-deposited sample is attributed to quantum confinement effects in the nanowires
and nanocubes present on the sample (see SEM images in Fig. 4b).*® Time-resolved PL analysis
reveals a single-exponential decay profile for the dual-source-deposited sample, whereas the
single-source-deposited sample deviates from this behavior. The much longer exciton lifetimes
observed in the dual-source-deposited sample (71=24.8 ns) are supported by PL quantum yield

measurements, which reach 86%, a significantly higher value compared to the single-source-

deposited sample (13%, 71=3.4 ns).
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IVv. Discussion

Comparing the results of single-source and dual-source deposition leads to the following
conclusions. At low deposition temperatures, our results agree with those reported by previous
studies,*!"*? that is, both deposition approaches result in the CsPb,Brs phase, occasionally mixed
with CsPbBr3. In order to grow the pure CsPbBr; phase, one needs to raise the sample
temperature. The KEMS data, together with the analyses shown in Fig. 3 and Fig. 4, allow us
to explain the mechanism behind. An elevated sample temperature results in desorption of
excess PbBr2 from the sample surface. The desorption of PbBr; prevents the formation of the
CsPb;Brs phase at temperatures above 100 °C. Instead, at elevated sample temperatures the
growth rate becomes limited by the CsBr flux. This makes the CsPbBr3; growth mechanism on
surfaces very similar to that of III-V semiconductor formation via molecular beam epitaxy: in
excess of group V species, the growth is controlled by the group III element. Here, the large
flux of PbBr> allows the stoichiometric formation of CsPbBr3, while the elevated sample
temperature ensures the desorption of excess PbBr». This is valid for both the single-source and
dual-source (with PbBr»/CsBr flux ratios >1) depositions. The PbBr,/CsBr flux ratio should be
large; otherwise, the desorption of PbBr> could be so fast that growth of CsPbBr; can become
PbBr;-limited. This is the case of single-source deposition at 250 °C (Fig. 3). In such a case,
the lack of PbBr» (and, hence, excess of CsBr) results in a partial formation of Cs4PbBrs. The
desorption of PbBr; is a temperature-activated process, but the loss of PbBr» at high
temperatures can be compensated by a very large PbBr; flux. This is achievable only through
dual-source deposition enabling the growth of CsPbBrs; at sample temperatures exceeding 250
°C with very high purity, as demonstrated in Fig. 6. Notably, high-temperature deposition
ensures the desorption of any unreacted PbBr», efficiently eliminating PbBr; residues from the
layer. Consequently, high-temperature-deposited layers exhibit higher photoluminescence

quantum yield and longer exciton lifetimes. As shown in Figs. 4 and 5, increasing the sample
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temperature and providing a high PbBr; flux cause the morphology of the CsPbBr3 deposit to
rapidly change from a fairly compact layer to nanowires. The appearance of nanowires during
the vapor phase deposition of inorganic perovskites at elevated temperatures has been observed
previously.!****° This morphology change is still unexplored, despite attempts to explain it by
temperature-dependent changes in the crystal structure.!! Here, we observe two different cases.
At the highest sample temperature of 300 °C inspected in this study (which is still below the
liquidus line of the CsBr-PbBr> phase diagram), Cs-Pb-Br alloy nanoparticles are formed that
further collect the deposited species, facilitating one-dimensional growth via vapor-solid-solid
(VSS) mechanism.>® The appearance of nanoparticles at the tip of the nanowires is a typical
signature of VSS growth. The in-plane nanowire geometry reached at this deposition
temperature results from a nanoparticle movement on the surface during growth.’! The
nanoparticles shrink in time (and, potentially, fully diminish after some time), which is reflected

in the tapered shape of the in-plane nanowires (Fig. 5b, side view).

At the slightly lower sample temperature of 250 °C, but still under high PbBr; flux, the out-of
plane nanowires do not exhibit any nanoparticle at their tip. As the nanowire cross-section does
not change along their axis, the absence of the droplet cannot be explained by its evaporation
during growth. There is obviously another growth mechanism in play. We propose that the
asymmetry promoting one-dimensional growth in the system is the distinct surface termination
of CsPbBr3 facets. Cuboid CsPbBr3 crystals, as is the case here (Fig. 3), commonly exhibit
(100) facets.!” These facets are crystallographically identical, and under common growth
conditions they are Cs-Br terminated due to the lowest surface free energy of this termination.>*
% We hypothesize that, at PbBr,-rich conditions, the facet that is most directly exposed to the
incident flux transiently converts into a Pb-Br terminated one. Such a facet immediately
develops to the fastest growing one due to an increase in the surface free energy.’? As a result,

cuboid crystals elongate along the [100] direction (Fig. 5¢) and form nanowires with a square
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cross-section, observed experimentally (Fig. 5a). The elevated growth temperatures promote
the relevant kinetic processes (mostly surface diffusion), further accentuating the anisotropy of

the growth.

For many device applications, phase-pure, continuous CsPbBr3 layers are essential. Our data
indicate a sample-temperature-dependent trade-off between phase purity and the continuity of
vapor-deposited perovskite layers. The morphology of these layers can be further manipulated
through various means. Polycrystalline layers, such as those prepared in this study, are
commonly formed during the vapor deposition of perovskites.>> The compactness of
polycrystalline films improves with increased nucleation density,® which is critically
influenced by the D/F ratio.’® At low D/F ratios, the higher concentration of surface species
increases the likelihood of stable nuclei formation, resulting in more compact films.>® SEM
images in Fig. 3 and Fig. 4b clearly illustrate this behavior: at constant flux F, low-temperature
depositions (corresponding to low D/F ratios) result in more continuous films, whereas higher-
temperature depositions (with higher D/F ratios) lead to predominantly isolated grains and
nanowires. Therefore, phase-pure compact films can potentially be grown at elevated
temperatures if the total flux F is significantly increased. Additional strategies to manipulate
the growth mode include the appropriate choice of substrate (e.g., enabling epitaxial
monocrystalline growth,)’’ or the use of surfactants.’® The former approach builds on the fact
that diffusion is strongly strain-dependent, allowing the D/F ratio to be adjusted through
substrate selection. The latter technique, widely used in homoepitaxy of metals,*° has yet to be
explored for the growth of inorganic perovskites. Both approaches merit further detailed

investigation.
Conclusions

In summary, we have demonstrated how differences in the vapor pressures of CsBr and PbBr»

affect the vapor phase growth from both single- (CsPbBr3) and dual-sources (CsBr and PbBr»).
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Under an excess PbBr flux, the growth of CsPbBr3 is CsBr-limited. Hence, if growth is
conducted at certain elevated sample temperatures, this mechanism allows full control of the
growth rate by the CsBr flux in case of the dual-source deposition. Similarly, it allows the
deposition of the pure CsPbBr; phase. Our study shows that both single- and dual-source
depositions of inorganic perovskites may result in layers with a prevailing CsPbBr3 phase if
appropriately controlled. The single-source deposition, however, requires caution; longer
operation results in a phase change of the evaporant and related flux variations. Additionally,
the dual-source deposition is more flexible, because it allows tuning the fluxes of each
component independently. The ability to independently increase PbBr» flux is critical for phase-
pure deposition of CsPbBr3, as phase purity improves with sample temperature during
deposition, provided that sufficient PbBr» flux is supplied. This has been demonstrated through
XRD and PL measurements. Flux variations broaden the variety of CsPbBr3 morphologies,
ranging from cubic nanoparticles to nanowires. We have proposed a nanowire formation
mechanism specific for CsPbBr3 that explains the nanowire growth at high temperatures via

changes in the surface-termination of the top facet under an excessive PbBr» flux.
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