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All-inorganic cesium (Cs) lead perovskites have better thermal and chemical
stability than organic—inorganic hybrids. They therefore represent a hope for
stability and increased performance of perovskites as absorber layers in
photovoltaic solar cells. In the present work, we have deposited different
layers on FTO-coated glass substrates using the one-step spin-coating method.
The results of the lead substitution are presented and critically discussed. The
X-ray diffraction (XRD) results show four peaks for all three samples. The
main peaks of the different films are located at the 20 angles of 26.45° and
51.50° for the Muller indices (220) and (242), respectively. These two main
peaks indicate that the prepared thin films all have two preferred crystallo-
graphic orientations. Beyond these two main peaks, we have two other smaller
peaks at 20 of 33.67° and 37.70° corresponding to the Muller indices of (210)
and (211), respectively. The smoother the surface of the thin films, the more
light they reflect, resulting in poor light absorption by the films. It is therefore
important to obtain a surface image of the prepared films, as the larger the
surface image, the better the film. With this in mind, we carried out a scan-
ning electron microscope (SEM) analysis, which gave us the surface images.
Figure 3 shows the SEM images of thin CsPb;_,Sn,I; 5Br; 5 layers (x = 0, 0.5,
and 1) grown on FTO-coated glass substrate with different [Pb]/[Sn] ratios. As
can be seen from the figure, the effect of the [Pb]/[Sn] ratio is visible in the
surface images of the different thin films. The smallest grain size is that of the
unsubstituted CsPbl; 5sBr; 5, while the largest grain size corresponds to the
partially Pb-substituted layer (CsPbg 5Sng 511 5Bry 5). The fully Pb-substituted
layer (CsSnl; 5sBr; 5) has an intermediate grain size. The surface images of the
films show that the surfaces are well coated with grain sizes that vary greatly
depending on the layer. The best grain size is that of the thin film with partial
lead substitution (CsPbg 5Sng 511 5Br; 5). Regarding the UV-visible absorption
of the different films, we can say that the films absorb the maximum amount of
light in the wavelength range of 350-550 nm. Above 550 nm, the absorption
coefficients drop significantly. The absorption coefficients of the tin-free (Sn)
layer remain higher than the coefficients of the other layers throughout the
UV-visible spectrum. The degradation study revealed that the Sn-free layer
retains good light absorption compared to the other layers after 4 weeks of
exposure to the ambient environment. The crystal structure of all the layers
shows good resistance to the elements during the 4 weeks, as shown by the
renewed XRD results after the 4 weeks of exposure.
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INTRODUCTION

Faced with the urgent need for a new solution to
our mode of energy production and use due to
environmental issues and the reserve of fossil
resources, research is being carried out by scien-
tists, much of which is directed toward the produc-
tion of green energies, such as thermal, wind, and
especially photovoltaic. Significant progress has
been made in the last solution, and, thanks to this
research, we have gone from first-generation pho-
tovoltaic cells composed of classic semiconductors to
third-generation cells, i.e., thin layers. Photovoltaic
perovskites have experienced a rapid explosion
compared to other generations of cells. Perovskites
are currently one of the most sought-after materi-
als. They generally have the structure of ABXs-type
with group A, either organic—inorganic hybrid or
fully inorganic (methy]ammomum formamidinium,
cesium, ...), group B, a metal ion (Pb?*, Sn?", ...),
and a halogen or a halogen mix (iodine, chlorlne
bromine, Br/I, Br/Cl, and I/Cl). The malleability of
the perovskite structure gives several advantages,
which have made perovskites the object of much
research as an active layer in solar cells, since the
synthesis of the first oiganic-inorganic hybrid lead
halide cell in 2009.'* These halogenated per-
ovskites have become one of the most important
materials in the photovoltaic field due to their low
cost and ease of productlon which makes them
promising candidates,’ conversmn efﬁc1ency
which qulckly reached 25.5%, good charge carrier
mobility,'° low effectlve exciton mass,'' and struc-
tural defect tolerance.'> However, lead halide per-
ovskltes are unstable and toxic due to the presence
of lead,'®'® which limits the large-scale practical
apphcatlon of solar cells. Among all perovskites, all-
inorganic cesium (Cs) perovskites have more advan-
tages due to their relatively higher stability and
balanced mobility compared to their organic—inor-
ganic hybrid counterparts.’® Thus, several ele-
ments, such as tin (Sn), germanium (Ge), copper
(Cu), bismuth (Bi), and antimony (Sb),"" 2! have
been proposed to overcome the tox101ty problem of
lead. Among all these options, tin (Sn?*) is the most
suitable ion for lead (Pb) substitution due to their
equal valence and similar ionic radii (Sn?* 1.35 A
and Pb?* 1.49 A.?>%3 Point defects and other defects
due to the presence of Sn, which are the likely sites
of recombination, are removed by lead iodide
(Pbl,).?*2® Beyond photovoltaics, perovskites con-
tribute to the development of other technologies
such as lasers, light-emitting diodes, etc. In this
work, we have chosen the all-inorganic cesium
perovskite, CsPb;_,Sn,I; 5Br; 5. The substitution of
Pb by Sn in the mixed iodine-bromine cesium
perovskite, CsPby.,Sn,I; sBr; 5 (with x = 0; 0.5 and
1), has been carried out to overcome the lead toxicity
problem while improving the stability and perfor-
mance of the thin films developed through the
iodine-bromine (I/Br) mix in equal proportions.
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MATERIALS AND METHODS
Experimental Details

The deposition of the CsPb;_,Sn,]; sBr;s thin
films was carried out using the one-step spin-
coating method. The solutions to be deposited were
obtained by dissolving the precursors, Csl, CsBr,
Snls, SnBry, Pbl,, and PbBrs, in dimethylfor-
mamide (DMF) and dimethylsulphoxide (DMSO)
solvents. We first dissolved Pbl, in DMF and then
CsI for the CsPbl; 5sBr; 5 solution, and then Snl,
again in DMF and CsI for the CsPb,_,Sn,I; 5sBr; 5
and CsSn,I; 5Br; 5 solutions. Pbls; was dissolved in
DMSO followed by CsBr for the CsPb;_,SnxI; 5sBr; 5
and CsSnxI; 5Br; 5 solutions, and SnBry, in DMSO
followed by CsBr for the CsSnxI; 5Br; 5 solution.

The solutions were deposited on pre-treated flu-
oride-doped glass (FTO) substrates. Drops of iodid-
ric acid (HI) and bromide acid (HBr) were added to
promote better adhesion of the films to the sub-
strate. We used toluene as an anti-solvent. Deposi-
tions were performed in a glovebox by spin-coating
method with a speed of 4000 rpm in the 50 s, and
the films were annealed at a temperature of 80 °C
for 20 min. Figure 1 is the image summary of the
deposition process of the different inorganic
CsPb;_,Sn,I; 5Br; 5 films that we developed.

Characterization of Thin Films

The study of thin films can only be completed by
carrying out various characterizations. These anal-
yses allow us to obtain the properties of the films:

e X-ray diffraction (XRD; Ultima IV; RIGAKU)
was used to obtain the crystal structure of the
thin films, taking the angle range from 10° to 60°
with CuKa radiation (1 = 1.54 A) at room tem-
perature.

e The characteristic surface morphology of the
thin films was analyzed by scanning electron
microscopy (SEM; 200-FEI; Quanta) under a
potential of 1.5 kV.

e In addition, UV-visible spectra were obtained
with a HR4000 spectrophotometer (Ocean Op-
tics) in the range of 300-900 nm to give us the
optical properties of the thin films.

RESULTS AND DISCUSSION
X-ray Diffraction Analyses

In the present work, CsPb;..Sn,l;5Br;s per-
ovskite thin films (x = 0, 0.5, and 1) were success-
fully deposited on FTO-coated glass substrates
using the one-step spin-coating method. Figure la
shows the results of the XRD analysis of the thin
films. The different peaks located at 26.45°, 33.67°,
37.70°, and 51.50° correspond to the (220), (210),
(211), and (242) crystallographic planes, respec-
tively, in agreement with the structure of the mixed
I/Br perovskite in Cs. The main peaks of the



Towards Stable Free Lead Mixed Halide Perovskite Thin Films on FTO-Coated Glass 4481

Substrate

(270) fomn C5Snl1,5Br 1,5
fem— C5510,5Pb0,511,5Br 5|
femn CsPbI1,5Br1,5 242)

211
300000 o @ 1I 0)( )
250000 o L——-—J L*——
200000

1500009 MJL‘LL—_—JL

3500004 ()

Intensity (a.u)

100000

50000 =

0

10 20 30 40 50 60

2Théta (°)

(b)

415

PN
& &

»
8

w
8

GRAIN SIZE (nm)
w w
& 8

w
8

4
a

SAMPLES

uCsPbI1,5Br1,S  mCsSn0,5Pb0,511,5Br1,5 mCsSnll,5Br1,5

Fig 1. XRD of 50:50 iodine—bromine mixed halide thin films with lead substitution (a) and grain size (b).

different films are located at the 20 angles of 26.45°
and 51.50° for the Muller indices (220) and (242),
respectively. These two main peaks indicate that
the prepared thin films have two preferred crystal-
lographic orientations. Beyond these two main
peaks, we have two other smaller peaks at 20 of
33.67° and 37.70° corresponding to the Muller
indices of (210) and (211), respectively. A slight
increase in the peaks is observed in the case of the
total substitution of Pb by Sn and a slightly larger
increase for partial substitution of Pb, which is in
line with the grain size as given in Fig. 1b. The lack
of a shift of the peaks to larger or smaller 20 angles
in the partial and total substitution layers, com-
pared to the peaks in the layer without Pb substi-
tution, indicates not only that there is no interstitial
position but also that the ionic radii of lead (Pb®*)
and tin (Sn?*) are indeed similar.?? There is there-
fore no structural deformation. The incorporation of
Sn limits the tendency for peak splitting, giving the
films a single-phase structure. Through the analysis
of the crystal structure of the layers, we can say that
all the layers have the same perovskite phase,
which is in line with the results found in the
literature.2>2° Furthermore, the maximum width at
mid-height of the peaks (220) shows an improve-
ment in crystallinity when Sn is added, and the best
crystallinity is that of the partially substituted layer
(Cstl_xSnx11.5Br1.5).

Scanning Microscopic Analysis (SEM)

The analysis of the surface morphology of photo-
voltaic thin films is very important. The smoother
the surface of the thin film, the more it reflects light,
which results in poor light absorption by the film. It
is therefore important to obtain a surface image of
the prepared films. The larger the surface image,
the better the film. With this in mind, we carried out
a SEM analysis which gave us the surface images
shown in Fig. 2 of the CsPb;_,Sn,I; 5Br;5(x =0, 0.5

and 1) thin films grown on FTO substrates with
different [Pb]/[Sn] ratios. As can be seen from the
figure, the effect of the [Pb]/[Sn] ratio is visible in
the surface images of the different thin films. The
smallest grain size is that of the unsubstituted
CsPbl; 5Br; 5, while the largest grain size corre-
sponds to the partially Pb-substituted layer
(CsPbgsSng 511 5Bry5). The fully Pb-substituted
layer (CsSnl; 5Br; 5) has an intermediate grain size.
This improvement in grain size may be due to the
crystal growth decreasing crg/stal nucleation and
leading to higher crystallinity,®"*? and a decrease in
trap state defects which favors the decrease in non-
radiative recombination at the surface.®*** This
grain size order was confirmed by the XRD results
(Fig. 1b). However, it should be noted that the best
layer in terms of grain size is obtained for moderate
Sn incorporation, which is consistent with the
results found in the literature.?*3" The surface
images of the CsPbg 55ng 511 5Br; 5 and CsPbl; 5sBr; 5
thin films show well-coated surfaces with no holes,
voids, or cracks, whereas that of CsSnl;sBr;;
shows voids.

Analysis of Optical Properties

Optical absorption measurements of the thin
films were carried out to analyze their optical
properties. Figure 3a shows the optical coefficients
over the visible spectrum from 300 nm to 900 nm
wavelength. All the thin films have their absorption
maxima between about 350 nm and 500 nm. The
layer without Pb substitution has higher absorption
coefficients than the layers with partial and total Sn
substitution. The partially doped layer has an
average absorption. When we look at the band
gap, we can see that the layer with total substitu-
tion of Pb by Sn is more likely to generate excitons
more easily, while the layer with partial substitu-
tion generates electron—hole pairs with more diffi-
culty. This shows once again that it is not enough to
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Fig 2. SEM surface images of iodine—bromine mixed halide thin films with a magnification of 1 um with 50:50 lead substitution: (a) CsPbl4 sBr 5,

(b) CSSn0_5Pb|1_5Br1,5, and (C) CsSnI1_5Br1,5.

(a)
1.2 4 CsPbI1,5Br1,5
CsSn0,5Pb0,511,5Br1,5

1,0 = CsSnl1,5Br1,5

o)

& 0,84

é 0,6 =
0.4 =
0,2 =
0,0

T T T T T
300 400 500 600 700 800 900

‘Wavelength (nm)

(b
4,0x10"?

N CsPbl1,5Br1,5
3,5x10°" 9 CsSnPbl1,5Brl,5
3.0x10" CsSnl1,5Br1,5

& 2,5x10' o Eg (Pb) = 1.74 eV
E Eg (SnPb) =2.16 eV
*%‘ 2,0x10" = Eg (Sn) =1.44 eV
1,5x10' o
&
1,0x10'2 <
5,0x10'" =
0,0 =
-5,0x10"!

1,25 1,50 1,75 2,00 2,25 2,50 2,75 3,00 3,25 3,50
Energy hv (eV)

Fig 3. (a) Absorption of iodine—bromine mixed halide thin films with 50:50 lead substitution, (b) band gap.

absorb more photons, but that the photons must
have the necessary energy to create the electron—
hole pairs. The band gaps are located between
1.44 eV and 2.16 eV, as shown in Fig. 3b. We can
say that the mixing of iodine-bromine (I;5/Brys)
and the incorporation of Sn have allowed the
reducing of the band gap to intermediate values,
and that the band gap of CsPbl; is about 1.74 eV
and that of CsPbBrj is 2.27 eV.16:38

DEGRADATION STUDY

One of the major problems of perovskites is their
vulnerability to oxygen and moisture.?*** Thus,
perovskites degrade more rapidly when exposed to
the ambient environment, causing their structural
instability. In this study, we incorporated Sn to
overcome the Pb toxicity problem and the rapid
degradation of CsPb;_,Sn,I;sBr;s perovskites
(x =0, 0.5, and 1). The samples were prepared on
an FTO-coated glass substrate using the one-step
spin-coating method. After the various analyses of
the fresh samples, they were stored in the ambient
environment for 4 weeks.

In Fig. 4, the x-ray diffraction results after
4 weeks are compared with the results of the fresh
samples. We can see from Fig. 4a showing 0% Sn,
Fig. 4b showing 50% Sn, and Fig. 4c showing 100%
Sn in substitution of Pb that there is no significant
decrease in the diffraction peaks. Therefore, we can
confirm from a structural point of view that Sn has
improved the stability of the different samples [45—
54].

In Fig. 5, we can see a moderate decrease in the
absorption coefficients of the 0% Sn sample (Fig. 5-
a), while the decrease is a little larger for the 50%
Sn and 100% Sn samples (Fig. 5b and c, respec-
tively). These decreases in the absorption coeffi-
cients demonstrate the degradation of the samples
following exposure to the ambient environment.
After 4 weeks in the ambient environment, the
optical properties of the samples deteriorate. How-
ever, it should be noted that the 0% Sn layer
(CsPbl, 5Br; 5) is more resistant than the layers
containing Sn (Cst0.5Sn0_511.5Br1_5 and
CsSnl; 5Br; 5) in terms of their optical properties.
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CONCLUSION

We obtained well-crystallized CsPb;_,Sn,I; sBr; 5
perovskite thin films from the one-step spin-coating
method. The crystallographic features were ana-
lyzed using x-ray diffraction over a range of 10—60°
with the diffraction angle 20. This analysis showed
us an enhancement of the crystal structure of the
thin films containing tin. There was no deformation
of the crystal structure of the different thin films,
due to the similarity of the ionic radii of Pb%* and
Sn?*. Regarding the surface morphology of the
layers, we observed an improvement in the grain
size when tin was incorporated. The thin films are
well-coated and dense. The optical properties of our
different thin films showed good light absorption in
the UV-visible range as well as an improvement of
the band gap compared to CsPbl; and CsPbBr;
films. As for the stability of the layers over time, it
must be said that the layers resist the degradation
of the crystalline structure, since the peaks of the
aged layers did not show a decrease compared to
those of the fresh layers. The absorption coefficients
showed a decrease for the aged films and thus
indicated a degradation of the optical properties of
the layers. It should be noted that the different thin
layers were each reproduced 3 times with a margin
of error of about 4%.
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