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ARTICLE INFO ABSTRACT

Keywords: This study investigated the effect of mixing different halides bromine (Br) with iodine (I) and Br with chlorine
Perovskite (CD) and using only bromide for methylammonium lead perovskites films deposited in ZnO to produce different
Mixing heterojunctions ZnO/MAPbBrs, ZnO/MAPbBr,I and ZnO/MAPbBr,Cl. Thus, these three heterojunction samples
I%Ir:eirojunction were produced and characterized. The perovskite is deposited at ZnO films showed two main peaks located at 260
Thin film = 33.66° and 20 = 37.69°. These peaks correspond to the (002) and (101) planes of the hexagonal wurtzite
Stability structure of ZnO respectively. The XRD results indicate that all the heterojunction samples show two main peaks

at 20 = 14.79° and 260 = 29.83° for the (100) and (200) crystallographic planes respectively. The peaks of the
sample mixed with iodine are the most intense and those of the sample mixed with chlorine are the least intense.
These results also reveal that the mixed samples have lower crystallinity than the unmixed ZnO/MAPbBr3
sample. The SEM results confirmed this. The UV-Visible results indicate that the sample mixed with iodine
absorbs the most and has the smallest band gap of 2.15 eV. The band gaps of the heterojunctions range from 2.15
eV to 2.4 eV. The unmixed sample (ZnO/MAPbBr3) has the largest band gap. The degradation study showed that
the sample mixed with iodine degrades faster.

1. Introduction

Through human activities, the world is developing year by year. This
development is the result of progress in every area of life. Among these
areas, photovoltaic energy is not left out. Photovoltaic cells have pro-
gressed since the first cells were made of silicon. Research has led to the
discovery of other types of materials such as Copper Indium Gallium
Sulfur (CIGS), CdTe, and organic cells that can be used as absorbing
layers in a solar cell (Oyedele et al., 2017; Bouich et al., 2022; De Wolf
et al., 2014; N’guessan et al., 2023). The discoveries continued until the
discovery of perovskite, a new material with good efficiency compared
to previous ones (Touré et al., 2023; Bouich et al., 2023). A perovskite
generally consists of three groups of molecules or atoms which are in the
form ABX3 (A = Cation (Formamidinium (MA™")), Methylammonium
(FA™), Cs™; B = metal cation (Pb;, Snj ) and X = halogen anio (Br~,
Cl~, 17)) (Bouazizi et al., 2022; Bouri et al., 2022). This absorbing
perovskite layer has interesting optical properties. It has good light
absorption in the UV-visible (De Wolf et al., 2014), an interesting
diffusion length (Stranks et al., 2013; Xing et al., 2013), a good charge
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carrier conductivity (Leijtens et al., 2015; Leijtens et al., 2014), a higher
photovoltaic conversion efficiency (PCE) (Fakharuddin et al., 2019;
Weidman et al., 2019; Bouich et al., 2023). The absorber layer of a solar
cell is usually deposited on an electron transport layer (ETL) which can
be zinc oxide (ZnO). Zinc oxide layer is a protective layer and protects
the absorbent layer against corrosion (Gledhill et al., 2009). It has
piezoelectric and optical properties that allow it to be used as an ETL and
it is also used in gas detection (Hwang et al., 2009). ZnO also has great
potential for photocatalytic (PC) applications in environmental treat-
ments, such as wastewater degradation, drinking water sterilization, and
air purification (Gu et al., 2016). Perovskite-based solar cells have
developed very rapidly because they have a great advantage in the field
of solar energy (Burschka et al., 2013; Im et al., 2011; Jeon et al., 2015;
Kojima et al., 2009; Lee et al., 2012). The power conversion efficiency
(PCE) of these cell types has skyrocketed to a record 22% (Zhou et al.,
2014), which is close to the best value of polycrystalline silicon cells
(Masuko et al., 2014). The excellent performance of perovskite solar
cells is due to the high absorption coefficient, low exciton binding en-
ergy, and long diffusion length of perovskite films (Kojima et al., 2009;
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Fig. 2. A) xrd patterns of samples; b) fwhm of heterojunction samples.

Table 1
Grains size, dislocation density, and lattice strain of samples.

2

Samples ID Grains size D (nm) Dislocation density 8 (nm™ <) Lattice strain &
ZnO 401 6.22 x 10°° 0.173
ZnO/MAPbBr3 747 1.79 x 10°° 0.159
ZnO/MAPbBr,l 414 6.83 x 10°° 0.350
ZnO/MAPbBr,Cl 681 2.16 x10°® 0.176

Lin et al., 2015; Stranks et al., 2013; Zhao et al., 2015). In a solar cell, the
perovskite layer is either deposited on a hole transport layer (HTL) or on
an ETL, thus forming a heterojunction (Shao et al., 2020). Many semi-
conductor materials are potential candidates for the construction of a
heterojunction with a perovskite. Among them, zinc oxide is a promising
candidate because of its excellent optical and electrical properties.
Indeed, it has a wide direct band gap of about 3.37 eV, a high exciton

binding energy of 60 meV, high carrier mobility and good stability
(Chang et al., 2006; Look et al., 2003).

The novelty of this work is not only to study the properties of the
different layers of the heterojunction but also to study the interface
between the layers and especially the optical and structural properties of
the two layers together.

Many methods are used to produce perovskite. These include the
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Fig. 3. Optical properties of films product: a) Absorbance of samples, b) band gap of ZnO, c¢) band gap of heterojunction films.

printing technique (Schmidt et al., 2015), inkjet (Zhou et al., 2014), dip-
coating, and spin-coating (Tang et al., 2021). The spin-coating technique
was used in this work because it is lower cost and simple.

Although perovskite is a great asset for photovoltaics, it has weak-
nesses, especially in the area of stability. A study has shown that MAPbI3
is less stable than MAPbBr3 and MAPDbCl3 but has more interesting
properties (Koné et al., 2023). In order to improve the properties of
MAPbDBr3 as well as its stability, we chose to mix halogens. Thus, in this
work, we produced ZnO layers and characterized them. On each of these
layers, a perovskite layer (MAPbBr3; MAPbBr,l, and MAPbBryCl) was
deposited by the spin-coating method. The different layers produced
were characterized and their stability was studied.

2. Experimental procedure

The spin-coating technique was used to make the deposits on Fluo-
rine doped Tin oxide (FTO) glass substrates. The deposits were made in
two steps: first, the zinc oxide was deposited on the FTO, and after the
different characterizations, the perovskite solution was deposited on the
ZnO. the zinc oxide solution was prepared by dissolving dehydrated zinc
acetate [Zn(CH3COO),, 2H50] > 99.5% purity in ethanol solution to
obtain a 0.5 M solution. After that, the solution was placed on the FTO
which was rotated at 3000 rpm for 30 s. The films obtained were
annealed in an oven at 450 °C for 45 min. After characterizations, the
same films were used for the deposition of perovskite. To do so, we
prepared the three perovskite solutions using different precursors. The

iodine-based precursors were dissolved in N, N-dimethylformamide
(DMF), and the bromine-based precursors in dimethyl sulfoxide (DMSO
99.9%). The MAPbBr3 solution was prepared using methylammonium
bromide (MABr) and lead bromide (PbBr5). The MAPbBr-I solution was
prepared using methylammonium iodide (MAI) and lead bromide
(PbBry) and the MAPbBr»Cl solution by dissolving methylammonium
chloride (MACI) and lead bromide (PbBr5).

The perovskite solutions thus prepared were each deposited on a ZnO
film by the spin-coating method. A few moments after the start of the
spin-coating, a few drops of ether were poured onto the spinning sub-
strate. This will allow for obtaining good morphology and crystallinity
of the films. The obtained films were annealed on the plate at 80 °C.
Fig. 1 below shows the deposition procedure.

2.1. Characterizations techniques

We characterized the samples by absorption spectrometry (SPEC-
TROVIO C5210-C5220) with an input slit. In the 400-800 nm wave-
length range, 50 pm x 100 pm were recorded. Also, we used the XPERT-
PRO diffractometry system, the XRD monochromator, to characterize
the samples by X-ray diffraction. This system was used to perform
structural characterization of the samples with a wavelength of 0.15406
nm, 20 kV, and Cu-ka radiation. The results are based on Bragg’s law.
Morphological images of the samples were taken by scanning electron
microscopy (SEM) with an acceleration voltage of 25 kV.
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Fig. 4. SEM images of films: a) ZnO/MAPbBr3; b) ZnO/MAPbBr,I; ¢) ZnO/MAPbBr,Cl; d) ZnO.

3. Results and discussions
3.1. XRD analysis

The perovskite samples (MAPbBr3, MAPbBrsl, and MAPbBr,Cl) were
examined by XRD to see the effect of halogen mixing on the structural
properties of the different films produced. The ZnO layers without the
perovskite were also examined by XRD. The results obtained are shown
in Fig. 2 below. The results show that all samples exhibit two main peaks
at 20 = 14.79° and 26 = 29.83° for the (1 00) and (200) crystallographic
planes respectively. These two peaks indicate that the films produced
are in a single phase. Our results agree with the literature (Jang et al.,
2015; Doumbia et al., 2022). The intensity of the MAPbBrs peak
increased when mixed with iodine (ZnO/MAPbBryI) and decreased
when mixed with chlorine (ZnO/MAPbBr,Cl). The ZnO film showed two
main peaks located at 20 = 33.66° and 20 = 37.69°. These peaks
correspond to the (002) and (101) planes of the hexagonal wurtzite
structure of ZnO respectively (JCPDS Card N° 00-036-1451). These ZnO
films produced are polycrystalline.

Fig. 2b shows the maximum width at half maximum (FWHM) curves
of the heterojunction films produced for the (100) and (200) crystal
planes.

The lattice deformation was calculated to gain insight into the grain
defects and deformation of the produced samples. Equation (1) below
was used to determine the effective lattice strain (Ullah et al., 2020;

Ullah et al., 2020).
Beos(d) = (Ak)/D + 4esin(0) 1)

where p: FWHM; k = 0.94; 0: Bragg angle; D: the grain size; e: lattice
strain, and A = 0.1540 nm: the wavelength of the X-ray.

The dislocation density of the lattice was calculated using equation
(2) (Bouich et al., 2019).

§=1/D* (2

The different values of the calculated parameters are summarised in
Table 1 below. The grain size was given by X-ray.

The grain sizes which are shown in Table 1 above range from 401 nm
to 747 nm. The bromine-based sample (MAPbBr3) has the largest grain
size of 747 nm. This grain size decreases with the mixing of iodine and
chlorine. The size decreases considerably with iodine mixing and
slightly with chlorine mixing (Doumbia et al., 2022). The small size of
MAPDBr;l grains compared with the other samples may be due to the
fact that iodine and bromine do not combine easily to form large grains.

As for the lattice deformation of the films produced, the values vary
from 0.159 to 0.350. The smallest value is that of the bromine-based
sample without mixing and the largest value is that of the sample
mixed with iodine. The mixing then deforms the network. This defor-
mation is significant with iodine. Also, the bromine-based sample
without mixing has the lowest dislocation density of the order of 1.79 x
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Fig. 5. Degradation Mechanism of perovskite films.

Table 2

Band gap of films.
Sample ID ZnO ZnO/MAPDBr3 ZnO/MAPDBr,I ZnO/MAPbBr,Cl
Band gap (eV) 3.28 2.4 2.15 2.25
Wavelength (nm) 543.8 516.6 576.5 551

10% nm 2. This dislocation density increased with mixing and its largest
value is that of the iodine-based sample.

3.2. Optical properties

The films produced were also characterized to determine their op-
tical properties. Some of the optical properties such as absorbance and
band gap are shown in Fig. 3 below. Fig. 3a shows the absorbance of the
samples. This figure shows that the absorbance of the heterojunction
films is much higher than that of the ZnO layer. The different perovskites
deposited on the ZnO layer are all good absorbers. However, the curves
show that the absorption of the sample increases when mixed with
iodine and decreases when mixed with chlorine.

The band gaps of the samples are shown in Fig. 4b and 4c. The
smallest band gap of the heterojunctions is 2.15 eV. This is the band gap
of ZnO/MAPDBr,l. Mixing has decreased the band gap of ZnO/MAPDBrs3.
The band gap of the ZnO film on which the perovskite is deposited is
3.28 eV. This result corresponds to those found in the literature (Srikant
and Clarke, 1998).Fig. 5..

The band gaps were calculated using the Tauc equation (Sharma
et al., 2016; Koné et al., 2023; Koné et al., 2023).

(ahv)® = B (hv — Eg) ©)

With B a constant and a the absorption coefficient.

The band gap was determined by extrapolation by constructing the
function (ahv)? as a function of the energy hv (Bouich, 2021). We have
summarised the results in Table 2 below.

3.3. SEM analysis

The surface morphology of the samples was studied. Fig. 4 below
shows the SEM results of the films produced. We can notice in Fig. 4a,
4b, and 4c the presence of perovskite which has well covered the ZnO
layer. These figures show perovskite surfaces filled with grains. These
grains are very visible in the chlorine and bromine-based samples. These
results are in good agreement with the X-ray analyses (Table 1). Fig. 4d
shows the surface of the ZnO layer. We can see a good coverage of the
substrate and a good grain size. The perovskite layer deposited on the
ZnO creates an interface between the two layers through which the
diffusion of electrons takes place. These electrons are generated in the
perovskite layer when it receives solar radiation. This electron scattering
causes surface defects in both layers.

3.4. Degradation study

Perovskite is a material that degrades quickly, especially in contact
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Fig. 7. Absorbance of fresh and aged heterojunction samples.

with humidity (Niu et al., 2015; Bouich et al., 2023). The degradation
study was done one week after producing the films in this section, we
want to see the effect of mixing on the degradation of the films. The
degradation mechanism of perovskite is summarised in Fig. 6 below.

The degradation of the samples was studied by XRD, SEM, and
UV-Visible analysis.

We can see the XRD patterns in Fig. 7 below. There is a decrease in
peak intensity for each of the samples. This decrease in peak intensity is
greater for the iodine sample. This XRD result thus shows that the
iodine-based sample is less stable. We can see in the figure that the
perovskite-based samples have undergone a degradation process while
the ZnO-based sample has not degraded. ZnO is therefore a much more
stable material.

Fig. 7 below shows the absorption of fresh and aged films. For each
sample, the absorption decreased one week later. We can see in Fig. 7b
that this decrease is very important for the iodine-based sample. One
week later, the iodine-based sample degraded the most. Its absorption
has decreased considerably. In this case, it is the least stable.

We have illustrated the SEM surface morphology of the aged films in
Fig. 8 below. Each of the surfaces of the films is degraded. There are
surface defects and holes. We record holes on the surface of the ZnO/
MAPDBr3; and ZnO/MAPbBr,Cl films. For the iodine-based sample, holes
and surface defects are observed.

4. Conclusion

At the end of this work, it is found that mixing influences the
different properties of the ZnO/MAPbBr3; sample. XRD results showed
that all perovskite samples have two main peaks at 20 = 14.79° and 260
= 29.83° for the (100) and (200) crystallographic planes respectively.
These results also showed that the crystallinity decreased with mixing.
The ZnO/MAPDbBr; sample without mixing is the one with the best
crystallinity. Next comes the sample mixed with chlorine. XRD analysis
of the ZnO films showed two main peaks located at 20 = 33.66° and 20
= 37.69° which correspond to the (002) and (101) planes of the hex-
agonal wurtzite structure of ZnO respectively. These ZnO films produced
are polycrystalline. The SEM images show good coverage of the perov-
skite on the ZnO layer. The grains are noticeable for all samples. But the
ZnO/MAPDBr3 sample shows the best crystallinity. The UV-Visible
analysis showed that the sample mixed with iodine absorbs the most and
therefore has the smallest band gap of 2.15 eV. The band gaps of the
heterojunction samples range from 2.15 eV to 2.40 eV. That of the ZnO
layer is 3.28 eV. These different samples degrade in contact with air and
humidity. However, the sample mixed with iodine degrades more
rapidly.
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Fig. 8. SEM image of aged samples: a) ZnO/MAPbBr3, b) ZnO/MAPDBTr;l, ¢) ZnO/MAPbDBr,Cl.
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