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Abstract: Halide perovskites are widely used as components of electronic and optoelectronic devices
such as solar cells, light-emitting diodes (LEDs), optically pumped lasers, field-effect transistors,
photodetectors, and γ-detectors. Despite this wide range of applications, the construction of an
electrically pumped perovskite laser remains challenging. In this paper, we numerically justify that
mixing two perovskite compounds with different halide elements can lead to optical properties
suitable for electrical pumping. As a reference, the chosen model material was CsPbBr3, whose
performance as a part of lasers has been widely recognised, with some Br atoms substituted by I
at specific sites. In particular, a strong enhancement of the low-energy absorption peaks has been
obtained using the ab initio Bethe–Salpeter equation. Based on these results, we propose specific
architectures of ordered doping that could be realised by epitaxial growth. Efficient light emission
from the bottom of the conduction band is expected.

Keywords: halide perovskites; electrically-pumped lasers; optical properties; ab initio Bethe–Salpeter
equation

1. Introduction

The rapid development of epitaxial growth techniques has made it possible to obtain
very high quality crystals with atomically tailored structures. These crystals have the
desired properties for use as components in optoelectronic devices. In the context of
this paper, the first epitaxial growth of halide perovskites with the formula ABX3 (where
A is typically a small organic molecule or an inorganic monovalent cation A1+, B is a
divalent cation such as Pb2+, Sn2+ or Ge2+, and X is a halide anion Cl1−, Br1− or I1−) was
achieved in 2017 [1]. Since then, halide perovskites have been grown using many epitaxial
techniques [2] including vapour phase deposition [3], electrodeposition [4], spin coating [5],
and ion exchange [6]. One-dimensional (1D) structures resembling nanowires have been
grown on the steps of the substrate surface [7], while 0D quantum dot-like structures have
been obtained using the core-shell epitaxy technique [8].

In general, epitaxial growth is inevitably related to the lattice mismatch between adja-
cent layers. In this sense, the lattice constants of halide perovskites are highly dependent on
the type of halide. The iodide compounds have the shortest B–X bonds, while the chlorides
have the longest ones, with those of the bromides in between. The corresponding sizes
of the fundamental band gaps follow the reverse order of the lattice constants. To reduce
the stresses in each deposited layer during epitaxy, the material with the larger lattice
constant is grown on top of the compound with the shorter one. This is a common solution
used to produce optoelectronic devices based on wurtzite III–V nitrides. For example,
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the bond lengths increase in the series of AlN, GaN, and InN, and the fundamental band
gaps decrease accordingly [9]. Thus, the common deposition order is InGaN on pure
GaN [10]. The growth of GaN on AlGaN would be desirable but less convenient for doping
purposes since only high temperature and high pressure conditions are useful for these
crystals [11,12]. In contrast, halide perovskites can be grown easily and cheaply using
alternative techniques [2], which produce layered compounds that are even more stable
than the bulk crystals. This has been achieved, for example, by depositing Cl-rich layers
on Br-rich substrates with posterior relaxation by high temperature annealing [13]. In this
work, we show that doping the shortest lattice constant (and larger bandgap) halide per-
ovskite by depositing one-atom thick interlayers of the largest lattice constant might lead
to particular optical properties that could potentially enable the construction of electrically
pumped lasers.

The first optoelectronic devices realised with halide perovskites were solar cells [14],
whose efficiency has recently reached 25% [15], or even more than 30% in a hybrid tandem
configuration [16]. Although the working principle of a photodetector is similar to that
of a solar cell [17], it is surprising that X-ray and γ-detectors have also been reported [18].
Additionally, field effect transistors [19] and neuromorphic recognition devices [20] based
on halide perovskites also exist. Regarding lasers, the first optically pumped perovskite
lasers were reported in 2014 [21,22]. A year later, the first amplified spontaneous emis-
sion and lasing devices with a low pump threshold of 5 ± 2 µJ cm−2 [23] and the first
perovskite LEDs operating at room-temperature were reported [24]. Since then, many
reviews on lasers and LEDs have been published [25–34]. In terms of laser operation, both
continuous wave [35] and ultrashort pulse [36] lasers are available, and polariton lasers
have also been reported [37]. As for the cavity types, the cavity-free (whispering gallery
mode) [38], random [39], microcavity [40], and Fabry–Perot [41] lasers have been con-
structed. In terms of dimensionality, perovskite lasers can be divided into many categories,
including nanocrystals [42], quasi-2D [43], thin films [44], nano- and microplates [45,46],
nanowires and nanoribbons [47,48], quantum dots embedded in silica spheres [49] or in
glass tubes [50], colloids [30], and arrays [51], among others. Despite the above-mentioned
successes in optical pumping, the construction of electrically pumped perovskite lasers is
still the subject of scientific research. Many experimental attempts have led to the emer-
gence of several lines of research to achieve this goal, usually based on the improvement
of the parameters characterising LEDs [52–57]. In this theoretical work, we focus on the
atomistic design of optically active materials with tailored excitonic properties.

The conditions required for the optimal performance of solar cells and lasers are op-
posed to each other. The former require semiconductors with weakly bound excitons, while
the latter require a material with strongly bound excitons and short radiative relaxation
times. We are interested here in lasers, and thus in exciton pairs with high binding energy,
which are usually formed when electrons and holes are localised in a small region of the
crystal, forming Frenkel excitons [58]. Localised electron–hole pairs can be achieved by a
suitable doping pattern in the host material. This requirement is common to both optically
and electrically pumped lasers. The difference between their respective modes of opera-
tion lies in the energetic position of the (localised) excited states, which have the shortest
relaxation time within the conduction band manifold. In the case of electrically pumped
lasers, the fast emission must come from the edge conduction states that are accessible
by way of the electrical charge injection. For optically pumped lasers, on the other hand,
any strong emission from any conduction state can be appropriate. We highlight this rule
in Figure 1, which shows the (schematic) shapes of the absorption spectrum and related
band structures for the two types of laser. It is easy to see that electrical pumping can
only occur in an absorption spectrum with a high peak at the low-energy edge, i.e., with
the corresponding band structure having localised states close to the band gap. Addition-
ally, electrical pumping requires some other physical conditions to be fulfilled, namely
the existence of a direct gap (so that no phonons are involved in charge relaxation) and,
more importantly, the existence of localised (i.e., with small radii) excitons. Note that the
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fulfilment of these conditions still does not guarantee that an electrically pumped laser
constructed from the solid studied here will be directly suitable for practical applications,
as we are not concerned with the electronic part of the devices; in particular, any discussion
about efficiency is beyond the scope of this paper.

Figure 1. Schemes of the typical absorption spectra and corresponding band structures for electrically
and optically pumped lasers.

Returning to the perovskite system, the strongest emission of light from halide per-
ovskites is expected from the Cs states located more than 4 eV above the conduction band
minimum (CBM); according to the previous paragraph, these states make them good can-
didates for optical pumping [59]. The valence band maximum (VBM) in these systems
consists mainly of states localised on the halide atoms, while the CBM consists mainly of
states localised on the B cation (usually states of Pb or Sn). The states of the A-cations are
known not to contribute to the lowest conduction bands, although some organic A-cations
have been theoretically predicted to add their states not very far from the gap and give
strong emission to other molecular cations [60].

In this paper, we explore the idea that a halide perovskite with a peak at the onset of
the absorption spectrum (and thus being potentially useful for electrically pumped lasers)
can be obtained from currently available materials through a suitable doping scheme.
In particular, a localised exciton near the gap can be created by adding a component with
a small gap to a second one with a larger gap. As an example, one can dope ABBr3 with
ABI3 or mix ABCl3 with ABBr3 [61]. Without losing generality, we have chosen here the
CsPbX3 perovskite, with X = Br as the host halide and X = I as the dopant. For simplicity,
we restrict ourselves to the cubic phase. Our results show that such a configuration does
indeed exhibit the desired feature at the onset of the absorption spectrum.

2. Calculation Details

Several simulation supercells were constructed by periodically repeating the ABX3
unit cell. The cases labelled M1 and M2 were constructed by stacking four elementary unit
cells along the z-axis, resulting in supercells with lattice parameters (1,1,4)a, where a is the
lattice parameter of the perovskite unit cell. The M3 case is an in-plane repetition of the
unit cell, with lattice parameters (2,2,1)a, and the M4 case is the bulky (2,2,2)a supercell.
In these defect-free supercells, some Br atoms were replaced by I atoms to simulate the
defective perovskites. In M1, the dopant atoms were placed in the basal plane, while in
M2 the dopants were placed in the BrCs plane of the undefective perovskite. In M2 the
dopant I atoms form vertical I-Pb chains. Finally, the PbI3 seeds are located within the M4
supercell. Figure 2 shows all the supercells considered in this paper.
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Figure 2. Atomic structures of the defective perovskite supercells. (a) M1 = (1,1,4)a, M2 = (1,1,4)a,
M3 = (2,2,1)a, and M4 = (2,2,2)a configurations. (b) Periodic repetitions of supercells M1, M2, M3,
and M4.

The constructed supercells were first relaxed within the density functional theory (DFT)
formalism [62,63]; the lattice constant was initially chosen as a = 5.94 Å, comparable to that
computed by DFT methods for the defect-free CsPbBr3 [64–66]. In the relaxation process, we
assumed that the epitaxial growth of the I-doped regions does not allow the planar change
of the interatomic distances when the CsPbBr3 crystal is used as a substrate. The DFT
calculations were performed within the generalised gradient approximation (GGA) with
the Perdew–Burke–Ernzerhoff [67] parameterisation for the exchange-correlation functional
using the Quantum Espresso package [68], a code that uses a plane-wave basis set and
pseudopotentials for the atomic cores. Norm-conserving pseudopotentials were used,
with the energy cutoff for the plane waves set to 60 Ry. The first Brillouin zone (BZ) was
sampled using uniform Monkhorst–Pack grids [46] with k-point meshes of 8 × 8 × 4 for
M1 and M2, 4 × 4 × 8 for M3, and 4 × 4 × 4 for M4.

To draw the band structures, we used the Wannier90 code [69], which finds the maxi-
mally localised Wannier functions (MLWFs) using the DFT solutions [70,71]. The Hamil-
tonian was then interpolated into the MLWF basis and the band energies were associ-
ated with the projection of the corresponding Bloch functions onto the iodine-centred
MLWFs. The special k-points along the band line directions are Γ = (0, 0, 0), X = (1, 0, 0),
M = (1, 1, 0), Z = (0, 0, 1), and R = (1, 1, 1).

The calculation and analysis of the optical spectrum was performed by solving the
Bethe–Salpeter equation (BSE) [72] from the DFT eigenvalues and eigenvectors using the
Yambo code [73,74], an implementation of the ab initio many-body perturbation theory
(ai-MBPT). This combined formalism has been successfully applied to a large number of
systems, including not only perovskite-based systems [75,76], but also other exotic solids
such as topological insulators [77]. The BSE explicitly includes electron–hole correlations,
such as those leading to the formation of excitons, in the Hamiltonian,

Hnn′k,mm′k′ = (εnk − εn′k)δnmδn′m′δkk′ + ( fnk − fn′k)
[
V̄nn′k,mm′k′ − Wnn′k,mm′k′

]
, (1)

where εnk and fnk denote the Kohn–Sham eigenvalues from the DFT and the Fermi–Dirac
distribution function, respectively, and

V̄nn′k,mm′k′ =
1

ΩNq
∑

G ̸=0
ρnn′(k, q = 0, G)ρ∗mm′(k′, q = 0, G)v(G) (2)
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describes the exchange interaction, and

Wnn′k,mm′k′ =
1

ΩNq
∑

GG′
ρnm(k, q = k − k′, G)ρ∗mm′(k′, q = k − k′, ′G)ϵ−1

GG′v(q + G′) (3)

denotes the scattering term. In Equations (2) and (3), Ω is the volume of the unit cell, Nq is
the number of points used to sample the BZ,

ρcvk(q, G) = ⟨ck|ei(q+G)·r|v, k − q⟩, (4)

with c and v labelling the conduction and valence bands involved in the transitions of inter-
est, respectively, and |n, k⟩ being the corresponding DFT eigenstates, and v(k + G) = 4π

|k+G|2
are the Fourier components of the unscreened Coulomb potential. In this work, we have
used the dipole approximation for the single transitions, so that

ρcvk(q, G) = lim
q→0

⟨ck|r|v, k − q⟩ ≡ ⟨e|D̂|h⟩.

On the other hand, the ϵ−1
GG′ term in (3) corresponds to the components of the complex

dielectric function. In general, the latter may be computed from an MBPT approach such as
the GW approximation [78]. Unfortunately, this approach is well beyond our computational
capabilities for the systems considered here. Instead, we have adopted a simplified scheme
consisting of a rigid 0.5 eV upward shift of the entire conduction band. This so-called
"scissor operator" approach is expected to slightly alter the quantitative results reported
here without changing the overall qualitative behaviour.

The diagonalisation of the BSE Hamiltonian (1) yields the excitonic energies Eλ and
states |λ⟩. These can be used to calculate the macroscopic dielectric function as [73]

ϵM(ω) ≡ 1 − lim
q→0

8π

|q|2ΩNq
∑

nmk
∑

n′m′k′
ρ∗nn′k(q, G)ρmm′k′(q, G′)∑

λ

Aλ
nn′k(Aλ

mm′k′)∗

ω − Eλ
, (5)

with
Aλ

cvk = ⟨cvk|λ⟩,

where |cvk⟩ denotes the DFT electron–hole state, i.e., the conduction band c and valence
band v DFT states at the same k-point k. Finally, from the macroscopic dielectric function,
the absorption spectrum is calculated, which is proportional to the imaginary part of (5).
Note that, for a set of excitons {λ}, the dielectric function (5) is written as

ϵM(ω) ∝ ∑
λ

∣∣∣∣∣∑e,h
Aλ

e,h⟨e|D̂|h⟩
∣∣∣∣∣
2

δ(Eλ − h̄ω) = ∑
λ

Sλ δ(Eλ − h̄ω), (6)

where Sλ is the strength of the λ exciton.
Two approaches were used for the ai-MBPT step from the DFT calculations. One of

these was non-relativistic (NR). The other one was fully relativistic and explicitly included
spin–orbit coupling (SOC) corrections; the inclusion of this effect is unavoidable, since the
band composition (and hence the character of the excitons in the absorption spectrum)
is strongly affected by relativistic effects [79]. The k-point meshes used for the ai-MBPT
calculations were 18 × 18 × 8 for the M1 and M2 supercells, 12 × 12 × 18 for the M3
supercell and 12 × 12 × 12 for the M4 supercell, in order to obtain convergent absorption
spectra within the Haydock diagonalisation scheme [80]. An example of a test carried out
to calibrate the number of k-points at the BZ is shown in Figure S1 of the Supplementary
Materials file. The number of orbitals for the polarisation function was more than twice
the number of electrons for each system. The plane waves were used up to energies of
10 Ry for the exchange components and 4 Ry for the screening and response block size.
The electron–hole interaction space was built on 10 orbitals near the Fermi level for the
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M1, M2, and M3 cases and 20 orbitals for the M4 case. The electric field vector orientations
were taken parallel to [100] in the epitaxial plane and perpendicular to it (i.e., out-of-plane)
along the z-axis [001].

3. Results and Discussion

The band structures of the supercells obtained within the DFT with SOC are shown
in Figure 3. It is known that the geometry of the supercell defines the position of the
fundamental band gap within the BZ. In our case, the M1 and M2 supercells are elongated
along the z-direction and the gap appears at the M-symmetry point. On the other hand,
the M3 supercell has a planar shape and the gap opens at Z, while the highly symmetric
shape of the M4 supercell causes the gap to appear at Γ. In any case, the gaps are likely to
be underestimated with respect to the experimental ones, if they were measured for these
epitaxial structures. This is a well-known pathological and systematic effect inherent to DFT,
which is due to the inability of any approximation for the correlation-exchange functional
to account for the real self-interactions within the electron gas. This underestimation could
be partially overcome by including pseudopotential self-interaction corrections (pSIC),
which, on the contrary, widen the gaps, as discussed elsewhere [81]. Unfortunately, to the
best of our knowledge, there is no implementation of pSIC with SOC available. Therefore,
the gap problem of DFT will be ignored in the following. After all, we are concerned here
with the spectroscopic properties of the selected supercells and not with the exact values of
the band gaps.

Figure 3. Band structures of the supercells considered in this work, calculated within the DFT
including SOC. The colour code is common to all cases and represents the projection of the bands
onto the maximally localised Wannier functions centred on the iodine atoms.

The colour code in Figure 3 shows the projection of the bands onto the MLWFs centred
on the iodine atoms. As will be discussed below, these atoms strongly influence the optical
performance of these systems. For the VBM, the corresponding projections are 79% for
the M1 case and 10% for M2 (both at the M point), 38% for M3 (at Z), and 31% for M4
(at Γ). At first glance, it might seem that the doping type of the M1 supercell would be
preferable to the others, but this is mainly due to the higher content of I atoms per four
formula units, i.e., two for M1 and one for M2 and M3; the M4 supercell contains three
iodides per eight formula units. In fact, the M1 and M3 cases have equally well-localised
valence top states due to the symmetry of the doping pattern, which includes the Pb-I



Materials 2024, 17, 427 7 of 15

chains in 2D for M1 and 1D for M3. The PbI3 grains in the M4 doping pattern interact less
with each other because they are separated by the distance of an elementary formula unit.
A larger separation would require many more atoms in the supercell; unfortunately, we
cannot afford such a calculation using ai-MBPT methods. Interestingly, the M2 case, which
contains the Pb-I-Pb grains separated by three formula units along the z-axis and does not
show a very significant contribution of I to the VBM, does exhibit a noticeable interaction
between the iodides in the I-Cs plane.

To bring to light the optical properties of these systems, Figure 4 shows the absorption
spectra calculated for all the studied supercells by solving the ab initio BSE on top of the
DFT+SOC solutions. As the low energy peaks are the most relevant for the following discus-
sion, the dotted lines in each plot highlight the heights of these peaks. For the anisotropic
supercells (M1, M2, and M3), the calculations were performed with two orientations of
the electric field vector, namely in-plane [110] and out-of-plane [001] orientations with
respect to the doping pattern. The M4 supercell is symmetric with respect to all three Carte-
sian axes; the same symmetry characterises the elementary cells of the pure compounds.
For comparison, the absorption spectrum of pure CsPbI3 (from ref. [59]) is added to the
Bethe–Salpeter spectrum in this case. For completeness, the corresponding spectra obtained
from NR calculations for the four supercells are shown in Figure S2 in the Supplementary
Materials. One can quickly see that the shapes of the curves calculated with and without
SOC are very different due to the orbital splitting of the large and small spinors. Also, for
comparison purposes, we include in the Supplementary Materials the absorption spectra
of Figure 4, normalised to the height of the main peak in each case (Figure S3). In what
follows, we will further analyse the results obtained with the relativistic methods.

Figure 4. Absorption spectra obtained from the ab initio Bethe–Salpeter equation for the supercells of
Figure 2. Data for pure CsPbI3 are included for a comparison. The electric field is polarised along
the [100] (in-plane) and [001] (out-of-plane) directions. Dotted lines indicate the height of the first
prominent peak.

For both M4 and pure CPbI3, the height of the first absorption peaks is around 20%
of the maximum of the absorption curves, while the anisotropic doping results in much
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higher first absorption peaks, reaching 60–70% of the maximum peak. For this reason,
we will omit the study of the M4 configuration, as it is unlikely to give optimal optical
properties. On the other hand, the absorption spectra of the M1 and M3 supercells show
that the orientation of the electric field should be within the Pb-I2 plane (for M1) and along
the Pb-I chain (for M3) in order to increase the low energy edge. This means that the crystal
orientation should obey the rule that the Pb-I bonds of the doping pattern are perpendicular
to the absorbed/emitted light beam.

As for the M2 doping pattern, an electric field polarised along the Pb-I-Pb bonds (i.e.,
[001]) yields a strong absorption peak, while a much more modest maximum appears for
the perpendicular [100] orientation (i.e., within the Cs-I plane). In other words, the intensity
of the first peak is stronger when the light beam is perpendicular to the Pb-I-Pb bonds,
confirming our previous observation for the M1 and M3 cases. It should be noted that the
absolute and normalised absorbance curves for the M2 and M3 cases do not exchange the
heights of the edge peaks for the two calculated polarisations of the electric field.

According to (6), the absorption spectrum may be regarded as the density of states of
the exciton strengths. Implications of the spectra in Figure 4 in terms of band transitions
require the analysis of the absorption spectra in terms of the strengths [Sλ in Equation (6)]
of the excitons arising as solutions of the BSE for each configuration. In particular, Figure 5
shows the excitonic strengths S̄λ, normalised to the maximum one in the spectrum of each
defective supercell and pure compound studied in this paper. The first, lowest energy
exciton and the strongest one are highlighted in red, while those excitons with normalised
strengths larger than 0.5 appear in bold. Excitons with strengths less than 0.1 are neglected.
Note that, in order to obtain the absolute strengths Sλ, one should multiply the plotted
values by the value of the residue 8π

|q|2ΩNq
, according to (5). These residues are shown

in the corresponding strength plots. It is interesting to note that, for both M1 and M2
configurations, the most intense exciton is also the one with the lowest energy. For M3,
on the other hand, a relatively intense exciton (but not the most intense) is still observed at
the absorption edge. These facts contrast with the situation in the parent pure perovskites,
CsPbBr3 and CsPbI3, whose most intense exciton does not appear at the onset of the
respective spectra, and whose initial exciton is comparatively small.

To the right of each exciton strength plot, we show the amplitudes Aλ for the first
low-energy excitons and the corresponding decomposition into dipole transitions, i.e.,
the valence and conduction transitions and the k-point in the BZ zone where they occur.
As a consequence of the aforementioned rigid opening of the gap, the amplitudes are
centred at the DFT energies shifted by 0.5 eV upwards, while the actual exciton energies
are red-shifted due to the electron–hole interactions, which are taken into account at the
BSE level but not within DFT. For this reason, we highlight the actual exciton energies in
the amplitude plots as vertical dashed lines with similar codes. The capital letters label
the valence and conduction states and the k-point at which the corresponding transition
takes place. It is interesting to notice from these amplitude plots that we did not find any
transitions (contributing at least 5%, as already mentioned) involving states below two
degenerate spinors at the highest occupied band (HOB) and above those at the lowest
unoccupied band (LUB).

We can gain additional insight into the excitonic behaviour of the defective perovskites
by plotting the Bloch maps (i.e., |ψn,k(r)|2, where n, k denote band and k-point, respectively)
for the states involved in the transitions reported in Figures 5 right for the defective
configurations. These plots help us to understand the preferential location of electrons in
each state and thus to estimate the position of the excitons in the direct space. Figures 6 and 7
show the Bloch maps for the lowest energy (left) and the most intense (right) excitons for
configurations M1 and M3, respectively. They correspond to iodine doping patterns, which
are a kind of 2D and 1D structures embedded in the 3D host. We omit the M2 supercell
from further analysis, because its shape is the same as for M1 supercell, and the amplitudes
in Figure 5 show for M2 the same composition in terms of band-to-band optical transitions
as for M1.
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Figure 5. Left: Normalised strengths [S̄λ in Equation (6)] of the excitons contributing to the absorption
spectra in Figures 4, as well as for the parent undoped perovskites CsPbBr3 and CsPbI3. The red
lines highlight the lowest energy and the most intense excitons in each case. Only excitons with
normalised strengths above 5% are shown. Right: Amplitudes [Aλ

e,h in Equation (6)] of the lowest
energy and the most intense excitons, centred on the DFT energies + 0.5 eV (see the main text for
details). Capital letters denote the corresponding hole (HOB = highest occupied band) to electron
(LUB = lowest unoccupied band) transitions and the k-point in the BZ at which they occur.

Figure 6 shows that electrons at the HOB are located preferentially near iodine atoms,
with some appreciable density near Pb atoms too. At the LUB, on the other hand, electrons
are more likely to be located at Pb sites, so transitions between iodine and lead atoms
are expected for this configuration. The same effect holds for both the most intense and
the lowest energy excitons. As for M3 (Figure 7), the HOB is highly hybridised, and the
contributions are different for the lowest energy (left) and the most intense (right) excitons.
In the former case, electrons at HOB are located around iodine, with some contributions
from lead and bromide atoms, while for LUB they surround lead. Interestingly, the most
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intense exciton corresponds to transitions between iodine (there is no charge density around
bromide at HOB) and lead atoms, as shown in Figure 7 right.

Figure 6. Bloch maps for electrons located at the highest occupied band (HOB) and lowest unoccupied

band (LUB) for the lowest energy exciton [at k =
(

1
2 , 1

2 , 0
)

, left] and the most intense one [at

k =
(

7
16 , 1

2 , 0
)

, right] of the M1 configuration.

Figure 7. Idem for M3. In this case, the lowest energy (left) and most intense excitons (right) appear

at k =
(

0, 0, 1
2

)
and k =

(
0, 1

4 , 1
2

)
, respectively. The colour code is the same as for Figure 6.

We can now visualise the excitons mentioned above. To this end, Figure 8 displays
the surfaces with equal probability of finding an electron for a given position of the hole
(shown as a golden sphere in each case) for the most intense exciton of configurations M1
and M3. In both cases, the hole has been located near iodide atoms, which give prominent
contributions to the VBM — in particular the maximum for M1. We notice that these
excitons extend over five to seven unit cells, which is in good agreement with the (scarce)
experimental values for excitons radii in perovskite systems (r ∼ 2.3 nm [82]). These
exciton sizes are important for a potential use of these defective systems as components of
electrically pumped lasers, as we will discuss below.

Indeed, the electrical pumping of a laser is achieved by injecting charge into the
bands in a very narrow energy range close to the VBM and the CBM. On the other hand,
efficient radiative relaxation is possible in systems that obey many rules, which have
been mentioned in the introduction. One of them is that the band gap must be direct
because, in such a case, the radiative transitions do not involve phonons that increase
the excitonic lifetimes. All the supercells considered in this paper were found to have
direct gaps. A second condition for efficient emission in lasers is a small size of the exciton
radii. The radius of an exciton is inversely proportional to the expansion in the direct
space of the Bloch functions for the bands involved in the optical transitions. One would
therefore expect that the optimal situation would be for the VBM to be composed mainly
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of iodide atomic orbitals. This is indeed the case for M1, as mentioned above, and to a
lesser extent for M3. Note also that these excitons have relatively small sizes, as shown in
Figure 8. Finally, the third requirement for a system to be a good optically active material
is that it must have a prominent peak at the low energy edge of the absorption spectrum.
The data in Figures 4 and 5 do indeed show that the defective configurations M1 to M3
exhibit excitonic peaks at the onset of their respective absorption spectra, and that these
correspond to relatively intense excitons with properties that are, in principle, suitable for
electrical pumping in lasers. We remark that these arguments do not allow us to conclude
anything about the possible efficiency of a hypothetical laser containing these perovskites,
as we mentioned in the Introduction section.

Figure 8. Isoprobability surfaces (p = 2.5 × 10−5) for finding an electron at a fixed position of the
hole for the most intense exciton of configurations M1 (left) and M3 (right). In both cases, the hole
has been located next to an iodine atom, as these make a prominent contribution to the VBM. Tiny
red dots indicate the iodine atoms.

To conclude, for the sake of completeness, the absolute absorption spectra obtained
from the NR calculations are presented in Figure S4 of Supplementary Materials. It should
be noted, however, that these spectra should not be used as a reference for the experimen-
tal data, since the spinor splitting that leads to the fingerprint of the absorption curves
is missing.

4. Conclusions

Despite the fact that many optoelectronic devices have been built using halide per-
ovskites, including optically pumped lasers of all types, the construction of the electrically
pumped perovskite laser still remains a challenge. In this theoretical work, we propose a
special type of halide mixing that results in an absorption spectrum highly favoured for
low-energy edge emission. The proposed architectures use the perovskite with the shortest
lattice constant as the host material and the material with the longest lattice constant as a
one-atom thick interlayer that localises the excitons spatially in the crystal and energeti-
cally in the spectrum. The study was carried out using ai-MBPT methods implemented
in the Yambo package to calculate the absorption curves by solving the Bethe–Salpeter
equation. Experimental realisation of the structures presented would be possible using
recently well-developed epitaxial techniques.

Supplementary Materials: The Supplementary Materials file can be downloaded at: https://www.
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37. Rechcińska, K.; Król, M.; Mazur, R.; Morawiak, P.; Mirek, R.; Łempicka, K.; Bardyszewski, W.; Matuszewski, M.; Kula, P.; Piecek,

W.; et al. Engineering spin-orbit synthetic Hamiltonians in liquid-crystal optical cavities. Science 2019, 366, 727–730. [CrossRef]
38. Zhang, Q.; Ha, S.T.; Liu, X.; Sum, T.C.; Xiong, Q. Room-Temperature Near-Infrared High-Q Perovskite Whispering-Gallery Planar

Nanolasers. Nano Lett. 2014, 14, 5995–6001. [CrossRef]
39. Li, X.; Wang, Y.; Sun, H.; Zeng, H. Amino-Mediated Anchoring Perovskite Quantum Dots for Stable and Low-Threshold Random

Lasing. Adv. Mater. 2017, 29, 1701185. [CrossRef]
40. Zhang, S.; Chen, J.; Shi, J.; Fu, L.; Du, W.; Sui, X.; Mi, Y.; Jia, Z.; Liu, F.; Shi, J.; et al. Trapped Exciton–Polariton Condensate by

Spatial Confinement in a Perovskite Microcavity. ACS Photonics 2020, 7, 327–337. [CrossRef]
41. Wang, Y.; Li, X.; Nalla, V.; Zeng, H.; Sun, H. Solution-Processed Low Threshold Vertical Cavity Surface Emitting Lasers from

All-Inorganic Perovskite Nanocrystals. Adv. Funct. Mater. 2017, 27, 1605088. [CrossRef]
42. Lin, H.C.; Lee, Y.C.; Lin, C.C.; Ho, Y.L.; Xing, D.; Chen, M.H.; Lin, B.W.; Chen, L.Y.; Chen, C.W.; Delaunay, J.J. Integration of

on-chip perovskite nanocrystal laser and long-range surface plasmon polariton waveguide with etching-free process. Nanoscale
2022, 14, 10075–10081. [CrossRef]

43. Liang, Y.; Shang, Q.; Wei, Q.; Zhao, L.; Liu, Z.; Shi, J.; Zhong, Y.; Chen, J.; Gao, Y.; Li, M.; et al. Lasing from Mechanically Exfoliated
2D Homologous Ruddlesden–Popper Perovskite Engineered by Inorganic Layer Thickness. Adv. Mater. 2019, 31, 1903030.
[CrossRef]

44. Li, X.; Liu, W.; Song, Y.; Long, H.; Wang, K.; Wang, B.; Lu, P. Two-photon-pumped high-quality, single-mode vertical cavity lasing
based on perovskite monocrystalline films. Nano Energy 2020, 68, 104334. [CrossRef]

45. Zhang, Q.; Su, R.; Liu, X.; Xing, J.; Sum, T.C.; Xiong, Q. High-Quality Whispering-Gallery-Mode Lasing from Cesium Lead Halide
Perovskite Nanoplatelets. Adv. Funct. Mater. 2016, 26, 6238–6245. [CrossRef]

46. Liu, Z.; Wang, C.; Hu, Z.; Du, J.; Yang, J.; Zhang, Z.; Shi, T.; Liu, W.; Tang, X.; Leng, Y. Mode selection and high-quality
upconversion lasing from perovskite CsPb2Br5 microplates. Photon. Res. 2020, 8, A31–A38. [CrossRef]

47. Zhu, H.; Fu, Y.; Meng, F.; Wu, X.; Gong, Z.; Ding, Q.; Gustafsson, M.V.; Trinh, M.T.; Jin, S.; Zhu, X.Y. Lead halide perovskite
nanowire lasers with low lasing thresholds and high quality factors. Nat. Mater. 2015, 14, 636–642. [CrossRef]

48. Shang, Q.; Li, M.; Zhao, L.; Chen, D.; Zhang, S.; Chen, S.; Gao, P.; Shen, C.; Xing, J.; Xing, G.; et al. Role of the Exciton–Polariton in
a Continuous-Wave Optically Pumped CsPbBr3 Perovskite Laser. Nano Lett. 2020, 20, 6636–6643. [CrossRef]

49. Liu, Z.; Hu, Z.; Shi, T.; Du, J.; Yang, J.; Zhang, Z.; Tang, X.; Leng, Y. Stable and enhanced frequency up-converted lasing from
CsPbBr3 quantum dots embedded in silica sphere. Opt. Express 2019, 27, 9459–9466. [CrossRef]

https://doi.org/10.1038/nmat3911
https://doi.org/10.1038/ncomms9056
https://doi.org/10.1038/nnano.2014.149
https://doi.org/10.1186/s43593-022-00033-z
https://doi.org/10.1117/1.AP.3.3.034002
https://doi.org/10.1002/adom.201900099
https://doi.org/10.3390/ma12060859
https://doi.org/10.1002/adom.201800278
https://doi.org/10.1051/epjap/2016160151
https://doi.org/10.1016/j.nantod.2015.04.009
https://doi.org/10.1038/nphoton.2016.62
https://doi.org/10.1021/acs.jpclett.8b01417
https://doi.org/10.1021/acs.chemrev.5b00715
https://doi.org/10.1002/adma.202302170
https://doi.org/10.1038/s41467-020-17096-6
https://doi.org/10.1126/science.aay4182
https://doi.org/10.1021/nl503057g
https://doi.org/10.1002/adma.201701185
https://doi.org/10.1021/acsphotonics.9b01240
https://doi.org/10.1002/adfm.201605088
https://doi.org/10.1039/D2NR01611G
https://doi.org/10.1002/adma.201903030
https://doi.org/10.1016/j.nanoen.2019.104334
https://doi.org/10.1002/adfm.201601690
https://doi.org/10.1364/PRJ.399960
https://doi.org/10.1038/nmat4271
https://doi.org/10.1021/acs.nanolett.0c02462
https://doi.org/10.1364/OE.27.009459


Materials 2024, 17, 427 14 of 15

50. Liu, Z.; Hu, Z.; Zhang, Z.; Du, J.; Yang, J.; Tang, X.; Liu, W.; Leng, Y. Two-Photon Pumped Amplified Spontaneous Emission and
Lasing from Formamidinium Lead Bromine Nanocrystals. ACS Photonics 2019, 6, 3150–3158. [CrossRef]

51. Lin, C.H.; Zeng, Q.; Lafalce, E.; Yu, S.; Smith, M.J.; Yoon, Y.J.; Chang, Y.; Jiang, Y.; Lin, Z.; Vardeny, Z.V.; et al. Large-Area Lasing
and Multicolor Perovskite Quantum Dot Patterns. Adv. Opt. Mater. 2018, 6, 1800474. [CrossRef]

52. Gunnarsson, W.B.; Rand, B.P. Electrically driven lasing in metal halide perovskites: Challenges and outlook. APL Mater. 2020,
8, 030902. [CrossRef]

53. Cho, C.; Antrack, T.; Kroll, M.; An, Q.; Bärschneider, T.R.; Fischer, A.; Meister, S.; Vaynzof, Y.; Leo, K. Electrical Pumping of
Perovskite Diodes: Toward Stimulated Emission. Adv. Sci. 2021, 8, 2101663. [CrossRef]

54. Gao, W.; Yu, S.F. Reality or fantasy—Perovskite semiconductor laser diodes. EcoMat 2021, 3, e12077. [CrossRef]
55. Wu, S.; Chen, Z.; Yip, H.L.; Jen, A.K.Y. The evolution and future of metal halide perovskite-based optoelectronic devices. Matter

2021, 4, 3814–3834. [CrossRef]
56. Qin, J.; Tang, Y.; Zhang, J.; Shen, T.; Karlsson, M.; Zhang, T.; Cai, W.; Shi, L.; Ni, W.X.; Gao, F. From optical pumping to electrical

pumping: The threshold overestimation in metal halide perovskites. Mater. Horiz. 2023, 10, 1446–1453. [CrossRef]
57. Zhao, C.; Qin, C. Quasi-2D lead halide perovskite gain materials toward electrical pumping laser. Nanophotonics 2020,

10, 2167–2180. [CrossRef]
58. Combescot, M.; Shiau, S.Y. Excitons and Cooper Pairs: Two Composite Bosons in Many-Body Physics; Oxford University Press: Oxford,

UK, 2015. [CrossRef]
59. Wierzbowska, M.; Meléndez, J.J. Role of inorganic cations in the excitonic properties of lead halide perovskites. Phys. Chem.

Chem. Phys. 2023, 25, 2468–2476. [CrossRef]
60. Wierzbowska, M.; Mikłas, A. Preserving Bond Ionicity under Illumination to Achieve Photostable Halide Perovskites. J. Phys.

Chem. C 2023, 127, 3750–3759. [CrossRef]
61. Wang, X.; Li, Y.; Xu, Y.; Pan, Y.; Zhu, C.; Zhu, D.; Wu, Y.; Li, G.; Zhang, Q.; Li, Q.; et al. Solution-Processed Halide Perovskite

Single Crystals with Intrinsic Compositional Gradients for X-ray Detection. Chem. Mater. 2020, 32, 4973–4983. [CrossRef]
62. Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864–B871. [CrossRef]
63. Kohn, W.; Sham, L.J. Self-Consistent Equations Including Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133–A1138.

[CrossRef]
64. Wang, J.; Wang, F.; Luo, Y.; Li, X.; Jia, Y. Improved the stability and enhanced luminescence of Er doped CsPbBr3 perovskite.

Mater. Sci. Semicond. Process. 2022, 151, 107021. [CrossRef]
65. Najim, A.; Hartiti, B.; Absike, H.; Tchognia Nkuissi, H.J.; Labrim, H.; Fadili, S.; Thevenin, P.; Ertugrul, M. Theoretical investigation

of structural, electronic, and optical properties of halide cubic perovskite CsPbBr3−xIx. Mater. Sci. Semicond. Process. 2022,
141, 106442. [CrossRef]

66. Joshi, H.; Thapa, R.; Laref, A.; Sukkabot, W.; Pachuau, L.; Vanchhawng, L.; Grima-Gallardo, P.; Musa Saad H-E, M.; Rai, D.
Electronic and optical properties of cubic bulk and ultrathin surface [001] slab of CsPbBr3. Surf. Interfaces 2022, 30, 101829.
[CrossRef]

67. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef]

68. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo,
I.; et al. QUANTUM ESPRESSO: A modular and open-source software project for quantum simulations of materials. J. Phys.
Condens. Matter 2009, 21, 395502. [CrossRef]

69. Pizzi, G.; Vitale, V.; Arita, R.; Blügel, S.; Freimuth, F.; Géranton, G.; Gibertini, M.; Gresch, D.; Johnson, C.; Koretsune, T.; et al.
Wannier90 as a community code: New features and applications. J. Phys. Condens. Matter 2020, 32, 165902. [CrossRef]

70. Marzari, N.; Vanderbilt, D. Maximally localized generalized Wannier functions for composite energy bands. Phys. Rev. B 1997,
56, 12847–12865. [CrossRef]

71. Marzari, N.; Mostofi, A.A.; Yates, J.R.; Souza, I.; Vanderbilt, D. Maximally localized Wannier functions: Theory and applications.
Rev. Mod. Phys. 2012, 84, 1419–1475. [CrossRef]

72. Salpeter, E.E.; Bethe, H.A. A Relativistic Equation for Bound-State Problems. Phys. Rev. 1951, 84, 1232–1242. [CrossRef]
73. Marini, A.; Hogan, C.; Grüning, M.; Varsano, D. Yambo: An ab initio tool for excited state calculations. Comput. Phys. Commun.

2009, 180, 1392–1403. [CrossRef]
74. Sangalli, D.; Ferretti, A.; Miranda, H.; Attaccalite, C.; Marri, I.; Cannuccia, E.; Melo, P.; Marsili, M.; Paleari, F.; Marrazzo, A.; et al.

Many-body perturbation theory calculations using the Yambo code. J. Phys. Condens. Matter 2019, 31, 325902. [CrossRef]
75. Motta, C.; El-Mellouhi, F.; Kais, S.; Tabet, N.; Alharbi, F.; Sanvito, S. Revealing the role of organic cations in hybrid halide

perovskite CH3NH3PbI3. Nat. Commun. 2015, 6, 7026. [CrossRef]
76. Zhu, X.; Su, H.; Marcus, R.A.; Michel-Beyerle, M.E. Computed and Experimental Absorption Spectra of the Perovskite

CH3NH3PbI3. J. Phys. Chem. Lett. 2014, 5, 3061–3065. [CrossRef]
77. Meléndez, J.J.; Cantarero, A. Polarization-dependent excitons and plasmon activity in nodal-line semimetal ZrSiS. Phys. Chem.

Chem. Phys. 2022, 24, 1860–1868. [CrossRef]
78. Aryasetiawan, F.; Gunnarsson, O. The GW method. Rep. Prog. Phys. 1998, 61, 237. [CrossRef]
79. Das, T.; Di Liberto, G.; Pacchioni, G. Density Functional Theory Estimate of Halide Perovskite Band Gap: When Spin Orbit

Coupling Helps. J. Phys. Chem. C 2022, 126, 2184–2198. [CrossRef]

https://doi.org/10.1021/acsphotonics.9b01226
https://doi.org/10.1002/adom.201800474
https://doi.org/10.1063/1.5143265
https://doi.org/10.1002/advs.202101663
https://doi.org/10.1002/eom2.12077
https://doi.org/10.1016/j.matt.2021.10.026
https://doi.org/10.1039/D2MH01382G
https://doi.org/doi:10.1515/nanoph-2020-0630
https://doi.org/10.1093/acprof:oso/9780198753735.001.0001
https://doi.org/10.1039/D2CP04288F
https://doi.org/10.1021/acs.jpcc.2c08110
https://doi.org/10.1021/acs.chemmater.9b05000
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1016/j.mssp.2022.107021
https://doi.org/10.1016/j.mssp.2021.106442
https://doi.org/10.1016/j.surfin.2022.101829
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1103/PhysRevB.56.12847
https://doi.org/10.1103/RevModPhys.84.1419
https://doi.org/10.1103/PhysRev.84.1232
https://doi.org/10.1016/j.cpc.2009.02.003
https://doi.org/10.1088/1361-648X/ab15d0
https://doi.org/10.1038/ncomms8026
https://doi.org/10.1021/jz501174e
https://doi.org/10.1039/D1CP03315H
https://doi.org/10.1088/0034-4885/61/3/002
https://doi.org/10.1021/acs.jpcc.1c09594


Materials 2024, 17, 427 15 of 15

80. Lanczos, C. An iteration method for the solution of the eigenvalue problem of linear differential and integral operators. J. Res.
Natl. Bur. Stand. B 1950, 45, 255–282. [CrossRef]

81. Wierzbowska, M.; Meléndez, J.J.; Varsano, D. Breathing bands due to molecular order in CH3NH3PbI3. Comput. Mater. Sci. 2018,
142, 361–371. [CrossRef]

82. D’Innocenzo, V.; Grancini, G.; Alcocer, M.J.P.; Kandada, A.R.S.; Stranks, S.D.; Lee, M.M.; Lanzani, G.; Snaith, H.J.; Petrozza, A.
Excitons versus free charges in organo-lead tri-halide perovskites. Nat. Commun. 2014, 5, 3586. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.6028/jres.045.026
https://doi.org/10.1016/j.commatsci.2017.10.039
https://doi.org/10.1038/ncomms4586

	Introduction
	Calculation Details
	Results and Discussion
	Conclusions
	References

