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Abstract: Organic-inorganic lead halide perovskites, particularly the Formamidinium and Cesium based-ones are
among the most promising materials for photovoltaic applications, yet they still face a stability issue. In this work, we
boosted their structural and environment-resistance stability by the simultaneous compositional tuning of their A-cation
and X-anion sites. We prepared 9 different solutions of Cs FA, Pb(I, ,Br,); (x = 0.1, 0.2 and 0.3 and y = 0.15, 0.25 and
0.35), made the deposition on FTO substrates by one step spin-coating technique and did the post-annealing at 120 °C
instead of the 350 °C for CsPbl, for instance. We, afterward, characterized the films by X-ray diffraction (XRD), UV-
visible spectroscopy, photoluminescence (PL) levels and Field Emission Scanning Electron Microscopy (FESEM)
to assess their crystallinity, optical properties and morphology. As a result, we noted that they all crystallized into
the perovskite black a-phase and remained stable after 3 weeks in contrast to FAPbI; or CsPbl,. We also found that
their band gap energy ranged between 1.62 eV (for the compounds with 15% of Br) to 1.75 eV, hence their excellent
absorbance properties.
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1. Introduction

The recent decades have seen the blooming of the organic-inorganic metal halide perovskites in the photovoltaic
material research arena. In a very short period, the perovskites have reached a high Power Conversion Efficiency (PCE)
0f 26% in 2023 [1, 2] which is already equivalent to the efficacy level of marketed silicon solar cells.

Despite the accomplishment in terms of PCE and their easy and low-cost production at ambient conditions,
the perovskites still have steps to take to pass the International Electrotechnical Commission (IEC) 61215-1:2016
qualification requirements as terrestrial photovoltaic (PV) modules suitable for long-term operation in general open-air
climates [3, 4] and exhibit a guaranteed operation ability of 25 years like the Silicon [5].

Actually, the commercialization of the perovskites is hindered by thermal, structural, moisture and light-related
stability issues.

To overcome these bottlenecks, researchers have worked out better encapsulation technics like ionic-liquid
additives and Lewis acid-base passivation, etc [6]. However, all these efforts have yielded limited results as the intrinsic
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instability has to be solved.

The Halide Perovskites have a generic ABX, structure [7] where A is a monovalent cation such as
Methylammonium (CH;NH;'; MA), Formamidinium (H,NCHNH,, FA) or Cesium (Cs); B is a divalent cation, typically
Lead (Pb>) or Tin (Sn’") and X a halide anion such as Chlorite (CI), Bromide (Br) or Iodide (I'). In this compound, it is
proved that the A'cation has the highest impact on the overall stability [8] of the lattice.

Among these A'cations, researchers have demonstrated that the organic FA and the inorganic Cs have better
stability compared to MA [9-10]. FA has a lower band gap at 1.48 eV (Cs has 1.73 eV), hence a higher potential to
harvest more photons and Cs is more environment resistant. However, both show structural instability [11]. FA-based
perovskites crystalize in the desired cubic crystal structure at high temperatures above 170 °C but at room temperatures,
their structure shifts to the undesired yellow non-perovskite-phase crystal structure. Cs-based ones behave the same way
from above 350 °C to room temperature [12]. In fact, Cs-based crystals can exist in four phases: the cubic phase (o),
the tetragonal phase (), and two orthorhombic phases (y and §) [13]. The ¢ orthorhombic, is the non-photoactive and
non-perovskite ‘yellow phase, useless in photovoltaic applications [14]. As for the a, f and y phases, they exhibit ‘black
phase’ perovskite structure but are only stable at high temperatures. Similarly, FA also exists in the same phases but at
other temperatures and is also stable in the non-perovskite ‘yellow phase’ at room temperatures.

The B-cation in ABX, is usually Pb”" as researchers have evidenced an increase of instability and band gap when
replacing the Pb”" by Sn*" [15-16].

As for the Anion X, I is the preferred one that exhibits a lower band gap while the others and much more CI raise
the band gap to undesired levels and lead to poor lattice parameters.

One of the usual approaches to improve the stability of the Halide Perovskites is the inclusion of additives. Tang
et al. [17] for instance, were able to master the A-site composition by doping with some alkali metal cations such as Li,
Na, K, and Rb to adjust the lattice constant and energy status.

In the same way, the B-site can be doped with lanthanide ions like La’", Ce’*, Nd*, Sm*, Eu’’, Gd*", Tb*", Ho™",
Er’, Yb", and Lu™ or hard Lewis acids such as Mg, Ca™", Sr**, and Ba™" [18].

Another way of stability enhancement is the composition of lower dimensional entities, such as nanocrystals (NCs),
materials with dimensions smaller than their corresponding Bohr exciton radius, named quantum dots [19]. These
materials exhibit the quantum confinement effect that induces their unique physical characteristics like a size-tunable
bandgap, narrow emission spectra, a high surface/volume ratio, key factors to reach an improved crystalline phase
stability at ambient conditions, compared to their bulk equivalents. This method requires, however, specific equipment
and demanding processing.

In this work, we rather focused on the compositional tuning of the A and X-sites in the room atmosphere to
improve the stability of the ABX; compound [20]. We brought together the two FA and Cs cations in the A-caption and
the I and Br anions in the X-caption. We found this method easier and cheaper than the above ones whilst efficient. The
challenge, however, has been the increase in bang gap as this is the known tendency when Br anion is incorporated into
the lattice.

In a former study on the Cs,FA, Pbl; structure, we’ve seen that mixing the two A-cations Cs and FA leads to a
more stable lattice when the proportion of Cs is less than FA, preferably not more than 30% [21]. Therefore, in our
present investigation, we mixed [22] the captions A and X in the same thin film lattices through a structure type Cs,FA
Pb(I, ,Br,); and varied, simultaneously, the content of Cs in the lattice from 10% to 30% for percentages of Br from 15%
to 35%. The goal that guided our investigation was to figure out which of the samples exhibit the perovskite a-phase
after being manufactured at room temperature and if they would remain stable for long in that phase [23].

Furthermore, we closely looked at the annealing temperature while composing our material and selecting our
solvents. Since the shift temperature of Cs and FA-based compounds from the non-perovskite phase to the cubic
perovskite phase takes place at high temperatures [24-25], their synthesis induces a thermal annealing treatment at
elevated temperatures. This situation does inflate the production cost of the halide perovskites and can also prevent their
deposition on polymer-based flexible substrates, hence the need to reduce the annealing temperature of our films.

After the synthesis, the different characterization methods helped us cross-check the stability of each sample along
with the identification of the best compound. In the next pages of this article, the samples were identified by their report
names in Table 1. In the CB-xxyy format, C stands for Cesium, B for Bromide, xx (10, 20 or 30) is the Cesium content
in the Cs,FA, (Pb(I, ,Br,); compound and yy (15, 25 or 35) the bromide content.
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2. Experimental work

With the combination of three contents of the A-cation Cs with three of Br Anion, we reached a total of nine (9)
samples to be produced by first synthetizing the solutions and them making the deposition on FTO subtracts.

Table 1. List of samples blended and characterized

Cs Content  Br Content CsXFAIEXPb(Il_yBrX)3 Composition  Report Name

0.1 0.15 Csy,FA) oPb(1, 4sBry 15)5 CB-1015
0.1 0.25 Csy,FA) oPb(1 75Bry 25)5 CB-1025
0.1 035 Csy 1 FA ¢ oPb(1 ¢sBry 35); CB-1035
0.2 0.15 Cs2FA) gPb(1, 45Bry 155 CB-2015
0.2 0.25 Cs2FA) §Pb(L, 75Brg 25)5 CB-2025
0.2 035 Csy,FA) gPb(1, 45Br0.35), CB-2035
03 0.15 Cs5FA) -Pb(1, 45Bry 155 CB-3015
03 0.25 Csy5FA) ,Pb(1 75Bry 25)5 CB-3025
03 035 Cs5FA) -Pb(Lg ¢5Bry 35)5 CB-3035

2.1 Solutions synthesis

For the preparation of the solutions, we used four (4) precursors which were the Formamidinium lodide (FAI), the
Cesium Iodide (CsI), the Lead Iodide (Pbl,) and the Lead Bromide (PbBr,).

The solvent was a mixture (Cosolvent) of DMF (Dimethyl Formamide-HCON(CH,),) and DMSO (Dimethyl
Sulfoxide) in a ratio of 4:1. As for the anti-solvent, we used the Toluene (C,H;CH,).

The Csl, PbBr, and Pbl, were purchased from Tokyo Chemical Industry and the FAI from Sigma-Aldrich. As
for the DMF, DMSO and Toluene, the sellers were respectively VWR International France and Applichem GmbH,
Germany.

After the calculation of the compositions of each material for a concentration of 1 M per liter for all solutions, the
precursors have been weighed out and put in the same vial before adding one (1) mL of cosolvent to dissolve them.

2.2 Deposition method

The deposition as illustrated in Figure 1 was then done by one-step spin-coating on FTO substrates while applying
Toluene anti-solvent to evaporate the solvent. A post-annealing was done at 120 °C for 30 min to obtain the black
perovskite films.

The spin-coated films were then characterized by X-Ray Diffraction (XRD) [26], UV-visible spectroscopy,
Photoluminescence (PL) measurements and Field Emission Scanning Electron Microscopy (FESEM) to capture their
crystallinity, optical properties, and morphology.
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3. Results and discussion
3.1 Structure analysis

The X-Ray diffraction patterns of the perovskite samples on FTO substrates were generated by a RIGAKU Ultima
IV using a Cu Ko radiation (A = 1.541841 + 0.002 A). This characterization is technic enables to identification of the
crystal phase and the crystallinity of the material. It allows as well to visualize the forming of the perovskite as well as

its degradation.
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Figure 2. XRD patterns of Cs,FA, Pb(l, ,Br,); samples deposited on FTO Substrate
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Figure 2 exhibits the XRD patterns of the nine (9) Cs,FA, ,Pb(l, ,Br,); (x = 10%, 20%, 30%, y=15%, 25%, 35%)
films blended at room temperature.

The characteristic peaks [27] (100), (110), (111), and (200) reflection plans of the perovskite a-phase were clearly
visible at 20 values around 14°, 20°, 24.5° and 28.3° respectively, for all the films. This showed that, in contrast to
CsPbl; or FAPbI, films, the mixed Cs FA, Pb(l, Br,), perovskites crystallized in the a-phase at room temperature.
We’ve also noted a clear black color of all the films as further evidence of the formation of the perovskite a-phase.

We also noted, as illustrated by Figure 3, that the peak position (20) shifted towards the right, to higher values as
per the increase of the Br content (y) in the lattice, which implied a larger band gap for the material. The Cs content (x)
also had a similar impact but in a smaller proportion.
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Figure 3. Effect of Br content (y) on the position (26) of the peaks of Cs,FA, ,Pb(I, ,Br,), samples

We further calculated the crystallite size D, the lattice dislocation and Lattice strain out of the FWHM (maximum
width at half maximum) and 260 of peak positions using the Scherrer Equation and other related relations. The results are
illustrated in Figure 4. These values inform about the quality of the microscopic structure inside the lattice.

Crystallite is a domain of the material with a homogeneous arrangement of the atoms or molecules that repeat itself
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to form the grains and then the particles. In terms of diffraction, the crystallite is a portion of the crystal that diffracts
light coherently (in the same direction), the crystallite size being the dimension of that homogeneous area.

The crystal structures usually present defects or dislocations that induce sudden shifts in the arrangement of the
atoms and this generates the observable broadening of the diffraction peaks. The dislocation density is the measure of
the number of dislocations in a unit volume.

As for the lattice strain, it is a quantification of the distribution of lattice constraints arising from crystal
imperfections, such as lattice dislocation. The crystallite size and lattice strain affect the peak width, peak intensity and
20 angle peak position.

The crystallite size was calculated by the formula [28]:

Do kxA
Pxcosb

k: Scherrer’s Constant = 0.94.

\: X-ray wavelength = 1.5406 A.

3: FWHM of the diffraction peak.

0: Angle of diffraction.

The dislocation density, 6, defined as the length of dislocation lines per unit volume is calculated by:

As for the Lattice strain, its formula is:

B

e=—"—
4xtan @

The calculations were done for each peak of the materials (peaks of FTO exclusive) and the average taken. Figure
4 represents a summary of the results.
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Figure 4. a) Peak position and FWHM, b) Dislocation and Lattice Strain, and ¢) Grain size and Lattice constant. (A15-A35 stands respectively for

CB-1015-CB-1035, B15-B35 for CB-2015-CB-2035 and C15-C35 for CB-3015-CB-3035)

We noted that the diffraction peaks exhibited different tendencies according to the composition of the perovskite
materials as some are broader and others thick even with the same content of Cs for instance. We further observed that
for the same Cs content (10%, 20% or 30%), the compounds with less Br showed smaller grain size. This appears to be
in line with the fact that Bromine’s atom has a smaller diameter compared to Iodine. On the other hand and except for
the CB-1035, the peaks of these low Br samples were thicker than the average, hence their higher crystallite size. This
implies that the lattice with more bromine exhibits more imperfections. As for the lattice constant and as expected, it
globally decreased with increasing crystallite size while the lattice strain raised with more crystallite size.

Three weeks after the first XRD analysis, we did a new checking with the Rigaku equipment.

Figure 5 gives the new patterns in red superimposed on the former ones for the sake of comparison.
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Figure 5. XRD patterns of Cs,FA, Pb(I, Br,); samples after 3 weeks

During the three weeks, the samples were conserved in the laboratory at room conditions without a particular
protection.

We observed, except with the samples CB-1035 (c) and CB-2015(d), that most of the samples clearly demonstrated
excellent structural and environmental-resistance stability as only a slight decrease in the intensity of the peaks was
seen. Furthermore, we noticed that the angles of diffraction (20) of the peaks remained the same, meaning that the lattice
structures had been preserved.

45
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Figure 6. XRD patterns of CsPbl; and FAPbI, samples after 3 weeks

Two films among the nine, CB-1035 and CB-2015, exhibited the highest degradation and we suspect a problem
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during the post-annealing (the samples may have not been exposed to enough heat) and/or their contamination during
the conservation at the laboratory as the reason for this larger degradation revealed by the XRD testing.

Overall, we can say that three weeks after, at room conditions, the Cs FA, Pb(I, Br,); perovskite structures, clearly
exhibited a much better stability in the a-phase than the single A-cation-based compounds like FAPDbI, or CsPbl; for
instance (Figure 6) which prompt to structurally degrade into a non-perovskite d-phase at room temperature.

We note that the two samples have shifted to the non-perovskite 5-phase with the characteristic peaks at 13.2 and
11.6 instead of 14.

3.2 Optical properties assessment

The optical properties were collected with a spectrometer Ocean Optics HR4,000 connected to a Si-CCD detector
and a combined sphere to capture luminance and diffuse transmittance at room conditions. As for the photoluminescence
(PL) checking, we used a back-thinned Si-CCD Hamamatsu sensor with a He-Cd laser at 405 nm as an emission source.

The absorbance properties are particularly important as the aim of the solar cell is to absorb the solar light and
convert it into electricity. Besides, they can be used to calculate the band gap energy of the samples using the Tauc
equation ((ahv)? = A(hv-Eg)) [29-30]. The band gap is the value of Eg for which the (ahv)? = 0 after plotting the graph
of (ahv)? versus ho.

In the Tauc formula, a is the absorption coefficient, h the Planck’s constant equal to 6.625 x 10 j.s, v the incident
photon’s frequency, A a proportionality constant and Eg is the bang gap energy.

On the other hand, the photoluminescence data can also be used to calculate a direct band gap using the formula E
=hce/A [31-32].

Figure 7 shows the absorbance, photoluminescence and band gap calculation of the samples.

We noted that most of the absorbance curves exhibited a tipping point at around 300 nm (500 nm for the CB-1015
as the exception) from which started an intense upward slope of absorbance corresponding to the excitonic absorbance
[33-34], followed by a more or less stable phase, the crossing phase from the valence band to the conduction band.
In the situation where this phase prevails over the others in the absorbance spectrum, the well-known Tauc formula
linking the absorption coefficient (o) and the bandgap energy (Eg), and widely used to calculate the direct band gap of
semiconductors no more works. It is rather Elliott’s formula that has to be used [35].
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Figure 7. UV-vis Absorbance (a); Optical Band Gap from Absorbance (c, d, €) and Photoluminescence (b) of the Cs,FA, Pb(I, ,Br,); perovskite films

For the CB-1015 (10%-CS and 15%-Br), its absorbance curve exhibited an exceptional bell curve very similar
to the sunlight absorption spectrum with the peak shifted to the right to 700 nm instead of 500 nm for the sunlight
absorption spectra. This could be the result of a better surface coverage during the spin-coating associated with less
degradation at the time of the absorbance measurement. The main challenge we usually face when measuring the
absorbance properties of perovskite thin films is the lack of uniformity of the deposition on the substrate. With the bad
coverage of the substrate, an important part of the light just unexpectedly goes through the blank areas uncovered by
the perovskite material. In reverse, for the perovskite “mounts” where the material is concentrated, the optical density is
most of the time very large and as a matter of fact, most of the light is absorbed. Consequently, the overall absorbance
of the measured material can be altered [35].

The absorbance edge, as illustrated in Table 2 varied from the lowest value of 1.62 for the CB-xx15 (the three
samples with 15% Br in the compound) to 1.75 for the CB-3035.

It increased with the content of the bromide halogen ion in the lattice and also with more or less the increase in the
content of A-site Cesium cation.
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Table 2. The calculated band gap and stokes shift of Cs FA, ,Pb(I, Br,), perovskite films

Absorbance Photoluminescence Stokes Shift

Eg (V) Eg (V) (V)
CB-1015 1.62 1.56 0.06
CB-1025 1.68 1.47 0.21
CB-1035 1.7 1.62 0.08
CB-2015 1.62 1.61 0.01
CB-2025 1.68 1.59 0.09
CB-2035 1.7 1.61 0.09
CB-3015 1.62 1.60 0.02
CB-3025 1.72 1.60 0.12
CB-3035 1.75 1.62 0.13

Figure 7b displays the photoluminescence pattern of the different Cs FA, Pb(I, Br,); (x = 0.1, 0.2 and 0.3 and y
=0.15, 0.25 and 0.35) films. The PL emission energy edge did not vary in the same trend as the content of the bromide
halide in the overall compound. We observed the lowest energy (highest wavelength, 844 nm) with the CB-1025 and the
highest energy (lowest wavelength, 764 nm) with the CB-1035. In terms of intensity and just like with the absorbance,

the CB-1015 came far ahead compared to the others.

Three weeks after the first optical properties measurement, we did perform a new evaluation and compared it with
the initial one as displayed in figure 8. The red lines are the curves of the films after the three weeks while the black are

the original ones at fresh.
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Figure 8. UV-vis Absorbance spectra of the fresh and 3 weeks old Cs,FA, Pb(I, ,Br,); (x = 0.1, 0.2, 0.3 and y = 0.15, 0.25, 0.35) perovskite films

The optical properties checking after three weeks revealed a very little reduction in absorbance for 5 films out of
the 9. These 5 are CB-1015, CB-1025, CB-2035, CB-3025 and CB-3035 respectively shown on the Figure 8a-Figure
8g. The last 2 even displayed an increased absorbance. This particular point is an opened door for further investigation
to figure out the reason if it is related to a slight change of setting in the measurement method between the first and the
second measurement or another thing.

In all cases, we noted the higher stability of the 5 films and much more for the last two and this was perfectly in
line with the XRD patterns.

3.3 Morphology assessment

The assessment of the morphology of the perovskite thin films was conducted using a Field Emission Scanning
Electron Microscope (FESEM). The used device is an ULTRA 55 make of ZEISS, with a setting of detectors composed
of SE2 secondary electron detector, secondary electron detector in len, the detector of backscattered electrons AsB,
backscattered electron detector in lens EsB and X-ray dispersive energy detector (EDS) of GEMINI technology [37].

The FESEM works with a field emission cannon, a source of electrons, that provides very focused electron beams,
which excite and extract secondary electrons from the assessed sample. These secondary electrons are captured by
detectors and this generates varieties of signals that provide information on the surface morphology and composition of
the material.

The FESEM images, as illustrated in Figure 9, exhibited different morphologies for the Cs FA, (Pb(I, ,Bry); (x = 0.1,
0.2, 0.3 and y = 0.15, 0.25, 0.35) samples. More visible on the 10um scale, the grain size was less for the lower content
of bromide in the lattice. The 1 um scale revealed a better crystallinity of the CB-1015, CB-1025, CB-3035 and also the
CB-2025. As for the CB-1035 and CB-2015 films, they did not exhibit very regular patterns as a consequence of their
lower stability. The crystallinity expresses the degree of long-range structural order in the material. So, the higher the
crystallinity, the more atoms or molecules then the crystals and grains will be arranged consistently and repetitively.
When the material degrades by lack of stability, this order is partly broken and the grains appear more scattered like for
the CB-1035 and CB-2015 samples.
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Figure 9. FESEM Images of Cs,FA, Pb(I, Br,), (x=0.1,0.2,0.3 and y = 0.15, 0.25, 0.35) perovskite film

4. Conclusions

We successfully explored the way to boost, at room temperature, the stability and performance of the lead halide
perovskite by double mixture in the A-cation and X-halide captions. In the course of the investigation, we prepared, at
the laboratory ambient conditions, 9 samples of Cs FA, Pb(I, ,Br); (x =0.1,0.2, 0.3 and y = 0.15, 0.25, 0.35) perovskite
thin films and characterized their structure by the X-day diffraction, optical properties by UV-visible spectrometer and
morphology by the FESEM technic.

We noted, in contrast to the FAPbI; and CsPbl,, the known most promising non-mixed perovskite materials but
which unfortunately quickly shift their structure to non-perovskite phase at room temperature, that the multi-anion-
multi-cation halide perovskites exhibited, after three weeks, much better structural stability and kept their perovskite

Advanced Energy Conversion Materials 62 | Sié Georges Hien, et al.



cubic structure. Besides, we could do a post-annealing of these mixed perovskites at a lower temperature of 120 °C
where non-mixed, particularly the CsPbl; require a post-annealing temperature of above 350 °C. The post-annealing at
lower temperatures can open doors for deposition of the mixed perovskites on plastic and flexible substrates.

We also noted that, even if it raised a little bit the band gap energy of the perovskite, the content of Br in the
material provided increased stability to the overall lattice.

Moreover, and as a confirmation of the structural stability, the mixed perovskites also showed good resistance to
the environment moisture with excellent optical properties after three weeks.

Our results are in line with other works on the enhancement of the lead halide perovskite stability and also bring a
supplement to them.

The good stability and low-cost processability at room conditions without the high-cost annealing temperature,
undisputedly make the simultaneously cation-anion mixed perovskites, good candidates for the escalation and
development of solar panels, for the sake of lots of future consumers worldwide.
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