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In this work, we investigate optical properties of inorganic and organic metal halide perovskites
(CsPbX3 and MAPbX3 with X = {Cl, Br, I}). We use the eight-band k ·p model to calculate the electronic
band structures for perovskite materials of cubic and pseudocubic phase. In order to find respective param-
eters, the band structures of considered materials were obtained within state-of-the-art density-functional
theory and used next as targets to adjust the k ·p bands and determine the values of k ·p parameters. The cal-
culated band structures were used to obtain the material gain for bulk crystals (CsPbCl3, CsPbBr3, CsPbI3,
MAPbCl3, MAPbBr3, and MAPbI3), which is compared with the material gain in well-established III-V
semiconductors. It was found that for these perovskites a positive material gain appears at lower carrier
density than for the reference materials (GaAs and InP). We demonstrate that from the point of view of
the electronic band structure, the studied perovskites are very promising gain medium for lasers.
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I. INTRODUCTION

Lasers containing metal halide perovskites as the gain
medium have received considerable attention in recent
years due to their outstanding emission properties, such
as high PL quantum yield and widely tuned band gap
[1–6]. So far, many papers have been published on two-
dimensional (2D or quasi-2D) perovskites where the exci-
ton binding energy is very high and amplified spontaneous
emission (ASE) is easily observed in PL measurements
[7–13]. Significantly less work has been published on
lasing and/or ASE in three-dimensional (3D) perovskites
[14–20]. In this type of perovskite, the exciton binding
energy is definitely lower [4,11,21]. Therefore, for some
of them the band-to-band emission can be considered as
the main channel of radiative recombination at room tem-
perature, similarly to III-V semiconductors, which are the
material base for current semiconductor lasers. This means
that the lasing mechanism will be similar to that observed
in regular III-V semiconductor lasers, and therefore, it is
very interesting to compare these two gain media, i.e.,
3D perovskites and III-V semiconductors, such as InP

*Contact author: Krzysztof.Gawarecki@pwr.edu.pl

or GaAs, in order to assess the prospects of using 3D
perovskites in lasers.

Material gain, which quantifies the amount of ampli-
fied light per unit length, is a key factor that determines
the lasing potential of a given material and can be treated
as a figure of merit for designing perovskite lasers. For
3D metal halide perovskites, the material gain can be
calculated within the k ·p method as for regular III-V semi-
conductors, but such calculations have not been performed
so far. One should note, that the gain calculations require
accurate modeling of the electronic band structure in the
vicinity of the band gap.

So far, the electronic band structure of perovskite crys-
tals has been extensively studied in the framework of
density-functional theory (DFT) [22] as this method is
the state-of-the-art approach to study new materials. Such
a framework combined with the Bethe-Salpeter equation
was also used to obtain absorption spectra for perovskites
[23,24]. However, the calculation of the material gain
by DFT is not developed. Therefore, semiempirical mod-
els are used to model the electronic band structure near
the band gap with a dense step of the wave vector. The
semiempirical models for calculation of the band structures
of bulk perovskites include tight binding [25,26] and k ·p
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[27–32] approaches. The latter is often used for material
gain calculations for “classical” semiconductors [33–37].

First of all, it should be emphasized that there are pro-
nounced differences between the electronic band structures
for “classical” gain materials (like InP or GaAs) and per-
ovskites. In the former, the conduction band is composed
of the s-like states, while the valence band is built on the
p-like states (with some admixtures allowed by the sym-
metry) [38]. For the perovskites, the opposite is true, i.e.,
the valence band is s-like and the lowest conduction bands
are mostly the p-like [24,39,40] (see Fig. 1). Furthermore,
in contrast to the zinc-blende-type structures, for the per-
ovskites the direct band gap often appears at a different
point in the Brillouin zone (BZ) than the � point (namely
at R for CsPbX3) [24]. For the k ·p approach, this requires
the formulation of the Hamiltonian for k0 �= 0 in the BZ
(see Fig. 1).

To date, several k ·p Hamiltonians were proposed for
perovskite systems. In Ref. [29], the band structure of

(a) (c)

(b) (d)

FIG. 1. Brillouin zone for the zinc-blende (a) and primitive
cubic (c) crystal lattice, and corresponding to them electronic
band structures near the band gap for III-V semiconductors (b)
and selected metal halide perovskites (d). One should note, that
since directions in (d) are in relation to R point, paths L-�-X and
�-R-M , marked in (a),(c) are analogous.

cubic phase CsSnBr3 near the R point of BZ is modeled
using the eight-band k ·p model. The same Hamiltonian is
used to characterize a wider class of materials (CsBX3 with
B = {Pb, Si, Ge, Sn} and X = {Cl, Br, I}), and MAPbI3
[30]. The symmetry-lowered (C4v) version of the Hamil-
tonian was proposed in Ref. [27], where the MAPbI3 in
tetragonal phase is modeled. The quasicubic k ·p Hamil-
tonian is invoked in Ref. [32], where the carriers in
perovskite nanocrystals are studied. Furthermore, for the
tetragonal phase of MAPbI3 and FAPbI3 there is also a
16-band description [28]. Finally, the k ·p model was suc-
cessfully applied to calculate the Landè g factors in lead
halide perovskites [31].

The above-mentioned k ·p models are expressed either
in the JM basis [29,30] or in the (commonly used) basis
of S, X , Y, Z states [27]. However, it would be beneficial to
have the full Hamiltonian in an invariant expansion form.
The symmetry invariant expansion technique [38,41,42]
allows writing Hamiltonian in a basis-independent way.
This method provides a lot of physical insight, facili-
tates further calculations (such as perturbation theory), and
offers clear transformation rules [43].

In this paper, we use the approximated C4v Hamiltonian
from Ref. [27] and write it in the invariant expansion form.
Within state-of-the-art DFT calculations, we obtain a set of
band structures for inorganic and organic lead halides per-
ovskites of the cubic and pseudocubic phase, respectively.
We obtain an excellent agreement of the k ·p model with
DFT results, and thus we determine the k ·p parameters for
all considered perovskites. Finally, we calculate the mate-
rial gain for these perovskites, compare it with the material
gain for GaAs and InP reference materials, and discuss the
prospects of using these perovskites in lasers.

II. MATERIAL SYSTEMS

We consider two classes of perovskite materials: inor-
ganic CsPbX3 and organic MAPbX3 with X = {Cl, Br, I}.
It is known, that inorganic and organic halide perovskites
can be present in various structures. The phase changes
with the temperature, and for many perovskites it is
orthorhombic at low temperature [44–46]. The transition to
the tetragonal phase takes place for increasing temperature,
and then to the α cubic (or pseudocubic) phase with fur-
ther temperature increase. For laser applications, it is most
interesting to consider room temperature or higher, since
semiconductor devices must operate at such conditions. In
the case of organic MAPbX3, a pseudocubic phase at room
temperature is expected for two of the crystals (MAPbCl3 –
above 178.8 K, MAPbBr3 – above 236.9 K, MAPbI3 –
above 327.4 K)[47–49], while for inorganic CsPbX3, a
cubic phase appears for all of them at higher tempera-
tures (CsPbCl3 – above 320.15 K [50], CsPbBr3 – above
403.15 K [51], CsPbI3 – above 589.15 K [52,53]).
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(a) (b)

FIG. 2. Atomic arrangement in (a) CsPbI3 and (b) MAPbI3
elementary cell.

Since in this work, we directly compare the results
of material gain for different materials, we enforce the
α phase for all of them at the same temperature, even
though only for two of them (MAPbCl3 and MAPbBr3)
pseudocubic phase is present at room temperature [46].

The CsPbX3 group of materials strictly realizes the
cubic symmetry [as shown in Fig. 2(a)] and it is described
by the 221 space group (with Oh point group).

In the case of MAPbX3, it is known that methylam-
monium (CH3NH3) fails to match the lattice, causing the
symmetry reduction. In consequence, such a group of
materials is considered as pseudocubic, where approximate
cubic symmetry is due to dynamical averaging [24]. As
shown in Fig. 2(b), due to the methylammonium (MA), the
symmetry of the unit cell is completely lifted (the exact
symmetry point group of the system is C1). However, if
one neglects asymmetry due to the hydrogen atoms and
treating the N–C pair as localized along the z axis, the cell
has C4v symmetry. Despite the lack of exact cubic sym-
metry, we describe the MAPbX3 band structures in terms
of Brillouin zone for cubic materials [Fig. 1(c)]. In fact,
in Sec. IV, we show that the Hamiltonian for the C4v is
capable of giving an accurate description of pseudocubic
MAPbX3 DFT band structures.

III. FIRST-PRINCIPLES CALCULATIONS

The reference band structures were calculated from the
first principles within the DFT [54,55]. DFT-based first-
principles calculations were executed using the Vienna
ab initio simulation package (VASP) code [56,57], along
with projector augmented-wave (PAW) potentials [58].
The selected potentials’ valence orbitals were 5d106s26p2,
5s25p66s1, 3s23p5, 4s24p5, 5s25p5, 2s22p2, 2s22p3 for Pb,
Cs, Cl, Br, I, C, and N, respectively. Because van der Waals
interactions have been proven to be critical in accurately
defining the geometry and atomic arrangement in halide
perovskites [59], the rev-vdW-DF2 functional was uti-
lized for geometry optimization [60]. We optimized lattice

vectors and atomic positions using the conjugate gradi-
ent algorithm until total energy achieved a convergence
of at least of 10−5 eV/atom, and the maximum residual
forces on atoms did not surpass 0.001 eV/Å. A 6 × 6 × 6
Monkhorst-Pack [61] k-point mesh was used in conjunc-
tion with a plane-wave basis set defined by a cutoff energy
of 600 eV, both values chosen as a result of convergence
studies. The electronic band structure was computed using
the hybrid HSE06 functional [62]. Although hybrid func-
tionals considerably enhance the accuracy of the band gap,
it is still slightly underestimated for halide perovskites. To
rectify this, the α parameter was adjusted to α = 0.60 to
accurately portray the band gap. Spin-orbit coupling has
been included due to its critical role in proper description
of the band structure of halide perovskites [63]. The DFT
calculations account for zero-temperature band structures,
and the electron-phonon interaction [64] is neglected.
We provide VASP POSCAR files within the Supplemental
Material [65].

IV. THE HAMILTONIAN IN THE EIGHT-BAND
K · P MODEL

In this section, we present an invariant expansion form
of the C4v Hamiltonian for perovskites. This can be used to
characterize the materials in tetragonal, pseudocubic, and
cubic phase. In the last high-symmetry case, some parame-
ters are equal or set to zero, which makes the Hamiltonian
identical (except to the band order) to the well-known form
(see the Td Hamiltonian from Refs. [38,42,67] with the
inversion asymmetry terms neglected). It is convenient to
write the Hamiltonian in a block-matrix form

H =
⎛
⎝

H8c8c H8c6c H8c6v

H6c8c H6c6c H6c6v

H6v8c H6v6c H6v6v

⎞
⎠ , (1)

where the indices refer to the �−
8c, �−

6c, and �+
6v irreducible

representations of the Oh point group. One should note that
for the primitive cubic system, the R point has the same
symmetry as the � point [68]. However, for the symmetry
reduced to C4v , the �−

8c becomes reducible (which we mark
by the symbol �̃−

8c) and splits into two irreducible represen-
tations following the compatibility relations [69,70]. This
results in the lifting of the fourfold degeneracy in the “8c”
band block (i.e., splitting the “heavy” and “light” elec-
trons) [27]. Furthermore, the reduction from the Oh to C4v

increases the number of parameters needed to describe the
band structure.

We neglect the noncubic parameters related to far-
band contributions [27], keeping only the ones inherently
present in the eight-band model. Then, the relevant blocks
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of the Hamiltonian can be written as

H8c8c = (
Eg + �c

)
I4 + δ

3

(
J 2

z − J 2

3

)

+ �
2

2m0

{
γ ′

1k2
I4 − 2γ ′

2

[(
J 2

x − J 2

3

)
k2

x + c.p.
]

− 4γ ′
3

[{Jx, Jy}{kx, ky} + c.p.
]}

,

H6c6c =
(

Eg + �
2

2m0
γ ′

1k2
)

I2,

H6v6v = �
2

2m0
k2

I2,

H8c6c = − �
2

2m0

{
6γ ′

2

[
T†

xxk2
x + c.p.

]

+ 12γ ′
3

[
T†

xy{kx, ky} + c.p.
]}

,

H8c6v =
√

3P‖
(

T†
x kx + T†

y ky

)
+

√
3 T†

z (Pzkz − iζ ),

H6c6v = − 1√
3

P‖(σxkx + σyky) − 1√
3
σz(Pzkz − iζ ),

where In are unit matrices (n × n), Ji are 4 × 4 matrices
of the total angular momentum (for j = 3/2), Ti are 2 ×
4 matrices connecting j = 1/2 and j = 3/2 blocks, Tij =
TiJj + Tj Ji, and σi are the Pauli matrices. The remaining
off-diagonal blocks are given by the hermitian conjugates,
i.e., H6v8c = H †

8c6v , H6v6c = H †
6c6v and H6c8c = H †

8c6c. The
explicit form of the matrices can be found in Refs. [36,38,
42,67]. The symmetric product is taken as {A, B} = (AB +
BA)/2. The parameter governing the splitting due to the
spin-orbit coupling is defined by [67]

�c = − 3i�
4m2

0c2
〈Xc|[∇V × p]y |Zc〉.

The parameters related to the interband momentum
matrix elements are given by P‖ = �/m0〈Sv|px|Xc〉 =
�/m0〈Sv|py |Yc〉 and Pz = �/m0〈Sv|pz|Zc〉, while the
anisotropy parameters are

〈Xc|H0|Xc〉 = 〈Yc|H0|Yc〉 = δ

3
,

〈Zc|H0|Zc〉 = −2δ

3
,

〈Sv|H0|Zc〉 = iζ ,

where H0 = (�2/2m0)p2 + V(r) [27]. The γ ′
1−3 account

for the influence of bands that are beyond the eight-band
model. As mentioned, for such a case, the noncubic con-
tributions are neglected (see the quasicubic approximation
in Ref. [27]). To obtain a relation to the regular Luttinger
parameters, one should include the coupling between the

conduction-band and valence-band blocks. We neglect
here the possible differences between Pz and P‖, taking a
weighted average Pav = (2P‖ + Pz)/3. This allows us to
use the standard perturbative formulas [67]

γ1 = γ ′
1 + 2m0

�2

P2
av

3(Eg + �c)
,

γ2 = γ ′
2 + 2m0

�2

P2
av

6(Eg + �c)
,

γ3 = γ ′
3 + 2m0

�2

P2
av

6(Eg + �c)
.

(2)

The electron effective mass in the spin-orbit split-off sub-
band can be related to γ1 via [71]

m0

mso
= γ1 + 2m0

�2

P2
av�c

3Eg(Eg + �c)
. (3)

Similarly, one can obtain the valence-band effective mass

m0

mv

= −1 + 2m0

�2

(
2P2

av

3(Eg + �c)
+ P2

av

3Eg

)
. (4)

An explicit form of the Hamiltonian matrix is given in
Appendix A.

We performed fitting for the k ·p parameters similarly
to the procedure described in Refs. [36,37]. The values of
Eg , �c, and δ are extracted directly from the DFT data,
i.e., from energies at the R point in the BZ. On the other
hand, the values of parameters ζ , P‖, Pz, γ ′

1, γ ′
2, and γ ′

3
are obtained from fitting. For CsPbX3, the Oh symmetry
point group imposes δ = 0, ζ = 0, and P‖ = Pz. All the
parameter values are listed in Table I. In addition to the
k ·p-related quantities, we also show the values of the lat-
tice constants calculated from the DFT (aDFT) and their
experimental values (aexp). For reference purposes, we also
list γ1, γ2, γ3, and mv , which are calculated from Eqs. (2)
and (4). In Appendix B, we compare mv calculated in this
way to the values obtained from a direct fitting to the DFT
results.

We calculated band structures for all considered mate-
rials using the presented k ·p model with the obtained
parameter sets. As the deviation from the cubic symmetry
is relatively small, we characterize the band structures for
MAPbX3 using the notation from the cubic BZ. As shown
in Fig. 3, we get an excellent agreement between the DFT
and the k ·p models in a considerably wide range of the BZ.
In the case of MAPbX3, the fourfold degenerated at the R
point (for the exact cubic symmetry) block �̃−

8c splits into
two blocks of energies EHC and ELC [27]. They are double
degenerated due to spin (Kramers’ degeneracy). The split-
ting between them is given by EHC − ELC = 2δ/3. Since it
is not very large (a few dozen of meV), the splitting is not
visible in the figure.
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TABLE I. Lattice constants (experimental and calculated) and material parameters for the eight-band k ·p model.

CsPbCl3 CsPbBr3 CsPbI3 MAPbCl3 MAPbBr3 MAPbI3

aexp (Å) 5.605a 5.886b 6.294b 5.675c 5.901c 6.329c

aDFT (Å) 5.654 5.914 6.293 5.735 5.985 6.355
Eg (eV) 2.744 2.073 1.416 3.007 2.277 1.549
�c (eV) 1.444 1.476 1.494 1.506 1.508 1.500
δ (eV) 0 0 0 0.045 0.057 0.075
ζ (eV) 0 0 0 0.016 0.030 0.045
P|| (eV Å) 9.233 8.948 8.601 8.878 8.623 8.097
Pz (eV Å) 9.233 8.948 8.601 9.896 9.302 9.058
γ ′

1 1.643 2.183 2.997 1.581 2.144 2.967
γ ′

2 0.190 0.394 0.683 0.140 0.190 0.286
γ ′

3 −0.691 −1.081 −1.169 −0.599 −1.060 −1.150

mv 0.189 0.158 0.125 0.210 0.178 0.141
γ1 3.424 4.157 5.221 3.228 3.954 5.001
γ2 1.081 1.381 1.795 0.963 1.094 1.302
γ3 0.199 −0.094 −0.057 0.225 −0.155 −0.134

aRef. [66].
bRef. [52].
cRef. [47].

To check the accuracy of the k ·p model for calculat-
ing more subtle effects caused by the symmetry lowering,
we examine the spin splittings in the highest valence band
and the lowest conduction band. Among the considered
band structures, for MAPbI3 we have the most pronounced
deviation from the ideal cubic symmetry (the largest ζ and
δ parameters), therefore it has been chosen for the model
comparison. The results are given in Fig. 4. As one can see,
the agreement is very satisfactory, so the eight-band k ·p
is capable of handling this effect accurately. The energy
splittings for the VB (�+

6v) and the CB (�−
6c) are also com-

pared with the results of the two-band Rashba Hamiltonian
giving (see Appendix C) �Ec/v = 2|αc/v|

√
k2

x + k2
y , where

αv = − 2ζP‖�c

3Eg(Eg + �c)
,

αc = −2ζP‖
3Eg

.

The formulas for αv/c correspond to these presented in
Ref. [27] for the limiting case of δ 	 �c. One should note
that the Rashba parameter αv depends on the spin-orbit
coupling and vanishes for �c = 0. In contrast, the linear
splitting in the �−

6c is caused only by the symmetry break-
ing (here represented by ζ ) [27]. This is due to different
symmetries of the involved Bloch states. As one can see in
Fig. 4(c), the linear model gives a good agreement with the
results of the eight-band k ·p in the vicinity of the R point.
The values calculated for MAPbI3 are |αv| = 0.0823 eVÅ
and |αc| = 0.162 eV Å, which is close to the reported DFT
values (0.1–0.2 eVÅ range for various MA orientations in
the unit cell) [72]. Since our work is devoted mainly to

material gain, we limited the calculations to a single MA
orientation [as shown in Fig. 2(b)].

V. MATERIAL GAIN CALCULATION

We calculate the material gain for bulk perovskites
and compare the results to the values from reference III-
V materials: InP and GaAs. Details regarding the model
for gain calculation are given in Refs. [36,37,73]. The
gain was modeled at room temperature according to the
equation

g(E) =
(

�k
2π

)3
πe2

cε0m2
0nr

∑
k

∑
c,v

|〈ck|êp̂|vk〉|2

× �

�Ecv;k

[
f (Ec;k, Fc) − f (Ev;k, Fv)

]

× G(�Ecv;k, E, γ ),

where �k is a step in the k space, ε0 is the vacuum
permittivity, m0 is the free electron mass and nr is the
refractive index. The summation indices c and v denote
subbands within the conduction and valence band with the
respective energies Ec;k and Ev;k. The energy difference at
a given k point is �Ecv;k = Ec;k − Ev;k. The f (Ec;k, Fc)

and f (Ev;k, Fv) are Fermi distribution functions for elec-
trons and holes, respectively. The quasi-Fermi levels Fc
and Fv are calculated for a given carrier density. To model
the allowed transitions, we take the Gaussian distribution
function

G(E0, E, γ ) =
√

8 ln 2

γ
√

2π
exp

{
− (E − E0)

28 ln 2
2γ 2

}
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. Comparison of the
DFT and the k ·p band structures
for (a) CsPbCl3, (b) CsPbBr3,
(c) CsPbI3, (d) MAPbCl3, (e)
MAPbBr3, and (f) MAPbI3.
The “0.2M” notation means
20% of the path from point R to
point M .

with a full width at half maximum γ = 0.01 eV. The
Gaussian distribution function is usually used for non-
Markovian gain calculations [74,75]. This kind of line
shape gain model gives a good agreement with experi-
mental data for inhomogeneous systems including alloys
and quantum wells [76,77] and seems to be the most
appropriate for perovskites at room temperature as the
broadening of PL is also Gaussian like at room temper-
ature [78]. For reference III-V materials, a Lorentzian
broadening was used in previous studies [36,37]. In
this case, we calculated the material gain using both
Lorentzian and Gaussian broadening functions, but for
direct comparison with perovskites, we used Gaussian
broadening.

VI. RESULTS AND DISCUSSION

Figure 5 shows a direct comparison of material gain
spectra calculated for the same carrier concentration of
5 × 1018 cm−3 for inorganic (thick solid lines) and organic
(thick dashed lines) halide perovskites as well as the InP
(thin solid line) and GaAs (thin dashed line) reference
materials. The value of concentration in such a range of
values is typically taken into account for the calculation
of gain in structures built on the basis of GaAs [33,79,80]
and InP [81–83]. In the case of CsSnI3 perovskite, the
carrier concentration at room temperature was estimated
as 1017 cm−3 [84,85]. However, one can expect that for
pumped systems relevant for the lasing actions, the con-
centration gets larger [86]. The comparison in Fig. 5 shows
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(a)

(b)

(c)

FIG. 4. Comparison of the DFT (points) and the k ·p (solid
lines) results for MAPbI3: (a),(b) CB and VB band structures
near the R point, (c) the corresponding energy splittings. The
dashed lines correspond to the results of the Rashba Hamilto-
nian (the linear spin splitting). The “0.2M” notation means 20%
of the path from point R to point M .

that for inorganic and organic perovskites it is possible to
obtain material gain comparable to that observed for typ-
ical laser materials such as InP or GaAs. It is also worth
noting that in the case of reference materials, very simi-
lar gain spectra were obtained for Lorentzian broadening
(not shown in Fig. 5), which can be more appropriate in
this case. It is worth noting that the electron-phonon cou-
pling in III-V materials is weaker than in metal halide
perovskites. The latter are considered to be very soft mate-
rials [87,88], and thus are more thermally inhomogeneous

FIG. 5. Material gain calculated for CsPbCl3, CsPbBr3,
CsPbI3, MAPbCl3, MAPbBr3, and MAPbI3 within the eight-
band k · p model and taking carrier concentrations 5.0 ×
1018 cm−3. The reference materials are InP and GaAs.

at room temperature than III-V materials, and therefore,
Gaussian broadening is selected for this comparison.

We performed further calculations of the material gain
as a function of carrier concentration and the intensity
of the gain peak was carefully analyzed. Figure 6 shows
the results of material gain calculations for inorganic (left
panel: CsPbCl3, CsPbBr3, and CsPbI3) and organic (right
panel: MAPbCl3, MAPbBr3, and MAPbI3) perovskites.
They are obtained for carrier concentrations from 1 ×
1018 cm−3 to 10 × 1018 cm−3. For all perovskite crys-
tals, the material gain spectrum changes very similarly: an
increase in material gain and a blue shift of gain peak is
observed with the increase in carrier concentration. The
maximum values of the gain as a function of carrier con-
centration are shown in Fig. 7. In this case, the gain peak
intensity is also plotted by thin lines for reference materi-
als. One can conclude that from the point of view of the
electronic band structure, the considered perovskites are
very favorable for laser applications because the positive
material gain occurs at a lower carrier density than in InP
or GaAs, and the gain value is stronger with the same car-
rier concentration, see the gray arrows in Fig. 7 for looking
trends.

Also, quite significant differences are observed within
the two sets of perovskites, and a clear chemical trend can
be found in this case. The highest gain values are obtained
for X = I materials. As shown in Table I, CsPbI3 and
MAPbI3 have the smallest effective masses for the valence
band (mv), i.e., 0.125 and 0.141, respectively. The inter-
mediate values of material gain are obtained for X = Br
materials, which have the masses of 0.158 for CsPbBr3 and
0.178 for MAPbBr3. The highest mv values of 0.189 and
0.210 are for CsPbCl3 and MAPbCl3, respectively, which
correlate with the lowest gain value.

Differences in the curvature of the bands (i.e., the effec-
tive masses) are one of the reasons for the differences in
the gain spectra. Another reason is related to the band
types involved in the process. For the reference materials,
the fundamental transition is between the s-like conduc-
tion band and the p-like heavy-hole or light-hole valence
band, while for the considered perovskites the fundamental
transition is between the p-like spin-orbit split-off conduc-
tion band and the s-like valence band, as shown in Fig. 1.
One should note that higher gain values for perovskites are
also associated with a lower value of the refractive index
compared to the refractive index of the reference materials.
The values of refractive index taken in our calculations are
shown in Table II.

The quantitative differences in gain measurements of
perovskites and III-V materials may be influenced by
several other factors, including the difference in carrier
concentrations. Furthermore, the outcome can be affected
by the quality of the material, which can be strongly
manifested in experimental results, and which is not
included in our calculations. Nevertheless, the calculations
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FIG. 6. Material gain calculated for (a) CsPbCl3, (b) CsPbBr3, (c) CsPbI3, (d) MAPbCl3, (e) MAPbBr3, and (f) MAPbI3 within the
eight-band k · p model and taking carrier concentrations from 1.0 × 1018 cm−3 to 10 × 1018 cm−3. The same colors correspond to a
given carrier concentration.

and analysis carried out in this paper allow us to unequivo-
cally conclude that from the point of view of the electronic
band structure, the studied perovskites are excellent gain
medium for lasers. From the point of view of material
quality and stability, there are many challenges that need
to be overcome, but they are not addressed in this paper.

FIG. 7. Maximal gain intensity dependence on carrier concen-
tration for inorganic (thick solid lines), organic (thick dashed
lines) perovskites, and reference III-V materials (thin solid and
dashed lines).

At present, direct comparison of gain measurements
with our theoretical predictions are limited as most exper-
imental studies focus on 2D perovskites, which are more
stable and for which exciton emission is the main radia-
tive recombination channel. The ASE from such a system
cannot be considered as a band-to-band emission and
compared with the material gain calculations obtained
with the presented approach. Therefore, in comparison
with experimental results, we must limit to 3D per-
ovskites where exciton emission at room temperature is not
dominant, and some of the selected perovskites belong to
such a group. This also means that we cannot compare our
calculations with ASE measurements for 3D perovskites
when the nature of the ASE is excitonic. This can be the

TABLE II. The values of refractive index from Ref. [89].

Material nr

CsPbCl3 2.30
CsPbBr3 2.30
CsPbI3 2.20
MAPCl3 2.75
MAPBr3 2.15
MAPbI3 2.75
GaAs 3.95
InP 3.59
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case of Ref. [20], where the threshold carrier density for
MAPbBr3 was estimated as 1.9 × 1017 cm−3.

When it comes to 3D perovskites, a primary challenge
lies in the material stability, resulting in a limited num-
ber of literature reports on gain measurements in this type
of material. In Ref. [90], systematic gain measurements
have been conducted for MAPbI3. While a direct com-
parison between experimentally obtained gain values and
those calculated in this study might be challenging due to
the impulse excitation of the sample, a qualitative compar-
ison indicates a strong agreement. The experimental data
and the results of theoretical calculations are depicted in
Fig. 8. Previous calculations were conducted assuming a
broadening of optical transitions with a half-width γ equal
to 0.01 eV. Figure 8(a) illustrates the maximum gain as a
function of the input carrier concentration for various val-
ues of γ , specifically, 0.01, 0.02, 0.03, and 0.04 eV. One
can see that as the γ parameter increases, the gain values
decrease. However, these differences are not very signifi-
cant. These calculations aim to fit the experimental spectra
with the theoretical curves. The provided values for las-
ing pumping thresholds I = 50, 67, 100 µJ cm−2 are used
to obtain 3D carrier concentration values. We estimate the
latter with the relationship

n = (1 − r)
βI

Epump d
,

where Epump corresponds to the energy of the laser pump
wavelength λ = 532 nm (E = �c/λ), d represents the thin-
film thickness, and r is the part of the light reflected
from the perovskite (r for 532 nm is from the range of
0.2–0.4 [91–94]). In Fig. 8(a), the large black-filled squares
represent the concentrations calculated for r = 0.3 and
β = 0.35. β = 1 corresponds to a situation in which each
absorbed photon participates in the optical gain. In real-
ity, this is not the case, because some of the absorbed
photons form carriers that recombine nonradiatively, and
some of the carriers form excitons. At high carrier con-
centrations, Auger processes begin to play a key role.
Therefore, β may vary with the excitation density and
may be much smaller than 1 for higher excitation densi-
ties. As we take β as a constant, it can be treated as a
scaling factor when comparing the experimental results
with our calculations. Noticeably, with this scaling fac-
tor, one can see a deviation for the highest concentration
corresponding to I = 100 µJ cm−2. This deviation could
be attributed to Auger processes and material degrada-
tion. Figure 8(b) displays gain calculations (solid lines)
and experimental data points: red (I = 100 µJ cm−2),
green (I = 67 µJ cm−2), and blue (I = 50 µJ cm−2). Cal-
culations were performed for γ = 10 meV. The results
of simulations aimed to reproduce the experimental data
are plotted in colors corresponding to the relevant data
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FIG. 8. Comparison between MAPbI3 gain calculation and
experimental results [90]. (a) Gain intensity as a function of
carrier concentration. The maximum gain value for different
γ values: 10 meV (green line), 20 meV (red line), 30 meV
(blue line), and 40 meV (pink line). The black squares corre-
spond to carrier concentrations calculated from I = 50 µJ cm−2,
67 µJ cm−2, and 100 µJ cm−2, using the factor β = 0.35.
(b) Gain calculation for carrier concentrations ranging from
1.3 × 1018 cm−3 to 1.7 × 1018 cm−3. The points correspond
to experimental results: red (I = 100 µJ cm−2), green (I =
67 µJ cm−2), and blue (I = 50 µJ cm−2).

points (red, green, and blue). These dependencies corre-
spond to the input carrier concentrations: n = 1.36 × 1018,
1.42 × 1018, and 1.57 × 1018 cm−3.

We can therefore conclude that our theoretical predic-
tions are reliable, excluding CsPbI3 and CsPbBr3, which
are in the orthorhombic phase at room temperature, and
the cubic phase for these crystals can be obtained at much
higher temperatures. In general, calculating the orthorhom-
bic phase for these two materials is possible, but is beyond
the scope of this article. It should also be mentioned

014058-9



KRZYSZTOF GAWARECKI et al. PHYS. REV. APPLIED 22, 014058 (2024)

that current laser structures based on III-V materials con-
tain quantum wells because a significant enhancement of
material gain takes place as a result of lowering the dimen-
sionality of the system. A similar effect can be expected for
quantum wells produced on the basis of 3D perovskites,
which are fundamentally different from 2D perovskites.
However, calculations of this type of system [95,96] are
also beyond the scope of this paper.

VII. CONCLUSIONS

We performed modeling for inorganic and organic
halide perovskites of cubic and pseudocubic phases using
the eight-band k ·p model. With the obtained results, we
calculated the material gain. It has been shown that from
the point of view of the electronic band structure, the inor-
ganic (CsPbCl3) and organic (MAPbCl3, MAPbBr3, and
MAPbI3) halide perovskites are a very promising gain
medium for lasers. A positive material gain for these crys-
tals appears at lower carrier densities than for the reference
III-V semiconductors (InP and GaAs) and it is significantly
greater.
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APPENDIX A: EXPLICIT FORM OF THE
HAMILTONIAN IN THE JM BASIS

In this Appendix, we present an explicit form of the
Hamiltonian. The matrix is given in the |jm〉 basis of

the total angular momentum
{

| 1
2 ; 1

2 〉
v
, | 1

2 ; − 1
2 〉

v
, | 3

2 ; 3
2 〉c,

| 3
2 ; 1

2 〉c, | 3
2 ; − 1

2 〉c, | 3
2 ; − 3

2 〉c, | 1
2 ; 1

2 〉c, | 1
2 ; − 1

2 〉c

}
. We took the

basis definition following Ref. [67], which results in a con-
sistent form of the invariant matrices, despite the fact that
valence and conduction bands are inverted. The basis states
in the product form are given by

∣∣∣∣
1
2

;
1
2

〉

v

= |S〉 ⊗ |↑〉 ,

∣∣∣∣
1
2

; −1
2

〉

v

= |S〉 ⊗ |↓〉 ,

∣∣∣∣
3
2

;
3
2

〉

c
= − 1√

2
|X + iY〉 ⊗ |↑〉 ,

∣∣∣∣
3
2

;
1
2

〉

c
= 2√

6
|Z〉 ⊗ |↑〉 − 1√

6
|X + iY〉 ⊗ |↓〉 ,

∣∣∣∣
3
2

; −1
2

〉

c
= 1√

6
|X − iY〉 ⊗ |↑〉 + 2√

6
|Z〉 ⊗ |↓〉 ,

∣∣∣∣
3
2

; −3
2

〉

c
= 1√

2
|X − iY〉 ⊗ |↓〉 ,

∣∣∣∣
1
2

;
1
2

〉

c
= − 1√

3
|Z〉 ⊗ |↑〉 − 1√

3
|X + iY〉 ⊗ |↓〉 ,

∣∣∣∣
1
2

; −1
2

〉

c
= − 1√

3
|X − iY〉 ⊗ |↑〉 + 1√

3
|Z〉 ⊗ |↓〉 ,

where S, X , Y, Z labels refer to the transformational prop-
erties under the symmetry operations. According to the
common convention, the states that are odd under the
inversion operation are taken as purely imaginary, and the
even ones are real [67].

H =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Ev 0 −√
3V

√
2U V∗ 0 −U −√

2V∗

0 Ev 0 −V
√

2U
√

3V∗ −√
2V U

−√
3V∗ 0 Ehc −S∗ R∗ 0

1√
2

S∗ −√
2R∗

√
2U∗ −V∗ −S Elc 0 R∗ −D −

√
3
2

S∗

V
√

2U∗ R 0 Elc S∗ −
√

3
2

S D

0
√

3V 0 R S Ehc
√

2R
1√
2

S

−U∗ −√
2V∗ 1√

2
S −D −

√
3
2

S∗ √
2R∗ Esc 0

−√
2V U∗ −√

2R −
√

3
2

S D
1√
2

S∗ 0 Esc

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (A1)
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where

Ev = �
2

2m0
k2,

Ehc = Eg + �c + δ

3
+ �

2

2m0

[
γ ′

1k2 + γ ′
2(k

2
x + k2

y − 2k2
z )

]
,

Elc = Eg + �c − δ

3
+ �

2

2m0

[
γ ′

1k2 − γ ′
2(k

2
x + k2

y − 2k2
z )

]
,

Esc = Eg + �
2

2m0
γ ′

1k2,

V = 1√
6

P‖(kx + iky),

U = 1√
3
(Pzkz + iζ ),

S = �
2

2m0
2γ ′

3

√
3(kx + iky)kz,

R = − �
2

2m0

√
3[γ ′

2(k
2
x − k2

y ) + 2iγ ′
3kxky],

D = − �
2

2m0

√
2γ ′

2(k
2
x + k2

y − 2k2
z ).

One should note, that the band order in this matrix form is
different than in Eq. (1).

APPENDIX B: HOLE EFFECTIVE MASS

In this section, we present a comparison for the valence-
band effective masses mv calculated using the perturbative
formula of Eq. (4) and the values obtained by fitting to the
DFT band structures near R point. The results are given in
Table III. In the case of cubic materials CsPbX3 the DFT
data are fitted using a single parabola. However, for the
pseudocubic MAPbX3 the valence band splits due to the
Rashba coupling [24] and the fitting is performed using
shifted parabolas (see Fig. 4). The considered effective
masses are in 〈111〉 (R – �) and 〈010〉 (R – M ) directions.
In all the cases, the discrepancies between the methods are
not very large. Also, the anisotropy is not very pronounced
for the considered directions.

TABLE III. Effective masses calculated using the k ·p parame-
ters, and fitted directly to the DFT band structures.

k ·p Fitted effective masses

〈111〉 〈010〉
CsPbCl3 0.189 0.188 0.188
CsPbBr3 0.158 0.151 0.151
CsPbI3 0.125 0.118 0.118
MAPbCl3 0.210 0.208 0.228
MAPbBr3 0.178 0.168 0.187
MAPbI3 0.141 0.133 0.151

APPENDIX C: THE RASHBA SPLITTING

In this section, we present the derivation of the Rashba
parameters within the standard Löwdin perturbation the-
ory [38,67,97]. The two-band model for the valence band
can be obtained from the eight-band k ·p by decoupling
the �−

8c and �−
6c band blocks, perturbatively. Neglecting the

(small) splitting related to δ parameter, one can start with
the expression

H6v6v = �
2

2m0
k2 + H6v8cH8c6v

E6v − E8c
+ H6v6cH6c6v

E6v − E6c
.

Considering the terms linear in k, one obtains

H (k)

6v6v = 3iζP‖
Eg + �c

{(TxT†
z − TzT†

x)kx + (TyT†
z − TzT†

y)ky}

+ iζP‖
3Eg

([σx, σz]kx + [σy , σz]ky),

where the following relations are utilized:

[σi, σj ] = 2i
∑

k

εijkσk,

TiT
†
j = 2

9
I2δij − i

9

∑
k

εijkσk,

with εijk denoting the Levi-Civita symbol. The further
algebra leads to the well-known Rashba Hamiltonian

H (k)

6v6v = αv(σxky − σykx),

with the Rashba parameter

αv = − 2ζP‖�c

3Eg(Eg + �c)
.

Similar calculations that are performed for the lowest
conduction band �−

6c yield

H (k)

6c6c = αc(σxky − σykx),

with

αc = −2ζP‖
3Eg

.

Up to phase convention, the formulas for αv/c are con-
sistent with Ref. [27] for the limiting case of δ 	 �c.
Since the Rashba Hamiltonian can be written in the
form H = v · σ , its eigenvalues are ±|v|, which gives
±αc/v

√
k2

x + k2
y .
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