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Abstract

In recent years, inorganic cesium-lead-halide perovskites, CsPbX3 (X=I, Br, Cl), have attracted



interest for optoelectronic applications such as highly efficient thin-film light-emitting diodes or
wide-gap absorber materials for photovoltaics. However, phase segregation and secondary phases
in as-deposited thin films are still considered to be limiting factors for devices based on CsPbXs.
Here, we report a correlative electron microscopy and spectroscopy approach for the identification
of secondary phases and their distributions in Cs-Pb-Br thin films, deposited by solution-based and
coevaporation methods on various substrates. We identified phases by their compositional,
structural, and optoelectronic properties, using X-ray diffraction, spectroscopy and a variety of
microscopy techniques. We found that the Cs-Pb-Br films contain ternary Cs4PbBrs and CsPb2Brs
phases in addition to CsPbBr3, a finding consistent with calculations of formation enthalpies by
means of density functional theory showing that these values are very similar for the three ternary
phases. We find that these phases can exhibit different spatial distributions inside the film and
discuss the influence of the deposition method and synthesis parameters on the resulting phase
composition of the Cs-Pb-Br layers.

1. Introduction

With increasing power conversion efficiencies surpassing 22% in 2018' and low-processing costs,
hybrid organic-inorganic lead-halide perovskites attract ever more interest in the photovoltaics
community.>* In spite of this extraordinary progress in device performance stability and band-gap
tuning still remain limiting factors — on top of the toxicity of lead — holding back the
commercialization of perovskite-based devices.>* The inorganic cesium-lead-bromide perovskite,
CsPbBr3, has been investigated as a wide-gap absorber for photovoltaics, as its performance is
comparable to the organic bromide variants, with added enhanced stability .>® Inorganic
perovskites are also attractive for other optoelectronic applications, e.g., as an active material for
light emitting diodes.”® While phase formation in large CsPbBr3 crystals and nanostructures has
been investigated,'®!2 we are not aware of any study on the spatial distribution of secondary phases
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in polycrystalline CsPbBr3 thin-films, including consequences for the optoelectronic properties on

a macroscopic scale.

In the present work, we correlate X-ray diffraction (XRD) and a variety of microscopy techniques
to investigate the structural, compositional, and optoelectronic properties of Cs-Pb-Br thin films,
with an emphasis on the spatial phase distribution at a micro- and nanoscopic level. We compare
thin films synthesized by one- and two-step solution-based processes, as well as by coevaporation,
and find that thin films with an intended stoichiometry of CsPbBr3 are actually composed of various
Cs-Pb-Br phases. Density functional theory (DFT) calculations of the formation enthalpies of these
phases show that their values are very similar. Therefore, a Cs-Pb-Br thin film is always likely to
contain more than one Cs-Pb-Br phase. Furthermore, the phase distributions detected for the
analyzed Cs-Pb-Br systems may be substantially different in films for which the deposition recipes

have been only slightly changed.

2. Structural properties of binary and ternary compounds in the Cs-Pb-Br phase diagram

The structure of CsPbBr3 has been studied since the 1950s,'*!* to determine its temperature-
dependent phase transitions, but also to investigate the ternary compositional phase diagram of Cs-
Pb-Br. CsPbBr3 undergoes two crystal phase transitions upon cooling, from cubic (Pm3m, No. 221)
to tetragonal (P4/mbm, No. 127) at 130 °C, and to orthorhombic (Pbnm, No. 62) at 88 °C,'%13
making the latter space group the relevant one at room temperature and for solar-cell operation
conditions.'® The cubic phase exhibits a perovskite structure, while the orthorhombic phase needs
four times the number of atoms to correctly describe the unit cell,'* owing to the tilting of the PbBrs
octahedra (see Figure 1b).!° Some of the older structural studies refer to the room temperature

13,14,17-19

phase of CsPbBr3 as monoclinic whereas other studies, including more recent ones,

consider an orthorhombic crystal structure.!%!520-21
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Figure 1. Binary and ternary components of the ternary phase diagram of Cs-Pb-Br at room
temperature, viewed from different directions

The lattice parameters of orthorhombic and monoclinic phases are quite similar, with monoclinic
descriptions reporting y angles of 89.65°* or 89.39°!7 and hence deviating only slightly from an
orthorhombic crystal structure. The ternary phase diagram of Cs-Pb-Br shows that not only
CsPbBr3, but also CsPb2Brs and Cs4PbBrs are stable phases that can be grown reproducibly, using
different ratios of CsBr and PbBr2 with similar synthesis conditions.!”?? The crystal structures of
the two binary precursors and the three ternary Cs-Pb-Br phases at room temperature are presented
in Figure 1. A ratio of 4:1 [Cs]/[Pb] yields the Cs-rich Cs4PbBrs phase (R-3c, No. 167)?*, a ratio of
1:1 yields the perovskite CsPbBr3 phase, and a ratio of 1:2 yields the Pb-rich CsPb2Brs (14/mcm,
No. 140)'7 phase. Figure lc additionally illustrates the different ternary phases from various
viewing directions. For example, CsPbBr3 viewed from the [201] direction resembles Cs4PbBre
viewed from the [001] direction, as well as CsPb2Brs viewed from the [001] direction. The

structural similarities are reflected in similar peak positions in diffraction experiments, presented
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below (Section 4.1).

3. Materials and Methods
3.1 Sample Preparation

3.1.1 Single-step, spin-coated films on glass

One-step solution processed films were prepared by spin coating in a nitrogen atmosphere. 0.8 M
of PbBr2 and CsBr in dimethyl sulfoxide (DMSO) were spin-coated on preheated (75 °C)
substrates. During the third spin step, 2-propanol was dropped on the spinning substrate. It was

then dried on a hot plate at 70 °C for 15 min.
3.1.2  Two-step, spin-coated films on glass

Two-step solution processed films were fabricated according to a previously published method.’
In brief, 1 M PbBr2 in dimethylformamide (DMF) was spin-coated on a pre-heated (75 °C)
substrate. The PbBr2 films were subsequently dipped for 10 min in a CsBr solution in methanol.

All steps were carried out in nitrogen atmosphere.
3.1.3 Co-evaporated films

Substrates were loaded in a high-vacuum chamber with a base pressure of ~10”7 mbar. PbBr2 and
CsBr were thermally evaporated while the respective rates were monitored with two quartz

microbalances. The resulting films were subsequently annealed in nitrogen at 100 °C for 15 min.
3.1.4 CsPbBr3 powder sample

CsPbBr3 was synthesized from an equimolar mixture of CsBr (99.99% from Ossila) and PbBr2
(98+%, extra pure, from Arcos Organics) in DMF (99,8 %, Roth) and left to stir overnight at 60
°C, followed by evaporation of the solvent at 85 °C and annealing at 140 °C for 1 h. The samples

were stored under N2 to avoid potential degradation by oxygen and humidity.



3.2 Structural characterization

XRD patterns were acquired by means of a PANalytical X’Pert MPD Pro X-ray diffractometer at
room temperature, in a Bragg-Brentano configuration, using a Cu K-a radiation source (A =0.15406
nm). Bright-field transmission electron microscope (TEM) images and electron diffraction (ED)
patterns were acquired using a Zeiss Libra 200 TEM operating at 200 kV. To prevent sample
degradation, a very low dose method was chosen to gather structural information from a large area
of the film. With a condenser aperture limiting the illuminated area to a diameter of 305 + 5, nm
an automated script was used to acquire 15 x 15 energy filtered ED patterns with acquisition times
of 1 s per frame and a spatial increment of 0.2 pm. This resulted in structural information from an
area of 10.89 um?, while keeping the dose rate as low as 10'® electrons cm™. A thallium chloride
reference was used for camera length calibration. The 225 diffraction patterns were superimposed
and the intensity profiles evaluated with an azimuthal integration with the ProcessDiffraction

Software.?*

3.3 Topography and compositional mapping

Atomic force microscope (AFM) images were acquired using a Smart SPM-1000 from AIST-NT.
The measurements were performed in tapping mode u_sing polysilicon cantilever from TipsNano
(reference HA FM/WC), with a nominal resonance frequency of 380 kHz and a spring constant of
34 N m’'. Images were treated with average plane flattening and all the processing and data

extraction were carried out using the Gwyddion software.?

Energy-dispersive X-ray spectrometry (EDX) maps were acquired by means of an Oxford
Instruments XMax80 X-ray detector in a Zeiss UltraPlus scanning electron microscope (SEM).
Measurements were performed at an acceleration voltage of 10 kV and a beam current of about 1

nA. For quantification of stoichiometry, Cs-L, Pb-M and Br-L X-ray characteristic lines were used.



Atom probe tomography (APT) measurements were carried out by CAMECA LEAP 4000X Si
instrument with laser pulses of 355 nm wavelength (UV), 10 ps pulse length, and 2 pJ pulse energy.
The specimen base temperature was set to 50 K. APT samples (shown in Figure S7) were prepared
using focused ion beam (FIB) milling as described in ref. 26. To minimize beam damage, a low
energy (2 keV) Ga beam was used at the final ion-milling stage.

3.4 Luminescence mapping

Cathodoluminescence (CL) hyperspectral maps were acquired by means of a Zeiss MERLIN SEM
using a SPARC system from Delmic, equipped with a Kymera 1931 spectrograph and a Zyla 5.5
sCMOS camera from Andor. A monochromator grating of 300 lines mm! blazed at 500 nm was
used. The exposure time was varied between 20 and 100 ms to ensure a good signal-to-noise ratio,
while avoiding saturation; the exact value of the integration time for each sample is described below
(Section 4). The acceleration voltage was set to 8 kV and the current on the sample surface was
200 pA for the single-step, spin-coated film (described in Section 4.1.1), and 900 pA for the the
rest of the films. All the CL spectra presented were treated by background (beam-blanked
acquisition) subtraction and compensation using the spectrometer transfer function. The CL
hyperspectral maps measured with a magnification lower than 5000 exhibit an instrumental error
in alignment. The gradient in the measured wavelengths was subtracted from the reported CL

emission peak maps.

Photoluminescence (PL) spectra were dispersed by a 1/2 m grating monochromator coupled with
CCD detector. The investigated samples were excited with a 409 nm diode laser (a spot radius of

~100 pm and an excitation intensity in the range of 0.3- 1.9 W cm™).

3.5 DFT calculations of formation enthalpies
All DFT calculations of the formation enthalpies were performed using the Perdew-Burke-

Ernzerhof (PBE)?’ form of the generalized-gradient approximation, augmented by dispersion terms
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calculated within the Tkatchenko-Scheffler scheme®® using an iterative Hirshfeld partitioning of
the self-consistently computed charge density, which is highly useful for describing ionic
compounds with components of dispersive binding.?** All calculations were performed using the
Vienna ab initio simulation package (VASP),?! a plane-wave basis code in which ionic cores are
described by the projected augmented wave (PAW)*? method. A 10" eV convergence criterion for
the total energy was used in all calculations, and the forces acting on the ions were relaxed to below
102 eV A-1. Plane-wave cutoffs of 600, 800, and 300 eV were used for all ternary phases, the PbBr
phase, and the CsBr phase, respectively. A 3x3x3 k-point grid was utilized for sampling the
Brillouin zone of the Cs4PbBrs phase, a 4x4x4 grid was used for the CsPb2Brs phase, a 5x5x5 grid
for the CsPbBr3; and CsBr phases, and a 6x7x6 grid for the PbBr2 phase. Convergence was tested
for all of the above parameters. Relaxation of the ternary phases was performed using the GADGET

optimizer.*® Additional tests, in which spin-orbit coupling was included and the volume was

allowed to relax, showed no meaningful changes in the results.

4. Results

In this section, we first provide an overview of the phases contained in our Cs-Pb-Br thin films,
based on the integral XRD analysis given in subsection 4.1. Next, in subsection 4.2 we show the
results of DFT calculations for the formation enthalpies of the binary and ternary phases. Finally,
we present our findings of the spatial phase distributions obtained from EDX and CL correlative
microscopy on various Cs-Pb-Br thin films and discuss them in relation to the XRD and DFT

results (Section 4.3 to 4.6).

4.1 Crystal structures detected in Cs-Pb-Br films deposited by various techniques
Figure 2a to d shows XRD patterns from all our Cs-Pb-Br thin films, in comparison with that of a

CsPbBr3 powder reference (Figure 2e). In addition to peaks similar to those of the orthorhombic



CsPbBrs phase of the reference, the XRD patterns obtained from the thin films exhibit additional
peaks that according to literature can be assigned to secondary phases (CsaPbBrs PDF 01-077-
8224, CsPbBr3; PDF 01-072-7929,"> CsPb2Brs PDF 00-025-0211'7, PbBr2 COD 1530324, and
CsBr COD ID 9008788°%). Correspondingly, the single-step solution-processed film (Figure 2a)
consists of CsPbBr3 and Cs4PbBrs, while the two-step solution-processed film (Figure 2b) contains

CsPbBr3, CsPb2Brs, and CsBr.
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Figure 2. X-ray diffractogram of (a) single-step solution processed, (b) two-step solution
processed, (c) coevaporated 700 nm (orange: on glass; red: on Si), (d) coevaporated 70 nm on a
carbon coated Cu-Grid films, and (e) powder. For indexing of the XRD patterns we refer to
Cs4PbBrs PDF 01-077-8224,% CsPbBr3 PDF 01-072-7929'°, CsPb2Brs PDF 00-025-0211'7, PbBr2
COD 1530324,* and CsBr COD ID 9008788.%

The diffractogram of the 700 nm thick coevaporated films (Figure 2¢) confirms the secondary

phase to be CsPb2Brs. Peaks attributed to CsPbBr3 were also measured. However, the 112, 020 and
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002 peaks around 20 = 21.55 + 0.09°, corresponding to a lattice spacing of about 0.41 nm are not
present. These peaks are also weak in the XRD pattern of the single-step, solution-processed film,

6

with similar diffractograms reported in the literature,*® which may be attributed to preferred

orientation of the film.

It is interesting that the XRD pattern of the 70 nm thin film, which was coevaporated on a carbon-
coated Cu grid (Figure 2d) exhibits all the major peaks of the reference (Figure 2¢). However, the
poor statistics — due to the small excitation volume — do not allow an unambiguous determination
of the crystal structure of the film. Further insight will be provided by using ED for a high-

resolution, structural characterization of this Cs-Pb-Br film further below (Section 4.6).

4.2 Calculated formation enthalpies of the Cs-Pb-Br ternary phases

All DFT-calculated formation enthalpies for different Cs-Pb-Br reactions were calculated using:
AH = ) E;,;(products) — Y E;,: (reactants),
where E;,;(X) is the total energy per formula unit of phase X.

The results are summarized in Table 1. All reactions were found to have a negative formation
enthalpy, indicating the stability of the phases. Out of the three ternary phases, Cs4PbBrs is the
most stable, followed by CsPb2Brs and CsPbBr3. These results are in good agreement with the

recently published work of Yin et al.,*” further supporting their validity.

Table 1: Formation enthalpies per formula unit of the Cs-Pb-Br ternary phases from DFT
calculations. A full list of the formation enthalpies for additional reactions is given in the supporting
information.

# Reaction Formation enthalpy [eV]
1 PbBr, + CsBr < C(CsPbBr; -0.26
2 PbBr, + 4CsBr < (s4PbBryg -0.53
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3 2PbBr, + CsBr & C(sPb,Brs -0.35

4.3 Single-step, spin-coated films on glass

Figure 3a and b show SEM images from the surface and cross-section of a single-step, spin-coated
Cs-Pb-Br film, which is composed of a porous matrix with precipitates embedded in it. AFM
topography (Figure 3c and d) reveals that the precipitates are almost three times thicker than the

matrix film. They exhibit an average thickness of about 700-750 nm, while the matrix is only 250-

300 nm thick.

Figure 3. Morphology of a Cs-Pb-Br film, spin-coated on a glass substrate using the single-step

synthesis method: SEM images of the (a) surface and (b) cross-section, and AFM (c) image and

(d) 3D topography. Note that the precipitates are almost three times thicker than the matrix film.
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All scale bars are 5 pm.

In order to investigate these different regions, we performed CL and EDX measurements on the
same area, using a correlative microscopy approach.>®** The CL maps are given in Figure 4a and
b, showing that the matrix film is highly luminescent, while the precipitates are dark in the probed
spectral range, between 1.7 and 2.6 eV. The CL intensity of the matrix film is non-uniform, with
observed regions of high intensity around the precipitates. The radiative transition at 2.35 eV (see
the accumulated CL spectrum in Figure 4c) exhibits negligible position variations over the matrix

film and is in good agreement with the value reported in the literature for bulk CsPbBr3,>*** thus

confirming the XRD result.
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Figure 4. Optical properties of a Cs-Pb-Br film spin-coated on glass shown in Figure 3: (a) map of
the emission peak, (b) CL intensity map and (c) accumulated CL spectrum. The precipitates show
no measurable CL response, whereas the intensity is stronger on the matrix film surrounding them.
Note that the CL peak position on the matrix film remains constant. All scale bars are 5 um and
the used exposure time for the CL measurements was 50 ms.

We measured different compositions for the matrix and precipitates using EDX, as shown in
Figure Se. The EDX linescan extracted across a precipitate shows enhanced Cs and reduced Pb
signals in the precipitates, with respect to the matrix film, while the Br signal count remains
constant. Since EDX quantification requires delicate calibration to report an accurate
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stoichiometry, we report the relative increase in the net counts averaged at the different phases (see
Table S1): the difference in the Br counts between the matrix and the precipitates is negligible.
However, Pb counts reduce to half in the precipitates and the Cs counts almost double. The
composition of the precipitates — relative to the CsPbBr3 luminescent matrix — is approximately

Cs2Pbo.sBr3, matching the stoichiometry of the Cs4sPbBrs phase.
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Figure 5. Composition of a Cs-Pb-Br film spin-coated on glass, shown in Figure 3: (a) SEM image
showing the path used to obtain the EDX linescan in (e), and the corresponding compositional
maps, showing the distribution of (b) Cs, (c) Pb and (d) Br. The precipitates exhibit an increase in
Cs and a depletion of Pb, compared with the matrix film, while Br remains constant. All scale bars
are 5 pm.

The optical properties of this phase are currently a matter of debate. Mohamed et al. and others
have published data showing high luminescence of Cs4PbBrs***® and attributed the green emission
to intrinsic, deep, mid-gap traps and quantum-size emission sites.’”*% Several other authors
reported that Cs4sPbBre exhibits a large band-gap energy (~ 4.0 eV), and assigned the green
emission to inclusions and hybridization with the perovskite phase CsPbBr3.°!>° Calculations by
Jung et al. confirmed the possible coexistence of CsPbBr3 and CsaPbBres due to the narrow stability

field of Cs4PbBre in chemical potential space,’® and those by Kang and Han indicate that the
14



embedded CsPbBr3; nanostructures are responsible of the green luminescence in Cs4PbBrs.’”*® In

addition, a very recent paper on CL and EDX characterization of CssPbBrs powders, convincingly
shows that the green luminescence originates at embedded CsPbBr3 nanocrystals.> Our correlative
analysis, which includes composition, structure, and optical properties, provides sufficient

evidence to conclude that the precipitate phase is in fact non-luminescent Cs4PbBre.

4.4 Two-step, solution-based films on glass

The topography of the two-step, solution-processed film, deposited on glass is different from that
of the single-step, spin-coated film, featuring a small-grain, closed film with precipitates deposited
on top of it. These “islands” are micrometer sized, and in contrast with the precipitates in the single-
step, spin-coated film, they are not formed by crystallites, but show a rather “cauliflower” shape
(Figure 6a). The high contrast between the islands and the film in the in-lens detector image (Figure
S1) suggests that they are different materials. The EDX map of the surface, along with the linescan

extracted from it (Figure 6b to f), shows a similar case as for the single-step film: depletion of the

Pb and enhancement of the Cs counts, while Br remains constant.

Normalized counts (arb.u.)
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Figure 6. (a) SEM image of the Cs-Pb-Br film deposited with the two-step solution process. (b)
Section of the SEM image showing the position of the profile in (f), along with the corresponding
compositional maps showing the distribution of (c) Cs, (d) Pb and (e) Br. Note the secondary phase

islands deposited on top of the film, which exhibit strong enhancement of Cs and depletion of Pb.
All scale bars are 10 pm.
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The CL maps measured on the same area (Figure 7) show that the film is homogeneously
luminescent, with an optical transition at 2.35 eV, consistent with the CsPbBr3 phase obtained from
XRD. From the EDX counts and the phase identified by means of CL, we can match the
stoichiometry of the islands to the Cs4sPbBrs phase. However, this assignment does not agree with
the XRD pattern, in which no CsaPbBrs reflections were found. However, reflections for CsBr were
measured, leading to the conclusion that the stoichiometry measured on the islands corresponds to
CsPbBr3+3CsBr. This is further confirmed by the CL and EDX maps acquired on a cross-section

specimen (Figure 8e-f and b-d, respectively), showing homogeneous luminescence and elemental

distribution across the film.
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Figure 7. Maps of the optical properties of the Cs-Pb-Br film deposited with the two-step solution
process shown in Figure 6a: (a) CL peak (energy of the optical transition) and (b) CL intensity.
The islands on top of the film are dark in the visible range. All scale bars are 10 pm and the
exposure time for the CL measurements was 10 ms.

The XRD pattern also contains reflections that match the CsPb2Brs phase. We did not detect this
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phase in our microscopic analysis. It is possible that the PbBr2 film spin-coated in the first step is
non-uniform and the reaction dynamics in the dipping step were inhomogeneous on the film,

especially at the edges of the substrate. Because our microscopic sampling was localized mostly to

the center of the substrate, we did not observe the CsPb2Brs phase.
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Figure 8. (a) SEM image of the cross-section of the Cs-Pb-Br film deposited with the two-step
solution process and the corresponding compositional maps showing the distribution of (b) Cs, (c)
Pb and (d) Br. No compositional changes are detected along the cross-section of the film. The CL
maps of (e) CL emission peak position and (f) emission intensity, which show a rather uniform
transition energy and intensity, corroborate the phase purity of the film. All scale bars are 1 um
and the exposure time for the CL measurements was 20 ms.

4.5 Coevaporated films

The surfaces of the films coevaporated on both glass and on Si substrates features micrometer-
sized porous structures (Figure 9a; see details of these structures in Figure S2a and b). The
structures are about 200-230 nm thicker than their surrounding closed film (see AFM topography
in Figure 9b and c), which is about 720 nm thick (Figure S2¢ and d) with a roughness — measured
in RMS of the height — of about 32 nm. These structures have the largest contribution to the film
roughness: on average, the structures are 31 nm rough, while the roughness of the closed film

regions is only 14 nm.
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Figure 9. Morphology of a Cs-Pb-Br film coevaporated on a glass substrate: SEM images of the
(a) surface and (d) cross-section, and AFM (b) image and (c) 3D topography. The coevaporation
of CsBr and PbBr2 forms a closed film with embedded micrometer-size structures. All scale bars
are 10 pm.

We imaged the surface of the film and identified high-contrast regions localized to the cracks
formed by the structures. On the flat film regions, the areas with smaller grains show higher contrast
as well (see Figure S3 for the glass substrate and Figure S4 for the Si substrate). With CL we
measured high-intensity radiative transitions that correlate well with these high contrast areas
(Figure 10a and b). Two CL emission peaks were identified over the films: a low-intensity, broad
band (characteristic of defect transitions®’) around 1.8 eV (red band), which is dominant on large-
grain areas (Figure 10b a and e); and a narrow, green emission peak, localized to the small-grain

areas and the cracks in the structures (see magnified map in Figure 10f to h).

The accumulated CL spectrum over an area representative of the film’s surface (Figure 10i) reveals
some differences between the films coevaporated on glass and on Si substrates. The green emission
of the film on glass is centered at 2.38 eV, while that of the sample on Si is centered at 2.35 eV.

The latter transition is — as for the solution-based samples — consistent with the CsPbBr3 phase and
18



the shifted peak at 2.38 eV is discussed below. However, the missing XRD reflections (see Section
4.1) do not support an unequivocal assignment of the CsPbBr3 phase from a structural perspective.
Therefore, we investigated the thin film deposited on Si by atom probe tomography (APT) to obtain

quantitative information of the composition in atomic percentage.

Coevaporated on glass Coevaporated on Si

1.33 arb.u.

1.00
0.80
0.60

0.16
260 eV

240
2.20
2.00

1.60

235eV

10

on Glass

CL Intensity (arb.u.)
&

0778 19 20 21 22 23 24 25 26
Energy (eV)

Figure 10. Optical properties of the Cs-Pb-Br films coevaporated on (a-b) glass and (c-h) Si
substrates: (a) CL intensity map showing the distribution of the integrated visible luminescence
intensity on the surface (area shown in Figure 9a) of the film coevaporated on glass. The intensity
accounts for both the green (around 2.35 eV) and red (around 1.8 eV) bands, which are dominant
in different areas of the film, as shown in (b). (c) SEM image of the surface of the film coevaporated
on Si, and corresponding (e) CL intensity and (d) dominant emission peak distributions over the
surface. (f) SEM image of a magnified region (shown in the blue rectangle), along with the
corresponding (g) CL intensity and (h) emission peak distribution. Note that the green emission
dominates in the small-grain areas and between the cracks of the structures. (1) Accumulated CL
spectra of both films (on glass and Si), showing the slight blue shift and broadening of the green
band for the film on glass. Scale bars in (a-e) are 10 pm and 2 pm in (f-h). The exposure time for
the CL measurements was 100 ms for both films.
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The APT investigation from Figure 11 reveals three distinctive regions: 1) a Br-rich surface with
the average elemental concentrations of 1542 at.% for Cs, 20+2 at.% for Pb, and 65+3 at.% for Br,
ii) the expected CsPbBr3 phase where the measured elemental concentrations are 20+2 at.% for Cs,
2242 at.% for Pb, and 5842 at.% for Br, and iii) a Cs-rich region with the average elemental
concentrations of 28+2 at.% for Cs, 3442 at.% for Pb, and 38+2 at.% for Br. The latter one does
not correspond to any existing phases on the Cs-Pb-Br ternary diagram, which suggests that it
might be a metastable phase. The APT results and the 2.35 eV luminescence from CL lead us to

conclude that the luminescent phase is indeed the perovskite CsPbBrs3.

The variation of the optical transition from one substrate to the other is slightly above the thermal
energy at room temperature. Since both samples were synthesized on the same run and measured
using the same SEM parameters, this blue shift may not be negligible. One could expect to see
compositional changes in the EDX maps, correlated to the different optoelectronic response on the
surface, just as for the spin-coated sample. However, the elemental distribution is flat and uniform

over the measured area for each element (see Figure S5).
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Figure 11. APT 3D elemental map together with the 1D concentration profiles for Br (light green),
Pb (dark green), and Cs (reed) of the sample containing a coevaporated perovskite thin-film on a
Si substrate. Beside the expected CsPbBr3 phase, this APT measurement reveals the presence of a
Br-rich surface which approaches the composition of CsPb2Br5 phase and of a Cs-rich region deep
inside the sample. The latter one could not be correlated to any existing phases on the Cs-Pb-Br
ternary diagram.

Because the surface EDX and CL maps do not reconcile, and because the green luminescence is
localized to the cracks, especially for the film on Si (Figure 10g and h), we measured the cleaved
cross-section of both films. On the CL maps (Figure 12b, ¢, e-g), we identified two layers with
different optical transitions for both substrates: a layer directly above the substrate exhibiting green

emission at 2.35 eV, which corresponds to the CsPbBr3 phase, and a surface layer with a dominant
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broad red emission band at 1.8 eV with a quenched green emission peak. The green-emitting layer
in the film on glass is thinner than that of the film on Si. This explains the 2.38 eV green emission

in the accumulated spectrum from the surface of the film on glass.

Coevaporated on glass Coevaporated on Si

0.50 arb.u.

0.03
2.70 eV

1.40

Norm. CL Intensity (arb.u.)

Point 1
Point 2

1.7 1.8 1.9 2.0 2.1 22 23 24 25
Energy (eV)

Figure 12. Optical properties along a cross-section of the Cs-Pb-Br films coevaporated on glass
(a-c) and Si (d-g): (a) SEM image, (b) corresponding CL intensity, and (¢) dominant emission peak
maps of the film coevaporated on glass. The film exhibits a bottom layer, which is highly
luminescent in the green region of the spectrum. Low-intensity red luminescence characterize the
surface layer, as shown in the (h) normalized CL spectra of points 1 and 2 in (c¢). (d) SEM image
of the cross-section of the film coevaporated on Si. The corresponding (e) CL intensity and (f and
g) emission peak distribution show a similar layering as in the film coevaporated on glass. (f) and
(g) are representations of the same data with a different energy span. The map in (f) shows the
thickness and variation of the green-luminescent bottom layer, whereas the map in (g) also shows
the red-luminescent surface layer.

Because the electron beam can only excite a limited surface volume of the film at a given
acceleration voltage, the CL signal of the surface measurement is generated at the interface between

the CsPbBr3 bottom layer and a highly defective surface layer. We rationalize the slight blue shift
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as the effect of tensile strain at that interface. This effect is similar to the blue shift in the excitonic
emission peaks reported in ref. ®' and is explained by the anti-bonding nature of the valence band
maximum of CsPbX3 compounds.’®? The broadening that the green emission peak suffers on the
surface spectra of the film on glass is probably because of ensemble averaging of the different
depths excited with the electron beam. All these effects are reduced in the film on Si due to the

thicker CsPbBr3 bottom layer.

Having established the bottom layer as CsPbBr3, we used EDX maps and linescans to determine
the relative composition and phase distribution of the surface layer. The EDX maps in Figure 13b-
d show that the surface layer of the film coevaporated on glass exhibits a rather homogeneous
elemental distribution with a slight Pb enrichment and a more pronounced Cs depletion, as
compared with the CsPbBr3 bottom layer. The elemental distribution of the film on Si is similar,
but with an even more pronounced Pb enrichment towards the surface. These EDX results can be
further supported by the APT results, where the uppermost layer of the perovskite film was found
to be depleted in Cs, but strongly enriched in Br (see Figure 11). We note here that the deviation
in Pb behavior between EDX and APT might be due to the fact that EDX probes large volumes

when comparing with APT where very small volumes (in nm®) are probed.
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Figure 13. Composition of the Cs-Pb-Br film coevaporated on glass: (a) SEM image of the cross-
section showing the path used to obtain the EDX linescan in (e), and the corresponding
compositional maps, showing the distribution of (b) Cs, (c) Pb and (d) Br. The surface layer exhibits
a Cs enhancement, associated with Cs decrease in the CsPb2Brs secondary phase. All scale bars are
1 pm.
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This substrate-related effect has not been studied in depth in the present paper, but we believe that
the thermal conductivity of the substrate influences the dynamics of conversion in the post-
deposition annealing step. The relative stoichiometry of the surface layer matches with that of the
Pb-rich ternary phase CsPb2Brs. This phase assignment agrees with our XRD results and the 1.8
eV defect transition measured with CL, as CsPb2Brs has a wide bandgap and the observed emission
has been reported to stem from recombination at deep traps.®> We assign the Pb accumulation on

the surface of the film on Si to a thin layer of excess PbBr: after the post-deposition annealing.

4.6 Coevaporated films on a carbon-coated Cu grid

Figure 14a shows the superposition of 225 ED patterns from a 10 um? area of the 70 nm thin film.
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In Figure 14b, we compare the azimuthal integration of the ED of the thin film to the XRD pattern
of the reference powder. The film’s structure agrees with the CsPbBr3 reference. Additional peaks

can be assigned to minor CsPbBr3 reflections, invisible in the XRD pattern of the reference, and to

a small contribution of CsPb2Brs.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

thin film ED _

reference powder |

Normalized Intensity [a. u.]

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

1/d [1/A]

Figure 14. (a) Superposition of selected area ED patterns, covering an area of 10 um? of the
coevaporated 70nm thin film (elliptical due to a microscope artifact). (b) Integrated intensity of ED
patterns of the thin film and XRD pattern of the reference CsPbBrs powder as a function of the
reciprocal lattice. The elliptical artifact was corrected using the ProcessDiffraction Software.?*

The average grain size is between 50 and 100 nm, as shown in the TEM images (Figure 15a).
Islands above 1000 nm in size are also visible. Even though the statistics for a film that is 70 nm
thick are poor, EDX measurements show that the islands are Pb-rich, as compared with the
surrounding grains. In addition, they do not exhibit any luminescence emission measurable in the
probed spectral range. In contrast, the surrounding grains have a sharp optical transition at 2.35 eV
(Figure 15d), consistent with the optical transitions found for the solution-processed and the thick
coevaporated films. These results confirm that the grains are CsPbBr3, while the precipitates are

identified as single grains of CsPb2Brs by scanning transmission electron microscopy (STEM)-ED
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(Figure 15e).
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Figure 15: Correlative analysis of the co-evaporated 70 nm thin film on a carbon-coated Cu-TEM-
Grid. (a) TEM bright field image showing a closed film with an island; (b) SEM image with EDX
maps; (¢) EDX linescan and (d) CL map; (¢) STEM-ED pattern of an island acquired in a SEM at
30kV.

5. Discussion

As described in detail in the previous Section 4, all analyzed films contain secondary phases, not
only at scales on the order of 100 nm to 1 um, but also at smaller scales (10 nm). We provide a
summary of all findings in Figure 16. As shown, the composition of phases (binary or ternary), as
well as their spatial distributions, seem to depend on the deposition type (solution-based,
coevaporated), but also on the substrate material and on the deposition recipe. The presence of
various Cs-Pb-Br phases in an intendedly single-phase thin film can be explained by the similar
formation enthalpies for all Cs-Pb-Br ternary phases (Section 4.2). Again, we note that we cannot

generalize our results in terms of same materials properties for all Cs-Pb-Br thin films synthesized
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under the same growth conditions. Nevertheless, it was found reproducibly that the spatial
distributions of secondary phases in solution-based thin films do not exhibit a preferential direction;
the secondary phases tend to form precipitates within the thin film or on the surface. In contrast,
secondary phases in the coevaporated Cs-Pb-Br studied in the present work are distributed in a

layered manner, with a homogeneous CsPbBr3 bottom layer and CsPb2Brs on top.

Solution-based Coevaporated
” CsPb,Br;
g ‘ e | b CsPbBr,
=1 CsPbBr, S
.8
N
PbBr,
2 CsPb,Br,
5 CsPbBr,
o, CsBr
1b]
73 CsPb,Br; ng
g CsPbBr; -
= 2 CsPb,Br;
—— 8 CsPbBr,
' @)

Figure 16: Summary of the samples analyzed in the present work, the phases found, and their
distribution as identified by means of our correlative microscopy approach. The sizes of the
secondary phase domains are not to scale. See text for a detailed discussion

The reproducibly detected layered arrangement of phases in the coevaporated films suggests
reaction kinetics specific for the coevaporation deposition process. It is noteworthy that recent
reports highlighted CsPb2Brs as a passivation material for CsPbBri-based devices, with
43,64,65

improvements of device performance and long-term stability under ambient conditions.

These results are in good agreement with the enhancement of the PL intensity in the CsPb2Brs-
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containing, coevaporated CsPbBrs films (see Figure S6). However, the exact mechanism by which

CsPb2Brs passivation improves the performance and stability of the devices remains unknown.

6. Conclusions

We investigated structural, compositional, and optoelectronic properties of various inorganic Cs-
Pb-Br thin films by means of XRD, PL spectroscopy, and a variety of spatially resolved SEM and
TEM methods. The correlative analysis of the characterized thin films shows that none of these
layers exhibited only one single Cs-Pb-Br phase. Indeed, DFT calculations confirm that the three
ternary phases (CsPbBr3, CsPb2Brs, CsaPbBre) all have similar formation enthalpies, which
explains why slight variations of the deposition conditions may lead to a substantial change in the
Cs-Pb-Br phase composition (involving the ternary and also the binary CsBr and PbBr2 phases),
with spatial distributions and volume fractions varying considerably for different synthesis
methods. By means of correlative SEM and TEM, we found that secondary phases are even present
at the nanoscale, beyond the detection limit of XRD. This calls for further research on the nanoscale
phase distribution of (seemingly) single-phase Cs-Pb-Br films, and on its reproducibility in films

grown by different deposition recipes.

Supporting Information

The following files are available free of charge.

EDX counts table, additional in-lens SEM, AFM images, absorption and PL spectra (PDF)
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