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superlattice, which is partly implemented in the known literature. Investigation carried out by the stationary Green’s
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1. Introduction

Hybrid perovskite (HP) crystals — (MA)PbX3 structures,
where X is halogen, MA is the CH3NH3 molecules, com-
bine promising properties that are inherent in perovskites in
general and significant for the development of memristive
memory devices, solar cells SC and other optoelectronic
devices [1–3]: high solar radiation absorption coefficient
inside thin films; weak bond in an exciton, which is
important for separation of electrons and holes during
radiation absorption; long charge carrier diffusion allowing
the carriers to move within SC, and others.

Compared with inorganic perovskite, hybrid perovskite
features low densities of

”
common“ carriers — electrons

and holes — at level (109−1013) cm−3 and low energies of
lattice damage (and intense halogen ion electromigration.
HP technology progress is associated both with the deve-

lopment of process techniques and deeper understanding of
processes taking place at and near the perovskite-rectifying
electrode interface.
Besides the electromigration of perovskite components

within perovskite, surface states (SS) arising at the interface
are substantial for such processes. Evaluation of the SS
role is well illustrated by the title of review [4]: Halide
Perovskites: is it all about the Interfaces? Recent work [5]
provides a full review of the current investigation level in
the field of SS.

This work is devoted to semianalytic modelling of SS. To-
gether with the electromigration analysis that was partially
addressed in [6], such model makes it possible to interpret
the temperature dependence of the current-voltage curve of
a memristive structure and provides an approach to more
complex tasks, in particular, to resistive switching. These
tasks will be addressed in a separate work.

Gold was chosen as a material for an electrode that forms

the interface with perovskite. This is due to the fact that

gold is not an electrochemically active material, transfer

of which between electrodes could form conductive wires

(such method to control the on-off state of a memristive gap

is currently considered as the least promising).
However, chemical stability of gold interacting with the

halide component of HP is currently in doubt. There is also

information that a gold atom, when exposed to light, can

substitute a heavy atom in perovskite forming a system with

alternating elongated and flattened tetragons and doubled

lattice constant [7].
A layer of such material, partly hypothetical, shall form

an additional interlayer between gold and HP. However, as

it follows from our estimates, in terms of the lattice constant

it matches well with both gold and perovskite and doesn’t

introduce qualitative changes into the study.

Though, a low-defect interface between gold and HP

lattices requires a high technology level, it was probably suc-

cessfully implemented in [8,9]. Therefore, it will be method-

ologically correct to assume that such connection is imple-

mented. Actually, if a cubic lattice constant aHP = 6.28 Å is

taken for the CH3NH3PbI3 hybrid perovskite lattice, and a

tabular value agold = 4.704 Å (in the (100) planes) is taken

for a FCC gold lattice, then a superlattice with a very small

and, therefore, real compliance constant aCompl = 18.744 Å
is permissible, which corresponds to 3.9848 (four) of the

gold cell and 2.9848 (three) of the perovskite cell. Then a

relative lattice mismatch for gold is 0.038. Mismatch energy

per matching lattice cell area A2
0 = 351.56 Å2 = 3.52 nm2 is

approx 2.55 · 10−3 eV, i. e. is very low. Thus, the selection

of the pair of material at the interface may be considered as

reasonable.
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2. Employed calculation and evaluation
method

Some kind of quantum-chemical (QC) application pro-

gram package could be an optimum way to determine the

density of states DOS(E) — in this case of surface or

interface states DOSS(E), if a larger superstructure constant

along the interface and an equally large nominal constant

across the interface could be set in this package. But in

real practice, even the former constant is too large, and a

simplified semianalytic solution has to be used. It is based

on the stationary Green’s operator technique (SGOT) in —
stationary Green’s operator technique) in site representation

described in the works by S.Yu. Davydov [10–13].
The solution uses one of the simplest options — tight-

binding approximation and interactions of only the nearest

neighbors. However, several more substantial electron

orbitals assigned to a particular type of atoms are considered

in this case. SGOT for a periodic lattice is based on the

Dyson equation in the operator

Ĝ = ĝ + ĝV̂ Ĝ (1)

or expanded matrix forms

Gik = g ik + g ilVlmGmk (2)

(where m, k are indices of particular sites). This equa-

tion is a form of the Schrödinger equation representation

(E−Ĥ)Ĝ = Î , where the Hamiltonian Ĥ is Ĥ = Ĥ0 + V̂ ,

and unperturbed Hamiltonian Ĥ0 satisfies the equation

(E−Ĥ0)ĝ = Î . Equation (1) is solved together with the

translation-invariant TI conditions. According to common

rules, zero in the denominator of elements Gik found

in course of solution defined a dispersion equation of

electronic band structure.

At the first calculation step, it may be considered that ĝ
corresponds to a system of isolated lattice atoms that don’t

interact with each other; each atom contains an electron

energy level or a group of levels. In case of one level, the

matrix of g ik elements of the operator ĝ : g ik = δik(E−ε0)
−1

contains only one diagonal element g00.

A solution obtained by SGOT contains only atomic level

energies and orbital overlap integrals Vik at one or neighbo-

ring atoms as necessary parameters. In the HP−gold sys-

tem, ε,V (playing, in fact, a role of adjustable parameters)
for each of the materials may be obtained by combining

the QC and DFT calculation data of infinite 3D materials,

perovskite and gold, with the SGOT scheme. These calcu-

lations in this work were performed in Quantum Expresso.

Then, the perovskite and gold energy level overlap

integrals restored from these packages and data calculated

by other authors are used to calculate Green’s operator ele-

ments Ĝ and dispersion relations for the HP−gold interface.

A necessary step at this calculation stage involves obtaining

Ĝ operator for
”
bare“ perovskite and gold interfaces, with

respect to which bond cutting plays a role of perturbation.

To avoid confusion, another notation of Ĝ is used — Q̂ with

corresponding indices, for HP−gold finite interface — 5̂ is
used.
To implement the DOSS evaluation program, a system

of rules was formulated to account for the band width and
position of band centers considering the interaction between

this energy level and at least several nearest levels and at
least for the simplest lattices. These rules may be referred
to as a set of primitives.
The simplest primitive is a simple cubic lattice with the

constant a , only one s electron with ε0 at each atom and a

single overlap integral V < 0. The Dyson equation together
with the TI conditions gives the diagonal element expression
of Ĝ

G00=g00

(

1−2g00V
(

cos(kx a) + cos(ky a) + cos(kz a)
)

)−1

,

(3)
pole of which gives the known dispersive relation

εk = ε0 + 2V
(

cos(kx a) + cos(ky a) + cos(kz a)
)

, V < 0
(4)

for a single band. A unique property of a simple cubic
lattice is that the dispersive relation maintains the form
of (4) (without cos(kz a)) for a semi-space, i. e. there is

an interface mode. The same refers to FCC.
The next in complexity is a simple cubic lattice, neigh-

boring atoms of which interact through the s-electron on
one atom and p-electron on a neighboring atom (

”
simple

salt“ with alternating simple metal and halogen atoms

Halide Perovskites: is it all about the Interfaces?). In
this case, the scheme of solutions of the system of
Dyson equations taking TI into account gives G00 written
as [10]:

G00 =
g00

1− 4g00V g11V sin2 ka
=

E − ε1

(E−ε+)(E−ε−)

=
1

ε+ − ε−

(

ε+ − ε1

E − ε+
+

ε1 − ε−

E − ε−

)

, (5)

where ε+(k) and ε−(k) are dispersive dependences of the
upper (antibonding) and lower (bonding) bands located
above ε1 and below ε0, respectively:

ε(±) =
ε1 + ε0

2
±
(

(

ε1 − ε0

2

)2

+ 4V 2
(

sin(kx a) + sin(kx a) + sin(kz a)
)2
)1/2

. (6)

When deriving (5−6), it was assumed that an electron with
ε0 (

”
s“ electron) was bound to atom

”
0“ an electron with

ε1 > ε0 was located on atom 1 (and atoms translationally
equivalent to it).
For simplicity, (6) is written for the 1D lattice. The 3D

case differs only in the square of sum of three, rather than
one, sines in the denominator. Each of the ε±(k) bands has
the following width

(

(

ε1 − ε0

2

)2

+ 12V 2

)1/2

−
(

ε1 − ε0

2

)

. (7)
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According to a common calculation scheme of the local

density of states on atoms with electrons ε0, ε1, DOS0(3D),

DOS1(3D), all states satisfying the dispersion law ε(k) are

summed over k; in this case, it is convenient to introduce

an infinitely small imaginary additive to the denominator

of Ĝ elements. In particular,

DOS0(3D)(E) =
2(2a)3

(2π)3

∫

BZ

1

π
ImG00(k)dk, (8)

where with a sufficiently general form of G00:

G00 =
A(E)

K(E) − K(εk) − i0
(9)

DOS is proportional to

DOS0(3D)(E) ∼
∫

BZ

A(E)δ
(

K(E) − K(εk)
)

dk

=

∫ (

A(E)
dK
dE

dE
dkx

)−1

E=εk

dky dkz , (10)

the proportional factor can be conveniently written in each

particular case. For G00 written as (9) and a simple cubic

lattice with the constant 2a

DOS0(3D)(E) =
2a3

π3

×
π/2a
∫

−π/2a

(

(ε+ − ε1)δ(E − ε+) + (ε1 − ε−)δ(E − ε−)
)

ε+ − ε−
d3k

(11)
and for the upper energy band with ε+(k), we get:

DOS0(3D)(E > ε1) =
2a2

π3

π/2a
∫

−π/2a

(

dεk

dkx

)−1

dk⊥

=
2a2

π3

π/2a
∫

−π/2a

dk⊥
ε+ − ε1

ε+ − ε−

(

dQ
dkx

)−1

kx =kx (E,k⊥)

, (12)

where

Q =

√

(ε1 − ε0

2

)2

+ 4V 2
(

3− 2(Cx + Cy + Cz )
)

;

Cx ,y,z = cos(2kx ,y,z a).

Then, in the form convenient for elementary numerical

counting

DOS0(3D)(E > ε1) =
2(E − ε1)

π3V 2

×
π/2
∫

−π/2

[

1− (3−Cy −Cx − 2t)
]−1/2

dqy dqz (13)

— function of the single parameter

t =
(

(

(E − 〈ε〉)/2V
)2 − (1ε/4V )2

)

.

”
Simple salt“ equations are convenient when the real

interaction structure is complicated and the dispersion

equation has a high order in E . Moreover, these equations

provide a vivid picture of level expansion to bands and shift

of the centers of any pair from initial levels as a result of

mutual
”
rapping“ of levels on the energy scale.

Dependence of the density of states of the upper

antibonding band (i. e. a band with E > ε1) is given in

Figure 1 with (ε1−ε0)/4|V | = 1, the density of states with

E < ε0 is in mirror position on the other side of the band

gap with ε1−ε0, i. e. to the left of curves 1, 2, 3 in the

orientation as shown in Figure 1.

Note that the density of states in the band formed by

its
”
own“ energy level (for example, DOS

(ε1)
1 ) changes near

the band edges according to the root law (boundaries of

curve 1 in Figure 1); density of states formed by another

level changes according to the square law (left boundary

of curve 2). With the energy of the density of states

corresponding exactly to a particular level that are formed

by the interaction with higher and lower levels, it is reduced

(in Figure 1, this is illustrated by a dashed line to the left of

point (E−〈ε〉)/2|V | = 1, i. e. ε = ε0 — by a band formed

by some reference level higher than ε1 and not taken into

consideration).

3. Dispersive relations and density
of states of infinite HP perovskite
and gold

When proceeding to 3D lattices of HP and gold, we make

qualitative remarks derived from the calculation of electron

structure of these materials in [14–17].

Perovskite valence band (VB) is formed by orbitals 5s
of iodine (I), 5p of iodine, and 6s of lead (Pb), CB is

formed by orbitals 6p (Pb). MA cations are
”
far away

from the scene“ — below band 5s , and don’t contribute

to the bands adjoining the Fermi energy. Level 6s of I in

this case includes a whole set of sublevels that generates

a set of overlapping bands [14]. Local densities of states

on Pb and I atoms calculated in [15] are shown in Figure 2

with minor simplifications; all sublevels 6s are considered

as a single level.

Note that the complication of equations (11)−(13), that
occurs when interactions 6s−5p, 6p−5s , 5p−6p between

orbitals of neighboring atoms and 5p−5s , 6p−6s on an

individual atom are taken into account, is purely formal,

if perovskite is still considered in the
”
simple salt“ model.

We give the resulting equations without deduction. Initial

matrix of coefficients in the system of Dyson equations for

Green’s operator elements G6p6p
11 , G6z6p

11 , G5z6p
01 , G5p6z

01 , G5p6p
01
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is written as

































1 −g6p
1 V 6s6p

11 −g6p
1 (−2iSE+V 6p5s

10 ) −g6p
1 2CE+V 6p5p

10

−g6s
1 V 6s6p

11 1 0 −g6s
1 (−2iSE+V 6s5p

10 ) 0

−g5s
0 2iSE−V 5s6p

01 0 1 −g5s
0 V 5s5p

00 0

−g5p
0 2CE−V 5p6p

01 −g5p
0 2iSE−V 5p6s

01 −g5p
0 V 5p5s

00 1 0

−g5p
0 2iSE−V 5p6p

01 0 0 0 1

































(14)

where S = sin(ka), C = cos(ka), E± = exp(±ika). Ma-

trix (14) is written for a one-dimensional problem. For

the 3D case, it is sufficient to replace S2 → (Sx + Sy + Sz )
2.

( – < >)/2| |E Ve
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3

Figure 1. Densities of states of the upper (antibonding) band

E > ε1 that are responsible for initial electron orbitals ε0,1 with

(ε1−ε0)/4|V | = 1. 1 and 2 — DOS1 and DOS0 with V = 1 eV,

3 — DOS0 with V = 0.5 eV.

E, eV
–10 –8 –6 –4 –2

1

2

0

D
O

S
(E

),
 1

/(
eV

·c
el

l)

1

0

0

3

4

5

1

1

0

2

Figure 2. Simplified picture of the local densities of states

(LDOS) calculated in [14] for MA perovskite PbI3 .
”
0“ — LDOS

on iodine atoms,
”
1“ LDOS on lead atoms. Zero energy — LDOS

of VBM perovskite (DOS Pb, adopted Pb diagram file).

Then for G6p6p
00 of Green’s operator, we obtain

G6p6p
11 =

(A − BS2)
[

K − DS2 + (R − FS2)2
] , (15)

where the Pb atom with atomic orbitals 6s, 6p is designated

as
”
0“, the I atom with orbitals 5p, 5s is designated as

”
1“,

S2 = (Sx + Sy + Sz )
2,

ξ5s
0 =E − ε5s , ξ

5p
0 =E − ε5p;

ξ6s
1 =E − ε6s , ξ

6p
1 =E − ε6p (16)

— shifts of E with respect to the considered levels. Nota-

tions A, B, K, D are similar to those introduced in (9), —
polynomials with respect to ξ

A(E) = ξ5s
0 ξ

5p
0 ξ6s

1 − ξ6s
1 (V 5s5p

00 )2, B(E) = 4ξ5s
0 (V 6s5p

10 ),

K(E) = ξ
6p
1 ξ6s

1 ξ5s
0 ξ

5p
0 − ξ6s

1 ξ
6p
1 (V 5p5s

00 )2

− ξ5s
0 ξ

5p
0 (V 6s6p

11 )2 − 4ξ
6p
1 ξ5s

0 (V 6p5p
10 )2,

D(E)=4
[

ξ5s
0 ξ

6p
1 (V 6s5p

10 )2+ξ
5p
0 ξ6s

1 (V 6p5s
10 )2−ξ5s

0 ξ6s
1 (V 6p5p

10 )2
]

,

R = V 6s6p
11 V 5s5p

00 , F = 4V 6s5p
10 V 6p5s

10 . (17)

The local density of states 6p on the Pb atom is given,

as in (9)−(11), by a double integral that is easily taken

numerically:

DOS
6p
1(Pb) =

16a2

π3

π/2a
∫

0

dkydkz

(

(A−BS2)

2SxCx

×
dK
dE + 2R dR

dE − S2 d
dE (D + FR) + 2F dF

dE (S2)2

D + 2FR − 2F2S2

)

E=εk

(18)
where

S2 =
(D + 2RF) ±

√

D2 + 4F(DR − FK)

2F2
(19)
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5s 5p 6s 6p

e5s e5p e6s e6p

B –
6s

B –
6s

B –
5p B +

5p B +
6s

5s 5p 6s 6p

B +
6s

B –
5p B +

5p
e5s e5p e6s e6p

Figure 3. Illustrative relations of local densities of states calculated on the Pb atom (upper figure) and halogen atom (lower figure) in

the simple two-band scheme approximation (equations (11)−(13)) (taken from the Band Scheme file, page 6).

— biquadratic equation solution in the denominator (15),

Sx =

√

(D + 2RF) ±
√

D2 + 4F(DR − FK)

2F2
− Sy − Sz ;

Cx =
√

1− S2
x . (20)

Other densities of states also have a similar form.

When the specifics of perovskite lattice (more compli-

cated than that of the
”
simple salt“ type) is not taken into

account for levels 5s, 5p, 6s, 6pand the form of DOS curve

is known (Figure 2), five overlap integrals V5p6s , V5s6p, V5s5p,

V6p6s , V5p6p may be defined from (15)−(20) and five local

density ratios DOS
(5s)
0 /DOS

(5p)
0 , DOS

(5s)
0 /DOS

(6s)
0 , etc., that

are given in Figure 2. The problem is not exactly correct,

because there are seven such ratios, as can be seen in

Figure 2.

Overlap integrals were determined numerically. The total

squared error of the determination of the ratio of densities

of states was minimized by one of integrals V 5p6s , V 5s6p,

V 5s5p, V 6p6s , V 5p6p at a time. Then, another integral was

varied,etc. Thus, the procedure had a gradient descent

character in dimensionality 5 space and converged quite

slowly, however, three of five desired overlap integrals

V 5p6s , V 5s5p, V 6p6s ultimately were little different from the

initial values that may be easily obtained from elementary

equations of type (7).

These values of V are obtained from the known

perovskite bandwidths (Figure 2), providing that each

width in any direction on the energy scale is determined

by the interaction with only the nearest levels. Given

B−

5p, B+
5p ≈ B−

6s , B+
6s are the boundaries of bands 5p and 6s .

The upper boundary of band 5s and lower boundary of

band 6p coincide with energies of these states ε5s and ε6p,

because bands 5s and 6p have neighbors only on one side

Pb

Pb

MA

MA

I

I

I

x

yz

1

2

3

5

0

– 2

– 3

Figure 4. Designations of atoms in the perovskite lattice

cell. White circles — Pb atoms, black circles — halogen atoms

(atoms 0,2), gray circles — MA atoms. Halogen tetrahedron edges

are shown in the left upper corner.

of the energy scale. Then the
”
upper“ FWHM of band 6s is

B+
6s − ε6s =

(

(

ε6s − ε5p

2

)2

+ 12(V 6s5p)2

)1/2

− ε6s − ε5p

2

whence it follows that the integral

V 6s5p = −
√
3

6

[

(B+
6s − ε6s )(B

+
6s − ε5p)

]1/2
. (21)

Symmetrically, the following expression may be written

immediately for the same quantity

V6s5p = −
√
3

6

[

(ε6s − B−

5p)(ε6p − B−

6s)
]1/2

,
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to correct the position of levels 6s and 5p (typical dips on
DOS on curve

”
0“ in Figure 2 indicate the initial position

of these levels). In two other integrals

V 6s6p = +

√
3

6

[

(ε6s − B−

6s)(B
+
6s − ε5p)

]1/2
,

V 5s5p = +

√
3

6

[

(B−

6s − ε5p)(B
−

6s − ε5s)
]1/2

(22)

plus sign corresponding to rapping of s and p orbitals on

each of the Pb and I atoms was chosen. The sign is selected

due to the fact that DOS on the I atoms is much higher than

on the Pb atoms (Figure 2). On the other hand, within the

simplest model (11)−(13), DOS1 that refer to the Pb atoms

shall be much higher than DOS1 from the I atoms (on top

of Figure 3) and vice versa. Fitting of the rapping overlap

integrals removes this anomaly as is schematically shown by

wavy arrows in Figure 3.

Outcomes of evaluation using equations (21)−(22) up-

dated during a further iteration procedure are as fol-

lows: V5p6s = −0.55 eV, V6p6s = 0.51 eV, V5s5p = 1.0 eV.

Two other integrals obtained during such procedure:

V5s6p = −0.71 eV, V6p6s = 0.4 eV.

We further consider that the perovskite lattice cell is more

complicated than the simple salt cell. The (MA)PbX3 lattice

consists of cubic lattices of singly charged MA and Pb

cations inserted one inside the other and a tetrahedral lattice

of halogen ions with the centers of tetrahedra on the Pb

ions (Figure 4). Thus, Pb is in the center of a tetrahedron,

rather than of a cube. We assume initially that each of the

atoms is connected only to the nearest neighbors, moreover,

at the next but one electron orbital on each of the atoms

(Figure 4).
It follows from the comparison of this picture with

Figure 2 that 6s(Pb) and 5p(I), which are the nearest in

energy, shall be taken as such minimum set of orbitals.

The calculated band structure may be referred as the third

primitive.

Given atom
”
1“ in Figure 4 is the Pb atom (as before)

adjacent to the I atoms; all elements of Ĝ that refer to

the I atoms are associated with atom
”
0 through TI ratios.

A horizontal plane above atoms 0 and 1 in Figure 4 is

considered as a future plane of rupture of the perovskite

crystal (the (001) plane). With such approach the matrix of

the coefficients of the system of equations for the calculation

of Ĝ elements of the infinite crystal G11, G01, G21, G31 is

written as:









1 −g1V10M −g1V12η
−
z 0

−g0V10M∗ 1 0 −g0V03η
−
z

−g2V12η
+
z 0 1 −g2V23M

0 −g3V03η
+
z −g3V23M∗ 1









,

(23)
where V10, V12, V03, V23 are overlap integrals known from

Figure 4. Column on the right side of the system includes

element g1 — seed element g11 = (E−ε1)
−1, other seed

elements are written as g0 ≡ g00 = g2 = g22 = (E−ε0)
−1.

Complex factors e±z , η±z , MM∗ are determined as follows

e±z = exp(±2ikz a z ); η
±

z = 1− e±z ;

e±x ,y = exp(±ikx ,y ax), MM∗ = 4 sin2
kx ax

2
sin2

ky ax

2
.

(24)
Solution of system (23) is given by

G11 = g1

(

1− g2g3V
2
23MM∗ − g0g3V

2
03η

−

z η+
z

)

/D(HP)
3D (25)

where the matrix determinant for 3D problem D(HP)
3D is equal

to

D(HP)
3D =1− g2g3V

2
23MM∗ − g0g3V

2
03η

+
z η

−

z

+ g1V10MM∗
(

−g0V
∗

10(1− g2g3V
2
23MM∗)

− g0g2g3V03V12V23η
+
z η

−

z

)

− g1V12η
+
z η

−

z

(

g0g2g3V10V03V23MM∗

+ g2V12(1− g0g3V
2
03η

+
z η

−

z )
)

. (26)

Taking into account that the interaction with MA for the

Fermi energy neighborhood in an accurately calculated DOS

is inessential, we discard the summands with V03,V23 and

write Ĝ elements, that are interesting for further solution, in

the same approximation:

D(HP)
3D = 1− g1g2V

2
10MM∗ − g2g1V

2
12η

+
z η

−

z ,

D(HP)
3D G01 = g1g0M

∗
{

V10(1− g2g3V
2
23MM∗)

+ g2g3V12V23V03η
+
z η

−

z

}

≈ g1g0M
∗V10,

D(HP)
3D G21 = g2g1η

+
z

{

V12 + g0g3V03(V10V23MM∗

−V12V03η
+
z η

−

z )
}

≈ g2g1η
+
z V02,

D(HP)
3D G31 = g3g1η

+
z M∗{g0V10V03 + g2V12V23} ≈ 0,

G11 ≈ g1/D(HP)
3D . (27)

Determinant (26) is virtually identical to that in the

”
simple salt“ type simple cubic lattice with pairwise s−p
interaction of electron orbitals, therefore the study may use a

simulated expression of such lattice and previously obtained

overlap integrals.

Former calculations of the band structure of the second

component of the emerging interface — gold — [16,17]
show that the conduction band corresponds to closely

spaced d-states. Energy level of the s-state is located deeply

in VB, and s-electrons are not involved in the electron

transport. The picture of the density of states of the infinite

FCC lattice of gold calculated in Quantum Espresso is

shown in Figure 5 without refinement of bands.

The curve in Figure 5 is interesting by the abundance

of narrow energy bands above the Fermi energy (
”
zero“

point). During formation of a stable superlattice of such

metal and semiconductor, these bands can form metal
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Figure 5. Density of states of gold near the Fermi energy

calculated in Quantum Espresso. Zero corresponds to the Fermi

energy εF (−5.1 eV with respect to vacuum).

induced gap states (MIGS) in the upper band gap, that are
associated with the penetration of the wave function tails of

superfermionic electrons into the semiconductor [8,18,19].
Figure 5 also shows that a large amount of electron

orbitals associated with d-levels interact in gold. However,

to get illustrative dispersive relations, we initially use an

expression for the central matrix element of Q̂(gold) in a
system with only one s-level:

Q(gold,3D)
00 =

g(gold)
0

1− 4Vgg g(gold)
0 (CxCy + CxCz + CyCz )

, (28)

where Cx ,y,z = cos(kx ,y,z agold/2).

”
0“ in (28) and several following equations (29)−(31)

is not associated with iodine and means only some gold
lattice site selected as a central one. The overlap integral Vgg

corresponds to interacting electrons on neighboring atoms.

If, as it is the case for gold, d-electrons in the xy, yz , xz
planes are dominating, due to the type of symmetry of their

orbitals, cosines in (28) change to sines:

Q(gold,3D)
00 =

g(gold)
0

1− 4Vddg(gold)
0 (6x6y + 6x6z + 6y6z )

, (29)

where 6x ,y,z = sin(kx ,y,z agold/2); notation Vdd is introduced
for the overlap integral.

To consider the interaction of this d-orbital with other
d-orbitals, we write the system of Dyson equations for the

central element

Gdd
00 = g(d)

0 + tg(d)
0

(

VddG
dd
00 + Vdd1G

d1d
00 + Vdd2G

d2d
00

)

in a simple 3-level system accounting for the interaction
between d-orbital and two orbitals with the nearest energy;

t is the translational factor that takes into account the type

of orbital and lattice symmetry. Determinant of the system
of equations for Gdd

00, Gd1d
00 , Gd2d

00 is written as








1 tg(d)
0 Vdd −tg(d)

0 Vdd1 −tg(d)
0 Vdd2

−tg(d1)
0 Vd1d 1 −tg(d1)

0 Vd1d1 −g(d1)
0 Vd1d2

−tg(d1)
0 Vd2d −tg(d1)

0 Vd2d1 1 −tg(d1)
0 Vd2d2









with the right-side column consisting of a single non-zero

element g(d)
0 . Some elements of the complex t shall be

replaced with t∗, but the details of products and powers

of t are easier to be restored in the final result. Then the

numerator in the expression for Gdd
00 is equal to

g(d)
0

(

1− |t|g(d1)
0 Vd1d1 − |t|g(d2)

0 Vd2d1

+ tt∗g(d1)
0 g(d1)

0

(

Vd1d1Vd2d2 − (Vd1d2)
2
))

,

and the determinant can be conveniently written for

Vd1d1 = Vd2d2 = Vdd, Vd1d2 = Vd1d = Vd2d = V :

1− |t|Vdd

(

g(d)
0 + g(d1)

0 + g(d2)
0 + . . .

)

+ tt∗
(

V 2
dd −V 2

)(

g(d)
0 g(d1)

0 + g(d1)
0 g(d2)

0 + g(d1)
0 g(d2)

0

)

− |t|tt∗gd
0g(d1)

0 g(d2)
0

(

Vdd −V
)2

(Vdd + 2V )

+ t4gd
0g(d1)

0 g(d2)
0

(

Vdd −V
)2

(V 2
dd −V 2). (30)

When an attempt is made to consider other states of

d-electrons (d3, d4, etc.) even with constant V and Vdd,

that don’t depend on the
”
d“ number, all terms of the

sum beginning from the third term increase sharply as the

number of states grows. Being unaware of the Vdd, Vd1,d2

behavior depending on the state indices and seeking only

a qualitative result, we assume |Vdd| = |V |. In this case, all

terms of the sum, beginning from the third one, fall out,

and the internal summation in the second term with
”
d“ —

(g(d)
0 + g(d1)

0 + g(d2)
0 + . . .), may be approximately replaced

with the integral, considering that all d-levels are evenly

distributed over the energy scale in 1ε steps (certainly,

when E > ε
(0)
gold and E < ε

(0)
gold, 1ε is different). Then,

when estimating the total density of states as the integral

of Im(Q(gold,3D)
00 + Q(gold,3D)

11 + . . .)/π over k, where

Q(gold,3D)
mm = g(gold)

m

[

1− 4Vdd

(

6x6y + 6x6z + 6y6z
)

×
(

g(gold,d)
0 + g

(gold,d1)
0 + . . . + g

(gold,dm)
m + . . .

)

− i0
]−1

,

(31)

only g
(gold,dm)
0 contributes to each term

”
m“ therefore, the

calculation is in no way different from the summation

of simpler expressions (28)−(29) with
”
0“ replaced with

the current
”
m“. Density of states at each d-level with

number m calculated later depending on θ = (E−εm)/4Vdd

in the definition domain DOS θ ∈ [−1, 3] may be approxi-

mated by

DOSm,(dold,3D) = Dmax exp
(

−
(

(θ − 1)/1
)2
)

×
√

(3− θ)(1 + θ) (32)

with the dimensionless width of the density of states

1 ≈ 0.5. Comparing (32) with the real DOS in Figure 5 and
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requiring the minimality of the mean deviation of FWHM,

peak amplitudes and
”
background“ component of DOS

from actual values, we obtain Vdd ≈ 2.0 eV, 1ε ≈ 0.8 eV.

Changes made to Q(gold)
mm elements in transition from the

bulk material to the
”
bare“ two-dimensional interface are

minimum and will be discussed below.

4. Dispersive relations and density
of states in the semi-infinite
perovskite problem

In case of cutting of the vertical bonds of atoms 1 and −2,

0 and 3 (included in the cutting lattice cell in Figure 4), a
system of 4 Dyson equations occurs in the simplest model

of one 6s−5p interaction for a new set of four elements Q11,

Q−21, Q01, Q−31 of Q̂ (index
”
1“ ↔ 6s(Pb), 0 ↔ 5p(I)).

Taking into account that bond cutting across the z axis

doesn’t change the translational relations in the (xy) plane,

the order of system is reduced to three. Then, in the first

order in V03 ≪ V12 (i. e. weakness of interaction between

halogen and MA), we get the following solution

D(HP)
2D Q11 = G11 −V 03

(

G11

(

G03e+
z − G30e

−

z

)

−
(

G13G01e+
z + G10G31e

−

z

)

)

,

D(HP)
2D Q−21 = D−21 −V 03G22V 21

(

G01G13e+
z + G31G10e

−

z

)

,

D(HP)
2D Q01 =

(

1− G12e
+
z V 21

)[

G00V 03G31e
−

z + G01

]

,

D(HP)
2D Q−31 =

(

1− G12e+
z V 21

)(

G31e−z + G33G01V 03

)

.

(33)
Overlap integrals with bars above them in (33) — are

the same as the integrals without bar, but with the
”
minus“

sign, because the meaning of perturbation is in zeroing the

vertical bonds, determinant

D−21 =

∣

∣

∣

∣

∣

G21e
−

z − G22V 20

G11 1− G12e
+
z V 21

∣

∣

∣

∣

∣

= G21e−z + V (G11G22 − G12G21),

and the whole determinant D(HP)
2D of the

”
bare“ interface of

perovskite is

D(HP)
2D =

(

d(HP)
3D

)−2
ξ0

[

d(HP)
3D

(

ξ0ξ1 −V 2
10MM∗

)

+ ξ0V
2

21

[

V 2
21η

−

z η+
z − ξ0ξ1

]

]

, (34)

where

d(HP)
3D = ξ0

(

ξ0ξ1−V 2
10MM∗ −V 2

12η
−

z η+
z

)

, ξ0,1,2 = (E−ε0,1,2)
(35)

— nominator of 3D-determinant D(HP)
3D , that doesn’t contain

(E−ε)−1 type poles and is convenient for the numeric

solution:

D(HP)
3D =

ξ1ξ0 −V 2
10MM∗ −V 2

12η
−
z η+

z

ξ1ξ0
. (36)

Finally in this approximation

Q00 =
ξ1

(ξ0ξ1 −V 2)
, Q−21 =

V (1 + η+
z e−z )

(ξ0ξ1 −V 2)
. (37)

V10 and V12 in (37) are assumed equal to each other and

to V . MM∗ type terms with periodicity along the z axis,

which is impossible for cutting across this axis, are also

discarded. As it will be seen at the next solution step, such

periodic terms are quite difficult to be implemented across

the interface. Thus, the elements of Q̂ don’t have any band

structure at all, even along the interface, which is somewhat

unexpected. Result (37) can be easily generalized to the

case of several overlap integrals and 6s, 6p, 5s, 5p levels of

the perovskite components. In particular,

G6p6p
11 =

ξ5s
0 ξ

5p
0 ξ6s

1 − ξ6s
1 (V 5s5p

00 )2 − ξ5s
0 (V 6s5p

10 )2

ξ
5p
0 ξ5s

0 ξ6s
1 ξ

6p
1 −ξ6s

1 ξ
6p
1 (V 5p5s

00 )2−(V 6p5s
10 )2ξ5p

0 ξ6s
1 −

− (V 6s5p
10 )2ξ5s

0 ξ
6p
1 + (V 6s5p

10 V 6p5s
10 )2

.

(38)
Other components of G00, G11 are written by a symmetry

argument.

5. Green’s operator of the density
of states at the HP — gold interface

”
Side“ view and

”
top“ vies of the HP — gold interface

are shown in Figure 6 (atoms in Figure 6, B are not signed,

but have the same color as in Figure 6, A).
As it was mentioned in the Introduction, gold atoms

overlap every 4-th iodine atom (I) and every 4-th Pb

atom in the interface superlattice. Since it is difficult to

calculate such superlattice accurately, details of the most

substantial overlap integrals of Au−HP are required. We

proceeded from the bond energies provided (by the order

of magnitude) by the heat of reactions of formation of gold

iodide and dilead−gold type compounds. The first reaction

of simple Au, I2 substances releases heat of about 60 kJ/mol

per two AuI
”
molecules“ in the lattice, with each of them

having 8 bonds with the nearest atoms, i. e. 4 bonds per a

molecule. The bond energy in AuI may be then assumed

equal to UAuI = −0.1 eV. Binding of gold with lead is much

more difficult and comes with heat input of about 6 kJ/mol.

Hence, it is possible to evaluate the energy of Au−Pb bond

and, consequently, the overlap integral UAuPb = +0.015 eV.

This value is very low, therefore, it is reasonable to represent

the Au−Pb interaction as a weak averaged repulsion of

atoms that do not overlap in the superlattice. With such

approach, there is no sense in separating 6s , 6p, 5s or

5p-electrons, it is sufficient to reduce them to one 6s(Pb)
electron and 5p (I), (as it is considered in (36)−(37)).
If the Au−Pb interaction is neglected (leaving only Au−I

in the match sites), the system of Dyson equations for

the elements of new Green’s operator 5̂ reads maximally

simple:

500 = Q00 + Q00U500 + Q0aU500,

5a0 = Qa0 + Qa0U5a0 + QaaU500.
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Figure 6.
”
Side“ view ( (100)) plane (A) and

”
top“ (B) view of the HP — gold interface.

Here, U is the overlap integral between the overlapping

nodal gold and iodine atoms, indices
”
0“ refer to iodine,

indices
”
a“ refer to gold. The determinant of this system is

determined as

1−U(Q0a + Qa0) + U2(Q0aQa0−Q00Qaa).

However, we cannot limit ourselves to such approach,

because the states above the perovskite valence band ceiling

are of utmost interest (VBM — VB maximum), but they
belong to 6s level, i. e. exactly to Pb.

It can be shown that the consideration of weaker

overlap integrals between the perovskite and gold in-

terface atoms that are located outside the lattice over-

lap sites and are shown in Figure 7 adds one sum-

mand, that is equal in the first order in U ′ ≪ U to —
U ′(Q0a + Qa0) + 2UU ′(Q0aQa0−Q00Qaa), to the determi-

nant per a reference pair of weak Au−Pb, Au−I bonds. U ′

was hereinafter taken equal to the arithmetic mean between

one halves of UAuI and UAuPb, i. e. — 0.3 eV.

If a simulated 1D interface (Figure 7) is assumed to have

6 Au−Pb overlap integrals (Figure 7), then the number of

weak bonds in a 2D cutting lattice cell is approx 36, i. e.

18 pairs, and the whole dispersive relation takes the form of

1−U1(Q0a + Qa0) −UU2(Q00Qaa − Q0aQa0) = 0, (39)

where

U1 = U + 18U ′; U2 = U + 36U ′.

It can be seen that the addition of interaction U ′ written

quite approximately is of fundamental importance due to a

large number of bonds.

When solving (39), the form of Q̂ elements for the
”
bare“

gold interface, including many levels and bands, shall be

preferable simplified. First, for 2D Q̂ — in (31)

Q(gold,2D)
00 = g(gold,m)

0

(

1− 4Vdd6x6y

×
(

g(gold,0)
0 + g(gold,1)

0 + . . . + g(gold,m)
0 + . . .

)

− i0
)−1

a b c d e

1 2 3 4

Figure 7. Scheme of averaged weak binding between the

perovskite (numbers) and gold (letters) interface atoms.

periodic summand 6x6ywill be maintained. In L = g(gold)
0

+ g(gold)
1 + . . . + g(gold)

m + . . . it is convenient hereinafter to

extract numbers of m and m + 1 bands between energies

of which E is embedded, and to replace the sum of other

functions g(gold,i)
0 approximately with integral, so

L = (E − εm)−1 + (E − εm+1)
−1

+

n(1)
max
∫

m+1

dm′

E − 6x6yVdd − (ε
(0)
gold + m′1ε)

+

m−1
∫

1

dm′

E − 6x6yVdd − (ε
(0)
gold + m′1ε)

+

n(1)
max
∫

0

dm′

E − 6x6yVdd − (ε
(0)
gold − m′1ε)

. (40)

The output of expression L in (40) reduces to the sum

of logarithms (hence its notation) and depends on the

position of point E on the energy axis. If level ε
(0)
gold is

in coincidence with the point of sharp decrease in DOS

in Figure 5 and E > ε
(0)
gold, the first integral in L (upward
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Figure 8. Total density of states at the perovskite-gold interface.

1 — DOS (HP-perovskite), 2 — the shape of DOS (Pb) curves in

3D HP crystal, 3 — DOS (Au) — schematically, not to scale.

along the energy axis) extends to the upper boundary of

the gold state spectrum, the second integral (downward

along the energy axis) extends to ε
(0)
gold, the third integral

extends to the lower boundary of the gold level spectrum.

This third integral below ε
(0)
gold shall include another overlap

integral Vdd and another (smaller) mean distance between

levels. Change of the form of integrals for E < ε
(0)
gold is quite

evident.

By substituting the interface elements of Q̂ operators of

gold and perovskite in (39) and assuming kz = 0, we obtain

the dispersive relation needed to calculate DOS

(ξ0ξ1 −V 2
02 + U1V02)ξgold −U1(ξ0ξ1 −V 2

02)

−UU2(V02 + ξ1) − 4VddSx Sy L(ξ0ξ1 −V 2
02 + U1V02) = 0.

(41)
Nominators of 5̂ elements, sum of which is used to calculate

the density of states, are calculated according to the same

scheme as for Ĝ, Q̂ and are not given here.

The calculated density of states is given in Figure 3.

It can be seen from it and (41) that the
”
perovskite“ part

of Q̂ operator, that had no bands and reduced to individual

levels, is transformed again in a quite broad band due to the

interaction with gold. The same oscillations as on DOS of

gold are further visible on the DOS curves, which results

from the multiplicity of considered gold levels, however,

their amplitude is much lower than that in Figure 5. The

DOS ćurves are narrower that the initial ones that refer

to the 3D material, as must be the case when dimension

reduces. Extension of the amplitudes of DOS curves into the

high energy region with respect to the initial VBM boundary

is most substantial.

Extension of the DOS curves results from repulsion of the

Pb level from dense gold levels with E < ε
(0)
gold, while 6s(Pb)

and ε
(0)
gold levels are very close to each other. As shown

in equation (7), the overlap integral sign is inessential.

From that (7), it follows that the width of the formed

band with a small overlap integral may be estimated as

8(8U ′)2/(ε6s−ε
(0)
gold), which can reach units of V, despite

the smallness of U ′ . The Fermi level shown in Figure 5

above for a bulk gold crystal is kept unchanged compared

with ε
(0)
gold . It can be seen that the upper edge of the

interface states is above εF . This means that electrons may

be transferred from the metal to the perovskite interface

states, though it is limited by a low DOS of interface states

compared with that in the
”
electron sea“ of the metal.

Proximity of ε
(0)
gold to 6s(Pb) level seems almost accidental,

however, the same effect can also give the gold level at

E > ε
(0)
gold, which is a little lower in energy than 6s(Pb),

but closer to 6s(Pb) than the next upper level. It is clear

that, in the assembly of almost identical interface cells, this

is wrong for a significant part of cells, upper boundaries

of which
”
don’t reach“ εF, but the described mechanism is

valid for some cells.

6. Conclusion

Dispersive dependences of electron modes at the hybrid

(MA)PbI3perovskite interface with one of the most effective

electrode materials — gold, and the density of interface

surface states are discussed. Gold was believed to form with

HP a crystallographically perfect interface characterized by

(3HP)×(4Au) superlattice. It is too large for ab-initio or

DFT calculations and there is no periodicity across the

interface therefore a stationary Green’s operator method

in site representation was chosen for the analysis. Input

data about 3D lattices of perovskite, gold and interaction

between these components were derived from the DFT

methods and known calculations. Extension of the upper

band 6s of Pb, which is VBM in the bulk perovskite, to a

level higher than the Fermi energy of gold — appearance

of metal-induced states in a semiconductor is the main

outcome. Thus, the perovskite interface states may be filled

with electrons. Combination of this mechanism with intense

electromigration of halogen ions within perovskite, their

impact on the temperature dependences of current-voltage

curves of the Au/HP/metal systems and resistive switching

mechanism will be discussed in a further work.
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