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ABSTRACT

The atomistic geometry, binding energy, optical and electronic properties of

wurtzite-ZnO (WZ-ZnO) (100)/CH3NH3PbI3 (MAPbI3) (112) interface were

studied with the first-principles calculations. The lattice mismatch of this

interface is 8.9%, and the interface binding energy is -0.164 J/m2. Interface

states appear nearby the Fermi level, which come from the contribution of

O-2p orbital, I-5p orbital and Pb-6s orbital. The atom orbitals of WZ-ZnO (100)/

MAPbI3 (112) interface have hybridizations. Through the analysis of charge

density difference and Bader atomic charges, it is found that there is obvious

charge transfer at the interface.

Introduction

High efficiency and low cost are two key factors for

research and development of the large-scale appli-

cation of solar photovoltaic technology [1–4].

Recently, hybrid organic–inorganic perovskite solar

cells have attracted much attention between acade-

mia and industrial circles owing to their high effi-

ciency, easy to prepare and low cost [5–7]. Perovskite

solar cells are multilayer devices [8], and the typical

structure of perovskite solar cells is: conducting glass

| electron transporting layer | light-absorbing layer

| hole transporting layer | metal electrode. Electron

transporting material can be TiO2 [9], ZnO [10], C60

[11], etc. Light-absorbing material can be CH3NH3-

PbI3 (MAPbI3) [12], CH3NH3PbI3-xClx [13],

CH3NH3PbBr3 [14], etc. Hole transporting material

can be spiro-OMeTAD [12], NiO [15], 2TPA-2-DP

[16], etc. Multilayer structure is the physical basis of

the photovoltaic effects [17]. Photoelectric perfor-

mance of perovskite solar cells not only depends on

the chemical composition, properties and morphol-

ogy of the material in each layer but also depends on

the structure and properties of interface, because

interface is a major place for charge extracting,

transporting and recombination.

Recently, some researchers had focused on the

interfaces of perovskite solar cells, and they had

studied some interfaces of perovskite solar cells. The

origin of thermal instability on MAPbI3/ZnO inter-

face was studied with the first-principles calculations

and X-ray diffraction (XRD) by Yang et al. [18]. They
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found that the presence of hydroxyl accelerated the

decomposition process. Zhou et al. [19] studied

electronic properties of the MAPbI3/WZ-ZnO (0001)

interface using ultraviolet photoelectron spec-

troscopy and XRD. They found that the electrons are

transferred from MAPbI3 to ZnO, while the holes can

be blocked. Zhang et al. [20] studied perovskite solar

cells with ITO/ZnO/MAPbI3/spiro-OMeTAD/

AgNWs structure. The device showed the highest

power conversion efficiency (PCE) of 9.21%. Zhou

et al. [21] studied perovskite solar cells with ZnO/

MAPbI3/C structure, and the device had PCE of 8%.

Song et al. [22] used XRD and scanning electron

microscope (SEM) technology to investigate the

photovoltaic performance of ITO/ZnO film, ITO/

ZnO/MAPbI3 film and ITO/ZnO/MAPbI3/HTM

film. It was found that the thickness of ZnO layer was

a key parameter to determine the photovoltaic per-

formance. Liu et al. [10] used ZnO as electron-trans-

port layer to construct perovskite solar cells.

Compared with perovskite solar cells with TiO2 as

electron-transport layer, annealing temperature of

ZnO layer is lower and the perovskite solar cells with

PCE in excess of 10% [23]. It is difficult to directly

observe the microstructure of the interface at ato-

mistic level by experimental methods. So a theoretical

investigation is needed. In this paper, we employ

first-principles method to study electronic and optical

properties of WZ-ZnO (100)/MAPbI3 (112) interface.

We investigate the density of states (DOS), charge

density difference and Bader charge on WZ-ZnO/

MAPbI3 interface. Then we calculated the optical

properties (including absorption coefficient, refrac-

tive indices and extinction coefficient) of MAPbI3
bulk, MAPbI3 (112) surface and WZ-ZnO/MAPbI3
interface, respectively. The aim of our research is to

construct the WZ-ZnO/MAPbI3 interface models, to

deeply understand the electrical and optical proper-

ties of WZ-ZnO/MAPbI3 interface.

Methods

We use the Vienna ab initio simulation package

(VASP) as the simulation platform [24–26]. VASP is

based on first-principles density functional theory

(DFT) with Perdew–Burke–Ernzerhof (PBE) [27]

version of the generalized gradient approximation

(GGA). The projector augmented wave (PAW)

[28, 29] method is applied to describe the

pseudopotential. The electron configurations of

hydrogen, carbon, nitrogen, iodine, plumbum, zinc,

oxygen are H1s1, C2s22p2, N2s22p3, [Kr]5s25p5,

[Xe]5d106s26p2, [Ar]3d104s2, O2s22p4, respectively. The

cutoff energy of WZ-ZnO bulk, MAPbI3 bulk,

WZ-ZnO (100) surface, MAPbI3 (112) surface, WZ-

ZnO (100)/MAPbI3 (112) interface is 550 eV. K-points

gamma-centered meshes are 7 9 7 9 4 and 4 9 4 9

4 for calculating for WZ-ZnO and MAPbI3 bulk,

respectively. K-points meshes are done with 1 9 2 9

2 for calculating WZ-ZnO (100) and MAPbI3 (112)

surface, and K-points meshes are done with 2 9 2 9

1 for calculating WZ-ZnO (100)/MAPbI3 (112)

interface.

Almost all of the optical properties of materials can

be deduced from DFT calculated complex dielectric

function. The optical properties mainly refer to the

absorption coefficient, refractive indices and extinc-

tion coefficient and so on. The optical properties of

WZ-ZnO/MAPbI3 interface are expressed by the

terms of the dielectric functions e(x) (1) and absorp-

tion coefficient a(x) (2). The imaginary part eab
(2) (x) is

determined by a summation over empty states using

Eq. (3), and the real part eab
(1) (x) of the dielectric

tensor is obtained by the usual Kramers–Kronig

transformation [30] using Eq. (4)

e xð Þ ¼ e1 xð Þ þ ie2 xð Þ ð1Þ

a xð Þ ¼
ffiffiffi

2
p

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e1 xð Þ2þ e2 xð Þ2
q

� e1 xð Þ
� �1=2

¼ 2xj ð2Þ

e 2ð Þ
ab xð Þ ¼ 4e2p2

X
lim
q!0

1

q2
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2wkd eck � evk � xð Þ

� uck þ eaqjuvk
� �

uck þ ebqjuvk
� ��

ð3Þ

e 1ð Þ
ab xð Þ ¼ 1þ 2

p
P

Z 1

0

e 2ð Þ
ab x0ð Þx0

x02 � x2 þ ig
dx0 ð4Þ

Here, c and v are conduction and valence band

states, respectively, and uck is the cell periodic part of

the wavefunctions at the k-point k. P is the principle

value. g is infinitesimal number.

There are many methods to describe the electron

distribution in DFT simulation. Both Mulliken pop-

ulation analysis [31] and Bader population analysis

[32] are more popular. They are very convenient to

analyze the valence of each atom and the gain and

loss of electrons in the system using the population

analysis. Mulliken analysis divides overlap popula-

tions equally between the two atoms of a bond and
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thus has the advantage of simplicity. However, its

results tend to vary with the basis sets employed and

it yields unnatural values in some cases. In this work,

Bader population analysis is used to deal with atomic

charge, thus to analyze valence change and the gain

and loss of electron number. Henkelman [33] pro-

vides Bader charge analysis method; it is only limited

to describe the system calculated by atomic pseu-

dopotential method with the plane wave projection

(PAW). To a certain extent, both charge density

waves and charge density difference can express the

net change distribution of the charge in the whole

space. In this work, charge density difference is used

to figure out the electronic distribution of the inter-

face based on VASETA [34].

Results and discussion

Geometry of WZ-ZnO and MAPbI3 bulk

We investigate the lattice structures of WZ-ZnO and

MAPbI3 bulk, and choose the wurtzite-ZnO and

cubic perovskite structure MAPbI3 to build the

interface model. The calculated lattice parameters of

WZ-ZnO are a = b = 3.25, c = 5.21 Å, while other

calculated values are a = b = 3.285, c = 5.262 Å [35].

For cubic MAPbI3, our calculated lattice parameters

are a = b = c = 6.33 Å. Compared with experiment

value 6.295 Å [36–39], our optimized value is reliable.

For the WZ-ZnO (100) and MAPbI3 (112) surface, we

build six-layer slabs to simulate their surfaces. Fig-

ure 1 shows the surface model: The bottom three

layers are fixed to represent the bulk, and the top

three layers are relaxed representing the surface. For

WZ-ZnO (100) surface model, the lattice parameters

are a = 10.41, b = 9.75, c = 18.44 Å. The model has 6

atomic layers, and there are 6 Zn atoms and 6 O

atoms on each layer. For MAPbI3 (112) surface model,

the lattice parameters are a = 10.96, b = 8.95,

c = 31.80 Å, it also includes 6 atoms layers, and there

are 12 atoms which there are 1 C atom, 1 N atom, 1

Pb atom, 3 I atoms and 6 H atoms on each layer. For

eliminating effects of periodic boundary conditions

on the surface model, we add 12 and 4 passivation H

atoms at the bottom of WZ-ZnO and MAPbI3,

respectively. We add a 20 Å vacuum layer for the top

of each surface model. After checking different crys-

tal planes of WZ-ZnO and MAPbI3, it is found that

WZ-Zn (100) and MAPbI3 (112) surfaces can make

lattice match. Figure 2 shows the lattice mismatch of

WZ-ZnO (100)/MAPbI3 (112) surfaces. The lattice

mismatch of WZ-ZnO (100)/MAPbI3 (112) interface

is about 8.9%. The tetrahedron method with Bloch

corrections [40, 41] had been adopted for calculating

density of states (DOS) of bulk, surface and interface

model. We had used this method to study the inter-

face of WZ-ZnO/CdS [35], Cu2ZnSnS4/WZ-ZnO [42],

WZ-CuInS2/WZ-CdS [43], indicating that the first-

principles calculation methods are reliable.

Geometry of WZ-ZnO (100)/MAPbI3 (112)
interface

We build WZ-ZnO (100)/MAPbI3 (112) interface

model in Fig. 3. The interface model is divided into

two parts. The left part has 6 single atomic layers of

WZ-ZnO (100) plane, and the right part has 6 double

Figure 1 The surface model

of WZ-ZnO (100) (a),

MAPbI3 (112) (b).

J Mater Sci (2017) 52:13841–13851 13843



atomic layers of MAPbI3 (112) plane. For eliminating

effects of surface dangling bonds on the interfacial

properties, we add 12 and 4 passivation hydrogen

atoms on WZ-ZnO (100) surface and MAPbI3 (100)

surface, respectively. The lattice parameters of WZ-

ZnO (100)/MAPbI3 (112) interface are a = 10.69,

b = 9.35, c = 51.14 Å. This interface model includes

36 Zn atoms, 36 O atoms, 6 N atoms, 6 C atoms, 6 Pb

atoms, 18 I atoms, 36 H atoms and 16 passivation H

atoms. In the model, we add 30 Å thickness vacuum

layer to eliminate the effects of the surface atoms with

periodic boundary conditions. We find suitable in-

terface distance by single-point energy calculation. It

is found that when the interface distance is 2.582 Å,

the model system has the lowest total energy

-636.05 eV, as shown in Fig. 4.

Interface binding energy of WZ-ZnO (100)/
MAPbI3 (112)

The interface binding energy can be considered as a

criterion to judge stability of the WZ-ZnO (100)/

Figure 2 The lattice

mismatch of WZ-ZnO (100)

(a)/MAPbI3 (112) (b) interface

(Å).

Figure 3 WZ-ZnO (100)/

MAPbI3 (112) interface

model.

Figure 4 The total energy of the interface varies with the

interface distance.
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MAPbI3 (112) interface. If the interface binding

energy is negative, we think that the interface model

is stable. Equation (5) is used to evaluate interface

binding energy of WZ-ZnO (100)/MAPbI3 (112)

Eads eV/Å
2

� �

¼ EWZ�ZnO=MAPbI3 ðeVÞ � EWZ�ZnO ðeVÞ
	

�EMAPbI3 ðeVÞ�=2S

The EWZ-ZnO/MAPbI3 is the total energy of the whole

system after relaxation. EWZ-ZnO or EMAPbI3 repre-

sents the isolated system energy of the interface

model after relaxation, respectively. The EWZ-ZnO or

EMAPbI3 part is kept, and EMAPbI3 or EWZ-ZnO is

replaced by the vacuum. It is found that interface

binding energy of WZ-ZnO (100)/MAPbI3 (112) is

-0.164 J/m2. The value of this interface binding

energy is smaller than those of WZ-ZnO/CdS [35],

Cu2ZnSnS4/WZ-ZnO [42] and WZ-CuInS2/WZ-CdS

[43], which are -0.61, -0.21 and -0.68 J/m2,

respectively. This indicates that WZ-ZnO/MAPbI3 is

a somewhat weak interface.

Optical properties of WZ-ZnO (100)/MAPbI3
(112) interface

Optical properties of MAPbI3 are important to

understand this absorption-layer material. The

absorption coefficient a is the distance of a certain

wavelength of light in the material before being fully

absorbed. The absorption can occur only when the

photon energy is greater than the band gap of the

material. This is because the electrons of valence

band can be excited to the conduction band by

absorbing photons. When the photon energy is less

than the band gap of the material, photons will not be

absorbed. As shown in Fig. 5, it can be seen that

optical band gap of the bulk MAPbI3 is about 1.81 eV,

which is very close to the reported values 1.62 eV [44]

and 1.65 eV [45]. Absorption edge of the MAPbI3
bulk is about 1.6 eV, which is higher than the

experimental value of 1.5 eV and is also higher than

the calculated result (\1.0 eV) based on SOC–GW

[46]. The absorption threshold of the MAPbI3 (112)

surface and WZ-ZnO/MAPbI3 interface shifts to low

energy (\0.5 eV). When photon energy is about

4.5 eV, the absorption coefficient a of the MAPbI3
bulk reaches a peak value. The absorption coefficient

a of MAPbI3 surface has a similar tendency with that

of the MAPbI3 bulk, while the absorption coefficient a
of MAPbI3 surface decreases accordingly. This may

be because the surface periodicity is destroyed and

the unsaturated bonds are formed. For the absorption

coefficient a of MAPbI3 interface, there are two

absorption peaks at about 1.8 and 3.3 eV. From the

analysis of density of states (Fig. 7), the absorption

peak (at 1.8 eV) of the MAPbI3 interface corresponds

to the electrons from the valence O-2p orbitals tran-

sition conduction band Pb-6p orbitals. For the

absorption peak at 3.3 eV, it can be attributed to

electrons from valence band of I-5p or Pb-6s orbitals

transition conduction band of Pb-6p orbitals. When

photon energy is less than 3.3 eV, the absorption

coefficient a of WZ-ZnO/MAPbI3 interface is slightly

larger than that of the MAPbI3 (112) surface. It can be

seen that there are some hybridizations of Zn-3d or-

bital and O-2p orbital or hybridizations of O-2p or-

bital, I-5p orbital, Pb-6s orbital with Pb-6p orbital.

Refractive indices n and extinction coefficient k are

real part and imaginary part of complex refractive

index N, respectively, N ¼
ffiffiffiffiffiffiffiffiffiffi

eðxÞ
p

¼ nþ ik. As shown

in Fig. 6a, refractive indices n of the MAPbI3 bulk

exhibit a major peak, which is located at 2.5 eV.

Refractive indices n of the MAPbI3 bulk show good

agreement with previous reports [45]. But our cal-

culated n of the MAPbI3 bulk is less than other

reported value; the trend of n curve of the surface

MAPbI3 (112) and WZ-ZnO/MAPbI3 interface is

consistent with other reported result from MAPbI3
bulk [47]. Refractive indices n of the MAPbI3 surface

and WZ-ZnO/MAPbI3 interface are less than that of

the MAPbI3 bulk at about 0.5–4.5 eV. From Fig. 6b, it

can be seen that extinction coefficient k of the MAPbI3
bulk increases first and then decreases. When photonFigure 5 The absorption coefficient a of MAPbI3 bulk, MAPbI3

(112) surface, WZ-ZnO (100)/MAPbI3 (112) interface.

J Mater Sci (2017) 52:13841–13851 13845



energy is less than 3.3 eV, the extinction coefficient

k of WZ-ZnO/MAPbI3 interface is greater than that of

the surface MAPbI3 (112). At present, to directly

obtain the optical properties of the WZ-ZnO/MAPbI3
interface from experiments is a hard task, so we

hoped that our calculations can provide a theoretical

reference value for them.

The electronic properties of WZ-ZnO (100)/
MAPbI3 (112) interface

We study electronic properties of WZ-ZnO (100)/

MAPbI3 (112) interface, including total density of

states (TDOS), local density of states (LDOS), partial

density of states (PDOS), charge density difference

and Bader charge of the interface.

Figure 7a shows TDOS of WZ-ZnO (100)/MAPbI3
(112) interface; the new electronic states can be seen

nearby the Fermi level. When these two semicon-

ductor materials form the heterojunction, the peri-

odical structure of the crystal is damaged at the

interface, so there are some additional interface levels

in the band gap between the conduction band and

valence band. These new electronic states (additional

levels in the band gap) are interface states. Figure 7b,

c shows LDOS of the WZ-ZnO (100) layer 5 and layer

1, the LDOS of WZ-ZnO (100) layer 5 represents that

of the bulk WZ-ZnO. Through analyzing LDOS of the

WZ-ZnO (100) layer 5 and WZ-ZnO (100) layer 1, we

find that WZ-ZnO (100) layer 1 has some new energy

densities states from -0.5 to 0.3 eV near the Fermi

Figure 6 The refractive

indices n and extinction

coefficient k of MAPbI3 bulk,

MAPbI3 (112) surface, WZ-

ZnO (100)/MAPbI3 (112)

interface.

Figure 7 The total density of

states of WZ-ZnO (100)/

MAPbI3 (112) interface (a);

the local density of states of

WZ-ZnO layer 5 (b) and layer

1 (c); the local density of states

of MAPbI3 layer 5 (d), layer 1

(e); the partial density of states

of Zn (f), O (g), CH3NH3 (h),

I (i), Pb (j) on the interface

layer 1.
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level. Figure 7d, e shows LDOS of the MAPbI3 (112)

layer 5 and layer 1; the LDOS of MAPbI3 (112) layer 5

represents that of the bulk MAPbI3. Through ana-

lyzing LDOS of MAPbI3 (112) layer 5 and LDOS of

MAPbI3 (112) layer 1, we find that MAPbI3 (112) layer

1 also has some new energy densities states from

-1.0 to 0 eV near the Fermi level. Through above

analyzing LDOS of the WZ-ZnO (100) layer 1 and

MAPbI3 (112) layer 1, it can be seen that WZ-ZnO

(100) layer 1 and MAPbI3 (112) layer 1 have interface

states from -1.0 to 0 eV and from -0.5 to 0.3 eV,

respectively.

In order to further study the WZ-ZnO (100)/

MAPbI3 (112) interface, we give PDOS of the interface

system. Figure 7f–j shows PDOS of the Zn, O, CH3-

NH3, I, Pb atoms of layer 1 on the WZ-ZnO (100)/

MAPbI3 (112) interface. From Fig. 7f and g, it can be

seen that the contribution to interface states of WZ-

ZnO (100) layer 1 comes from O-2p orbital on WZ-

ZnO (100) layer 1 from -0.5 to 0.3 eV. From -6 to

-4 eV, the hybridizations of Zn-3d orbital and

O-2p orbital are found through comparing Fig. 7f

with g. Through analyzing Fig. 7h with j, we can see

that the contribution to interface states of MAPbI3
(112) layer 1 comes from I-5p orbital and Pb-6s orbital

on MAPbI3 (112) layer 1 from -1.0 to 0 eV. From -3

to 0 eV, there are some hybridizations of O-2p orbital,

I-5p orbital, Pb-6s orbital with Pb-6p orbital through

comparing Fig. 7f with j.

Figure 8a–j shows PDOS of Zn1–Zn6 atoms,

Ox (x = 1–6) atoms, I1–I3 atoms. As shown in Fig. 7c,

f, we find that the contribution to new electronic

states of WZ-ZnO (100) layer 1 comes from Zn atoms

on WZ-ZnO (100) layer 1 from 1.0 to 3.0 eV. From

Fig. 8a–f, it can be seen that these new electronic

states are derived from 4s-orbital of Zn2 atom, Zn4

atom and Zn6 atom on WZ-ZnO (100) layer 1. This is

mainly due to the influence of H atoms of CH3NH3

ion [48]. The contribution of 2p-orbital of O1–O6

atoms to interface states is almost the same in Fig. 8g.

From Fig. 8h–j, we find that the contribution of 5p-

orbital of I1 and I2 atoms to interface states is almost

the same and the contribution of 5p-orbital of I3 atom

to interface states is greater.

Table 1 shows the WZ-ZnO/MAPbI3 interfacial

electron numbers which have contribution to inter-

face states. We find that O1, O2, O3, O4, O5, O6 atoms

of the WZ-ZnO bulk have the same electron numbers

of 7.28e, while O1, O2, O4 atoms of the WZ-ZnO layer

1 have the same electron numbers of 7.17e, O3, O6

atoms of the WZ-ZnO layer 1 have the same electron

numbers of 7.19e, O5 atom of the WZ-ZnO layer 1 has

electron numbers of 7.20e. Electron numbers of O

atoms on the layer 1 are less than those in the bulk.

Zn2, Zn4, Zn6 atoms of the WZ-ZnO bulk have the

same electron numbers of 10.72e, while Zn2, Zn4, Zn6

atoms of the WZ-ZnO layer 1 have the electron

numbers of 10.80e, 10.81e, 10.83e, respectively.

Figure 8 The partial density

of states of Zn1 (a), Zn2 (b),

Zn3 (c), Zn4 (d), Zn5 (e), Zn6

(f), Ox (x = 1–6) (g) atoms on

the WZ-ZnO layer 1, I1 (h), I2

(i), I3 (j) atoms on the

MAPbI3 layer 1.
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Electron numbers of Zn atoms on the layer 1 are

greater than those is the bulk. I1, I2, I3 atoms of the

MAPbI3 bulk have the same electron numbers of

7.57e, while I1, I2, I3 atoms of the MAPbI3 layer 1

have the electron numbers of 7.44e, 7.45e, 7.56e,

respectively. Pb atom of the MAPbI3 bulk has the

electron numbers of 13.06e, and the electron numbers

of Pb atom on the MAPbI3 layer 1 are 13.04e. Electron

numbers of I and Pb atoms on the layer 1 also are less

than those in the bulk.

In order to better analyze electronic properties of

WZ-ZnO (100)/MAPbI3 (112) interface, we investi-

gate charge density difference of the WZ-ZnO/

MAPbI3 interface system. Equation (6) gives the

charge density difference

Dq ¼ qWZ�ZnO=MAPbI3 � qWZ�ZnO � qMAPbI3 ð6Þ

Here, Dq is the charge density difference, qWZ-ZnO/

MAPbI3 describes the total charge density difference of

interface system, and qWZ-ZnO or qMAPbI3 is the charge

density difference of isolated WZ-ZnO or MAPbI3
slab of interface system.

The charge density difference of the WZ-ZnO

(100)/MAPbI3 (112) interface is shown in Fig. 9. Fig-

ure 9b is the partial enlarged view of Fig. 9a. The

electrons obtained show yellow color, and the elec-

trons loss shows blue–green color. As shown in

Fig. 9, the charges redistribute between interfacial

atoms. From Fig. 9, we can see that there are some

charges transferred near the WZ-ZnO (100)/MAPbI3
(112) interface. Charges transfer of the atoms near the

interface is more than that of the atoms far from the

interface. This charges transfer will promote the dif-

ferent atoms binding near the interface.

We use the Bader charges to quantitatively analyze

the charge transfer. The Bader atomic charges in WZ-

ZnO bulk, MAPbI3 bulk, WZ-ZnO layer 1 and

MAPbI3 layer 1 of the interface are shown in Table 2.

The WZ-ZnO bulk has 2 Zn atoms and 2 O atoms,

and our calculation results show that two Zn atoms

lose the same charges about 1.28e. The other two O

atoms get the same charges about 1.28e. The MAPbI3
bulk includes 1 CH3NH3 ion, 1 Pb atom, 3 I atoms.

The results indicate that 1 CH3NH3 ion loses charges

0.77e. One Pb atom loses charges 1.12e. Every I atom

gets charge 0.63e. WZ-ZnO layer 1 has 6 Zn atoms

and 6 O atoms. Six Zn atoms on WZ-ZnO layer 1 lose

charges about 1.21e, 1.20e, 1.15e, 1.19e, 1.17e, 1.17e,

respectively. Six O atoms on WZ-ZnO layer 1 get

charges about 1.17e, 1.17e, 1.19e, 1.17e, 1.20e, 1.19e,

respectively. MAPbI3 layer 1 has 1 CH3NH3 ion, 1 Pb

atom and 3 I atoms. One CH3NH3 ion on the MAPbI3
layer 1 loses 0.76e, 1 Pb atom on the MAPbI3 layer 1

loses 0.96e, and 3 I atoms on the MAPbI3 layer 1 get

charges about 0.44e, 0.45e, 0.55e, respectively.

Above calculations indicate that WZ-ZnO/MAPbI3
interface has interface states nearby the Fermi level.

These interface states can affect the generation and

recombination of carriers at the interface. The distri-

bution of electrons in the interface state determines

the position where the energy level is filled by elec-

trons (relative Fermi level EF). Different materials

forming the interface may appear lattice discrepan-

cies, and these discrepancies lead to incomplete

bonding, that is, dangling bonds at the interface.

Finally, the interface defect states appear at the

interface. The multiple interfaces in the perovskite

solar cells, also owing to the damage of the periodical

structure at the interface, introduce a large number of

interface states at the interface. These interface states

can reduce the PCE of the perovskite solar cells.

Conclusions

In conclusion, the first-principles calculations were

utilized to investigate optical properties and elec-

tronic properties of the WZ-ZnO/MAPbI3 interface.

The optical band gap of bulk MAPbI3 is about

1.81 eV, corresponding to electron transitions from

Table 1 The electron numbers of MAPbI3 layer 1 and WZ-ZnO layer 1 atoms contributing to the interface states

System O1, O2, O4 O3, O6 O5 Zn2 Zn4 Zn6

Bulk of WZ-ZnO 7.28 7.28 7.28 10.72 10.72 10.72

WZ-ZnO layer 1 7.17 7.19 7.20 10.80 10.81 10.83

I1 I2 I3 Pb

Bulk of MAPbI3 7.57 7.57 7.57 13.06

MAPbI3 layer 1 7.44 7.45 7.56 13.04
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the O-2p orbitals in valence bands to the Pb-6p or-

bitals in conduction bands. Compared with optical

properties of the MAPbI3 bulk, the absorption coef-

ficient, refractive indices and extinction coefficient of

the MAPbI3 surface or WZ-ZnO/MAPbI3 interface

are reduced. The damage of periodical crystal at the

surface or interface leads to such electronic property

change. The interface states appear near the Fermi

level, which come from the contribution of O-2p or-

bital, I-5p orbital and Pb-6s orbital nearby the inter-

face. These interface states can affect the generation

and recombination of carriers at the interface, and

then, they do harm to the power conversion effi-

ciency of the perovskite solar cells. From the quality

of WZ-ZnO/MAPbI3 interface, all of the above fac-

tors are unfavorable, showing that WZ-ZnO/MAPbI3
interface is not an ideal interface for such solar cell.
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