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Abstract: The structural, electronic, mechanical, and optical properties of pseudo-cubic CH3NH;3Pbl3
perovskite have been studied within the framework of density functional theory, in line with solar
cell applications. The computed values of lattice and elastic constants concurred with the available
theoretical and experimental data. This compound has a semi-conducting behavior, with a direct
band gap of about 1.49 eV. Note that the solar radiation spectrum has a maximum energy intensity
value of approximately 1.50 eV. Thus, semiconductors with such gaps are preferred for photovoltaic
applications. Its elastic parameters reveal that it is a ductile material that is mechanically stable.
Optical descriptors such as refractive index, reflectivity, extinction, energy loss, and absorption
have been explored with the aim of establishing the optical features of the material. Our findings
demonstrate that this perovskite is suitable for solar cell applications based on the size and nature of
the band gap, as also supported by the obtained upper limit value of simulated power conversion
efficiency via the spectroscopic limited maximum efficiency mathematical model.
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1. Introduction

Solar energy plays a crucial role in solving the pressing environmental challenges and
meeting ever increasing energy demands. Solar cells are often classified depending on the
absorber layer available, so those that use a perovskite material as their absorber layer are
called perovskite solar cells. Perovskites are potential candidates for substitution of the
crystalline silicon in fabricating solar cells that are thinner, lighter, and cheaper. Contrary to
silicon solar cells, which can only absorb the visible light spectrum, the perovskite solar cell
has the optical and electrical property of absorbing not only the visible light spectrum but
also the near-infrared. Simply defined, solar energy refers to the portion of energy in which
the form of sunlight can be converted via photovoltaics into electricity by the solar cell.

Generally, a solar cell has six major components, but for decades, the scientific com-
munity has been focusing mainly on the determination of a better photoactive material,
keeping the other five components intact. This is achieved by tuning the efficiency of a
photovoltaic device through identification of a material that has a better ability to absorb
more photons based on its power conversion efficiency as provided herein [1-3]. As stated
above, a typical perovskite solar cell consists of six main layers of different materials: a
glass layer, a thin layer of fluorine-doped tin oxide substrate (FTO), an electron transport
layer of TiO», a perovskite layer known as methylammonium lead iodide (CH3NH3Pbl3),
a hole transport layer of Spiro-OMeTAD, and a gold (Au) electrode [4]. According to
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Zhang et al. [5], an ideal solar absorber should provide high absorption, be ultra wideband,
and be insensitive to polarization and incident angles that pose challenges to research.
Kaulachs et al. [6] have indicated that physical properties such as high charge carrier
mobility, very low recombination rates, large carrier lifetime and diffusion length, large
absorption coefficients, and very weak exciton binding energies are defining the high
power conversion efficiency of methylammonium lead trihalide solar cells. From a study
conducted by Mangrulkar et al. [7], the MAPbI; absorber layer provides one of the highest
open-circuit voltages (V,c), low V. loss/deficit, and low exciton binding energy, resulting
in better charge transport with decent charge carrier mobilities and long diffusion lengths
of charge carriers, making it a suitable candidate for photovoltaic applications. Wu et al. [8]
developed an additive engineering strategy to realize a facile and convenient fabrication
method of large-area uniform perovskite films composed of large crystal sizes and a low
density of defects.

Suitability of the material can be gauged using the spectroscopic limited maximum
efficiency (SLME) approach [9]. This technique provides a better model for predicting the
upper limit of solar cell efficiency as compared to the conventional Shockley—Quisser (S-Q)
efficiency approach [10], since it considers the non-radiative recombination losses that are
omitted in the latter approach. The S-Q technique only utilizes the information about the
band gap, black body radiation, and solar spectrum to estimate an upper limit for the solar
efficiency. Developed from the S—Q, the SLME method of determining theoretical efficiency
of a solar cell device takes photon absorptivity into account.

The energy conversion efficiency of perovskite-based solar cells has risen quickly
over the years from 3.8% [11] to about 20% [12]. According to various literature such
as Poglitsch et al. [13], Lu et al. [14], and Kawamura et al. [15], temperature variation
stimulates phase transition in CH3NHj3Pbl3, whereby it transforms at 327.4 K from a high
temperature phase that is cubic with high symmetry (space group Pm3m) to a tetragonal
phase (space group 14/mcm). Subsequently, it changes to an orthorhombic phase of low
symmetry (space group Pnma) at 162.2 K.

This phenomenon of thermally induced phase transition in methylammonium lead io-
dide has been extensively explored experimentally using various techniques such as single
crystal X-ray diffraction and infrared spectroscopy [15,16]. Moreover, Wu et al. [17] recently
explored the phase transition kinetics of MAPbI; for the tetragonal-to-orthorhombic evolu-
tion using the nudged elastic band method from the theoretical point of view to provide
a basis for understanding the crystal-phase dependent stability and the low-temperature
efficiency of hybrid organic-inorganic perovskites. Yun et al. [18] have assessed the current
understanding of structural and electronic properties, defects, ionic diffusion, and shift
current for CH3NH3Pbls perovskite, as well as the effect of ionic transport on the hysteresis
of current-voltage curves in perovskite solar cells based on first-principles calculations.
Jiang et al. [19] have found a feasible and effective post-treatment method that is cheap,
valid, and essential for fabrication of high-efficiency perovskite solar cells. According to
Faghihnasiri et al. [20], electron-hole diffusion length as long as 1 micron, low effective
mass, high charge mobility, high optical absorbance coefficient, narrow optical absorbance
edge, large dielectric constant, proper optical band gap in the visible range, and strong
dipole moments are some of the features that make MAPDbI; one of the most promising
materials to use as an absorbance layer in solar cells.

Basically, there are numerous techniques of fabricating perovskite-based solar cells.
The most widely applied approach is a single-step deposition technique that is often
preferred due to its simplicity and cost effectiveness. In this method, the precursor solution
is spin-coated over the TiO; scaffold where the organic and inorganic solutes are mixed
together in an aprotic polar solvent, resulting in a precursor solution that is then annealed
at a temperature of 80 °C to 150 °C [21,22]. Another approach is a two-step sequential
deposition technique that was designed to overcome the shortcomings of the former
approach. In this technique, the film is first deposited over nanoporous TiO;, layer by spin-
coating the solution of a polar solvent like dimethylformamide at 70 °C and subsequently
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transforming it into perovskite by exposing it to a solution of CH3NHj3I [23]. Besides the
two stated techniques of fabricating perovskite solar cells, other methods exist, such as
rapid deposition crystallization [24], the Lewis base adduct method [25], vapor-assisted
solution processing [26], and thermal evaporation [27], among others.

Recently, Terada et al. [28] have investigated the effects of the addition of potassium
iodide (KI) and ethylammonium bromide (EABr) on the microstructures of the perovskite
layers. From their findings, co-addition of KI and EABr to MAPbI; by using the air-
blowing method and inserting a decaphenylcyclopentasilane layer is an effective method
of fabricating photovoltaic devices with improved properties and efficiency. Hedayati
and Olyalee [29] proposed that, by using n-type and p-type homojunction perovskite
connections instead of the usual connection of p-i-n and n-i-p perovskite, the transfer and
separation of charge carriers can be done by an internal electric field. Thus, the discharge
area will be reduced, the recombination of carriers will be increased, and the light losses
will be reduced, thereby boosting the light absorption and consequently improving the
efficiency of the cell. Likewise, Semchenko et al. [30] have investigated the photocurrent
and spectral sensitivity of Si/SrTiO3:xNb/perovskite structures and found that, at various
configurations of the applied voltage between silicon, SrTiO3, and CH3NH3Pbl;_,Cly,
the structures are photosensitive, which could be applicable in designing photodetectors.

This work provide insights into the structural and mechanical properties of the pseudo-
cubic phase of methylammonium lead iodide, thus contributing to a better understanding of
its physical properties that are critically important for its applications in photovoltaic tech-
nology. Additionally, we present an in-depth analysis of its optoelectronic properties upon
interacting with light. This is crucial for a better understanding of its photovoltaic-related
properties such as power conversion efficiency. Although its structural and mechanical
properties have been widely explored from both the theoretical and experimental points of
view, scanty information exists on its optical features, which creates a gap that this study
intends to fill. Hence, we attempt to bridge the information gap and open a window for
fine-tuning its optoelectronic properties, such as through doping, based on our findings
that lead (Pb) and iodine (I) states dominate its electronic and optical properties. Moreover,
to the best of the authors” knowledge, there is no report on the melting temperature of
pseudo-cubic CH3NH;3PbI; perovskite prior to this study. Additionally, determination of
the upper limit value of the simulated power conversion efficiency of this material via the
spectroscopic limited maximum efficiency mathematical model has not been extensively
reported for this material; thus, this study provides some contributions.

2. Computational Details

This study is based on density functional theory as implemented in the Vienna Ab initio
Simulation Package (VASP) [31]. The plane wave basis energy cut-off was set to 500 eV as
guided by our convergence data, all atoms in the structure were allowed to relax to less
than 10~° eV per atom, and the residual forces converged to 10~2 eV /A. The Brillouin zone
integrations were computed using I'-centered grids with 10 x 10 x 10 mesh for the structural
and electronic calculations. Pseudo-potential that treats the semicore states (5d) of lead (Pb) as
valence electrons was used in our simulation because the valence d electrons are of prominent
chemical importance in transition-metal compounds [32], considering that the chemical and
physical properties of any system are determined by the inter-atomic interactions.

The exchange correlation energy of electrons was described using the generalized
gradient approximation (GGA) as parameterized by Perdew—Burke-Ernzerhof (PBE) [33]
and PBEsol [34]. The latter is a flavor of PBE that is specifically written to describe the
behavior of solids with good accuracy, as it minimizes their reliance on error cancellation
between the exchange part and the correlation part. For optical study, a k-point mesh of
6 X 6 x 6 was applied, the plane wave cut-off energy was adjusted to 300 eV as a trade-
off, and ground-state wave functions were used as input for GW( and BSE calculations.
The absorptivity data obtained upon calculating the optical properties of our material
at the Bethe—Salpeter level of approximation were used as ingredients together with the
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computed value of the optical gap to estimate the upper limit of solar conversion efficiency,
based on the SLME mathematical model as applied by Choudhary et al. [35].

3. Results and Discussion
3.1. Structural Parameters

The structural data for the pseudo-cubic methylammonium lead iodide layer is pro-
vided in Table 1, and the resultant unit cell of the crystal structure is provided in Figure 1
(left) as visualized using the XCrySDen tool [36] in ball-and-stick format. Its 3 x 2 x 3
supercell is provided in Figure 1 (right) as viewed using VESTA software [37], represented
in polyhedral format in order to obtain a pictorial representation of the perovskite structure,
where the Pbls octahedra are shaded gray. Our compound of study shows a slight variation
from the ideal unit cell of a cubic structure in that the f-value deviates from 90° by a small
margin of less than 2° for both the PBE and PBEsol functionals considered. This gives
rise to a pseudo-cubic structure of CH3NH3Pbl; perovskite, where the lattice constants in
the x-, y-, and z-axes vary by a small margin. The deviation from an ideal cubic structure
is thought to arise from the presence of the organic cations that break the ideal lattice
symmetry [38]. This has been reported by various researchers as well [20,39,40].

Figure 1. Crystal structure of pseudo-cubic CH3NH3Pbl; alongside the polyhedral format of the
structure (color online).

Figure 2 shows the total energy per formula unit as a function of the lattice constant
of pseudo-cubic CH3NH;3Pbl;. This indicates how the optimized values of the equilibrium
lattice constant @ were obtained using PBE and PBEsol functionals. Note that the dots and
stars indicate the data obtained from the calculations whereas the lines indicates the linear fits.
Consequently, for the pseudo-cubic structure, when the lattice constant a changes, b and c also
change. The optimized ground state lattice constants in x-, y-, and z-axes, together with the
obtained volume (V) and density (p), are listed in Table 1 alongside other existing reports.

~50.4 4 — PBE —— PBEsol
—=51.71

=50.5 1

|
@
I
@

—50.6

|
o
=
©

=50.7 1

Energy (eV)
Energy (eV)

=52.0 1
—50.8 1

T T T T T -52.1 T T T T T T T
6.2 6.4 6.6 6.8 7.0 6.0 6.1 6.2 6.3 6.4 6.5 6.6

Lattice constant (A) Lattice constant (A)

Figure 2. Optimization of lattice constant a using PBE and PBEsol functionals.
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Upon comparing our obtained values of lattice constants, we note that they are in
agreement with previously reported theoretical values as provided. They are also within
the limit of the existing experimental data, whose reported lattice constant values range
from 6.27 A t0 6.391 A as relayed in previous studies [13,41-43]. The units of the structural
parameters listed in Table 1 are as follows: lattice constants (A), angles (°), volume (A3),
and density (g/cm?). From Table 1, we observe that the optimized values of the lattice
constants obtained using the PBEsol functional mimic better the ground state structure of
our material of interest compared to experimental findings, relative to PBE. This is crucial
since the first-principles calculations can be applied to compute various physical properties
of a material based on the crystal structural information. Thus, our subsequent calculations
of other properties of interest were only done using the PBEsol functional.

Table 1. The optimized structural parameters for pseudo-cubic CH3NH3Pbl3, alongside other

published results.
Functional a b c o B v Vv P
Calc. (PBE) 6.465 6.385 6.516 90.0 90.0 88.80 26895  3.828
Calc. (PBEsol) 6.258 6.207 6.346 90.0 90.0 89.17 24649  4.177

Others (PBEsol) [38] 6290 6230 6370 - - - - -
Others (PBEsol) [20] 6280 6220 6370 - - -

Others (PBE) [39] 6400 6370 6470 89.9  89.9 9020 264.14 -
Others (PBEsol) [39] 6280 6250 6350 89.6  89.8 9190 249.42 -

3.2. Mechanical Parameters

Upon undertaking the elastic constant calculation of our perovskite compound, we
obtained a 6 x 6 elastic tensor consisting of elastic constants. These were then applied in
computing other mechanical descriptive parameters such as the bulk, shear, and Young's
modulus by using Equations (1) and (2) alongside other existing theoretical and experi-
mental reports on its mechanical properties as provided in Table 2, where we observe an
adequate correlation. The bulk modulus, independent elastic coefficients, shear modulus,
Young’s modulus, and Poisson’s ratio are denoted by B, Cl-]-, G, E, and v, respectively. Note
that, in this study, we adopted Hill’s averaging scheme, which frequently gives the mean
of the Voight and Reuss values. The Voight scheme often overestimates numerical data,
as it assumes a uniform strain, whereas the Reuss method underestimates numerical data,
since it presumes a uniform stress [44].

Table 2. The calculated mechanical parameters for pseudo-cubic CH3NH3Pbl3 in comparison with
previously published results.

C11 C12 C44 B G B/G E v
Calc (PBEsol) 33.72 7.85 3.06 16.47 5.71 2.88 15.35 0.34
Others (PBEsol) [20] 30.90 7.90 3.20 15.60 6.50 2.48 17.20 0.31
Others(PBE) [39] 38.97 9.30 6.18 17.96 8.63 2.08 22.32 0.29
Others(PBEsol) [39] 43.62 791 4.16 18.18 7.02 2.58 18.67 0.33
Others (PBE) [40] 26.87 8.60 10.57 15.80 7.60 2.08 20.60 0.25
Others (PBE) [45] 27.11 11.10 9.20 16.40 8.70 1.89 22.20 0.28
Expt. [46] - - - 13.90 5.40 2.57 14.30 0.33

1 1 1
B= §[C11 +2Cpp); Gy = E(GV +Gr); Gy = g[cn — C12 +3Cy4] )

The shear modulus obtained when Hill’s averaging scheme was applied is denoted
Gp, whereas Gy and Gr denote the values of the shear modulus obtained using the Voight
and Reuss averaging schemes, respectively.

_ 5Cy(Ci1 —Crp) 9BG

B-3G
- . E= s ov=
R 4Cy +3(Cyy — Cpy) G+3B

B+ 3G

1
> @
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The agreement between our predicted mechanical features of the pseudo-cubic MAPbI3
and other existing reports is good, with the shear modulus and Poisson’s ratio being well-
reproduced when compared with the experimental data taken along 100 faces of cubic
MAPDI; [46]. The computed values of the independent elastic coefficients provided in
Table 2 conform to Born mechanical stability criteria for cubic systems [47] when substi-
tuted into Equation (3), which affirms that the pseudo-cubic CH3NH;3Pbl; is a mechanically
stable material.

Ci1 —Cpp > 0; Ci1+2C1p > 0; Cy >0 3)

Thereafter, we utilized the values of the computed density (p), the bulk modulus
(B), and the shear modulus (G) provided in Tables 1 and 2 to predict the values of sound
velocities as well as Debye and melting temperatures as provided in Table 3, where Equa-
tions (4) and (5) were applied. Thermal properties of a material are related to the Debye
temperature (Op), as indicated in Equation (4), where kg is the Boltzmann constant, & is
the Plank constant, 7 is the number of atoms in its chemical formula, N4 is the Avogadro
constant, p is the density of the material, and M is the molecular weight.

Table 3. Calculated sound velocities as well as Debye and melting temperatures for pseudo-cubic
CH3NH;3Pbl;3, together with other published results.

Ut (] Um Op T £ 300
Calc. (PBEsol) 1189 2413 1597 173 752
Others (PBEsol) [20] 1257 2425 1670 180 -
Others (PBE) [45] 1455 2612 1620 175 -

The units of the sound velocities and both Debye and melting temperatures are
in meters per second (m/s) and Kelvin (K), respectively. The longitudinal, transverse,
and average sound velocities are denoted by v;, v;, and v, respectively, as indicated in
Equation (4).

1 e (2 1\ hl3n (N 3
v = 5[33 +4G]|;, v = ;; U = [3 <v3 + zﬁ)] ; Op = E [4; <Z\Ijlp>] Um (4)
t I

Melting temperature denoted by T;,;, was estimated using Equation (5).
T = [553K + (5.9K/GPa)Cy1] £ 300K )

3.3. Electronic Band Structure and Density of States for Pseudo-Cubic CH3NH3Pbl3

From the electronic band structure plot, the pseudo-cubic phase of CH3NH3Pbl3
possesses a direct band gap that is located at the E/M; wave vector in the irreducible
Brillouin zone. The electronic band gap obtained was 1.49 eV, which represents the energy
required to promote an electron within the electronic structure of the material from the
top of the valence band to the bottom of the conduction band. Our computed electronic
band gap is similar to that reported by Qian et al. [48] and is in accordance with previously
reported experimental values ranging from 1.50 eV to 1.57 eV [49-52]. The agreement
between our computed value of the band gap obtained using the PBEsol functional and the
existing experimental data is discernible, and the same applies to the findings obtained by
Umari et al. [53].

Partial density of states (PDOS) provide insights to the role of each atomic orbital in
the electronic properties of the system under study. From the partial and total density of
states plot provided in Figure 3, hybridization of lead and iodine components occur at the
top (bottom) of the valence (conduction) band near the Fermi level. The methylammonium
component (that is, carbon, nitrogen, and hydrogen) contributes only at energy levels
that are far from the Fermi level, hence having minimal impact on the electronic behavior
of the pseudo-cubic phase of methylammonium lead iodide. Its direct band gap greatly



Photonics 2024, 11, 372

7 of 11

promotes radiative recombination of electron-hole pairs, thus resulting in more photons
being emitted. For an indirect band gap material, radiative recombination is less likely to
occur because phonons are required in the process.
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Figure 3. Electronic band structure alongside the total and partial density of states.

3.4. Optical Properties

Optical properties provide crucial information about how a given material tends to
respond to the incident radiation. Thus, the incoming photons can be absorbed, conducted,
dispersed, refracted, reflected, or transmitted at various degrees. Although the primary
optical property of interest is the absorption coefficient in reference to its efficiency in
generating electricity, other properties will be examined as well so as to obtain a wider
scope, since they are interrelated. For instance, the lower the photon reflectivity index of a
material, the higher the degree of absorption of the solar radiation. We derived its optical
features, such as reflectivity R(w), absorption a(w), refractive index n(w), energy loss L(w),
and the extinction coefficient k(w) with respect to photon energy (w), from the real part
€1(w) and imaginary part €;(w) of the dielectric function as per the Krammer—Kronig
relations [54,55] provided in Equations (6) and (7).

) = 5 | /&) + B >+el<w>}%;a<w>=xfz[ e%<w>+s%<w>—sl<w>]% ©

(w) + & (w) — el(w)];L(a)) = £2(w) ‘ e1(w) +jea(w) —1 "

[G(w) +&(w)] Vel (w) +jea(w) +1

Optical examination acts as a probe into the photo-physics of CH3NH3Pbl3 as the
absorber layer in a single junction solar cell. The extinction coefficient is a measure of
the damping of the electromagnetic wave as it passes through a medium. It indicates the
rate of transmitted light via scattering and absorption for a medium. The visible regime
of the electromagnetic spectra ranges from 1.65 to 3.3 eV (translating to a wavelength of
between 390 to 770 nm) and is very crucial for getting insights about the optical features of
any material [56]. Moreover, light is poorly absorbed in materials with a low absorption
coefficient. The static values of the dielectric constant (g1), the refractive index (1), and the
extinction coefficient (k) were obtained to be 3.8, 1.95, and 1.38, respectively, as provided in
Figure 4. A large static dielectric constant is essential for obtaining an efficient active layer in
classic solar cells for better control of the electron-hole recombination process [57]. The real
part (¢1) and imaginary part (e2) of the dielectric constant represent charge polarization
and dissipation, respectively. The highest value of reflectivity is attained when the energy
of the incoming photons is about 2.7 eV. At this energy value, approximately 30% of the
incoming solar radiation is reflected, as indicated by the blue dotted line in Figure 5.
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Figure 5. Reflectivity alongside the energy loss function.

As revealed in the optical data plot provided in Figure 6, the pseudo-cubic MAPbI;
has a high value of absorption coefficient of about 2.1 x 10° cm~! at a photon energy of 4 eV,
where the first absorption peak is located. This compound has a high optical absorption in a
wide spectral range as shown, with an optical absorption coefficient on the order 10> em 1,
which contributes to the effective utilization of solar radiation. Moreover, such an order
of magnitude for the optical absorption coefficient has been reported by various scholars
as well [40,58,59]. If a material has a high absorption coefficient, it signifies that it absorbs
more photons that excite electrons from the valence band to the conduction band.

w

Absorption coefficient ( 10° cm'l)

\Eg a6V

Photon eﬁoergy (eVis Thickness (um)

Figure 6. Absorption coefficient alongside the simulated power conversion efficiency via the
SLME approach.



Photonics 2024, 11, 372 9of 11

The highest value of energy loss occurs outside the visible region, and the optical
gap of the material was obtained to be 1.46 eV that was extracted upon drawing a tangent
at the onset of the first absorption peak, and the magnitude of the obtained optical gap
affirms the suitability of this material in photovoltaic applications when the light-absorbing
material is perovskite. Our obtained value for the optical band gap of our material as
well as its absorption coefficient deduced from Figure 6 were utilized in computing the
simulated SLME value at room temperature using the Jarvis tools [60]. SLME takes into
account the band gap, the shape of the absorption spectra, and the material-dependent
non-radiative recombination losses. The theoretical value of the SLME upper value of about
33% (indicated by the red dotted lines in Figure 6), obtained from simulation when thin
film thickness is 1 pm, suggests that this material is suitable for solar cell applications. Our
simulated value for the SLME is comparable to that reported by Qian et al. [48] of 31%.

4. Conclusions

We have investigated the structural, mechanical, electronic, and optical properties
of the pseudo-cubic phase of methylammonium lead iodide using the first principles
approach. From our electronic dispersion analysis, this material has a direct band gap.
Moreover, lead (Pb) and iodine (I) ions play an important role in the material’s electronic
properties, whereas methylammonium (MA) forms its structural framework. Electronic
band structure analysis revealed that the origin of the energy gap in the pseudo-cubic
CH3;NH;3Pbl; compound lies in the states of the inorganic component (Pbl3), since the
organic component (CH3NH3) does not contribute to the bands near the Fermi level.
Our computed values of elastic properties confirm that this compound is ductile and
mechanically stable. Additionally, we have simulated the upper theoretical value of its
power conversion efficiency while also providing a comprehensive probe into its optical
properties such as reflectivity, absorption, extinction, energy loss, and refractivity.
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