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Abstract

Precursors compositional engineering is considered as one of the viable methods of manipulating the characteristics of the mixed halide perovskites.
In this research, methyl ammonium lead triiodide perovskites (CH;NH;Pbl;) was synthesized through solution-based processing and deposited on
ITO glass substrates using spin coating method. Additionally, the effects of mixed composition of precursors on the deposited films were evaluated
by partial replacement of iodine (I) anion with bromine (Br) on CH;NH;Pb(I,_,Bry); perovskite with Br compositions for x = 0.33 and x = 0.66.
The deposited films were characterized using X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR) Spectrometry, Ultraviolet-visible Spec-
trophotometry, Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Solar Simulator to study the structural,
optical, morphological and optoelectronic properties of the films. The average crystallites of ~7.94, ~7.70 and ~7.62 nm were calculated for
CH;NH;Pbl;, methyl ammonium lead diiodide bromide (CH;NH;PbI,Br) and methyl ammonium lead iodide dibromide (CH;NH;PbIBr,) respec-
tively. In addition, the energy bandgaps of 1.63 eV, 1.91 eV and 1.94 eV were extrapolated for CH;NH;Pbl;, CH;NH;Pbl, Br and CH;NH;PbBr,1
respectively. The results from J-V curves show the Jsc values of 9.9, 9.2 and 8.6 mAcm~2, FF values of 67.00, 58.20 and 54.2%, Voc values of 0.55,
0.54 and 0.52, and PCE values of 3.50, 3.33 and 3.00% were calculated for CH;NH;Pbl;, CH;NH;Pbl,Br and CH;NH;PbB1,1, respectively. The
results show that partial replacement of I anion with Br on CH3;NH;Pb(I;_Bry); perovskite with Br compositions for x = 0.33 and x = 0.66 did not
improve the functionality of the methyl ammonium lead triiodide perovskite material.
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1. Introduction
The quest for cleaner energy as a result of global warming opened a new chapter for photovoltaic solar cells. This drive has

given organic-inorganic methyl ammonium lead trihalide perovskite-based solar cells an edge over the mainstream silicon-based
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solar cells because of its completely fascinating properties such as two-dimensional electronic conductivities, long charge carrier
diffusion length and extensive energy bandgap tuneability [1]. Ever since the first research by Miyasaka et al. in 2009 on halide
perovskites, preponderance of research activities has been concentrating on the materials’ performance and stability [2].

Halide perovskites have the chemical formula ABX3; where A is typically methyl ammonium (CH3;NH;3%), formamidinium
(HC(NH,),*), ethyl ammonium (CH;CH,NH3*), caecium (Cs) or butyl ammonium (CH;CH,CH,CH,NH;*), B is lead (Pb*")
or tin (Sn”*), and X is iodine (I7), bromine (Br~) or chlorine (CI7) [3]. Additionally, the materials can have different chemical
formulas, including the well-known Ruddlesden-Popper (RP) phases, such as A;BX4, ABX,4 and A3;BXg. The A cation occupies a
cubo-octahedral site shared with twelve X anions, whereas the B cation is stabilized in an octahedral site shared with six X anions
[4].

Above and beyond the wide-ranging tuneability in chemical composition, halide perovskites can also be processed easily into
quantum-dots, large single crystals and polycrystalline thin films. The functionality of the microstructural features (such as grain
size, crystallographic orientations, crystal defects, interfaces, surfaces, and grain boundaries) of halide perovskites are completely
very tailorable as the materials are responsive to huge arrays of chemical-, gas-, solution-, gas-, vapor-based processing methods [5].

Colella et al. investigated the structural properties of iodide/ chloride mixed-halide perovskites and correlating them with their
photovoltaic performances. It was found out that, independent of the component’s ratio in the precursor solution, Cl incorporation
in an iodide-based structure, is possible only at relatively low concentration levels (below 3—4%) [6]. Cui et al. prepared color-
tuned perovskite films with chemical formula CH3;NH3;Pb(I;_«Bry); for x = 0, 1, 2 and 3. The results showed that the material’s
performance decreased with increasing Br substitution [7].

Additionally, studies have shown that multiple cation mixed-composition perovskites synthesized via alio- and iso-valent doping
strongly affects carrier recombination and potential transport of ionic and molecular species, and thus improve the overall perfor-
mance. For example, Peter ef al. have studied BAly¢ Bro4-CsopsMAg4 Pbls (where BA is n-butyl ammonium, and BAljg Brg4
acts as a capping layer [8]. The work showed polycrystalline films with improved crystallites, and thus modified the performance.
In another study, Islam er al. investigated Cs, AgBiBrg where it was confirmed that Ag grains infiltrated in to the grain bound-
aries, and promoted crystallinity enhancement of the film [9]. Besides, Aitola et al. evaluated the effects of bromine doping on
CH;NH;Pb(I,_«Bry); perovskite for Br compositions ranging from x = 0 to x = 0.1. The results showed a linear increase of the
energy bandgap as the function of bromine concentration [10].

Recent studies have shown that multiple cation mixed-composition can be very effective in accelerating photocarriers and im-
proving material’s overall performance though, manipulating the characteristics of organic-inorganic methyl ammonium trihalide
perovskites via compositional engineering could be a viable tool for tailoring and attainment of new possibility in the material.
So far, partial replacement of I anion with Br on CH3;NH;Pb(I;_Bry); perovskite crystal lattice is limited to Br compositions for
the values of x < 0.33. Therefore, there is a crucial need to evaluate the influence of partial replacement of I anion with Br on
CH;NH;3Pb(I;_<Bry); with Br compositions for the values x > 0.33 on the crystal lattice of the organic-inorganic methyl ammonium
lead triiodide perovskite material. In this research, the effects of partial replacement of iodine with bromine anion on characteristics
of CH3NH3Pb(I;_«Bry); perovskite based thin films with Br compositions for x = 0, 0.33 and 0.66 were investigated.

2. Materials and methods

2.1. Materials

Lead (I) iodide (Pbl,) 98% purity, methyl ammonium iodide (CH3NH;3I) 98% purity, Lead (II) bromide (PbBr;) 97% purity,
dimethyl formamide (DMF) 97% purity, methyl ammonium bromide (CH3NH3Br) 97% purity, isopropanol (CH;CH(OH)CH3) 99%
purity, ethanol (CH3;CH,OH) 99% purity, Indium doped Tin Oxide (ITO) glass substrates were bought from commercial suppliers
(Sigma-Aldrich).

2.2. Synthesis of methyl ammonium lead triiodide (CH3NH3Pbls), methyl ammonium lead bromide diiodide (CH3;NH3PbBrl,) and
methyl ammonium lead iodide dibromide (CH3;NH3PbIBr;) solutions

In this study, solution-based processing in one step was employed to synthesize methyl ammonium lead triiodide, methyl am-
monium lead bromide diiodide and methyl ammonium lead iodide dibromide. At first, lead (II) iodide (Pbl,) was preheated for
20 minutes at 60°C to vaporize likely humidity within the salt. In order to synthesized 1 M of CH3NH;3Pbls, 578 mg of Pbl, and
200 mg of methyl ammonium iodide (CH3;NH;3I) were dissolved with 1 mL of DMF in a test tube and heated at 250 °C. This tem-
perature was maintained until Pbl, completely dissolved. The solution was stirred to prevent crystallization of Pbl,. Additionally,
1 M of CH3;NH;PbBrl, was synthesized by dissolving 371 mg of lead (II) iodide (Pbl,) and 112 mg of methyl ammonium bro-
mide (CH3;NH;Br) were mixed in a test tube with 1 mL of DMF and heated 250°C. The solution was then stirred vigorously until
Pbl, dissolves. 1 M of methyl ammonium lead iodide dibromide (CH3;NH;3;PbIBr,) solution was prepared by dissolving 371 mg of
PbBr; and 200 mg of methyl ammonium iodide (CH3NH3I) in 1 mL of DMF in a test tube and heated at 250 °C. This temperature
was maintained until PbBr, dissolves. The solution was stirred manually to prevent crystallization of PbBr, [11].
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2.3. Deposition of CH3NH3PbBrl,, CH;NH3PbBrl, and CH3;NH3PbBrl, films

One layer of the synthesized colloidal CH;NH3PbBrl, was spin coated on a cleaned ITO glass slides at 2500 rpm for 20 s, 1000
rpm for 10 s. The spinning speed was varied in order to improve uniformity and coupling fluid rheology of the film. Afterwards, the
formed CH3NH;PbBrl, film was allowed dry naturally. The same procedure was employed to deposit colloidal CH3;NH3;PbBrl, and
CH;NH;PbIBr; on cleaned ITO prepatterned glass substrates.

2.4. Characterization of CH3NH3PbBrl,, CH:NH3PbBrl, and CH3;NH3PbBrl, films

The optical properties such as transmittance, absorbance and wavelength of the devices were acquired from Ultraviolet-visible
spectrophotometer (Cary 60, Agilent, USA). X-ray diffraction patterns were obtained with X-ray diffractometer (Rigaku D/Max-111C,
Tokyo, Japan). The instrument was set to produce diffractions at scanning rate of 2 °/min in the 2 to 50° at room temperature, and
CuKa radiation set at 40 kV and 20 mA and40 kV. Scanning electron microscopy (SEM) images were obtained using a JEOL (JSM-
6010LV, Tokyo, Japan) microscope. This instrument was set at a working distance of 11 mm and an accelerating voltage of 15 KV.
The FTIR spectra were examined using the spectroscopic software Win-FTIR Pro Version 3.0. All spectra were taken from 500 cm™!
to 4000 cm™! using the (Pelkin Elmer 3000 MX, Massachusetts, USA) spectrometer. Furthermore, transmission electron microscope
(TEM) with JEM-ARM200F-G operating at 300k V. (Keithley 2400, Ohio, USA) source meter under AM 1.5G (1000 Wm™2) solar
illumination was used to investigate the devices’ performance.

2.5. Theoretical considerations

The absorbance (A), transmittance (T) and reflectance (R) satisfy the law of conservation of energy by the equation [12]:
A+R+T =1, (H

where d is the thickness of the film.
The energy bandgaps of the films were determined by Tauc’s relation which is given as [13]:

(ahv)i = (v — Eg), 2)

where £ is Plank’s constant, a is the coefficient of absorption, v is frequency (v — ¢ cis the speed of light, A is the wavelength), n=2
for direct optical band gap, n=% for indirect optical band gap, and Eis energy bandgap which is determined by extrapolation of the
linear portion to intercept the abscissa.

The optical conductivity (8) of the perovskite is given by the expression:

anc
0= —. 3
4 )
The values of extinction coefficient (k) of the perovskite are calculated by the relation:

k=2 4

=
Thus, the optical dielectricity (&) of the perovskite is given by the relation [14]

e=n’ -k (5)
The refractive index (n) of the film is given by the relation [13]:

. 1+R (6)

(a —R)+(,/H;‘2—’im)’

where A is the wavelength, 7 is pi (r =3.142) and 7 is the refractive index of the film.
The crystallite size (L) was determined from the Scherrer equation [13]:

K\

L= Beoso® 0

where O is the one half of peak diffraction angle K is the Scherrer constant (0.9), A is the wavelength and g is the full width (in
radians) of the peak at the half maximum (FWHM) intensity.
Lattice stain (&) of the materials was calculated by the relation [15]

oo ﬁCZSQ. 8)
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Table 1: Structural parameters of CH;NH;Pbl;, CH;NH3Pbl, Br and CH3;NH;3PbIBr; films.

200) FWHM() L(nm) S(nm2) x 10~ &%) x 10T
200 20, 20 B1 P Bs IS L; 01 ) 03 £ & &3
28.8 289 29.1 1.02 1.02 1.12 834 8.39 7.63 143 1.42 1.71 248 2.47 2.71
340 342 345 1.13 1.12 1.12 7.68 17.75 775 1.66 1.66 1.66 2.70 2.67 2.63
404 416 421 1.14 1.15 1.15 7.74 7.68 7.68 1.69 1.69 1.70 2.68 2.70 2.70
50.2 504 505 1.13 1.15 1.15 8.10 7091 791 1.59 1.59 1.62 2.56 2.62 2.62

6 is the one half of peak diffraction angle or Bragg’s angle and ¢ is the lattice strain.
Stacking fault is calculated by the relation:

27
a=—— XB. )
45 V3tanf
The dislocation density was calculated using the relation [16]:
1
6= 17, (10)

where « is the stacking fault, § is the dislocation density and L is the crystallite size.
To calculate the efficiency of a solar cell, the current density of a device is obtained as a function of applied voltage. The efficiency
curve gives the parameters necessary to calculate efficiency [17]:
n: poul — JSCVOCFF
Pin Pin

, (In

where J . is the short-circuit current density, P,,, is the output power of a device 7 is efficiency and P;, the input power of the incident
light.
The fill factor is determined by the expression [18]:

J, mpVp

FF = ,
JSL‘ ‘/(IC

(12)
where J,,;, is the current density of the device at its maximum power, V. is the open-circuit voltage, FF is the fill factor and V,,, is
the voltage of the device at its maximum power.

3. Results and discussion

3.1. Study of structural characteristics of synthesized CH3NH3Pbls, CH3;NH3Pbl,Br and CH3NH3Pb IBr; halide perovskite films

3.1.1. XRD analysis of synthesized CH3:NH3Pbl;, CH3;NH3Pbl,Br and CH3;NH3Pb IBr, halide perovskite films

The XRD patterns of CH3;NH;Pbls, CH3;NH;Pbl, Br and CH3NH;3PbBr;1 films are shown in Figure 1. The results demonstrate
that the three materials exhibited similar crystalline structures assignable to perovskite system. Figure 1 displays, for CH;NH;3Pbl;,
the dominant absorption peaks at 20 =28.8°, 32.0, 45.4 and 56.1 which assignable to preferential orientation along (101), (100),
(200) and (220) reflections, respectively. The (hkl) indexing was performed with reference to JCPDS card number 41-1445. Com-
pared to CH3NH;3Pbl; perovskite film, the absorption peaks of CH3NH;3;Pbl, Br and CH3;NH;PbBr,I mixed halide perovskite shifted
gradually to higher angles as more Br incorporated into CH3NH;3Pbl; crystal lattice. These variations in (101), (100), (200) and
(220) reflections could be rationalized by the shrunken crystalline lattice solely caused by partial replacement of I anion with Br on
CH;NH3Pb(I;_«Bry); perovskite crystal lattice. In addition, these gradual shifting displacements in the reflections of the perovskite
material were attributed to ionic radius of Br anion (1.96 A) being smaller than the ionic radius of I anion (2.2 10\) [19].

As displayed in Table 1, the average crystallite (L), lattice strain (g) and dislocation density (8) of ~7.97 nm, 0.2605% and
0.0159 nm~? were calculated for CH;NH;Pbl; compared to ~7.93 nm, 0.2615% and 0.0159 nm~? calculated for CH;NH;Pbl,Br
and ~7.74 nm, 0.2665% and 0.0167 nm 2 calculated for CH;NH3PbIBr,. It should be taken into account that Br incorporation into
CH;NH;Pb(I;_«Bry); perovskite crystal lattice with Br composition for the values of x > 0.33 reduced the crystallites, and thus

increase the concentration of crystal lattice imperfection as a result of the lattice misfit in the films.
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Figure 1: XRD pattern of CH3;NH3Pbl;, CH3;NH;Pbl, Br and CH;NH;PbBr,I films.

Table 2: Summary of bondtypes and wavenumbers in CH;NH3;Pbl;, CH3;NH;Pbl, Br and CH3;NH;3PbIBr, FTIR spectra.

Peak Wave number (cm™) Bond type
CH;NH;Pbl; CH;NH;PbBr,1 CH;NH;PbI,Br

1 3445.00 3450.00 3492.00 OH stretch
2 3305.00 3305.00 3304.00 N-H stretch
3 2860.00 2932.00 2939.00 CHj3; bend
4 2529.00 2860.00 2862.00 CH, bend
5 1742.77 1745.00 1746.77 C=N stretch
6 1460.00 1448.00 1446.00 C-H stretch
7 1065.00 1160.00 1158.00 C-O scissor
8 725.00 671 .00 673.00 C-Br stretch
9 618.00 588.00 589.77 C-I stretch

3.1.2. FTIR analysis of synthesized CH3NH3Pbls, CH3;NH3Pbl,Br and CH3;NH3Pb IBr, halide perovskite films

Figure 2 presents the FTIR spectra of CH;NH;3Pbl;, CH3;NH;Pbl, Br and CH3NH;3PbBr, 1 perovskite. The absorption peaks at
3445.00 cm~! and 3305.00 cm™! assignable to OH symmetrical stretching vibration and N-H stretching mode, respectively reduced
in CH3NH;3Pbl; compared to CH3;NH;Pbl, Br and CH3;NH;3PbBr; 1. Additionally, the sharp absorption peak at 1742.77 cm™! which
is highly indicative of C=N stretching mode of CH3;NH3" cation and the peak at 1657.00 cm™! replying the existence of NH,
stretching mode. These two absorption peaks undergone right shifting displacements. Furthermore, the absorption peaks situated
at 2529.00 cm~! and 2860.00 cm™' which assignable to the asymmetric CH, stretching and symmetric CHj stretches, respectively
experienced right shifting displacements with increasing Br substitution into CH3;NH3Pbl; crystal lattice. The two absorption peaks
located at 618.00 cm™! and 1065.00 cm™' replying the occurrence of C-I and C-O-C stretches, respectively also reduced as Br
substitution increased. The shifting displacements of the absorption peaks were due to the partial replacement of I anion with
Br on CH3NH;3Pb(I;_«Bry); perovskite crystal lattice. The degree of displacement increased with increasing Br substitution into
CH;NH;Pb(I;_«Bry); perovskite crystal lattice. These results agree with the results obtained by Nkele et al. [20]. The summary
of bondtypes and corresponding wavenumbers in CH3;NH;Pbl;, CH;NH;Pbl,Br and CH3;NH3PbIBr, FTIR spectra is as shown in
Table 2.

3.2. Optical characteristics of CH3NH3Pbl;, CH3NH3Pbl,Br and CH3NH3PbBr»1 halide perovskite films

3.2.1. UV/NIR/Vis analysis of CH;NH3Pbl;, CH3NH3Pbl,Br and CH3:NH3PbBr,1 halide perovskite films
The optical features were acquired by UV-Visible spectrophotometer in Diffuse Reflectance Scattering at ambient tempera-
ture between 400 and 800nm to comprehend the energy bandgap and structural band of the synthesized perovskite materials.
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Figure 2: FTIR spectra of CH3;NH;Pbl;, CH3;NH;Pbl,Br and CH3NH3PbBr;1 film showing bond type and wavenumber.
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Figure 3: (a) Transmittance-wavelength (b) Absorbance-wavelength (c) (ahv)? energy gap plots of CH;NH3Pbl;, CH;NH;Pbl,Br
and CH3NH;3PbIBr, halide perovskite film.

Transmittance-wavelength plots of CH;NH;Pbl;, CH3;NH;3Pbl, Br and CH3NH;3PbBr 1 films in Figure 3(a) clearly presents the trans-
mittance onset at around 498 nm for CH;NH;Pbl;, and 465 nm for CH;NH;Pbl, Br and CH3;NH3PbBr,1 films. The CH3;NH3;PbI,Br
and CH3NH;3PbBr; spectra showed enhanced transmittance between the wavelength ranging 485 -500 nm, and steady transmittance
within the visible region of solar spectrum with longer wavelength (decreasing photon energy). It should be taken into account that
the transmittance onset decreased with increasing Br substitution. These results are consistent with the reports of perovskites with
Br dopant observed by Tumen-Ulzii et al. [21].

Besides, Br substitution into the perovskite crystal lattice was further evaluated using absorbance-wavelength plot as shown in
Figure 3(b). The optical absorption spectra measured and recorded for CH3NH;3Pb(I;_Bry); (x = 0.00, 0.33 and 0.66). It worth
noting that the maximum absorbance value the synthesized methyl ammonium triiodide decreased with increasing Br substitution
with absorption edge located around 650 nm for CH3;NH3Pbl;, and shifted slightly towards lower wavelength (higher photon energy)
for CH3;NH;PbI,Br and CH3;NH3PbBr;I films. This is as result of partial replacement of I anion with Br and modified the band
structure and absorption edge of the material [22].

Tauc’s plots (Figure 3(c)) were used to estimate the energy bandgaps of CH3;NH;Pbl;, CH3;NH;Pbl,Br and CH3;NH;PbIBr,
perovskite films. The plots revealed a blue shift in the energy bandgap of CH3;NH;Pbl; (1.64 eV). The energy bandgaps of 1.91 eV
and 1.95 eV were extrapolated for CH3;NH3;Pbl, Br and CH3NH3PbIBr, perovskites, respectively. It worth noting that the energy
bandgap decreased with increasing Br substitution. This is consistent with partial halide replacement in organic-inorganic methyl
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Figure 4: (a) Reflectance-wavelength (b) Refractive index-wavelength (c) absorption coefficient-energy gap plots of CH3;NH;3Pbl;,
CH;NH;Pbl, Br and CH3NH;3PbIBr, halide perovskite film.
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Figure 5: (a) extinction coefficient- energy gap (b) optical conductivity- energy gap (c) optical dielectricity- energy gap plots of
CH;NH;Pbl;, CH3;NH;Pbl, Br and CH3NH3PbIBr; halide perovskite film.

ammonium lead trihalide perovskite-based films as reported in previous studies [23]. In addition, the blue shift in the energy bandgaps
of CH3NH3Pbl,Br and CH3NH;3PbIBr, compared to CH3;NH3Pbl; may be due to the variations in crystallite size observed.

Figure 4(a) shows the reflectance-wavelength plots of CH3;NH;3;Pbl;, CH3;NH3;Pbl,Br and CH3NH3PbBr,I perovskite films.
This material showed substantial reflectivity of 96 % at 500 nm, and decreased in towards the longer wavelength ranging 500
nm-800 nm. As seen in Figure 5(a). reflectivity of the perovskite material decreased with increasing partial Br substitution into
CH;NH;3Pb(I,_«Bry); crystal lattice. The decrease in the reflectivity of material was due to different energy formation in the energy
bandgap of the synthesized perovskite material. The intensity of reflectivity decreased with increasing Br-substitution.

3.2.2. Linear optical analysis of CH3NH3Pbls CH3NH3Pbl,Br and CH3NH3PbBr,1 halide perovskite films

Linear optical parameters such as optical dielectricity, refractive index, extinction and absorption coefficients determine the
optoelectronic properties of perovskite materials. Refractive index dispersion in Figure 4(b). The figure demonstrates the plot of
refractive index with respect to photon energy of the material. There was clear decrease of refractive index with increasing photon
energy (decreasing wavelength). As seen from the Figure 4(b), Br substitution into CH3;NH3Pb(I;,_4Bry); crystal lattice improved the
refractive index. The refractive index of the perovskite material increased with decreasing wavelength (higher photon energy).

Figure 4(c) shows the spectral dependencies of CH3;NH;3Pbl; films on partial replacement I with Br anion. The absorption
coefficient-energy gap plots of CH3;NH;Pbl; CH3NH3PbI,Br and CH3;NH;3PbBr;I clearly show similar spectra. They are crucial
parameter to characterize the attenuation of light. The values of absorption coefficients decreased at increasing wavelength (lower
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Figure 6: SEM images of (a) CH;NH;Pbl; (b) CH3;NH;3PbI,Br (¢) CH3NH;3PbIBr, halide perovskite films.

photon energy). The absorption coefficient of CH3;NH;3PbBr,I film exemplifies increasing behaviour with increasing photon energy
(decreasing wavelength). As seen in Figure 4(c), the absorption coefficient of methyl ammonium lead trihalide perovskite films
decreased as increasing Br substitution.

Additionally, extinction coefficients as seen Figures 5(a), is related to absorption coefficient. The plots show steady increase in
the values of extinction coefficient with decreasing wavelength (increasing in photon energy). Thus, lower values of CH3;NH;3;PbBr,1
indicate decreased optical absorption. As observed in Figure 5(a), substantially enhanced extinction coefficient was observed at
photon energy of 2.4 eV which is consistent with the values of absorption coefficient obtained in Figure 4(c). It should be noted that
the values of extinction coefficient of the synthesized perovskite materials decreased with increasing Br substitution at shorter photon
energy (longer wavelength).

Figure 5(b) demonstrates the optical conductivity-energy gap plots of the synthesized
CH;NH;3Pbl;, CH3NH3Pbl,Br and CH3NH3PbBr,I perovskite films. The plots clearly show similar spectra, and their values in-
creased sharply around the photon energy of 2.5 eV. Additionally, the optical conductivity of the material decreased towards the
shorter photon energy (increasing wavelength). As seen in Figure 5(b), the optical conductivity of the perovskite material showed
decreasing behaviour with increasing Br substitution in to CH3;NH3Pbl; crystal lattice. These results agree with previous studies
[24]. Figure 5(c) shows the plots of optical dielectricity with photon energy. The plots show steady decrease in the values of optical
dielectricity with decreasing in photon energy (increasing wavelength). It was observed that the optical dielectricity of the perovskite
material decreased with increasing Br substitution into the CH3;NH;3Pbl; crystal lattice.

3.3. Morphologies of polycrystalline CH3NH3Pbl3, CH3:NH3Pbl,Br and CH3NH3PbIBr, halide perovskite films

3.3.1. SEM analysis of polycrystalline CH3;NH3Pbl;, CH3:NH3PblyBr and CH3;NH3PbIBr, halide perovskite films

Figures 6(a)-(c) depict the SEM images of CH3;NH;Pbl;, CH3;NH3Pbl,Br and CH3NH;PbIBr; halide perovskite films. As seen
from SEM images, the samples have compact structure, well continuity, homogeneous distribution shapes devoid of disfigurement,
and smooth in appearance. No cracks were observed throughout the surface of CH3;NH3;Pbl; and CH3NH;PbL,Br films which is
highly indicative of high degree of crystallinity, and the grain boundaries were ubiquitous. However, cracks were observed in the
surface of CH3;NH;3PbIBr, film, which could have resulted due to increasing Br substitution. It is becoming increasingly clear that
the occurrence of cracks is fundamentally indicative of reduced crystallinity. As observed from the SEM images, the crystallinity of
methylammonium lead trihalide perovskite material decreased with increasing Br substitution.

3.3.2. TEM analysis of polycrystalline CH3NH3Pbl;, CH3;NH3Pbl,Br and CH3;NH3PbIBr, halide perovskite films

Figures 7(a)-(c) displayed the corresponding TEM images of CH3;NH;Pbl;, CH;NH;Pbl,Br and CH3;NH;PbIBr; halide per-
ovskite films. The Figure clarifies the full formation mechanism of perovskite particles from solutions occur at the nanometers
length scales by which crystallization and crystallite growth take place. The halide perovskites particles were formed through direct
nucleation of the crystals from supersaturated CH3NH;Br and Pbl, precursor solutions [24]. It is important to note that the TEM
images show some degree of density in the cluster of nearly spherical nanoparticles which decreased with increasing Br substi-
tution into to CH3NH3Pb(I;_«Bry); perovskite crystal lattice. No aggregation and coalescence of the nanoparticles was found in
CH;NH;Pbl; nanoparticles, indicating that the ligands at the nanoparticle surface was able to give rise to sufficient steric force to
enable well-separated nanoparticles. Nonetheless, CH;NH;Pbl, Br and CH;NH3PbIBr, nanoparticles seemed to coalesce and aggre-
gate with increasing Br substitution. As can be seen, the aggregation and coalescence of the nanoparticles was more prominent with
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Figure 7: TEM images of (a) CH3NH;3Pbl; (b) CH3NH;3PbI,Br (¢c) CH3;NH;3PbIBr, halide perovskite films.

Table 3: Photovoltaic performance comparison of CH3;NH3Pbl;, CH3;NH;Pbl, Br and CH3;NH;PbIBr; halide perovskite films.

Films Archetecture Jsc (mAcm™)  Voc(V) FF(%) PCE(%)

1 CH3;NH;PbI; 9.9 0.55 67.99 3.50
2 CH3NH;Pbl,Br 9.2 0.54 58.26 3.00
3 CH3;NH3PbBr,1 8.6 0.52 54.20 271

Br on CH3NH;3Pb(I,_«Bry); perovskite with Br compositions for x = 0.66. The average particle size of 7.94, 7.70 and 7.62 nm were
calculated for CH3;NH;Pbl;, CH3;NH;Pbl, Br and CH3NH3PbIBr,, respectively, which consistent with XRD results.

3.4. Photovoltaic evaluation of synthesized CH3NH3Pbls, CH3;NH3Pbl,Br and CH3;NH3PbIBr, films

The performance evaluation of photovoltaic parameters such as Voc, Jsc, FF and PCE were obtained from the J-V curves of
CH;NH;Pbl;, CH3NH;Pbl,Br and CH3;NH3PbIBr; halide perovskite films, respectively, as shown in Figure 8. As portrayed in
Table 3, Br substitution into the methyl ammonium lead triiodide perovskite crystal lattice generated decreased values of V¢ from
0.55 V to 0.54V, Jsc values from 9.9 mAcm~2 to 9.2 mAcm 2, FF values reduced from 67.0 % to 58.2 % and PCE values decreased
from 3.50% to 3.00% with Br substitution on CH3NH3Pb(I;_«Bry); perovskite with Br compositions for the value of x = 0.33.
Additionally, Br substitution into the methyl ammonium lead triiodide perovskite crystal lattice produced reduced values of Jsc from
9.9 mAcm™2 to 8.6 mAcm ™2, Vo values from 0.55 V to 0.52V, FF values from 67.0 % to 54.2 % and PCE decreased from 3.50% to
2.71% with Br substitution on CH3NH;Pb(I,_«Bry); perovskite with Br compositions for the value of x = 0.66.

The reduction in the values of Jsc, FF and PCE of CH3;NH;3Pbl, Br and CH;NH;3PbIBr; perovskite was due to decreased extraction
and transportation of charged carriers, and increased the possibility of non-radiative recombination rate induced in CH;NH;Pbl,Br
and CH3;NH;PbIBr; crystal lattice, and thus reduced the photovoltaic responses of the perovskite materials. In addition, the reduction

in the values of Voc in the perovskite films could be as a result of hysteresis effect in the perovskite films owing to increase in the
concentration of lattice misfit present in the films [25].
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Figure 8: J-V curves of CH;NH;Pbl;, CH;NH3Pbl,Br and CH3;NH;PbIBr, halide perovskite films.

4. Conclusion

In this research, CH3;NH;Pbl;, CH;NH;3Pbl, Br and CH3;NH;3PbBr;1 colloids were synthesized using solution -based processing
and deposited on ITO glass substrates via spin coating technique. Characterization studies were carried out on the deposited films.
The average crystallites of ~7.97, ~7.93 and ~7.74 nm were calculated for CH;NH3Pbl;, CH;NH;Pbl,Br and CH3;NH;PbBr;I re-
spectively relative to the average particle sizes of ~7.94, ~7.70 and ~7.62 nm calculated for CH3;NH;Pbl;, CH3;NH;PbI,Br and
CH;NH;3PbBr; I respectively, from TEM results. Additionally, the energy bandgaps of 1.63 eV, 1.91 eV and 1.94 eV were extrap-
olated for CH3NH;Pbl;, CH3;NH;Pbl, Br and CH3;NH3PbBr;I respectively. The results from J-V curves demonstrate the Jsc values
0f 9.9, 9.2 and 8.6 mAcm2, FF values of 67.00, 58.20 and 54.2%, Voc values of 0.55, 0.54 and0.52, and PCE values of 3.50, 3.33
and 3.00% were calculated for CH3;NH;Pbl;, CH;NH;Pbl, Br and CH3;NH;3PbBr;1, respectively. The study demonstrates that partial
replacement of I anion with Br on CH3NH;3Pb(I;_«Bry); perovskite with Br compositions for the value of x > 0.33 reduced the
photovoltaic response of methyl ammonium lead triiodide perovskite material. Br substitution CH3;NH3;Pb(I;_«Bry); can improve
the perovskite crystallization, increase photovoltaic performance, and reduce the possibility of non-radiative recombination rate by
passivation of the crystal grain boundaries. Future research should focus on optimizing bromine incorporation through techniques
like gradient composition and doping to improve device efficiency and explore potential applications in high-efficiency solar cells,
LEDs, and photodetectors.
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