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Abstract—This study explores the electronic and struc-
tural characteristics of cubic methylammonium lead bromide
(CH3NH3PbBr3) through Density Functional Theory (DFT) cal-
culations performed with Quantum ESPRESSO. Following rigor-
ous convergence benchmarks (Ecutwfc = 45 Ry, Ecutrho = 300
Ry, and a 3 × 3 × 3 k-point grid), the simulated X-ray diffrac-
tion pattern is consistent with a single-phase cubic perovskite
structure. Our results identify a direct band gap of 2.01 eV
situated at the R high-symmetry point. Analysis of the Partial
Density of States (PDOS) reveals that the Valence Band Maximum
is primarily composed of Pb(s) and Br(p) states, while the
Conduction Band Minimum is governed by Pb(p) anti-bonding
orbitals. These findings underscore the material’s suitability for
optoelectronic devices operating in the visible spectrum (λ ≈ 617
nm).

Keywords—Hybrid perovskite, Density Functional Theory,
Quantum ESPRESSO, Band gap engineering, Electronic struc-
ture, Optoelectronics.

I. INTRODUCTION

Organic–Inorganic Hybrid Perovskites (OIHPs) have
emerged over the past decade as one of the most
scientifically compelling classes of materials [1]. This
growing interest stems from their broad potential in next-
generation optoelectronic devices, such as high-efficiency
solar cells, light-emitting diodes (LEDs), and photodetectors,
which has driven intense and sustained research activity in
the field.

Within this family, Methylammonium Lead Bromide
(CH3NH3PbBr3, hereafter MAPbBr3) stands out as a highly
promising candidate for various applications, particularly in
photovoltaic technology [2]. However, to fully optimize the
performance of MAPbBr3 based devices regarding their syn-
thesis, properties, and scalability, it is essential to possess a
fundamental and detailed understanding of their structural and
electronic properties at the simulation level [2] [3]. The nature
of its band gap and the orbital composition of its frontier bands
(valence and conduction) are critical parameters that dictate its
efficiency in photon absorption and emission [4].

The state of the art in hybrid perovskites, summarized in
Table I, includes diverse theoretical and experimental studies
on these materials. Research has focused on the electronic
structure and band gap using DFT. Tauheed et al. [5] and Yu
et al. [6] investigated the MAPbX3 (X=I,Br) perovskite via
DFT calculations, determining a direct band gap between 1.49
and 1.92 eV, respectively. In parallel, experimental research
has validated the crystalline phases [7] and demonstrated
the tunability of the band gap through halide substitution
(e.g., Chlorine), achieving values ranging between 2.2 and
2.9 eV [8]. Other efforts have been directed toward improving
stability, a key challenge for these materials, through eco-
friendly synthesis and doping [9], or toward the development
of more precise and efficient computational methods [10].

TABLE I
SUMMARY OF RELEVANT RESEARCH ON HALIDE PEROVSKITES

Authors Bandgap Research Summary
Tauheed
et al. [5]

2.02 eV DFT study of the electronic structure and mo-
bility of pristine and fluorinated MAPbX3 per-
ovskites.

Yu et al.
[6]

1.92 eV DFT study (with vdW interactions) of the elec-
tronic properties of CH3NH3PbX3 (X=I, Br),
confirming direct band gap (1.49 eV for I, 1.92
eV for Br).

Jung et
al. [7]

2.27 eV Identification of the electronic structure and
phases in CH3NH3PbBr3 crystals. The band
gap was measured using Raman spectroscopy.

Alvarez
et al. [8]

2.2 - 2.9 eV Investigation (SXRD) of
CH3NH3Pb(Br1−xClx)3 powders,
demonstrating the band gap can be tuned
(2.2–2.9 eV) by varying Cl concentration.

Nazim
et al. [9]

2.33 eV Development of an eco-friendly synthesis for
Co-doped (Co2+) CH3NH3PbBr3 nanocrystals
to improve stability.

Tao et
al. [10]

2.40 eV Proposes a method (DFT-1/2) to predict the
band gap with accuracy similar to the GW
method, but at a lower computational cost.

Rugut et
al. [11]

1.49 eV DFT study of the structural, mechanical,
and optoelectronic properties of CH3NH3PbI3,
finding a direct band gap of ∼1.49 eV.
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Despite recent advances, further computational study of the
cubic phase of CH3NH3PbBr3 remains necessary. Therefore,
this work develops a systematic approach based on DFT
calculations implemented in Quantum ESPRESSO, comple-
mented by structural visualization with VESTA. The use
of Cif2cell allows for efficient file transformation between
both environments, enabling the definition of a clear and
applicable methodology for future research on materials with
optoelectronic potential, while also considering computational
cost. In this context, the objective is to characterize the
electronic properties based on the band structure and density
of states, identifying the nature of the band gap and the orbital
contribution.

II. COMPUTATIONAL METHODS

The simulation of the structural and electronic properties
of cubic MAPbBr3 perovskite was conducted using first-
principles calculations based on DFT. The complete compu-
tational workflow is schematically illustrated in Figure 1. The
initial cubic crystal structure of MAPbBr3 was obtained from
Crystallographic Information Files (CIF), which were subse-
quently visualized and analyzed using VESTA software [12].
Based on this structure, theoretical XRD patterns were simu-
lated.

Fig. 1. Computational methodology workflow. The process starts with a
CIF file, visualized in VESTA and converted by Cif2Cell for Q.E. The DFT
workflow includes structural (XRD) and electronic property (band structure,
DOS) analyses.

For the DFT calculations, the CIF files were processed using
the Cif2Cell utility [13] in order to generate the appropriate
input files for the Q.E. simulation package [14], [15]. All
DFT calculations were carried out within the Q.E. framework,
employing the Generalized Gradient Approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) for the exchange-correlation
functional, along with ultrasoft pseudopotentials to describe
the electron-ion interactions. For the property analysis, a
complete structural optimization (geometry relaxation) of both
the lattice parameters and the internal atomic positions was

performed, until the forces and energy were minimal in
the structure. Following the relaxation, Self-Consistent Field
(SCF) calculations were proceeded with to obtain the ground-
state electron density. Finally, the electronic band structure and
the total and partial Density of States (DOS) were calculated
along high-symmetry points in the first Brillouin zone, thus
allowing for the analysis of the electronic characteristics and
the band gap (Eg) of the materials.

III. RESULTS

A. Structural Model and Simulated XRD Pattern of
CH3NH3PbBr3

The structural analysis focused on the cubic phase of the
methylammonium lead bromide perovskite (CH3NH3PbBr3).
As illustrated in the inset of Figure 2, the structure adopts the
archetypal ABX3 perovskite architecture. The crystal lattice is
defined by a three-dimensional framework formed by corner-
sharing [PbBr6]4− octahedra (containing the B and X sites).
The organic methylammonium cation (CH3NH+

3 ) occupies the
A site, located within the large interstitial void formed by
this octahedral cage. This high-symmetry cubic configuration,
visualized with VESTA, is fundamental for understanding the
electronic and optical properties of the material and served as
a validated starting point for the subsequent DFT calculations.

To validate the crystal structure and provide a reference for
experimental characterization, the XRD pattern was simulated
from the optimized unit cell. Figure 2 shows the theoretical
diffractogram, which exhibits a series of sharp and well-
defined Bragg peaks. This sharpness is indicative of a high
degree of crystallinity and long-range order. The principal
reflections in the XRD pattern are located at the following 2θ
angles and correspond to the indicated crystallographic planes
(Miller indices).

The three most intense reflections are observed at approx-
imately 15◦, 30◦, and 34◦, which are indexed and corre-
spond to the crystallographic planes (001), (002), and (012),
respectively. This simulated pattern serves as an essential
computational "fingerprint" for phase identification and purity
confirmation of experimentally synthesized CH3NH3PbBr3
samples.

B. Energy Convergence Tests and Structural Optimization

Before proceeding with the calculation of the electronic
properties, a systematic convergence study was carried out to
determine the optimal computational parameters for the DFT
simulations of CH3NH3PbBr3 with Q.E. This step is critical
to ensure that the results are computationally efficient and, at
the same time, physically precise, minimizing the numerical
errors associated with the convergence of the cutoff energy
and the density of the k-point mesh. Figure 3 summarizes the
results of these convergence tests.

First, the wavefunction cutoff energy (Ecutwfc) was deter-
mined. Figure 3(a) shows the total energy of the system as
a function of Ecutwfc, where it is observed that the energy
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Fig. 2. Simulated XRD pattern of cubic CH3NH3PbBr3 generated via
VESTA. It serves as a high-crystallinity phase reference, highlighting main
Bragg reflections at 15◦, 30◦, and 34◦. The inset depicts the ABX3 unit
cell, showing CH3NH+

3 cations occupying the voids within the corner-sharing
PbBr6 octahedral framework.

Fig. 3. Convergence studies of key DFT parameters for CH3NH3PbBr3 calcu-
lations. (a) Convergence of wavefunction cutoff energy (Ecutwfc), converging
at 45 Ry. (b) Convergence of charge density cutoff energy (EcutRho), set at
300 Ry. (c) Convergence of k-point mesh density, stabilizing with a 3 × 3 ×
3 mesh. (d) Optimization of the unit cell volume to find the equilibrium state.

converges (i.e., stops varying significantly) starting from 45
Ry. Based on this, that value was selected. Subsequently,
convergence was performed for the charge density cutoff
energy (EcutRho), establishing a value of 300 Ry (Figure 3(b)).
Next, convergence with respect to the density of the k-point
mesh in the Brillouin zone was evaluated. As illustrated in
Figure 3(c), the total energy stabilizes with a Monkhorst-

Pack mesh of 3×3×3, which was selected for the structural
optimization and electronic properties calculations.

Using the converged cutoff parameters and k-point mesh
(45 Ry, 300 Ry, and 3×3×3), a complete optimization of
the unit cell geometry (’vc-relax’ calculation) was performed.
Figure 3(d) displays the total energy variation as a function of
the cell volume. The structural optimization required to achieve
the minimum energy configuration (ground state) was per-
formed using the BFGS (Broyden–Fletcher–Goldfarb–Shanno)
minimization algorithm. This method iteratively minimizes
the system’s total energy by reducing the Hellmann-Feynman
forces on the ions and the Nielsen-Martin stress tensor on the
unit cell [16], [17]. The resulting optimized structure defines
the equilibrium volume and the material’s theoretical lattice
parameter in its ground state, corresponding to the minimum
energy achieved by the convergence of the algorithm.

This fully relaxed structure served as the starting point for
all subsequent calculations, including the determination of the
band structure and the density of states.

C. Total and Partial Density of States (TDOS/PDOS) Analysis

Once the equilibrium geometric structure was obtained,
the Total Density of States (TDOS) and the Partial Density
of States (PDOS) were calculated to determine the orbital
composition of the electronic bands. Figure 4 presents the
TDOS (black line) and the PDOS projected onto the different
atoms and their orbitals for the CH3NH3PbBr3 compound. The
Fermi level (EF ), which separates the occupied states (valence
band) from the vacant states (conduction band), has been set
to 0 eV. The results confirm the semiconductor nature of the
material, evidenced by a clear band gap where the density of
states is zero.

The detailed PDOS analysis reveals the composition of
the Valence Band Maximun (VBM). The top part of the
valence band, from approximately −4.3 eV up to the Fermi
level (0 eV), is predominantly formed by Br(4p) orbitals
(blue shaded area). In this same region, there is a significant
contribution from Pb(6s) orbitals. This hybridization between
the Pb(6s) and Br(4p) orbitals is characteristic of lead halide
perovskites and gives rise to the anti-bonding character of the
VBM. Additionally, a sharp, localized peak is observed in the
deep valence band, near −5.2 eV, which originates almost
exclusively from Pb(6p) orbitals, corresponding to the lead’s
’p’ lone pair state. States associated with the organic cation
(C(2p), N(2p), and H(1s)) are found in even deeper valence
bands (below −6 eV), indicating that they do not participate
directly in the formation of the valence band edge.

Above the Fermi level, the Conduction Band Minimum
(CBM) and the bottom part of the conduction band (from
approx. 2 eV up to 6 eV) are dominated by the Pb(6p) orbitals
(red dots). In this same range, minor contributions from
Br(4p) and the organic cation’s orbitals appear at much higher
energies. This PDOS analysis confirms that the fundamental
optoelectronic properties of CH3NH3PbBr3 are governed by
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Fig. 4. The Partial Density of States (PDOS) analysis for CH3NH3PbBr3
confirms the optoelectronic dominance of the PbBr6 framework. The VBM
is formed by hybrid Br(4p) and Pb(6s) orbitals, while the Conduction Band
is dominated by Pb(6p) states. Organic cation orbitals (C(2p)/N(2p)/H(1s))
are localized in deep valence bands (≈ −5.2 eV), showing minimal contri-
bution to the band gap edge.

the inorganic anion [PbBr6]4−. Specifically, the band gap
transition occurs between the hybrid Pb(6s) − Br(4p) states
of the VBM and the Pb(6p) states of the CBM, while the
methylammonium molecule (CH3NH+

3 ) primarily acts as a
structural spacer, due to the fact that it does not participate
directly in the formation of the electronic states that define the
forbidden band (VBM and CBM), limiting its function almost
exclusively to the geometric support of the unit cell.

D. Band Structure and TDOS

To evaluate the optoelectronic potential of the
CH3NH3PbBr3 perovskite, its electronic band structure
and density of states (DOS/PDOS) were calculated, as
presented in Figure 5. The band structure was plotted along
the high-symmetry paths (Γ → X → M → Γ → R → X) in
the first Brillouin zone, with the Fermi level (EF ) adjusted
to 0 eV. The analysis reveals that the VBM and the CBM
are concurrently located at the high-symmetry point R. This
alignment confirms that the CH3NH3PbBr3 in its cubic phase
is a direct band gap semiconductor. The calculated band
gap value at this point is Eg = 2.01 eV. This direct gap
nature is highly desirable for photovoltaic and light-emitting
diode (LED) applications, as it allows for efficient electronic
transitions (absorption and emission of photons).

The analysis of the PDOS is shown on the right side of
Figure 5, which provides a fundamental vision of the orbital
composition of the frontier bands. It is confirmed that the VBM
(upper edge of the valence band) is predominantly formed by
a hybridization of the Pb(6s) and Br(4p) orbitals. Conversely,
the CBM (lower edge of the conduction band) is dominated
almost exclusively by the Pb(6p) orbitals. The PDOS also
demonstrates that the states associated with the organic cation
(C, N, H) are localized in deep valence bands (mainly between
−5 eV and −10 eV), far below the Fermi level. This indicates
that the methylammonium molecule acts primarily as a struc-
tural spacer, while the optoelectronic properties in the band
gap are governed by the inorganic anion [PbBr6]4−.

Fig. 5. The DFT-calculated band structure for CH3NH3PbBr3 reveals a direct
band gap (Eg = 2.01 eV), confirmed by the VBM and CBM coinciding at
the R point of the Brillouin Zone. The PDOS analysis shows that the frontier
bands are governed by the PbBr6 inorganic framework, with the VBM formed
by hybrid Pb(s) and Br(p) states, and the CBM dominated by Pb(p) orbitals,
underscoring the material’s potential for optoelectronic applications.

IV. DISCUSSION OF RESULTS

A. Analysis of Structural and Electronic Properties

The simulated XRD pattern of the CH3NH3PbBr3 per-
ovskite in its cubic structural phase shows sharp and well-
defined Bragg peaks, notably in the (001), (002), (012), and
(011) orientations, along with others of lower intensity, which
is characteristic of high crystallinity (Figure 2). These orien-
tations are in agreement with experimental results obtained
by Evans et al. [18]. This pattern serves as a computational
"fingerprint" that provides the starting structure for DFT cal-
culations and validates the experimental XRD results.

The analysis of the PDOS, detailed in Figure 4 and projected
in Figure 5, is of great importance for understanding the optical
properties of the perovskite under study, above the Fermi
level, the CBM and the lower conduction region (2–6 eV) are
mainly composed of Pb(6p) states. Minor contributions from
Br(4p) and organic orbitals appear only at higher energies. This
indicates that the optoelectronic response is mainly controlled
by the inorganic [PbBr6]4− framework [6].

The central result of this research is the determination of
the electronic band structure, shown in Figure 5. The analysis
reveals that the CH3NH3PbBr3 perovskite in its cubic phase
possesses a direct band gap with a calculated value of Eg =
2.01 eV, which is consistent with previous experimental and
theoretical results, see Table II.

The direct nature of the band gap (Eg = 2.01 eV) is highly
relevant for optoelectronic applications of the perovskite. A
direct band gap provides information about electronic transi-
tions (photon absorption and emission). The obtained Eg value
(2.01 eV) corresponds to a cutoff wavelength (λc = hc/Eg)
of approximately 617 nm, within the visible spectrum (orange-
red). This places the absorption edge firmly within the visi-
ble range, allowing CH3NH3PbBr3 to absorb photons with
sufficient energy to excite electrons from the valence band
to the conduction band, effectively making it a conductive
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material. This result makes it an ideal candidate as a visible-
light absorber and electron generator for solar cell applications.

Our theoretical results are compared with previous studies
in Table II. The band gap of 2.01 eV was obtained using
the GGA-PBE exchange and correlation functional, and is
consistent with reported theoretical and experimental values,
which range between 1.49 and 2.02 eV. This variation of
bandgaps is mainly due to simulation factors such as the choice
of exchange-correlation functional (PBE, PBEsol, HSE06), the
inclusion of relativistic effects and spin-orbit coupling (SOC),
the k-point mesh density, the plane-wave cutoff energy, and
the orientation of the CH3NH+

3 cation. On the other hand,
experimental band gap values ranging from 2.2 to 2.35 eV may
differ due to synthesis methods, defects, grain size, quantum
confinement, and measurement conditions. Our result falls
within the expected range, validating the reliability of the DFT
approach employed.

TABLE II
COMPARISON OF CALCULATED AND EXPERIMENTAL BAND GAPS FOR

CH3NH3PBBR3 (LITERATURE REVIEW)

Ref. Structure Theor. Eg Exp./Ref. Eg

[5] cubic 2.02 eV 2.23, 2.35 eV
[8] cubic - 2.2 eV
[7] cubic - 2.27 eV
[9] cubic - 2.33 eV
[6] pseudo-cubic 1.92 eV 2.2 eV, 2.25 eV
[11] pseudo-cubic 1.49 eV -
[10] pseudo cubic 2.40 eV 2.33–2.35 eV

V. CONCLUSION

In this work, the cubic phase of CH3NH3PbBr3 was
analyzed via first-principles calculations to characterize its
electronic behavior. The simulated diffraction pattern agrees
with experimental signatures, supporting the structural model.
Convergence analysis was essential to guarantee dependable
computational results.

Our analysis shows that CH3NH3PbBr3 exhibits a direct gap
at the R point, with an energy of approximately 2.01 eV. The
band-edge states are largely dominated by the octahedral Pb-
Br network. As a result, the absorption onset falls in the visible
spectrum, which is favorable for solar energy conversion.

Finally, the comparison with previous studies shows that
the band gap obtained in this work lies within the range
reported in the literature, both for theoretical simulations and
experimental measurements. This agreement confirms that our
result is consistent with previous studies. Overall, these results
validate the reliability of the DFT approach employed and
highlight the potential of CH3NH3PbBr3 for photovoltaic and
optoelectronic applications.
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