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Abstract: CsPbBr; and Cs4PbBrg perovskite powders have been synthesized through a relatively
simple low-temperature and low-cost method. Nanocrystalline films have also been deposited
from solutions with four different molar compositions of binary salt precursors. Optical absorption,
emission and excitation spectra have been performed in the UV-visible spectral range while X-ray
diffraction (XRD) has been recorded to characterize the nanocrystal morphology for the different
molar compositions. A preferential orientation of crystallites along the (024) crystalline plane has
been observed as a function of the different deposition conditions in films growth. All the crystals
show an absorption edge around 530 nm; Tauc plots of the absorption returned bandgaps ranging
from 2.29 to 2.35 eV characteristic of CsPbBr; phase. We attribute the UV absorption band peaked at
324 nm to the fundamental band-to-band transition for Cs4PbBrg. It was observed that the samples
with the most ordered Cs4PbBrg crystals exhibited the most intense emission of light, with a bright
green emission at 520 nm, which are however due to the luminescence of the inclusion of CsPbBrs
nanoclusters into the Cs4PbBrg. The latter shows instead an intense UV emission. Differently, the
pure CsPbBr; powder did not show any intense fluorescent emission. The excitation spectra of the
green fluorescent emission in all samples closely resemble the CsPbBr; absorption with the peculiar
dip around 324 nm as expected from density of state calculations reported in the literature.

Keywords: cesium lead bromide perovskites; fluorescence; Cs4PbBrg; nanocrystals

1. Introduction

Calcium titanium oxide mineral (CaTiO3) was the first crystal to be named perovskite. Then its
name has been extended to a class of compounds which have the same type of crystal structure, known
as the perovskite structure. Many different cations can be embedded in this structure, allowing the
development of diverse engineered materials.

Metal halide perovskites, with the chemical formula A,BX»,,), where A and B are respectively
the monovalent and divalent (Pb, Sn) cations and X is a monovalent anion (Cl, Bz, I), are a large family
of materials with a wide range of compositional and structural flexibilities [1].

Perovskites are typically divided into two main categories depending on the chemical component
of the cation A. When A is an organic cation (e.g., the well-known methyl ammonium MA = CH3;NH;3")
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and B an inorganic one, the perovskite is considered as hybrid organic-inorganic. On the contrary, if A
is inorganic (mostly Cs*) the perovskite is all-inorganic.

Hybrid organic-inorganic metal halides (HOIMHs) have been extensively investigated for a wide
range of applications, such as photovoltaics [2-7], light emitting diodes (LED) or lasers [8-13], radiation
detection [14], and down-converting phosphors [15-17]. Interesting carrier transport properties have
been observed in Pb- and Sn-based 3D halide perovskites [18,19]. HOIMHs, like MAPbI3, have been
broadly studied as solar absorber materials in photovoltaic cells [20].

Distinct crystalline forms with the general formula A,BX,,, give rise to an extended perovskite
family [21]. They differ in the spatial coordination of the metal-halide octahedra XBrs* where the value
of n determines the perovskite’s structural dimensionality expressing the coordination of octahedra:
n =1 characterizes three-dimensional (3D) perovskites with corner-shared octahedra along every axis,
n = 4 identifies zero-dimensional (OD) perovskites with isolated octahedra, as shown in Figure 1a for
cesium lead perovskites. Efficient photoluminescence is associated to the intrinsic geometric structures
or the different network dimensionalities due to the occurrence of quantum confinement into the
isolated octahedra of OD-crystals [22]. The Frenkel excitons result self-trapped in correspondence of
the octahedron centered on the Pb ions: the lower the perovskite structural dimensionality the higher
the binding energy of the electron-hole couple. The 3D CsPbBr3 and the 0D Cs4PbBrg structures show
an exciton binding-energy of 19-62 meV and 353 meV, respectively [22]. The latter value leads to a
dominant radiative recombination in correspondence of the lead ion sites, as shown by calculations
based on density functional theory (DFT) [23,24]. The photoluminescence quantum yield (PLQY) is
reported to differ considerably between the two structures from 0.1% (3D) to 45% (0D) [22,25]. The high
PLQY of the 0D phase suggests the application of the inorganic perovskite to solid state optoelectronic
devices such as LEDs or solar cells making critical a proper understanding of this perovskite. The
origin of the green photoluminescence, however, has been subject of a large debate: Nikl et al. [26]
were the first to suggest that unavoidable CsPbBr; nanocrystal impurities in Cs4PbBrg gives origins to
the green photoluminescence. A recent article has yielded further convincing experimental evidence
of the latter [27].
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Figure 1. (a) Crystal structures of CsPbBrs, and Cs,PbBrg perovskite; (b) photos of powders of Cs4PbBr6
orange crystals and DMSO washed Cs4PbBrg yellow crystals with room light (top) and UV-A light
(bottom).

With our contribution, we aim to bring further evidence that the efficient green fluorescence comes
from the CsPbBr3 nano-inclusions inside the Cs;PbBrg matrix. The CssPbBrg perovskite phase is not
fluorescent in the visible range, but it shows a strong UV luminescence.
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2. Materials and Methods

2.1. Synthesis of CsPbBr3z and Cs4PbBrg Powders

An equimolar mixture of CsBr (0.25 M; 212 mg) and PbBr; (0.25 M; 370 mg) was dissolved in 1 mL
dimethyl sulfoxide (DMSO) at room temperature. DMSO is a good aprotic polar solvent commonly
used to dissolve inorganic salts and small molecules. The mixture was stirred for 1 hour and heated
at 120 °C for 3 hours with the result of the precipitation of Cs4PbBrg grains together with undesired
CsPbBr3 and CsPb,Brs phases. In the absence of any washing, an orange powder was obtained largely
composed of CsPbBr3. The precipitate was washed with DMSO, a procedure that was meant for
removing the undesired phases and, due to the poor solubility of Cs;PbBrg, the washed powder
(enriched with Cs4PbBrg) appeared with a brilliant green-yellow color and exhibited a bright and
strong photoluminescence under UV light, in contrast with the starting (predominantly CsPbBrs3)
powder which appeared weakly or not fluorescent (Figure 1b). In both cases, the powders had been
dried at 70 °C overnight in an evacuated oven.

The ternary diagram (Cs-Pb-Br) predicted the presence of both Cs4PbBrg and CsPbBr; crystalline
phases for an equimolar ratio between the two precursors. However, the content of a certain phase
can be determined, to some extent, by the synthesis procedure. Indeed, if the CsBr concentration is
increased in the precursor solution, the formation of Cs4PbBrg becomes dominant [9]. This phase is
thermodynamically favored since the enthalpy of formation for the 0D phase (Cs4PbBrg) is lower than
the 3D one (CsPbBrj3) [28].

To this purpose we prepared precursor solutions in DMSO of mixed CsBr and PbBr, salts with
different molar ratios and deposited films on glass slides from such solutions.

2.2. Synthesis of Cs4PbBrs Nanocrystal (NC) Films

CsBr and PbBr, were dissolved at different relative molar ratios of 1:1, 2:1, 3:1 and 4:1 in order to
control the final product composition. Since the CsBr is scarcely soluble in DMSO at high concentration,
the two salts were initially dissolved in different solvents: aprotic DMSO for PbBr; (0.1 M: 370 mg
in 10 mL) and deionized water for CsBr (1M: respectively 212 mg, 424 mg, 636 mg and 848 mg in
1 mL). Then the CsBr/H,O solution was slowly poured into the PbBr,/DMSO solution and the mixture
was stirred for 3 hours at RT. The solution was centrifuged at 5000 rpm for 10 min and a yellowish
precipitate was separated from the supernatant. The precipitate in DMSO was spin-coated on 2 X 2 cm?
glass substrates to obtain nanocrystal (NC) films. The spin-coating procedure was performed in a
glove box with inert nitrogen atmosphere and a spin velocity of 1000 rpm for 30 s. During the spinning,
100 pL of acetone were sprayed on the sample to favor a rapid nucleation of the crystallites due to its
anti-solvent property with respect to the inorganic perovskites [9]. The films were finally annealed on
a hot-plate to complete the solvent evaporation and to obtain the films at different molar ratios shown
in Figure 2.

Figure 2. (a) Films of perovskite nanocrystals (NCs) with precursor molar ratios, respectively, from the
left 1:1, 2:1, 3:1 and 4:1 under room light; (b) the same under UV-A illumination (broad band 366 nm).

2.3. X-Ray Diffraction Measurements

X-ray diffraction measurements (XRD) were performed in reflection mode on a Panalytical
Empyrean Diffractometer, using the ka fluorescence line of a Cu-anode emitting tube as X-ray source
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(40kV—40mA). Bragg Brentano configuration was used as incident optical pathway (1/4°-1/2° divergent
slits) and a solid-state hybrid Pix’cel 3D detector, working in 1D linear mode, accomplished the
detection. Samples were studied in the range 10° < 26 < 50°.

2.4. Spectral Measurements

Absorption spectra were collected in the spectral interval 300-600 nm by means of a double
beam Shimadzu UV-2500 equipped with a Xenon lamp and an integrating sphere for diffuse reflection
measurements. The steady-state luminescence spectra were excited by the 458 nm line of an Ar+ laser
with 0.014 W/mm? and collected by a compact spectrophotometer (Flame, OceanOptics, Largo, FL,
USA) [29]. A different set-up has been used for the time-resolved luminescence and to study the
UV emission from the samples. For those measurements, different lines (in the 260-320 nm range)
of an Optical Parametric Amplifier (OPA) have been used. The pulse length was about 50 fs and
the repetition frequency 1 kHz. The luminescence was revealed with the spectrometer Halcyon of
the Ultrafast Systems. The time resolved measurements were made with the time correlated single
photon counting (TCSPC) method with an instrument response function (IRF) of 0.9 ns. The fluences
were in the 0.1-100 pJ/cm? range. The excitation spectra were recorded using a conventional 90°
geometry on a dedicated laboratory setup equipped with a 200 W continuous Hg(Xe) discharge lamp
(Oriel instruments, Stratford, CT, USA), an excitation 25-cm monochromator (Photon Technology
International, Inc., Birmingham NJ, USA) and an emission 25-cm monochromator (Cornerstone 260,
Stratford, CT, USA) equipped with specific excitation-rejection filters and a R3896 photomultiplier
(Hamamatsu Photonics Corp., Bridgewater, NJ, USA) [30,31].

3. Results and Discussion

Microcrystal powders have been characterized by X-ray diffraction measurements in order to
investigate the distribution of the different crystalline phases. Figure 3a shows the spectra of the
samples obtained with the first synthesis (equimolar mixture) without any washing procedure (orange
powder, Figure 1b). Figure 3b shows the spectra after washing with DMSO (yellow powder, Figure 1b).
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Figure 3. XRD spectra of perovskite: (a) unwashed powder; (b) powder washed with DMSO.

The XRD patterns, cross-checked with powder diffraction databases, perfectly match the
coexistence of three phases. The 3D CsPbBr3 phase is monoclinic with lattice constants a = 5.83 A,
b=583A,andc=5.89 A (ICDD Nr 00-018-0364, [32] peaks are marked by a blue square). The 0D
Cs4PbBrg phase is rhombohedral with lattice constants a = 13.73 A, b=1373A,and c=17.32 A (ICDD
Nr 01-073-2478, [33] the reflections are labelled by a black square). A third 3D spurious phase CsPb,Brs
was also detected, corresponding to a tetragonal crystal system: a = 8.48 A, b =848 A, and ¢ = 15,25 A
(ICDD Nr 01-025-0211, [34] the peaks are highlighted by a green square).

According to the literature [8,35], the characteristic crystalline phase signatures attributed to
3D-CsPbBrs and 0D-Cs4PbBrg respectively, are present in the two samples: the first sample has a
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dominant contribution from the monoclinic 3D phase while the second one from the rhombohedral 0D
phase with traces from the tetragonal one.

Subsequently, measurements were performed in the same experimental conditions on the films
obtained from solutions at different molar ratios of CsBr:PbBr; (4:1, 3:1, 2:1 and 1:1) to determine the
effect of deposition on the crystallographic properties of the material and the effects of precursor molar
ratio as shown in Figure 4.
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Figure 4. XRD spectra of perovskite films obtained from (a) 1:1 and (b) 3:1 precursor solution. In the
inset of figure (b), patterns collected from films at different molar ratios are shown.

Peaks at 20 = 21.40°, 29 = 30.60° and 29 = 43.60° are clearly present in the 1:1 film, confirming the
presence of the 3D CsPbBrj perovskite dominant phase (see Figure 4a). Moreover, peaks at 20 = 12.80°,
29 =30.20° and ¥ = 38.90° characterize the XRD spectra of the 3:1 film, leading to the attribution of
the 0D-Cs4PbBrg perovskite phase (see Figure 4b). Similar XRD spectra are obtained for films with
exceeding CsBr precursor with respect to the PbBry, i.e., 2:1 and 4:1 (see inset in Figure 4b).

All films presented polycrystalline texture, therefore all possible diffraction peaks relative to
the structure were observed. In a perfectly powder-like material, i.e., completely anisotropic, the
relative intensities of the different reflections are theoretically stated (for example the intensity of the
diffraction peak relative to the (110) crystalline plane is expected to be 93% while that of the (024) one
is 50%), while preferential orientation of crystallites can create a systematic variation in the diffraction
peak intensities.

This specific effect was observed in the films as a function of the varied deposition conditions
and was quantitatively analyzed studying the variation of the (024)/(110) reflections intensity ratio
as a function of molar concentration ratio as shown in Figure 5. As visible, the thermodynamically
favored (110) peak decreases at higher molar ratio values down to a minimum reached at a (3:1) ratio:
a trend could be observed and correlated to a similar behavior of the fluorescence intensity, as will be

discussed below.
Furthermore, the films grain size analysis was also performed, by means of the Scherrer formula:

KA

~ BCcos6’ M

D
with K being the Scherrer constant (0.89), A the X-ray wavelength (0.15418 nm K Cu anode), § the
average full width half maximum of the crystalline reflections and 9 the scattering angle. Grain size
was calculated for the differently composed films and the average size was found to be comparable in
all samples: D = (80 + 5) nm. The value of the grain size thus obtained is comparable to published
results for this type of preparation of perovskite NCs [36].



Crystals 2019, 9, 280 60f 13

1.8

1.6

14}

1(024)/1(110)

1.0
r @

0.8 L Il 'l 'l
1:1 2:1 31 4:1

Molar ratio of precursors

Figure 5. Intensity ratio of the (024) reflection vs. the (110) reflection as a function of different film
concentrations. A trend of the structural rearrangement can be observed occurring as a function of the
relative concentration parameter.

The absorption spectra of the films prepared with different molar ratios are reported in Figure 6.
Extended absorption in the UV spectral range (down to 280 nm) highlights interesting features of
the optical behavior of this material. Two main absorption structures are recognized in the spectra
of all the films: one in the UV and the other in the visible spectral range [9,24,37]. The structure
which peaked at 324 nm corresponds to the band-band excitation for CsyPbBr¢ crystal as reported
by direct measurements and density of state calculations [38]. The absorption in the visible region
is characteristic of the CsPbBr; with an absorption edge at wavelength below 550 nm. The inset
in Figure 6 shows the Tauc plots for the absorption spectra which allow the determination of the
absorption edges for the different samples. The data are reported in Table 1. The 1:1 film has an
absorption edge at 2.29 eV (A = 541 nm) while the others (3:1 and 4:1) at 2.35 eV (A = 528 nm), in very
good agreement with the values reported in the literature [25]. The 2:1 sample shows an absorption
edge intermediate between the two.
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Figure 6. Absorption spectra of the films with different molar ratios of precursors indicated in the label.
The inset reports the Tauc plots for the determination of the absorption edge.
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Table 1. Edges of absorption for each samples.

Sample Edge of Absorption
(nm) (eV)
1:1 541 2.29
2:1 537 2.31
31 528 2.35
4:1 528 2.35

The onset of the absorption at 2.35 eV is apparently in contrast with the 3.3 eV band gap [39]
expected for the presence of CssPbBrg phase (3:1 and 4:1 samples). However, it has been showed that
CsPbBrs; inclusion in Cs4PbBrg crystals, even at a very low weight ratio, can generate components in
the visible absorption spectra in addition to the UV absorption band characteristic of the Cs;,PbBrg
phase [40]. Therefore, the absorptions of both phases are present in the spectra of all samples with
different contributions: the CsyPbBrg increases from 1:1 to 4:1 samples while the other decreases. The
absorption edge of the CsPbBr; phase moves from the bulk value 2.29 eV in the equimolar sample
to 2.35 eV as a consequence of quantum confinement effects for the electronic excitation of CsPbBrs
nano-inclusions [37,41,42]. Tian and Scheblykin [43] have recently sounded a note of caution about the
absorption measurements in this type of samples due to poor surface coverage, high optical density of
individual crystals, and light scattering. Therefore, one should be cautious to draw too detailed and
quantitative conclusions from the absorption measurements.

The photoluminescence spectra are shown in Figure 7. An intense green photoluminescence
(PL) emission band is present with a peak at 520 nm for the excitation wavelength of 458 nm and a
radiant flux of 14 mW/mm?. An increase of the emitted intensity was observed with the increase of the
molar ratio of Cs/Pb precursors in accordance with the literature [36,43,44]. The trend observed for
the fluorescence intensity with the increase of the CsBr content in the precursor solution is shown in
the inset in Figure 7 and follows the increase of concentration of CsPbBrj; inclusions in the different
samples. The 4:1 precursor molar ratio, which represents the right stoichiometry in order to obtain the
Cs4PbBrg phase, maximizes the formation of this phase at expenses of the other type and hence of the
possibility of inclusions. That could explain the decrease of the intensity for 4:1 sample in agreement
with the attribution of the green fluorescence to CsPbBr3 inclusions in the Cs4PbBrg.
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Figure 7. (a) Photoluminescence (PL) spectrum for different molar ratio of precursors. Excitation
wavelength was 458 nm. The inset shows the peak intensity as a function of precursor composition.
(b) Normalized PL spectra.

Time correlated single photon counting (TCSPC) measurements have been performed in order to
study the radiative decay originating the VIS-PL in the different samples. The radiative decay of the PL
at 521 nm for excitation at 360 nm is shown in Figure 8; the results of a fit to a double exponential decay
model have been reported in Table 2. The values do not significantly change within the excitation
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intensity range used. Similarly, no significant difference is observed for the different samples indicating
that for all the samples the green luminescence has the same origin.

@521nm Exc 360nm 1:1

100 |

Counts

10

[=3 CRRTTTIRTN

20 40 60
Time Delay (ns)

Figure 8. TCSPC measurements of 521 nm fluorescence excited at 360 nm for different molar ratios of
precursors. The amplitude of the decay signal has been normalized to compare the behavior of the
different samples.

Table 2. TCSPC fit parameters.

Sample 71 (ns) T2 (ns)
1:1 3.3ns 17.0 ns
2:1 3.0ns 14.7 ns
3:1 34ns 16.0 ns
4:1 3.3ns 15.1ns

It is noteworthy that the fluorescence intensity trend clearly mirrors the variation of the (024)/(110)
reflection intensity ratio in the XRD measurements (Figure 5), although the origin of such a correlation
between crystalline rearrangement along a preferred plane (024) of the Cs4PbBr¢ phase and fluorescence
of CsPbBrj3 nano-inclusions is not clear.

In order to clarify the role of the two different crystalline phases, we report in Figures 9 and 10 the
map of excitation for the fluorescence in the visible spectral range. On the left, the excitation spectrum
of the 520 nm emission is reported for each sample. The related absorption spectra are reported for
comparison. It clearly appears that, in correspondence of the UV absorption band, a strong reduction
of the luminescence intensity occurs. This evidence demonstrates that Cs4PbBrs phases do not directly
produce visible luminescence. In order to correctly attribute the different spectral contributions, PL
spectra have been generated by optical excitation with light having sufficient photon energy to excite
both phases. The UV-PL spectra are shown in Figure 11 for sample 4:1. The strong UV fluorescence at
375 nm, which we attribute to the Cs4PbBrg [26,39], turns on progressively as the excitation wavelength
approaches the UV absorption peak at 320 nm; the ratios of the UV- to VIS-PL peak intensities resulted
as being 10%, 45% and 165%, respectively, for 260 nm, 305 nm and 320 nm. The intensity of the visible
PL as a function of the exciting wavelength (Figures 9 and 10) reflects, with an inverse relationship, the
light absorption by Cs4PbBrg that becomes more and more important as the Cs;PbBrg amount in the
powder increases, as suggested by the less structured absorption band for high Cs4PbBrg content and
the ensuing decrease of relative importance of the absorption by the CsPbBr;. This feature suggests a
shadowing of the CsPbBrj inclusions by the surrounding Cs4PbBrs. However, the overall picture must
also include a possible charge transfer between the two phases. To this scope we have performed the
time-resolved measurements on the UV luminescence (not reported) showing that the UV luminescence
lifetime is shorter than the IRF of our set-up. This result suggests the presence of some trapping into the
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CsPbBrj; of photoexcited carriers in the CsyPbBrg, with a characteristic time shorter than the radiative
recombination time, expected to be in the ns range.
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Figure 9. Excitation spectra (Aem = 520 nm, red squares) and contour curves of the fluorescence for
1:1 and 2:1 samples. The respective absorption spectra (black lines) from Figure 6 are also reported
for comparison.
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Figure 10. Excitation spectra (Aem = 520 nm, red squares) and contour curves of the fluorescence for
3:1 and 4:1 samples. The respective absorption spectra (black lines) from Figure 6 are also reported
for comparison.
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Figure 11. PL spectrum for 4:1 sample excited at different wavelengths in the UV spectral range. The
intensity is normalized at the VIS-PL peak.

4. Conclusions

The structural and optical properties of an inorganic metal halide perovskite (cesium lead bromide)
as a function of the composition were investigated. The samples have been characterized by X-ray
diffraction measurements in order to investigate the distribution of the different crystalline phases.
The XRD patterns match the presence of three phases: a monoclinic CsPbBrsz phase associated with a
spurious tetragonal CsPb,Brs and rhombohedral CssPbBrg phase. The former two structures were
observed in the samples which had been deposited from equimolar Cs/Pb precursor solution while the
latter in those from the precursor solutions with a cesium excess.

A preferential orientation of Cs4PbBrg crystallites along the (024) crystalline plane has been
observed as a function of the molar ratio of the Cs/Pb precursor salts. The degree of preferential
orientation of the crystallites is mirrored in an increase in fluorescence intensity although the correlation
between the two properties is not clear. The excitation spectra of the green fluorescence (520 nm)
was recorded over an extended spectral range down to 280 nm. We observed a sharp reduction of
the excitation efficiency in correspondence of the characteristic UV absorption band at 324 nm. The
Cs4PbBrg photoluminescence which peaked at 365 nm has been measured by optical excitation in
correspondence of the UV absorption band. This allowed us to relate the UV absorption structure to
the fundamental band-band transition of CsyPbBry.

Overall, the present study supports the hypothesis that the CsyPbBrg perovskite phase is not
fluorescent in the visible range, but it shows a strong UV luminescence, while the efficient green
fluorescence comes from the CsPbBr; nano-inclusions inside the Cs4PbBrg matrix.
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