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The halide perovskites have truly emerged as efficient optoelectronic materials and show the promise of ex-
hibiting nontrivial topological phases. Since the bandgap is the deterministic factor for these quantum phases,
here we present a comprehensive electronic structure study using first-principle methods by considering nine
inorganic halide perovskites CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I) in their three structural polymorphs
(cubic, tetragonal and orthorhombic). A series of exchange-correlations (XC) functionals are examined to-
wards accurate estimation of the bandgap. Furthermore, while thirteen orbitals are active in constructing
the valence and conduction band spectrum, here we establish that a four orbital based minimal basis set
is sufficient to build the Slater-Koster tight-binding model (SK-TB), which is capable of reproducing the
bulk and surface electronic structure in the vicinity of the Fermi level. Therefore, like the Wannier based
TB model, the presented SK-TB model can also be considered as an efficient tool to examine the bulk and
surface electronic structure of halide family of compounds. As estimated by comparing the model study and
DFT band structure, the dominant electron coupling strengths are found to be nearly independent of XC
functionals, which further establishes the utility of the SK-TB model.

I. INTRODUCTION

Halide perovskites of the form ABX3 (where A is an
organic or inorganic monovalent entity, B is a divalent
cation such as Pb, Sn, Ge and X is a halogen (Cl,
Br, I and F)), have brought a paradigm shift in the
photovoltaic applications because of parity allowed di-
rect transitions between the band extrema1–4. In re-
cent times along with the optical properties, these per-
ovskites have shown the ferroelectrically driven spin-
texture, and topological quantum phase transition un-
der external forces in both centrosymmetric and noncen-
trosymmetric phases5–12. While the entity A predom-
inantly decides the structural stability and centrosym-
metricity, B and X governs the electronic properties of
these compounds7,13. The cubic phase of halide per-
ovskites exhibit structural phase transition with tem-
perature and pressure, and the resulted lower symmetry
crystal structures are characterized by in-plane as well
as out-of-plane octahedral rotations14–16. The schematic
representation of the orbital overlap in high symmetric
and lower symmetric phases is illustrated in the Fig. 1.
Over the last decade, both experimental and density

functional theory (DFT) methods have been employed
to unravel the orbital and crystal interplay to study the
optoelectronic and other intriguing properties of these
perovskite materials. The previous electronic structure
studies on these compounds suggest that the band spec-
trum consists of anti-bonding and bonding states, along
with the X-p dominated non-bonding states arise out of
strong covalent hybridization between B-{s, p} and X-p
states7,13,17. Nature of the band structure remains sim-
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ilar for a particular phase with varying bandwidth for a
family of halide perovskites. Beyond this basic observa-
tions, there are several issues which need to be addressed
to construct a comprehensive picture of the electronic
structure of this important class of compounds. For ex-
ample choice of exchange correlation functional is one of
the debatable issue18,19.

As the bandgap varies widely in this class of com-
pounds and the materials applicability in optoelectronic
devices as well as in inducing non-trivial topological
phases primarily depend on the bandgap, and we know
that the bandgap highly sensitive to type of exchange-
correlation functionals employed within the DFT formal-
ism. Therefore, it is pertinent that a relation between
the bandgap and the type of exchange correlation func-
tional be established, which could capture the experimen-
tal observations. Furthermore, this class of compounds
exhibit three temperature dependent structural phases
governed by anionic displacements15,16. The bandgap of
these phases differ significantly from each other. There-
fore, it is crucial to identify the chemical interactions that
govern the bandgap in this family. Also, it has been ob-
served that electronic structure is sensitive to both B and
X. For example if B is Sn for any X, we observe a lower
bandgap as compared Pb and Ge and the reason has
not been able to explain through parameter-free density
functional calculations. As a whole comprehensive first
principles calculations and formulation of model Hamil-
tonians are required to provide a generic description of
the electronic structure of the halide perovskites.

In the literature, from the model Hamiltonian per-
spective, only a handful of studies have examined the
band structure of halide perovskites. Boyer-Richard et
al., envisaged the fourteen orbital basis based tight-
binding (TB) Hamiltonian without incorporating the sec-
ond neighbour interaction and Jin et al. have studied
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FIG. 1. Schematic representation of chemical bonding of B-{s,
p}-X-p orbitals in various polymorphs of halide perovskites.

the continuum model based on the four orbital basis TB
Hamiltonian8,20. In our recent work, the four orbital ba-
sis model is employed to lower symmetry polymorphs to
examine the band topology of these perovskites systems7.
However, all these studies were carried out on individual
members, and so far, there has been no systematic study
of TB Hamiltonian for all the members of the halide per-
ovskites family to understand sheer variety of properties
with varying B and X elements. This is the first attempt
to bring the generic picture of halide perovskites, and
for that, we have considered the nine members and three
structural phases to analyze the role of each entity of
inorganic ABX3 compounds.

II. COMPUTATIONAL DETAILS

In the present work, we have employed both pseu-
dopotential method with the plane-wave basis set as im-
plemented Vienna Abinitio Simulation Package (VASP),
and full-potential linearized augmented plane wave (FP-
LAPW) method as implemented in WIEN2k simulation
tool for DFT calculations21–23. In both the methods,
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional within the generalized gradient approxima-
tion (GGA) is considered. However, the PBE underesti-
mates the bandgap severely as compared to the experi-
mental bandgap. Therefore, the PBE-GGA approxima-
tion along with modified Becke-Johnson (mBJ) poten-
tial as well as hybrid functionals are used to take into
account the exchange-correlation effect and for compari-
son purpose24,25. All the band structures in the present
work are presented from PBE+Tran-Blaha mBJ poten-
tial. The self-consistent field (SCF) calculations comprise
of augmented plane waves of the interstitial region and
localized orbitals: B-{ns, np} (B = Ge, Sn, Pb) and X-p
(X = Cl, Br, I). Here, n and m vary with B and X. The
RX

MT set to 7.0 for all the compounds. The Brillouin
zone integration is carried out with a Monkhorst-Pack
grid. We used a k-mesh of 10×10×10 (yielding 35 irre-
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FIG. 2. (a) Molecular orbital picture of halide perovskites
envisaged from the B-{s, p}-X-p atomic orbitals, produces
the bonding and antibonding orbitals along with the non-
bonding orbitals. (b-d) Band structure of cubic, tetragonal
and orthorhombic band structure of representative compound
CsPbI3.

ducible points), 6×6×4 (yielding 35 irreducible points),
and 8×8×6 (yielding 100 irreducible points) for the α, β
and γ-phases respectively. To build a Slater-Koster tight
binding (SK-TB) Hamiltonian, we consider the appropri-
ate basis set out of the orbitals dominating the bands at
the Fermi level and this information is obtained from the
first-principle based density functional calculations. The
details of the Hamiltonian and orbital basis is discussed
in details in section IIIB.

III. RESULTS AND DISCUSSION

A. DFT study

To start with, we will first discuss the electronic struc-
ture of CsPbI3 and explain it through a generic molecular
orbital picture as shown in Fig. 2. Here, we outline some
of the standard features of band spectrum of halide per-
ovskites: (I) The band spectrum in general consist of four
antibonding and bonding bands along with the five non-
bonding bands arising due to the B-{s, p}-X-p covalent
hybridization in BX6 octahedron. Thus, the eigenfunc-
tions of antibonding and bonding states are the linear
combination of B-s, B-p and X-p orbitals. Their strength
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TABLE I. Structural parameters of various CsBX3 perovskites as obtained from DFT calculations and in comparison with the
experimental results. The compounds exist in different crystal polymorphs at different temperature ranges. The θab and θc is
180◦ for α phase.

Phase B X Lattice Parameter (Å) Octahedral angle Temperature (K) Ref.

DFT Expt. θab, θc

Cl 5.34 5.47 443,449 26,27

Ge Br 5.6 5.69 543 26

I 6.0 6.05 573 26

Cl 5.62 5.55 293 28

α Sn Br 5.88 5.8 292,300 29

I 6.27 6.21 426 30

Cl 5.71 5.6 320 31

Pb Br 5.98 5.87 403 32

I 6.38 6.29 554 33

Sn Br 8.27 8.27 5.92 8.18, 8.18, 5.82 162.8 ◦, 180 ◦ 270-300 29

β I 8.81 8.81 6.31 8.77, 8.77, 6.26 162.6 ◦, 180 351-426 30

Pb Br 8.35, 8.35, 6.04 156.3◦, 180◦ 361-403 32

I 8.89 8.89 6.44 8.82, 8.82, 6.3 155.9 ◦, 180◦ 457-554 33

Sn Br 8.15 8.37 11.77 8.19, 11.58, 8.02 157.4 ◦, 163.5◦ 270 29

γ I 8.66 8.92 12.53 8.68, 8.64, 12.37 154.6 ◦, 161.4◦ 426 30

Pb Br 8.24 8.47 11.93 8.21, 8.25, 11.76 153.4 ◦, 160.6◦ 361 32

I 8.76 9.04 12.7 8.62, 8.85, 12.5 152.3 ◦, 159.2◦ 457 33

varies with the type of atom at B, halogens as well as
crystal symmetry. The nonbonding states are from X-p
orbitals. The molecular orbital picture presented in Fig.
2a is for Oh point group symmetry which exists at R and
Γ points of cubic Brillouin zones. The X-p orbitals un-
dergo symmetry adapted linear combinations and form
the molecular orbitals with B-{s, p} orbitals. (II) The
Fermi level in the electronic spectrum is solely deter-
mined by the valence electron count (VEC) which is the
total number of valence electrons available per formula
unit. In single halide perovskites, the atom at A con-
tributes one electron, while atoms B and X contributes
four and five electrons respectively. Thus, the VEC for
halide perovskites turns out to be 20. This makes the
states up to σ∗

s−p occupied and hence the Fermi level lies
in the gapped region. (III) All of the inorganic halide
perovskites have direct bandgap in nature. The bandgap
value varies with the crystal symmetry and chemical com-
position of ABX3 and spin-orbit coupling (SOC) strength
of B site atom.(IV) The parities of the valence band and
conduction band edges for three polymorphs in terms of
Koster notations is denoted in Fig. 2. The analysis indi-
cates that all the halide perovskites exhibit parity allowed
transitions due to the opposite of parity of band edges.

The instability of the high-temperature cubic phase
introduces the octahedral rotations in the unitcell, and
there occurs the crystal phase transition from the cubic
to tetragonal to orthorhombic phases with temperature
as listed in Table I. The tetragonal phase is character-
ized by only inplane octahedral rotation, whereas the or-
thorhombic phase is characterized both inplane and out

of plane octahedral rotations. These rotations increases
the unitcell volume as well as the number of atoms. The
Ge based halide perovskites exhibit single phase tran-
sition and crystallize in rhombohedral unitcell in room
temperature phase.

In Fig. 3 and Fig. 4 we have compared the bandgap of
cubic and lower symmetry halide perovskites for various
exchange-correlation functionals. It is known that GGA-
PBE underestimates the bandgap significantly, the cor-
rection is added through several other approximations.
The modified Becke-Johnson (mBJ) proposed by Tran-
Blaha improves the bandgap significantly in most of the
halide perovskites. The hybrid functionals with mixing
parameter α = 0.25 (HSE06) and α = 0.3 (HSE) offer
better estimation of bandgap in few compounds and in
others the values are similar to those obtained using TB-
mBJ functional. The recently proposed mBJ potential by
Jishi et al. provides the bandgap close to experimental
one in the case of Pb based compounds18,19. In few cases;
CsGeI3 and CsSnI3 hybrid functional minimizes the er-
ror as compared to Jishi-mBJ. The bandgap for lower
symmetry polymorphs for PBE. mBJ and Jishi-mBJ are
shown in Fig. 4, in comparison with available experimen-
tal values. It is observed that the gap decreases from Cl
to Br to I, irrespective of atoms at A and B sites, and
Sn-based halide perovskites have lower bandgap values as
compared to the Pb and Ge based perovskites. A broad
explanation to this end can be given by comparing the
free atomic energy eigenvalues. The difference between
the onsite energies of Sn valence orbitals (Ep1/2 − Es1/2

= 6.35 eV) is lowest as compared to that of Pb (7.04 eV)
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FIG. 3. Bar chart representation of bandgap of cubic halide
perovskites under various exchange correlation functionals.
Here, HSE06 and HSE are calculated with pseudopotential
methods with mixing parameter 0.25 and 0.3, respectively.

FIG. 4. Bar chart representation of bandgap of tetragonal
(a) and orthorhombic (b) halide perovskites under various
exchange correlation functionals. The experimental bandgap
values of tetragonal and orthorhombic systems are obtained
from35–37.

and Ge (7.53 eV). Whereas the onsite energy halogen va-
lence p orbital decreases from I (-7.84 eV) to Br (-8.96
eV) to Cl (-9.96 eV)34 The bandgap also increases as we
move from cubic to tetragonal to orthorhombic phases
due to octahedral rotations which decrease the orbitals
overlap as shown in Fig. 1. The valence band maxi-
mum (VBM) and conduction band minimum (CBM) are
predominantly of B-s and B-p character. The VBM and
CBM occurs at R (0.5, 0.5, 0.5), Z (0, 0, 0.5) and Γ (0, 0,
0) k-points of cubic, tetragonal and orthorhombic Bril-
louin zone respectively. The DFT calculations offers a
limited quantitative understanding to establish a generic
description of the electronic structure. Specifically, the
type and strength of the interactions that govern the va-
lence and conduction bands in the vicinity of the Fermi
level needs to be determined. Therefore, in the next
section, we build the Slater-Koster based tight-binding
Hamiltonian using a thirteen orbitals (one B-s, three B-p
and nine X-p) basis set. Subsequently, the basis set will

be reduced to four.

B. Model Hamiltonian for Halide Perovskites

The appropriate SK-TB Hamiltonian for the family of
CsBX3, in the second quantization notation is expressed
as

H =
∑

i,m

ǫimc†imcim+
∑

〈〈ij〉〉;m,n

timjn(c
†
imcjn+h.c)+λL·S.

(1)
Here, i (j) and α (β ) are site and the orbitals indices
respectively. The parameters ǫiα and tiαjβ respectively,
represent the on-site energy and hopping integrals. The
spin-orbit coupling (SOC) is included in the third term of
the Hamiltonian with λ denoting the SOC strength. The
inclusion of SOC doubles the Hilbert space. Adopting
a two centre integral approach J. C. Slater and G. F.
Koster, expressed the tiαjβ with direction cosines (DCS)
(l, m, n) of the vector joining site (i) to other site (j)38.
For s and p orbitals, which forms the basis for halide
perovskites, the generic expressions are provided below

Es,s = tssσ (2)

Es,px
= ltspσ

Es,py
= mtspσ

Es,pz
= ntspσ

Epx,px
= l2tppσ + (1− l2)tppπ

Epx,pm
= lmtppσ − lmtppπ

Using Eq. 1 and 2, we now develop TB Hamiltonian for
the halide perovskites. Thus, the spin independent TB
Hamiltonian matrix, with the basis set in the order {|sB〉,
|pBx 〉, |p

B
y 〉, |p

B
z 〉, |p

X1
x 〉, |pX1

y 〉, |pX1
z 〉, |pX2

x 〉, |pX2
y 〉, |pX2

z 〉,

|pX3
x 〉, |pX3

y 〉, |pX3
z 〉}, can be written as

HFB
TB =







MB−B
4×4 MB−X

4×9

(MB−X
4×9 )† MX−X

9×9






. (3)

Here, FB indicates the full basis. The individual blocks
of this matrix are as follows, The MB−B

4×4 is given by











ǫs + h1(~k) 2itB−B
spσ Sx 2itB−B

spσ Sy 2itB−B
spσ Sz

−2itB−B
spσ Sx ǫp1 + h2(~k) 0 0

−2itB−B
spσ Sy 0 ǫp1 + h3(~k) 0

−2itB−B
spσ Sz 0 0 ǫp1 + h4(~k)











(4)

MB−X
4×9 =

(

M4×3M4×3M4×3
)

(5)
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MB−X
4×3 =











tB−X
spσ Sx 0 0

tB−X
ppσ Cx 0 0

0 tB−X
ppπ Cx 0

0 0 tB−X
ppπ Cx











(6)

From the Fig. 2 it is observed that X-p dominated bands
are very narrow (< 1.0 eV), suggesting negligible X-{p}-

X-{p} second interactions. Hence the block MX−X
9×9 can

be approximated as

MX−X
9×9 = ǫp2I9×9 (7)

Here, ǫs, ǫp1 and ǫp2 are on-site energies of B-s, B-p and
X-p orbitals respectively. The terms Cx and Sx are short
notations for 2 cos(kxa/2) and 2i sin(kxa/2) respectively.
The dispersion term gi (i = 1, 2, 3, 4), arising from B-B
second neighbour interactions are given by

h1(~k) = 2tB−B
ss (cos(kxa) + cos(kya) + cos(kza))

h2(~k) = 2tB−B
ppσ cos(kxa) + 2tB−B

ppπ [cos(kya) + cos(kza)]

h3(~k) = 2tB−B
ppσ cos(kya) + 2tB−B

ppπ [cos(kxa) + cos(kza)](8)

h4(~k) = 2tB−B
ppσ cos(kza) + 2tB−B

ppπ [cos(kxa) + cos(kya)]

The analytical expression for eigenvalues at time rever-
sal invariant momentum (TRIM) R (πa ,

π
a ,

π
a ), which is of

particular interest as the valence band maximum (VBM)
and conduction band minimum (CBM) are observed at
this point, and are given as

E1[1] =
(EX

p + EB
s )

2
− 3tB−B

ss − η

E2[8] = EX
p

E3[3] = EB
p − 2tB−B

ppσ − 4tB−B
ppπ

E4[1] =
(EX

p + EB
s )

2
− 3tB−B

ss + η. (9)

Where

η =

√

(EX
p − EB

s + 6tB−B
ss )2 + 48(tB−X

sp )2

2

The number in square bracket indicates the degener-
acy of the eigenvalues. In presence of SOC, operating
Hsoc = λL.S on B-p orbital basis with the order (pBx↑,

pBy↑, p
B
z↓,p

B
x↓, p

B
y↓, p

B
z↑), we get the following matrix

HSOC = λ



















0 −i 1

i 0 −i 0

1 −i 0

0 i 1

0 −i 0 i

1 i 0



















. (10)

As a case study, the thirteen band model is applied to
nine cubic CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I)
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FIG. 5. Thirteen orbital basis based TB band structure
of CsBX3 in comparison with DFT band structure obtained
from GGA+mBJ exchange-correlation functional.

perovskites and corresponding bands are fitted with DFT
bands to obtain onsite and hopping interactions, which
are listed in Table II. The DFT and TB bands are shown
in Fig. 5, suggesting the excellent agreement between
each other. The table infers that (I) tin-based halide
perovskites exhibit higher onsite energies (lowest Es-Ep

energy), agrees with the atomic energies mentioned in
section-II. A similar trend is observed for halogen orbital
energies. The hopping parameter tσsp varies from Cl to Br
to I indicating a decrease in the bandwidth of uppermost
valence band for all the compounds as we move from Cl to
Br to I. The onsite energies provided in Table II agrees
qualitatively well with the recent work of Hoffmann et
al.39. The other hopping parameters tB−X

sp and tB−B
ppσ

governs the bandwidth of uppermost valence band and
conduction band, and these parameters increase with Cl-
Br-I. The other parameters remain more or less constant
for all the perovskites.

Having understood about the full band spectrum of
cubic halide perovskites, now we aim to apply for lower
symmetry polymorphs. However, looking at the size and
number atoms in the lower symmetry crystal structures,
it is difficult to trace and analyze a large number of in-
teractions in these systems. Therefore, it is necessary to
develop minimal basis Hamiltonian having less number of
interaction without losing essential physics. The bands
forming the VBM and CBM at high symmetry points are
primarily created by the four B-{s, p} orbitals. From our
calculations, we found that the contribution B-p orbital
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TABLE II. On-site energy, hopping parameters and GGA-mBJ bandgap of CsBX3 perovskites in units of eV

B X EB−s EB−p EX−p tB−X
sp tB−X

ppσ tB−X
ppπ tB−B

ss tB−B
spσ tB−B

ppσ tB−B
ppπ λ

Cl -3.17 5.35 -0.18 -1.20 1.94 -0.58 0.02 -0.16 0.31 0.03 0.07

Ge Br -3.55 4.76 0.40 -1.16 1.94 -0.56 0.02 -0.15 0.32 0.02 0.07

I -3.97 4.29 0.92 1.00 1.92 -0.52 0.02 -0.15 0.37 0.02 0.07

Cl -0.71 6.42 -0.06 -1.29 1.94 -0.52 -0.08 -0.2 0.24 0.06 0.16

Sn Br -1.43 5.71 0.36 -1.27 1.96 -0.53 -0.07 -0.19 0.34 0.05 0.16

I -2.34 4.79 0.92 -1.12 1.9 -0.53 -0.02 -0.17 0.38 0.01 0.14

Cl -1.61 7.63 0.25 -1.18 1.88 -0.57 -0.03 -0.13 0.31 0.06 0.53

Pb Br -3.15 5.84 0.43 -1.13 1.86 -0.53 -0.02 -0.12 0.27 0.04 0.53

I -4.11 4.75 0.96 -0.94 1.82 -0.45 0.01 0.12 0.25 0.02 0.5

FIG. 6. Schematic representation hopping interaction in thir-
teen orbital basis based TB model and four orbital basis based
TB model. Here, Fermi level is set to zero.

TABLE III. Orbital weight in-terms of % at conduction band
minimum and valence band maximum of different halide per-
ovskites.

CBM VBM

B X B-p B-s X-p

Cl 100 65 35

Ge Br 100 63 37

I 100 65 35

Cl 100 69 31

Sn Br 100 67 33

I 100 67 33

Cl 100 66 34

Pb Br 100 61 39

I 100 60 40

at conduction band minimum is 100%. Whereas the va-
lence band maximum is made up of a linear combination
of X-p and B-s characters as listed in Table III. As we
can see, the contribution of X-p orbitals is approximately
half of B-s. Thus, there is room to minimize the number

of interactions. Therefore, we choose the basis set from
B-{s, p}, where the interactions between B-X-B will be
included in B-B interactions as shown in Fig. 6. Thus,
the SOC incorporated four-band TB Hamiltonian in the
matrix form can be written as

HMB
TB =

(

H↑↑ H↑↓

H†
↓↑ H↓↓

)

, (11)

H↑↑ =











ǫs + h1(~k) 2i(txsp)
AASx 2i(txsp)

AASy 2i(tzsp)
AASz

−2i(txsp)
AASx ǫxp + h2(~k) −iλ 0

−2i(txsp)
AASy iλ ǫxp + h3(~k) 0

−2i(tzsp)
AASz 0 0 ǫzp + h4(~k)











(12)

Here, MB refers to minimal basis. The ǫAs are band
centres of the anti-bonding bands, and tAs are the second
neighbour hopping integrals. The dispersion functions fi
(i = 1, 2, 3, 4) are expressed in Eq. 8. The TB bands ob-
tained from this four-band model are shown in the Fig. 7
for nine cubic halide perovskites and fitting parameters
are listed in Table IV, and they completely agree with
DFT bands along the broad M-R-X k-path of the cu-
bic Brillouin zone. Thus, it validates the minimal basis
set based model which captures the essential features of
halide perovskites around the Fermi level with the less
parametric quantities. In the next section, we further
validate this minimal basis set based TB model to lower
symmetry polymorphs.
In the present section, we extend our minimal basis

set TB model to tetragonal and orthorhombic systems.
In the tetragonal phase, the in-plane rotation of the oc-
tahedra produces two in-equivalent B atoms. We de-
note them as BA and BB. Now the basis set include
eight eigenstates, viz, |sBA〉, |pBA

x 〉, |pBA
y 〉, |pBA

z 〉,|sBB 〉,

|pBB
x 〉, |pBB

y 〉, |pBB
z 〉. The corresponding SOC included

16×16. Thus, the spin-orbit coupled TB Hamiltonian
is envisaged on 16 orbital basis set. For the complete
Hamiltonian ref,40. As the tetragonal phase having a
pseudo-cubic structure and creates anisotropic interac-
tions in in-plane and out of plane directions. Thus, there
are two sets of TB parameters exist corresponding to in-
plane and out of plane directions. The DFT fitted TB
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FIG. 7. Band structure of various halide perovskites ob-
tained from four orbital based TB Hamiltonian and compared
with the DFT band structure. Here, Fermi level is set to zero.

TABLE IV. Interaction parameters (ǫAs and tAs) and SOC
strength λ in units of eV.

B X ǫs ǫp tss tsp tppσ tppπ λ

Cl 1.17 6.47 -0.26 0.47 0.75 0.09 0.07

Ge Br 1.46 6.10 -0.23 0.48 0.84 0.09 0.06

I 1.70 5.55 -0.16 0.48 0.86 0.09 0.06

Cl 2.08 8.68 -0.25 0.45 0.74 0.10 0.52

Sn Br 1.73 7.11 -0.21 0.50 0.77 0.11 0.52

I 1.68 6.23 -0.15 0.48 0.83 0.10 0.49

Cl 2.46 7.57 -0.31 0.49 0.72 0.10 0.16

Pb Br 2.36 6.88 -0.30 0.52 0.79 0.11 0.16

I 2.18 6.05 -0.22 0.48 0.85 0.10 0.14

band structures of tetragonal phase for various halide
perovskites are listed in Table V. As can be seen, the
in-plane interactions’ strength is weak compared to out
of plane interactions. Similarly, in the case of the or-
thorhombic system, the rotation along c direction creates
inequivalence of B atoms, and thus the Hamiltonian ma-
trix is designed for 32 orbitals basis set. In Fig. 8, we
have presented the DFT fitted TB band structure and
fitting parameters are listed in Table V.The table infers
that the interaction strength has decreased from that of
the cubic phase, due to octahedral rotations.

TABLE V. Interaction parameters (ǫ and t) for unstained
equilibrium configurations in the units of eV. The SOC
strength (λ) is estimated to be 0.14 eV.

Phase Interaction ǫs ǫp tss tsp tppσ tppπ

Path

β−CsSnBr3 x̂,ŷ -1.52 2.99 -0.27 0.47 0.8 0.09

ẑ 3.08 -0.25 0.49 0.72 0.09

β−CsSnI3 x̂,ŷ -1.24 2.59 -0.21 0.45 0.8 0.085

ẑ 2.64 -0.21 0.43 0.74 0.08

β−CsPbBr3 x̂,ŷ -1 4.2 -0.18 0.38 0.76 0.08

ẑ 4.24 -0.16 0.38 0.66 0.07

β−CsPbI3 x̂,ŷ 0.76 3.54 -0.13 0.38 0.74 0.08

ẑ 3.6 -0.13 0.32 0.64 0.07

γ−CsSnBr3 x̂,ŷ -1.63 3.07 -0.26 0.4 0.68 0.07

ẑ -0.24 0 0.665 0.06

γ−CsSnI3 x̂,ŷ -1.23 2.66 -0.18 0.38 0.64 0.08

ẑ -0.24 0 0.665 0.06

γ−CsPbBr3 x̂,ŷ -0.9 4.23 -0.14 0.4 0.68 0.05

ẑ -0.16 0.04 0.7 0.07

γ−CsPbI3 x̂,ŷ -0.75 3.59 -0.12 -0.32 0.64 0.04

ẑ -0.14 0.02 0.66 0.07

C. Effect of Exchange-Correlation functionals on TB

parameters.

Having validated about the minimal basis set TB
model, now we examine how the TB parameters are sen-
sitive towards the XC functionals employed for DFT cal-
culations. From the Eq. 9, the bandgap can be defined
as E3-E4, which is thus the function of TB parameters.
In the minimal basis set TB model, it turns out to be a
Eg = EB

p −EB
s −2tBppσ−4tBppπ+6tBss. It can be seen from

the Fig. 3 and 4 that the bandgap of halide perovskites is
highly sensitive to the type of exchange-correlation func-
tionals used in performing DFT calculations. Thus, we
would like to examine the the effect of XC functionals
on these effective parameters. In Fig. 9, we have shown
the effective TB parameters for three different XC viz.,

GGA, mBJ and Jishi-mBJ, functional for cubic halide
perovskites to know their dependency on XC functionals.
The figure infers that difference between the onsite en-
ergies increases with the bandgap and exhibit maximum
values for Jishi-mBJ XC functional. Among all the hop-
ping interactions, tss influence is profound on the band
spectrum and small change in the values affect the band
topology significantly.
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D. Role of A Site Atom on the Electronic Structure.

To know the role of A site atoms, we have investigated
the band structure of cubic RbPbX3 by placing the Rb
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FIG. 10. Band structure of CsPbI3 and RbPbI3 perovskites
for the similar lattice parameter.

atom at Cs site without relaxing the structure and same
is shown in the Fig. 10. Our results show a tiny increase
in the bandgap value of 0.02 eV for RbPbI3 as compared
with the CsPbI3 and no significant changes have been
observed in band spaghetti. Structural relaxation car-
ried out on the RbPbX3 shows the reduced lattice pa-
rameters of the cubic lattice as compared to CsPbX3. In
contrast, the structural relaxation study with the organic
molecule at A site shows the larger volume as compared
to the CsPbX3. However, the organic molecule intro-
duces structural distortion in the octahedral cage, and
compounds show noncentrosymmetric nature and this,
in turn, affects the band structure profoundly.
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E. Surface Band Structure

The bulk electronic structure study has enabled us
to analyze the bulk properties of the halide perovskites.
However, in many cases, the study requires the surface
electronic structure to understand the surface and in-
terface phenomena of these systems. The DFT based
calculations on slab structure require a huge amount of
computational time and memory to analyze these prop-
erties. Thus to overcome such difficulty, we build Slab
TB model and obtain the surface electronic structure.
The slab TB model is envisaged by taking four orbital
basis of the proposed bulk TB model and according the
surface bands are estimated from the bulk Hamiltonian
by using the bulk TB parameters.

Here, the slab consists of alternative stacking of CsI
and BI2 layers. However, as discussed in section-II, there
are no contribution X-p orbitals at the Fermi level, the
model is restricted to B-{s, p} orbital basis. The appro-
priate Hamiltonian for the slab consisting of n unit cells
along (001) direction. We employ bulk TB parameters
and construct the Hamiltonian in the desired direction.
The matrix form the TB Hamiltonian is given by

HSlab
TB =

(

H↑↑ H↑↓

H↓↑ H↓↓

)

. (13)

Where,

H↑↑ =





















H11 H12 0 0 0 . . .

H21 H22 H23 0 0 . . .

0 H32 H33 H34 0 . . .
...

. . .
. . .

. . .

. . . 0 0 Hn−1n−2 Hn−1n−1 Hn−1n

. . . 0 0 0 Hnn−1 Hnn





















(14)
Here, Hjj is the Hamiltonian for jth layer of the slab,
and it is given by,

Hjj =











ǫs + f0 2itxspSx 2itxspSy 0

−2itxspSx ǫxp + f1 −iλ 0

−2itxspSy iλ ǫxp + f2 0

0 0 0 ǫzp + f3











(15)

Here,

f0 = 2txsscos(kxa) + 2txsscos(kya),

f1 = 2txppσcos(kxa) + 2txppπcos(kya),

f2 = 2txppσcos(kya) + 2txppπcos(kxa),

f3 = 2txppπcos(kxa) + 2txppπcos(kya). (16)

The block Hjj−1 describe the interaction between layer

j and j-1.

Hj−1j = (Hjj−1)
T =











tzss 0 0 tzsp
0 tzppπ 0 0

0 0 tzppπ 0

−tzsp 0 0 tzppσ











(17)

The off diagonal block emerging from the SOC is of the
form

H↑↓ =





















G11 0 0 0 0 . . .

0 G22 0 0 0 . . .

0 0 G33 0 0 . . .
...

. . .
. . .

. . .

. . . 0 0 0 Gn−1n−1 0

. . . 0 0 0 0 Gnn





















(18)

Gjj =











0 0 0 0

0 0 0 λ

0 0 0 −iλ

0 λ −iλ 0











. (19)

The band spectrum obtained from the diagonalization
surface TB matrix for cubic, tetragonal and orthorhom-
bic phases are shown in Fig. 11 and is compared with
Wannier functions based TB band structure.

IV. CONCLUSIONS

In conclusion, the present work, we have analyzed
the family of halide perovskites using both parameter
free Density functional calculations and parametric tight-
binding (TB) model through the Slater-Koster descrip-
tion. The analysis has unravelled the dominant orbital
overlapping interactions that govern the bandgap and
play an important role in exploring the optoelectronic
applications and topological phases. Various exchange-
correlation (XC) functionals (PBE, PBE+mBJ, HSE06,
HSE and PBE+J-mBJ) were employed on nine halide
perovskites in three structural polymorphs. While HSE
and PBE+mBJ underestimate the bandgap by a similar
magnitude, PBE+J-mBJ either gives bandgap close to
the experimental value or overestimate it18,19. The cor-
rections mBJ and J-mBJ adopts the same formalism, but
with varying parameters. Furthermore, the study reveals
that, though thirteen orbitals are involved in the chemi-
cal bonding, a four orbital based tight-binding model is
good enough to capture energy dispersion in the momen-
tum space in the vicinity of the Fermi level. The success-
ful extension of the present minimal basis TB model to
other lower symmetry crystal polymorphs and slab struc-
ture for various experimentally synthesized compounds
provides the effectiveness of this model. Interestingly,
the strength of the dominant electron hopping integrals
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FIG. 11. Surface band structure of CsPbI3 polymorphs obtained from the SK-TB formalism (upper panel) and compared
with band structure of Wannier function based TB model (lower panel).

are found to be nearly independent of the XC functional
adopted and therefore, the proposed TB model has be-
come more universal. Also, since it excellently repro-
duces the surface band structures, it can be further im-
proved to study the transport phenomenon as the Wan-
nier formalism does.
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