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Abstract: We prepared 1% Bi- and (0, 0.5%, 1% and 1.5%) Sb- co-doped MAPbBr3 films by a sol-gel
spin coating technique. For the first time, the detailed structural properties including grain size,
dislocation line density, d-spacing, lattice parameters, and volume of co-doped MAPbBr3 films
have been investigated. XRD confirmed the cubic structure of MAPbBr3 with high crystallinity
and co-doping of Bi and Sb. The 1% Bi and 1% Sb co-doping have a surprising effect in MAPbBr3

structures, such as large grain size (59.5 nm), d-space value (6.23 Å), small dislocation line dislocation
(2.79 × 1018 m−2), and small lattice parameters (a = b = c = 6.3 Å) and volume of unit cell. The
detailed optical properties, including energy band gap (Eg), refractive index (n), extinction coefficient
(k) and dielectric constant (E), which are very important for optoelectronics applications, were
investigated by UV-Vis spectroscopy. The film of 1% Bi and 1% Sb co-doped MAPbBr3 showed good
optical response including small Eg, high n, low value of k, high real and low imaginary parts of
dielectric constant, making it good for solar cell applications. Solar cells were fabricated from these
films. The cell fabricated with pure MAPbBr3 has Jsc of 8.72 mA cm−2, FF of 0.66, Voc of 1.29 V, and η

of 7.5%. All the parameters increased by co-doping of Bi and Sb in MAPbBr3 film. The cell fabricated
with 1% Bi and 1% Sb co-doped MAPbBr3 film had high current density (12.12 mA-cm−2), open
circuit voltage (Voc), fill factor (0.73), and high efficiency (11.6%). This efficiency was 65% larger than
a pure MAPbBr3-based solar cell.

Keywords: perovskite solar cell; MAPbBr3; Sb; Bi; co-doping

1. Introduction

In recent years, energy shortages are the primary problem hindering global devel-
opment and peace, and have become a focus of concern around the world [1]. The high
demand for energy will make it a major problem in the future. To overcome the energy
shortfall, it is necessary to expand native energy resources like hydropower, solar and wind.
Among these sources the most important alternative is solar energy which is classified as
a huge renewable resource. One hour of solar energy received by the globe is enough to
supply the world’s energy requirement for a year. This is an unlimited source of energy
which is available at no cost. This energy can directly be converted into electricity by solar
cells. Therefore, researchers from all over the world show great interest in developing
new solar cells with high efficiency and low cost. Since 1888, where the first solar cell was
built by physicist Aleksandr Stoletov, work continues to develop solar cells in a variety
of specifications including, efficiency, ease of manufacturing, flexible work, etc. [1]. Cur-
rently, silicon-based solar cells capture the market. These solar cells are costly compared
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to their efficiency and, therefore, these cells still cannot replace fossil fuels. Therefore,
researchers are looking for other low-cost and efficient solar cells like dye-sensitized solar
cells (DSSCs), quantum dot solar cells (QDSCs), perovskite solar cells (PSCs), and full
organic PV (OPV) solar cells. Because of their instability and low efficiency, these cells
may not have reached the market or have just been launched in tiny niche sectors. Among
the several types of currently available PV systems, those depending on halide PSCs have
piqued the scientific community’s interest since they have the potential to provide higher
efficiency at a cheap cost. As hybrid organic inorganic methylammonium lead (MAPb)
halides in a perovskite crystal structure are identified as a potential material for solar cells,
it will take around a decade to produce these. Their highest recorded efficiency for a small
area cell is 25.5% [2]. These hybrid solar cells are the combination of inorganic and organic
semiconductor materials. Lightweight, inexpensive, flexible, and robust characteristics
make them a promising candidate for PV devices. It is critical to choose the right electrical
structure for inorganic semiconductor materials in hybrid solar cells if you want to im-
prove performance [3]. Enrique Hernández-Balaguera et al. [4,5] established a connection
between perovskite memory effects, anomalous evolution or non-predictable response of
the transient, structural complexity of PSCs, CPE features in IS, fractional dynamics, J–V
hysteresis and Cole-Cole dielectric mode. In the few years since their discovery, MAPb
halide PSCs have become more efficient and advanced more rapidly than any other solar
cell. The outstanding performance of these cells has sparked interest in optoelectronics
applications such as lasers, light-emitting diodes, and photodetectors [6]. This material has
impressive properties for photovoltaic applications, like cheap fabrication costs, simplicity
of manufacturing and production. Furthermore, at room temperature, they have a cubic
structure and are thought to be more thermally stable under specific atmospheric circum-
stances. HOIPs, on the other hand, often have a low carrier concentration, which results
in limited electrical conductivity [7]. This makes achieving high efficiency challenging
for them. Different approaches have been made to increase the efficiency and stability of
these materials. Among them, doping is found to be good for improving the efficiency
and stability of the cell. It tunes the band gap and also increases the electrical properties
of perovskite material. To gain tunability on electrical characteristics, controlled doping
for halide perovskites is desirable. Until now, the most widely used doping methods for
hybrid perovskites have relied on the injection of heterohalide atoms or organic anions to
modify the band gaps. Recently, heterovalent doping techniques for modulating electrical
and optical properties in halide perovskites have been presented [8]. Substitutions that are
heterovalent to minimise the toxicity of Pb, Sb3+ and Bi3+ have been used in the perovskite
(PVK) framework [9] and to improve efficiency. Jun Yin et al. [10] reported that doping
of Bi3+ ions into CsPbBr3 perovskite reduces the photoluminisence quantum yield from
78% to 8%. Snaith et al. found a high disorder of electronic and low PL intensity and
carrier lifetime due to doping of Bi3+ into MAPbBr3 [11]. On the basis of these studies,
Kanemitsu et al. [12] have observed an improved Urbach tail with no high change in Eg.
Miyasaka et al. [13] have also found that the Eg of CsPbBr3 is not significantly changed
by Bi doping but the fermi level is increased to 0.6 eV. Bi-based PVKs have been widely
explored and proven for a variety of optoelectronic applications up to now. Both Sb3+ and
Bi3+ contain fully occupied s2 shells, resulting in optoelectronic characteristics that are
quite comparable. Furthermore, Sb-based PVKs have already been used in solar cells and
LEDs, and have tremendous potential [14]. Solar cells based on MAPbBr3 with Sb3+ and
Bi3+ doping displayed good stability for more than 40 days when exposed to humidity
and ambient air at room temperature, according to a study [15]. Furthermore, even after
21 days of storage in the air, the gadget displays very little performance loss. Furthermore,
it has been demonstrated that adding heterovalent Bi3+ to methylammonium lead-bromide
based perovskite (MAPbBr3) precursor solutions can result in MAPbBr3 charge doping.
With a dilute Bi3+ concentration, the mobility of perovskite can be increased electrically. As
a result, bismuth-based halide perovskites/derivatives remain intriguing for future study
in photovoltaics and other semiconductor-based technologies [15].
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As Pb is not stable and is a toxic material, therefore, a strategy has been followed to
substitute Pb by Bi, Sn or Sb. However, the efficiency of the cell is found to be reduced.
In this paper, we have used a co-doping concept in MAPbBr3 material. We have doped a
constant amount of Bi and varied the amount of Sb with Pb in MAPbBr3 crystal. Bi increases
the optical property and Sb increases the electrical property. Therefore, it is suggested that
this co-doping will improve the photovoltaic property of MAPbBr3. Also, this material
can be used in photo detectors and LEDs etc. because this co-doping has increased the
structural, optical and photovoltaic properties of MAPbBr3. To the best of our knowledge
this work has not yet been addressed.

2. Materials and Methods

The sol gel method was used for the preparation of MAPbBr3 in which SbCl3 and
BiCl3 are doped into PbBr3, where dimethylformamide (DMF) was used for the fabrication
of doped MAPbBr3. A 1:1 molar ratio of MABr was dissolved into PbBr2 and after that
in 2 mL of dimethylformamide, and MAPbBr3 solution was obtained. For co-doping
purposes, we added 1% BiCl3 along with different concentrations of SbCl3 like (0.5%, 1%
and 1.5%) in the solution of MABr and PbBr2 with DMF. We stirred this solution at room
temperature for night, and a homogeneous precursor solution named as perovskite solution
was obtained which was deposited on glass/FTO/TiO2 substrate at 4000 rpm using a spin
coater. TiO2 film was prepared according to our published paper [16]. The deposited
films were annealed at 100 ◦C in the muffle furnace for 10 min. Spiro-OMeTAD of 72 mg,
TBP having 36 µL, and stock solution having a value of 22 µL of 520 mg mL−1 lithium
bis-(trifluoromethyl sulfonyl) imide in acetonitrile in 1 mL of chloro-benzene was dissolved
to obtained the hole transport material. Finally, after successful evaporation, we obtained an
80 nm layer of Au on the device top. The 0.16 cm2 was the main active area of the solar cells.

X-ray diffraction analysis (XRD) (PANanalytical, D/Max-III, Almelo, The Netherland)
was used to characterize the synthesized crystal structure of the undoped and co-doped
MAPbBr3. Optical properties were characterized by UV-Vis spectroscopy (Shimadzu UV-
2101, Kyoto, Japan). A solar simulator (100 mW/cm2 irradiance, measured on the AM
1.5 spectrum) was used to characterized the solar cells efficiency.

3. Results and Discussion
3.1. X-ray Diffraction (XRD) Analysis

The XRD pattern of 1% Bi and (0%, 0.5%, 1% and 1.5%) Sb co-doped MAPbBr3 films
is shown in Figure 1. All the films have cubic perovskite structure. Sharp peaks in all the
diffractograms represent improved crystallinity of the thin film material.

The structure and symmetry of the impact phase is reflected by the peak’s position.
That strongly agrees with a previous study of cubic MAPbBr3 single crystals [17]. The
diffraction directions of MAPbBr3 at 2θ values 14.18◦, 28.56◦ and 46.47◦ are attributed to
(100), (111), and (320) diffraction planes, respectively. These confirmed the formation of
MAPbBr3. When 1% Bi is doped in MAPbBr3 film, the observed peaks at 2θ values are
14.22◦ (100), 28.63◦ (111), and 46.49◦ (320) in comparison with undoped MAPbBr3 peaks at
higher angles. The reason behind this progress is the increased internal stress that occurred
because of lattice shrinkage [3]. The intensity of peak is increased due to doping. This
confirmed the substitution of Bi in MAPbBr3 lattice. By the doping of 1% Bi along with (0.5%
and 1%) Sb in MAPbBr3 film, the observed peaks at 2θ values are [14.28◦ (100), 28.69◦ (111),
and 46.55◦ (320)] and [14.29◦ (100), 28.70◦ (111), and 46.56◦ (320)], respectively. The shift in
peaks toward the higher angle and higher intensity confirmed the doping of Sb. Since no
extra peaks related to Bi-Sb, Sb-Pb etc. are observed this confirmed the complete doping of
Sb and Bi. As the peak intensity is high due to doping, this indicated the improvement in
crystallinity of the films. A higher structure factor is obtained when the required number of
atoms are occupied for the group due to Wyckoff positions and, as a result, there is higher
intensity. When the co-doping amount of Sb is increased i.e., 1% Bi and 1.5% Sb, then peak
intensity is decreased pointing out the decrease in crystallinity. This shows that a higher
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doping level causes loss of crystallinity of the MAPbBr3 film. Also, due to high doping
amount, a new peak of MAPbBr3 is observed with (222) reflection plane. This shows that at
high doping concentration, the re-crystallization of MAPbBr3 is occurred due to which the
intensity of the peak is decreased and a new peak is formed. Thus, we recommend 1% Bi
and 1% Sn co-doping is good for enhancement in crystallization of MAPbBr3 film.

Figure 1. X-ray diffraction (XRD) of pure MAPbBr3 and co-doped (1%Bi & 0.5%, 1% and 1.5%
Sb)-MAPbBr3.

3.1.1. Grain Size and Density of the Dislocation Line

Grain size (D) is an important parameter which affects the electrical properties of film.
High grain size refers to low resistivity because electrons can easily move from grain to
grain. The D of films is calculated from the following equation [18]:

D =
0.9λ

β cos θ
(1)

where, β is known as the full width at half maximum (FWHM), λ is a wavelength, and θ is
the Bragg’s angle. The diameter of individual grains of sediment is called grain size while
dislocation line density refers to the defects or irregularity belonging to the crystalline
structure. In other words, dislocation line density (δ) is inverse of the square of the grain
size which can be calculated by this formula [19]:

δ =
1

D2 (2)

δ is used for calculation of defects in the sample. The films will be of better quality if it
has low δ value [20].

Figure 2 shows the graph of D and δ. The pure MAPbBr3 has grain size 43 nm and
dislocation line density 5.5 × 1018 m−2. At 1% Bi doping D increased from 43 to 56.5 nm
and δ decreased from 5.5 × 1018 to 3.2 × 1018 m−2. Similarly, at co-doping of 1% Bi along
with (0.5%, 1%) Sb, the grain size further increases and δ is decreased. The increment
in grain size and reduction in dislocation line density resulted in the improvement in
crystallinity at grain side boundaries and also due to the lattice position which is properly
held by Bi atoms substitution in the MAPbBr3 film [21]. At co-doping 1% Bi and 1.5% Sb,
D is decreased. For the large amount of Sb, free spaces are not available. Therefore, Sb
dispersed and reduction in grain size is observed. The low value of D refers to the loss in
crystallinity and reduced electrical properties.
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Figure 2. The D and δ variations for pure MAPbBr3 and co-doped (1% Bi and 0.5%, 1% and 1.5%
Sb)-MAPbBr3.

3.1.2. Lattice Constants (a = b = c)

Lattice constants give information about the unit cells. Lattice constants of pure
MAPbBr3 and co-doped 1% Bi and (0%, 0.5%, 1% and 1.5% Sb)-MAPbBr3 are calculated
from Equation (3) [22]:

a = d√
(

h2 + k2 + l2
)

(3)

where, a and (h, k, l) are lattice parameters, Miller indices. d is inter-planner distance which
is calculated by Bragg’s law:

2dsinθ = nλ (4)

The lattice parameter (shown in Figure 3) of 1% Bi and (0%, 0.5%, 1%, 1.5%) Sb co-
doped MAPbBr3 films are 6.24 Å, 6.22 Å, 6.20 Å, 6.194 Å and 6.194 Å, respectively. This
shows that Bi does not replace the Pb atoms in the structure. It is present in the interstitial
sites. At (0.5% and 1%) Sb doping the lattice parameters are decreased. This is because the
size of Sb is smaller than Pb. The smaller size creates the interstitial stress which decreases
the lattice parameters. At 1% Bi and 1.5% co-doping, the lattice parameters remain the same.

Figure 3. Lattice constants of pure MAPbBr3 and co-doped (1%Bi and 0.5%, 1% and 1.5% Sb)-MAPbBr3.
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3.1.3. Volume versus Number of Samples

Volume of the pure and co-doped MAPbBr3 with Bi and Sb are calculated by the
relation (5) [23]:

volume = a3 (5)

The volume of a unit cell is decreased with doping as shown in Figure 4.

Figure 4. The volume of pure MAPbBr3 and co-doped (1% Bi and 0.5%, 1% and 1.5% Sb)-MAPbBr3.

3.2. Ultraviolet–Visible (UV–Vis) Analysis

UV visible spectroscopy is an analytical technique used for the measurement of
absorbance and transmittance of light. The wavelength range of the UV visible region is
from 100 to 800 nm whereas most of the spectrometers have a working area from 300 to
1100 nm. The UV visible spectroscopy has as its foundation electronic transition as light
falls on the material, electrons absorb it and jump from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). This absorption
should be equal to the difference of energy between HOMO and LUMO. Fluorescence
spectroscopy and absorption spectroscopy are almost opposite to each other, because the
transition from excited to the ground state are dealt with through fluorescence spectroscopy;
on the other hand the ground state to the excited state’s transitions is dealt with through
absorption spectroscopy. With the wavelength range from 300 to 900 nm, a SCHIMADZU
UV-vis 1800 spectrophotometer was used to examine the photosensitive characterization of
CH3NH3PbBr3 perovskite. The efficiency of photovoltaic cells was improved by the band
gap which was also important for determining the absorbing part of the solar spectrum [24].

3.2.1. Band Gap Energy (Eg)

The value of band gap energy (Eg) is determined from a graph plotted between
(αhν) 1/2 and (E = hν), as shown in Figure 5.

Where h, α, and ν are the constant of Plank, coefficient of absorption, and light’s
frequency, respectively. The Eg value is measured by Equation (6) given below:

αhν = A(hν− Eg)m (6)

where A refers to a constant and m is the exponent which is known as a numerical constant,
and the value of m defines the nature of the transition; m takes a value of 1/2, and 2 for
direct and indirect allowed transitions, respectively; m takes a value of 3/2 and 3 for direct
and indirect forbidden transitions, respectively [20].
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Figure 5. Eg of pure MAPbBr3 and 1% Bi and (0%, 0.5%, 1%, 1.5%) Sb co-doped MAPbBr3 films.

The Eg of pure MAPbBr3 is 2.35 (eV), as shown in Figure 5. The 1% Bi doping in
MAPbBr3 has reduced the Eg to 2.27 eV. The reduction in Eg is taking place because
crystallite size is increased with doping in MAPbBr3. Also, the reduction in band gap refers
to the introduction of the intermediate energy levels which are introduced in MAPbBr3 by
the substitution of Bi. At the co-doping of 1% Bi and (0.5% and 1%)-Sb in MAPbBr3, the Eg
further decreased to 2.23 and 2.14 eV, respectively. Carrier concentration is also decreased
by the doping of Bi and Sb which is also responsible for lowering the band gap value. The
continuously decreasing value of band gap can also be attributed to the improvement in
crystallinity of the MAPbBr3 thin film. This inverse relation of band gap with the doping
is well matched with previous studies on MAPbBr3 film [25]. Moreover, the small band
gap value hinders the formation of deep-level traps which reduce the carrier lifetime of the
solar cells [26]. The D band position of Bi- and Sn-doped Pb-based halides moves towards
lower energy which is attributed to the ligand–metal charge–transfer transition because of
the decrease of optical electronegativity from Pb to Bi or Sn. Because of the rising ionisation
energy of metal ions, this drop in Eg is predicted for the charge-transfer band. As a result,
the D band’s transition energy varies not only with the ionisation energy or oxidation state
of metal ions, but also with the optical electronegativity of halide ions, implying that the
D band arises from the halide-metal charge-transfer transition and is responsible for the
decrease in Eg [27]. When Bi and Sb are doped in MAPbBr3 perovskite then they move in
the body-centered position. Since Pb has +2 states and Bi has +3 states, therefore, electron
concentration increases are defects that are introduced. Defect diffusion is substituted by a
collective motion of atoms near the defect; doping density fluctuations generate cavities
for Bi and Sb particle migration with low energy and low pre-exponential factor, lowering
Eg [28]. At 1.5% Sb along with a constant amount of Bi the band gap slightly increased and
shifted to 2.17 eV, respectively. At higher doping, the D is reduced due to which band gap
value is decreased.

3.2.2. Refractive Index

Bending of light rays when it passes from one medium to another medium is measured
by refractive index (n) which is the fundamental property of optical materials. Time dura-
tion of traveling of light through a medium is shown by refractive index. The progression
in the refractive index for the optical materials is essential for many applications. The ionic
electronic polarizability and local field inside the material is related to the optical refractive
index which plays a key role in finding the electrical properties of materials. That is why
the calculation of a refractive index is very important and a lot of investigations on this
parameter have been carried out for many purposes [29].
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The refractive index is calculated by Reddy et al. [30] with a modified form of the
Hervé and Vandamme relation [31]

n =

√
1 + (

A
3.72∆χ∗+ B

)2 (7)

where A and B are constant having values of 13.6 and 3.4 eV, respectively. ∆χ∗ is the optical
electro negativity of anion and cation, respectively, which is calculated by the following
relation [32]:

Eg = 3.72 (∆χ∗) (8)

By putting the value of A, B and ∆χ in Equation (12), we obtain the refractive index
of pure MAPbBr3 as 2.57. By doping of 1% Bi in MAPbBr3, the refractive index increased
and reached 2.6. Similarly, the refractive index of 1% Bi+ (0.5%, 1%, and 0.5%) Sb co-doped
MAPbBr3 films are 2.61, 2.65 and 2.63, respectively, (shown in Figure 6).

Figure 6. Refractive index pure MAPbBr3 and 1% Bi and (0%, 0.5%, 1%, 1.5%) Sb co-doped MAPbBr3

films.

The ‘n’ is increased in a non-linear manner with doping. The difference in ‘n’ is
linked to the occurrence of a suboxide film that should form near to the base for all
coatings [33]. The decrease in ‘n’ is due to the increase in apparent bandgap. The higher
doping concentration creates the denser medium, thus more light bends so a high refractive
index is observed. At 1% Bi and 1% Sb co-doping, a high value of ‘n’ is achieved. This refers
to the fact that more light is scattered at this doping level and is good for solar cells. By the
different doping concentration of Bi and Sb in the pure MAPbBr3 film a slight difference in
the refractive index occurs. First of all, anomalous dispersion occurs through which the
increasing doping effect leads to increase in the refractive index in the MAPbBr3 structure,
and after normal dispersion occurs through which higher concentration of doping results
in a decrease in the refractive index. The increase in the refractive index by increasing the
doping concentration leads to the increased polarizability of higher atomic radius. Optical
surface dispersion reduction occurs due to higher doping which is also the main reason for
the reduced refractive index, and optical losses that also occur by the reduction in surface
roughness and improvement in concentration.
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3.2.3. Extinction Coefficient (k)

The extinction coefficient of pure MAPbBr3 and 1% Bi and (0%, 0.5%, 1% and 1.5%) Sb
co-doped MAPbBr3 films is calculated by the following formula:

k = n/∆χ∗γ (9)

Which gives a relation between refractive index n and electronegativity difference ∆χ∗.
The value of γ is −0.32. In Table 1 variation in k with doping has been observed and as
shown a minimum value of k is observed in (1% Bi and 1% Sb) co-doped MAPbBr3 film.
By the reduction of optical losses with surface optical dispersion, extinction coefficient
decreased which is quite similar to the refractive index; the major reason for the reduction
is the increment in the carrier concentration and reduced surface roughness. Therefore, it is
concluded that the chemical composition of the MAPbBr3 changed by a different doping
concentration of Bi and Sb [20].

Table 1. Eg, k, n and dielectric constants of undoped and Bi- and Sb- co-doped MAPbBr3 films.

Sample Eg (eV) n k εr εi

MAPbBr3 2.35 2.57 2.16 1.94 11.4
1% Bi-MAPbBr3 2.27 2.59 2.21 1.82 11.5

(1% Bi & 0.5% Sb)-MAPbBr3 2.23 2.61 2.23 1.84 11.6
(1% Bi & 1% Sb)-MAPbBr3 2.14 2.65 2.13 2.49 11.3

(1% Bi & 1.5% Sb)-MAPbBr3 2.17 2.64 2.22 2.04 11.7

3.2.4. Dielectric Constant

The polarity of a medium is measured by the dielectric constant which is proportional
to the polarizability of solid material. In this situation, it is very important to know the real
and imaginary parts of the dielectric constant. The dielectric constant in terms of real and
imaginary parts is defined as [34]:

E = Er + iEi (10)

where imaginary and real parts of dielectric constant are expressed as follows [35]:

Er = n2 − k2 (11)

Ei = 2nk (12)

The speed of light is defined by the real part, which tells us how much it slows down
the speed of light in a material. The imaginary part defines dielectric material, the electric
field through which energy is absorbed due to dipole motion. The loss factor is determined
by the ratio of Er and Ei [36]. Photon energy (hv) has high influenced on the real (Er)
and imaginary parts (Ei) of the dielectric constant. All films absorb the visible region of
light according to Eg. Therefore, films have high optical conductivity in the visible region.
Here, the real part is decreased which refers to the decrease of speed of light in a medium.
Therefore, the scattering is high. Similarly, the imaginary part is increased with doping
which refers to the increase in the absorption of light. When more light will absorb then a
large number of electrons and hole pairs are generated, so a large current will flow through
the circuit. This will affect the current density of the solar cell and ultimately increase
the efficiency of the cell. By different doping concentration the optical conductivity of the
material is change. In spite of this, a very interesting thing is observed in all samples: that
the values of Er are higher in comparison to Ei, which simply indicates that by increasing
the different doping concentration the values of Er and Ei are also changed. The difference
between the optical conductivity of the real and imaginary parts is directly linked with the
positional densities (DOS) associated in the energy band gaps of the film [35]. A strong
relation between photons and electrons in the visible region by the real part (Er) and the

RETRACTED



Coatings 2022, 12, 386 10 of 12

imaginary part (Ei) is shown in (Table 1). The calculated optical properties are summarized
in Table 1.

3.3. J-V Curve of MAPbBr3 with Doping

Figure 7 shows the J-V curve of undoped and Bi- and Sb- co-doped MAPbBr3-based
solar cells. With the help of the J-V curve, the values of short circuit current density (Jsc),
fill factor (FF), open circuit voltage (Voc), and efficiency η (%) of different solar cells are
calculated and given in Table 2.

Figure 7. J-V curve of pure MAPbBr3 and 1% Bi and (0%, 0.5%, 1%, 1.5%) Sb co-doped MAPbBr3

based solar cells.

Table 2. J-V parameters of MAPbBr3 and 1% Bi and (0%, 0.5%, 1%, 1.5%) Sb co-doped MAPbBr3 solar
cells.

Samples Jsc mA/cm2 Voc (V) FF Efficiency η%

MAPbBr3 8.72 1.29 0.66 7.5
1% Bi-MAPbBr3 9.34 1.3 0.65 7.9

(1% Bi & 0.5% Sb)-MAPbBr3 10.06 1.31 0.64 8.5
(1% Bi & 1% Sb)-MAPbBr3 12.12 1.32 0.73 11.6

(1% Bi & 1.5% Sb)-MAPbBr3 11.09 1.32 0.66 9.65

The value of Jsc is 8.72 mA cm−2, FF is 0.66, Voc is 1.29 V, and η is 7.5% for pure
MAPbBr3. By doping 1% Bi, Voc = 1.3 V, Jsc = 9.34 mA cm−2, and as a result the efficiency is
increased from 7.5% to 7.9%; Bi increases the conductivity and crystallinity of MAPbBr3 as
explained in the XRD graph. Due to high crystallinity, structural defects are reduced. Also,
Bi increases the electron transport properties. Due to these high transport properties, Jsc is
increased and as a result, efficiency is increased. At the doping of (0.5% and 1%) Sb along
with constant concentration of 1% Bi in the pure MAPbBr3 film, efficiency is enhanced from
7.5% to 8.5% and 11.6%, respectively. The efficiency has greater value for doped samples
than for undoped MAPbBr3 film. The increment in efficiency is because of higher carrier
density. It has been observed that the efficiency is decreased to 9.65% from 11.7% by the
doping of 1.5% Sb along with 1% Bi in the pure MAPbBr3 film. Reduced charge carrier
collection efficiency is responsible for the reduction of Jsc, η, FF, and Voc. At this doping
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concentration, grain size and crystallinity of MAPbBr3 is decreased and new peak along the
(222) plane of reflection occurs due to structural defects, according to the XRD result. These
defects have increased the recombination rate which has been confirmed by decreasing the
value of FF. Therefore, the efficiency is decreased.

4. Conclusions

Pure and Bi- and Sb- co-doped MAPbBr3 films were deposited on FTO glass substrates
by a sol-gel spin coating technique. XRD confirmed the doping of Bi and Sb in MAPbBr3.
The film of 1% Bi and 1% Sb co-doped MAPbBr3 has high crystallinity, large grain size, and
small lattice parameters. This film has low Eg (2.14 eV) due to which deep-level traps are
reduced and recombination rate is decreased. The fabricated solar cells with this 1% Bi and
1% Sb co-doped MAPbBr3 film showed high values of Jsc (12.12 mA·cm−2), Voc (1.32 V), FF
(0.73) and efficiency (11.6%) as compared to other solar cells. This high efficiency is due to
the high crystallinity and low recombination rate.
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