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Perovskites have been in the spotlight in the field of solar cells due to their
high efficiency and their low cost of materials and fabrication processes.
Perovskite solar cells (PSCs) have shown an efficiency of up to 25%. Never-
theless, PSCs have some drawbacks such as rapid degradation in ambient
conditions. To improve PSC stability, lead is usually replaced with bismuth. In
this article, we report the results when doping the methylammonium lead
iodide (CH3NHj3)Pbls, aka MAPbI;, with different bismuth quantities. The
incorporation of bismuth into the lattice leads to a remarkable change in
optoelectronics and morphological structure. Substituting lead atoms with 2%
bismuth improves some characteristics of MAPbI; layers, such as removing
pinholes and increasing crystallite size and optical absorption. Furthermore,
bismuth doping improves the stability of pure MAPbI; layers, which after 4
weeks exhibits higher degradation compared to bismuth-doped MAPbI; sam-

ples, which remain stable after that period.

INTRODUCTION

It is known worldwide that photovoltaic solar
energy (PSE) is experiencing remarkable growth as
it is an excellent source of renewable energy. PSE
has the potential to offer a significant supply of
globally demanded energy. Every hour of sun
radiation that the Earth receives could be enough
to produce enough electricity for a whole year of the
world requirements.

Perovskites, used as absorbers in photovoltaic
solar cells, have shown exceptional optical and
electronic properties as well as substantial reduc-
tions in the manufacturing costs and ease of fabri-
cation. However, perovskites have some drawbacks
when used in solar cells, and they experience rapid
degradation when exposed to UV radiation. The
new generation of mixed organic-inorganic halide
perovskites is promising in PSE because they have
successfully shown efficiencies over 25% when using
perovskite absorbers in solar cells.’

(Received January 1, 2022; accepted May 16, 2022;
published online June 8, 2022)

Solar cell performance depends highly on the
perovskite layer, which is responsible for the light
absorption and generation of photoinduced carriers.
Therefore, perovskite layers need delicate and crit-
ical deposition when fabricating the solar cell.
Hybrid perovskites, described with the formula
ABXj3 (where A is a cation such as Cs or CHsNHj3,
B is usually lead, and X is halide) can be fabricated
by different methods; one-step and two-step spin-
coatings are the most used solution processes for the
perovskite layers. One-step spin-coating deposition
stands out over two-step for its ease of fabrication.

Among all hybrid-organic-inorganic-perovskites,
methylammonium lead iodide CH3;NHj3Pbl;
(MAPDI3) seems to be one the best options for solar
cells due to its outstanding ferroelectric, pyroelec-
tric, fibroelastic, and piezoelectric properties, and
they have also been reported to be excellent
absorber layers in solar cells with a 15% increase
of efficiency in only 4 years.?

Bismuth (Bi) doping was used to overcome the
inconvenience of toxicity and degradation of
MAPDI; solar cells. It enhanced the rate of degra-
dation of hybrid organic-inorganic perovskites by
the partial substitution of Pb by Bi.? In addition,
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recent studies on Bi-doped MAPbI3; perovskite
reported high defect tolerance, improved Seebeck
coefficient, and higher electrical conductivity.*

In other research works, Cs cation has been used
to substitute MA in the MAPbI3 structure to
investigate its potential for solar cells. XRD (x-ray
diffraction) showed that when incorporating Cs in
the MAPDI;, the tetragonal structure is transformed
to an orthorhombic phase. Also, when adding Cs,
the connectivity of the grains increases, and, with
40 and 50% Cs doping, the inter-grain voids are
improved in the films resulting in better perfor-
mance and major photoconversion efficiency (PCE)
of the photovoltaic devices when adding enough Cs.”

Many studies have focused on doping of MAPbIg
to improve the efficiency of perovskite solar cells
(PSCs). Few studies use Mg as a doping agent. It is
known that Mg could be interesting to incorporate
into the MAPbI; perovskites because it affects the
energy band structure and morphology.®

Calcium was also used as a doping agent for
MAPDbI;. The addition of Ca enlarges bandgap
structures by concurrent up-shifting. Besides, the
electronegativity of Ca is smaller than that of Pb,
and the stronger antibonding character Ca-I bond-
ing results in a larger bandgap of Ca®* perovskite.
Moreover, Lu et al. concluded that doping the
MAPDbI; with Ca is a highly effective strategy to
improve the photovoltaic performance of solar cells.”

Recent studies reported that CI-doped MAPbIs
improves the charge transport within the perovskite
layer substantially. This may be essential for
obtaining good photovoltaic efficiencies.®

When doping the MAPbI; with Rb, the conduc-
tivity of the perovskite could be significantly tuned
from n-type to p-type. The carrier concentration and
mobility can be controlled by the dopant concentra-
tion. In addition, a slight blue shift of the photolu-
minescence (PL) peak was reported with the
increase of Rb, and at the concentration range of
1.5-1.8 M, the dominant crystal structure can go
from cubic to orthorhombic.’

In this work, we doped MAPbI; perovskites with
different bismuth percentages to explore how dop-
ing with bismuth affects the properties of the
perovskite films. Bismuth ions incorporated in
MAPDbI; thin films improve the crystallinity of
MAPDI; layers and enhance the electrical properties
of the device. Furthermore, as the Bi atom has a
similar radius to Pb, it is relatively easy to incor-
porate Bi into the MAPDbI; lattice by substituting
the Pb atom.'® The synthesis of the Bi-doped
MAPDI; samples was performed by the one-step
spin method. After the synthesis, the samples
prepared were characterized with different tech-
niques such as XRD, field emission scanning elec-
tron microscope (FESEM), atomic force microscopy
(AFM), PL, and optical absorbance to establish the
crucial parameters for excellent performance in
perovskite-based devices. We report that bismuth
doping intensifies the properties of MAPDI;,
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allowing better electrical performance and espe-
cially improving the stability of MAPbIs-based solar
cells after 4 weeks under dark.

EXPERIMENTAL PROCEDURE
Materials

All chemicals used were bought from Sigma-
Aldrich and used as received. Methylammonium
iodide (MAI), lead iodide (Pbl,, 99%), and bismuth
(ITI) iodide (Bils, 99%) were used as precursor
materials, and dimethylformamide (DMF 99.9%)
and dimethyl sulfoxide (DMSO 99.9%) as solvents.

Elaboration of Thin Films

MAPbDI; thin films were deposited on fluorine tin
oxide (FTO)-coated glass substrates. The FTO sub-
strates were cleaned for 15 min in Hellmanex
detergent, ethanol, acetone, and isopropanol in an
ultrasonic bath and subsequently exposed for 15
min to ambient UV-ozone.

MAPbDI; precursor solution was prepared by com-
pletely dissolving MAI and lead iodide in dimethyl
sulfoxide (DMSO) (0.095 mL) and dimethyl for-
mamide (DMF) 1 ml, at room temperature. To dope
MAPDbI; with bismuth, a variable amount (x%) of
bismuth iodide was added, where x is the percent-
age of Bismuth present in the starting solution. The
solution prepared was left to heat overnight at 75 °C
in the glovebox. FTO substrates were statically
spin-coated at 4500 RPM for 50 s, after which they
were annealed for 5 min at 50 degrees and then 10
min for 100 degrees. Samples were kept in an inert
Ny atmosphere until used.

Figure 1 displays the preparation process of the
samples. In (a) the solutions with different quanti-
ties of bismuth are placed over the plate to be
completely dissolved. In (b) we can see the sub-
strates of FTO (2.5 cm x 2.5 ¢cm) where we will
deposit the different solutions. In (c) there is the
scheme of how we deposit the solution on the
substrate in the spin-coating machine. Finally, (d)
shows pictures of the samples prepared after the
annealing treatment.

Characterization Techniques

In the samples studied for this work, MAPbI3 thin
films doped with different quantities (0%, 1%, 2%,
4%, and 8%) of bismuth were characterized by XRD
using a RIGAKU Ultima IV diffractometer with Cu
ko radiation (1 = 1.5418 A). Morphology images
were taken with FESEM Quanta 200-FEI at 1.5 kV
applied voltage; AFM measurements were per-
formed by Nano Surf Mobile S microscope scanning
using tapping mode, Optical properties were per-
formed with Ocean Optics HR4000 spectrophotome-
ter by a Si-CCD, and PL emission source was a
semiconductor laser at 405 nm.
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RESULTS AND DISCUSSION

The different samples, MAPbI; undoped and
doped with the different bismuth (Bi) doping per-
centages x% where (x = 0, 1, 2, 4, 8), were scanned
with XRD analysis as shown in Fig. 2a. The
diffraction peaks located at 14.0, 24.0, 28.0, and
32.0 correspond to the planes of (110), (211), (220),
(222), (400), and (303), respectively, that belong to
the characteristic peaks of MAPbI;. The peaks
reported correspond to the same diffraction peaks
previously reported.”!® Furthermore, the incorpo-
ration of Bi contents from (0—8%) shows an improve-
ment in the MAPbI; peak intensity where 2%Bi
sample shows slightly higher intensity than the rest
of the samples, and a decrease was observed for Pbl,
peaks, which indicted the enhanced stability of
doped MAPDI;. These results are well matched with
the previously reported pure MAPbI; crystalline
phase. As indicated by XRD, the bi-doped MAPbI;
single crystals maintain a perfect cubic perovskite
structure (Pm-3m).'!

Figure 2b shows the calculated crystallite size for
the characteristic peaks (110) and (220) of XRD
peaks. The graph shows that, for both peaks, the
crystallite size decreases when increasing the
amount of bismuth added to the starting solution.
This trend is more evident for peak 220 than for
peak 110. However, the position of both XRD peaks
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seems to be independent of the amount of bismuth.
This fact is due to the similar ionic radius of lead
and bismuth.

The surface morphology and roughness vary with
the different quantities of bismuth in the perovskite
thin films. These parameters are shown in Table I.
Effective lattice strain has been calculated to deter-
mine the deformations of the grains in the surface of
the film. Equation 1 was used to obtain the effective
lattice strain (g).'?

pcos(0) = I% + 4esin(0) (1)
where 0 is the Bragg angle, & is a constant (0.94), f8
is the full width half maximum (FWHM), and / is
the wavelength of the x-ray. The dislocation density
of the crystal was calculated using Eq. 2.

0=13 (2)

To verify how the morphology changes MAPbI3,
pure films are observed by doping with bismuth,
FESEM analysis of pure MAPbI3, and doped x% Bi,
where x (0, 1, 2, 4, 8) was performed. Figure 3 shows
top-view FESEM images of the different samples
analyzed in the work. The surface of the 1% bismuth
sample looks quite like the pure MAPDbI;. According
to the grain size, we report a bigger grain size when
the percentage of bismuth in the sample is higher.

.(c

Precursor deposition Precursor film

i

Anti-solvent deposition

>

Spin coating

Intermediate film Perovskite film

Heating

Fig. 1. Scheme of the one-step spin-coating procedure for thin film MAPbI; perovskites.
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Fig. 2. (a) XRD patterns of MAPbI3 pure and doped x% Bi where x (0, 1, 2, 4, 8). (b) Crystallite size of characteristic 110 and 220 XRD peaks for

different amounts of Bi.

Table I. Grain size, dislocation density, and lattice strain of XRD of MAPDbI; thin films

Sample ID Grain size (mm) Roughness (nm) Dislocation density (nm~!)  Lattice strain (¢ X 107%)
Pure MAPbDI; 333 145 0.90 x 107° 9.05
2% Bi 345 420 0.84 x 107° 8.71
8% Bi 293 231 1.16 x 107° 8.13

Also, 4% bismuth sample and 8% bismuth sample
have dark surfaces and are not as smooth as 1% and
2% samples. The FESEM image of the MAPbI;
coincides with the work of Chen et al. where they
report the morphology of the MAPbI;.'® Also, map-
ping analysis shows that lead and iodide were
distributed homogenously in the surface of pure
MAPbDI; (Fig. 3f~h).

The MAPbI; surface contained irregularly sized
grain boundaries; the 1% Bi-doped makes the film
surface homogeneous with the reduction of the size
of the grain boundary. Moreover, the crystal and
grain sizes are noticeably increased with 2% Bi.

The absorption study was performed to under-
stand the impact of bismuth on the optical proper-
ties of MAPDbI3. All the samples prepared show good
absorption with a small difference between the
samples by increasing the percentage of Bi dopant,
and the absorption of the pure sample (MAPbI;)
agrees with the previously reported paper.'* Fig-
ure 4a shows the absorbance for undoped and doped
MAPDI; layers with different amounts of Bi. The
absorption onset for all samples is located at about
800 nm, except for 2 and 4%Bi doping, which seems
to shift to higher wavelengths; 2% Bi sample shows
slightly higher absorption than the rest of the

samples, matching also with the FESEM results
above; this indicates better performance of the
perovskite film.

The photoluminescence measurements shown in
Fig. 5 were recorded at ambient temperature. We
report that the PL peak intensity for the different
bismuth percentages is in the range of 700-850 nm.
Also, we report the highest PL peak intensity is in
2% of the bismuth sample compared to the PL peak
of pure MAPbI; and MAPbI; doped with 8% bis-
muth. The higher intensity of PL indicates good
photoluminescent properties of the prepared films.

Figure 6 shows the AFM analysis of the per-
ovskite thin films of pure MAPbI;, MAPbI; doped
with 2% Bi, and MAPbI; doped with 8% Biin a 2 yum
x 2 um area. According to the experimental analysis
carried out at the AFM, roughness and surface
morphology of the different samples vary with the
amount of bismuth present in the absorber layer,
showing that 2% of the bismuth sample has R,,s of
420 nm and grain size of 345 nm (see Table II),
which is greater compared with pure MAPbI; and
8% bismuth samples.

According to Table II, the dislocation density of
these three samples was studied intensely because
it shows better characterization and varies between
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MaPbls l(f) Pb-I

Fig. 3. (a)—(e) FESEM images of MAPblI; thin films doped with different percentages of Bi (x = 0, 1, 2, 4, 8. (f)—(h) Mapping of Pb and |
components in halide perovskite MAPbDI3.
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Fig. 4. (a) UV-visible absorption of MAPbI; thin films doped with different percentages of Bi (x (%) = 0, 1, 2, 4, 8). (b) Optical bandgap of MAPbI3
thin films doped with different percentages of Bi (x (%) = 0, 1, 2, 4, 8). (b) (A-E)? versus the energy photons, which is the standard way to calculate
the value of the optical bandgap. The UV visible technique is from 1.5 eV to 1.55 eV as shown in Table | where the MAPbI; doped 2% bismuth

samples have the optimal bandgap around 1.50 eV.

0.84 x 10°° nm ' and 1.16 x 10™° nm™'. Lower DEGRADATION STUDY
dislocation density means better performance,
which means that in this case the 2% bismuth
sample is the better option although it does not
show higher effective lattice strain.

Perovskite solar cells are vulnerable to oxygen
and humidity.'®1® In this study, bismuth is used to
overcome this rapid degradation. The prepared
samples were kept in dark ambient conditions for
1 week. When samples were kept in dark ambient
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conditions, they did not experience degradation at
all for 1 week. Therefore, we can confirm that
bismuth improves the stability of the samples that
started showing degradation after week 4. After 5
weeks, the samples of 2%, 4%, and 8% bismuth kept
under in the dark remained stable (see Fig. 7b).
As mentioned before, the sample that showed
better performance in all the characterization parts
was the one prepared with 2% bismuth. In Fig. 7a,

I
14 |- |—— MAPbI, pure

—— MAPbDI; 2% Bi
—— MAPbDI, 8% Bi

PL Intensity (a.u.)

: _/ -

700 750 800

Wavelength (nm)

Fig. 5. Room temperature photoluminescence of perovskite thin
films; pure MAPblz and BMAPDI;-Bi, with 2% and 8% bismuth.
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we can see an evolution of the optical bandgap of the
2%Bi sample where the bandgap of the aged Bi
sample remained good after 4 weeks.!”2° This
means this quantity of bismuth enhances the per-
formance and stability of the film well. To sum up,
we report that bismuth plays an important role in
slowing down the degradation of MAPDbI3 thin films.

CONCLUSION

In this study, we present the result of different
perovskite absorbers with different quantities of
bismuth as a doping agent to improve the stability
and the performance of optoelectronic devices. The
different samples were prepared inside a glovebox
through a one-step spin coating method and subse-
quently characterized by XRD, FESEM, optical
absorption, and photoluminescence. XRD study
indicates that the addition of Bi increases the
intensity of the MAPDbI; diffraction peaks, with the
2% Bi specimen being the sample with the highest
XRD intensity and the lowest presence of Pbl,
peaks, which is a signal of the improved stability of
Bi-doped MAPbI; thin films. The crystallite size
graph reveals that, for the characteristic peaks of
the perovskite compound, the crystallite size
decreases when the quantity of bismuth added to
the starting solution is higher because of the bigger
size of the ionic radius of lead in relation to bismuth.
FESEM images show grain sizes are notably
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Fig. 6. (a) Two-dimensional AFM image of MAPbI3; (b) 2D AFM images of MAPDbI; thin films doped with 2% Bi. ¢ Two-dimensional AFM images
of MAPblIj thin films doped with 8% Bi. (d) Three-dimensional AFM image of MAPbl3; (e) 3D AFM images of MAPblIj thin films doped with 2% Bi;

(f) 3D AFM images of MAPbI; thin films doped with 8% Bi.
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Table II. Optical properties of MAPDI; thin films doped with different percentages of Bi

Optical bandgap by absorption

Emission PL peak Stokes shift

Sample ID Je (nm) Eg (eV) /A (nm) Eg (eV) (meV)
Pure MAPDbI; 719 1.55 760 1.40 150
2% Bi 795 1.50 770 1.35 150
8% Bi 752 1.53 768 1.36 180
(b) Degradation Study
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Fig. 7. (a) Optical bandgap of MAPbI; thin films doped with 2% bismuth for different periods after the deposition. (b) Degradation study of

samples with different bismuth percentages along time.

improved when adding 2% bismuth to the MAPbDI;,
which means better performance in photovoltaic
devices.
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