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The degradation mechanism of the all-inorganic perovskite solar cells in the ambient environment remains unclear.
In this paper, water and oxygen molecule adsorptions on the all-inorganic perovskite (CsPbBr3) surface are studied by
density-functional theory calculations. In terms of the adsorption energy, the water molecules are more susceptible than
the oxygen molecules to be adsorbed on the CsPbBr3 surface. The water molecules can be adsorbed on both the CsBr- and
PbBr-terminated surfaces, but the oxygen molecules tend to be selectively adsorbed on the CsBr-terminated surface instead
of the PbBr-terminated one due to the significant adsorption energy difference. While the adsorbed water molecules only
contribute deep states, the oxygen molecules introduce interfacial states inside the bandgap of the perovskite, which would
significantly impact the chemical and transport properties of the perovskite. Therefore, special attention should be paid to
reduce the oxygen concentration in the environment during the device fabrication process so as to improve the stability and

performance of the CsPbBr3-based devices.

Keywords: all-inorganic perovskite, structural and electronic properties, molecule adsorption, density func-

tional theory
PACS: 64.70.Nd, 71.15.Mb, 73.61.Le

1. Introduction

Hybrid organic—inorganic perovskites (HOIPs) such as
MAPDI; have emerged as a revolutionary class of ma-
terials in the fields of electronics, photovoltaics, and
optoelectronics,[” due to their unique features, such as
small and adjustable bandgaps,?! ambipolar charge transport
properties, >4 limited charge recombination,®~7) and the low-

8-11] The structural formula of perovskites

cost of production. !
(ABX3) is identified with a small organic ion occupies A-
site, a divalent metallic atom occupies B site, and halogens
are on the X sites. In just a few years, the photoelectric con-
version efficiency of perovskite solar cells has increased from
3.81% to 25.2%.119-121 However, the thermal stability issue of
HOIPs under ultraviolet light illumination,!'3!4 in a moisture

environment,!>! or at high temperatures!'®/

is still a challenge
to the whole community. The pure inorganic alternative, like
CsPbBr3, has been found to possess better stability. In the
inorganic perovskite, inorganic ions replace the organic com-
ponents of the hybrid perovskite, and the reaction path that the
organic groups participate in is lost. Therefore, the chemical
stability of the all-inorganic perovskite to oxygen is signifi-
cantly improved from the aspect of degradation.!!” Moreover,
CsPbBr3 is expected to keep most of the good properties of the

18-201 CsPbBr3 has excellent luminescent

HOIPs counterparts.|
properties, including extremely high quantum yield, narrow

emission bandwidth without size distribution, and suppressed
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photoluminescence (PL) blinking.[*!! CsPbBr3 also exhibits
remarkably high carrier mobility and considerable diffusion
length.[>?] Besides, CsPbBr; can be synthesized in vari-
ous structures such as quantum dots, nanocubes, nanowires,
nanoplates, and even two-dimensional (2D) layers with con-
trollable sizes.!?*! This allows one to modulate the quantum
confinement effect in the nanostructures to achieve desired
emitting wavelength. All these features make CsPbBrj3 a very
promising candidate for future optoelectronic and photovoltaic
applications.

The adsorption of water molecules on the surface of solid
materials plays an essential role in changing the surface struc-
ture and affecting the surface’s stability and reactivity.?4-31]
Computational modeling predicts a quite strong interac-
tion between the MAPDI3 inorganic scaffold and water
molecules, which will presumably modify the perovskite crys-

e.32] Recently, Aristidou ef al.’s experiments have

tal structur
shown that the reaction of superoxide with the CH3NH3+
cations can initiate the degradation of methylammonium lead
trihalide perovskite photoactive layers.’>3#! In order to in-
crease the stability of such materials, recent researches are de-
voted to protecting the perovskite layer from water-induced
degradation processes.?>3=37] In addition to the stability is-
sue, previous experimental studies have shown that the effi-
ciency of solar cells dropped when the cells were exposed to

humid environment.>'=2*! Similar to the HOIPs counterparts,
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understanding the interaction between the all-inorganic per-
ovskite CsPbBrj3 surface and H,O or O, molecules is a critical
issue in developing commercially viable devices.

In this study, we investigate the adsorption of water and
oxygen molecules on the cubic CsPbBr3 surfaces on an atomic
scale by using the first-principles calculations. Our calculation
results suggest that both the PbBr-terminated and the CsBr-
terminated surfaces of cubic CsPbBr3 can strongly attract wa-
ter molecules. The oxygen molecules tend to be adsorbed on
the CsBr-terminated surface but not on the PbBr-terminated
surface. We also found that the adsorption of water molecules
on the two surfaces has little effect on the low-energy band
structure of the cubic CsPbBr3; surfaces, while the adsorption
of oxygen molecules introduces interfacial states inside the
bandgap of CsPbBr3.

2. Method

The density-functional theory (DFT) calculations were
carried out within the Vienna ab initio simulation package
(VASP).[38] The exchange—correlation between electrons was
described by the generalized gradient approximation (GGA)
in the Perdew—Burke—Ernzerhof (PBE) form.[3?%! The inter-
actions in chemical systems are mainly divided into strong in-
teraction and weak interaction. The latter is usually an order
of magnitude weaker than the former.[*!l The van der Waals
force is a kind of weak interaction. In this paper, we mainly
studied molecular adsorption. The adsorption of water and
oxygen molecules on the surface of CsPbBr3 is mainly physi-
cal adsorption. The van der Waals corrections have also been
included when studying similar systems, such as the adsorp-
tion of water and oxygen, as well as their coadsorption on
tetragonal CH3NH3Pbl3 (001) surfaces, 3% and the heteroge-
neous interface between water and the prototypical MAPbI;
perovskite.3!) So the PBE functional with optB86b-vdW (4?1
correction was adopted in all the calculations to yield more
reliable results in the view of water and oxygen molecules in-
volved in the surface calculations. A cutoff energy of 520 eV
was chosen for the plane-wave basis set in all calculations.
The relaxation of geometry optimization was continued until
the residual force was less than 0.01 eV/A, and the total energy
was lower than 1 x 1073 eV peratom. 3x3 x I and 17 x 17 x2
Monkhorst—Pack k-point meshes were used for the geometry
optimizations and static electronic structure calculations, re-
spectively.

3. Results and discussion
3.1. Structural properties

It is well known that the perovskites undergo a series of
phase transitions from cubic to tetragonal and to orthorhombic
phases upon cooling.** The cubic (Pm-3m) phase of CsPbBr3

is the most stable phase at high temperature (130 °C). In the
current study, we focus on the cubic phase. The structure is
octahedral with Pb at the center, and six halogens Cs exist at
the corner of the cubic. The relaxed lattice parameter 6.01 A
is in good agreement with previous data by experiments and
other calculations. 34471

Following the obtained geometric structure of the bulk
cubic CsPbBr3, the slab models representing the surfaces of
CsPbBr3 were established based on the optimized lattice pa-
rameters. The PbBr-terminated surface of the cubic CsPbBrj
(Figs. 1(a) and 1(c)) was modeled by a slab supercell with 5
atomic layers, including 3 PbBr; layers and 2 CsBr layers. The
CsBr-terminated surface (Figs. 1(b) and 1(d)) was modeled by
a slab supercell with 6 atomic layers, including 3 danPbBr,
layers and 3 CsBr layers. The atomic layers of both slabs were
completely relaxed during the geometry optimization.

(a) (b)

OCS
O prv
OBr

(e) (f)

Parallel Vertical 45°

=0

Up Down Parallel

Fig. 1. (a)—(d) Side and top views of the PbBr- and CsBr-terminated CsPbBr3
surfaces. The studied adsorption sites on the PbBr-terminated (sites A, B, and
C) and the CsBr-terminated surfaces (sites D, E, F, and M) are labeled on pan-
els (c) and (d), respectively. Different initial orientations of (e) water and (f)
oxygen molecules on the specific sites.

According to the symmetry of the systems, the initial sites
where the water and oxygen molecules placed are depicted in
Figs. 1(c) and 1(d). The initial symmetrical sites on the PbBr-
terminated surface include the top of the Pb atom (position A),
the hollow position of the surface (position B), and the top of
the T atom (position C). On the CsBr-terminated surface, the
initial symmetrical positions include the top of the Br atom
(position D), the hollow position of the surface (position E),
the boundary midpoint (position F), and the top of the Cs atom
(position M). Different initial orientations of the molecules
on the specific position have been considered, including up,
down, and parallel for the water molecules (Fig. 1(e)) and ver-
tical, 45°, and parallel for the oxygen molecules (Fig. 1(f)).
For water molecules, “up” means that the two hydrogen atoms
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point to the top of the PbBr- and CsBr-terminated surfaces,
“down” means that the hydrogen atoms point to the surfaces,
and “parallel” means that the hydrogen-oxygen bond of the
water molecule is basically parallel to the surfaces. Similarly,
“vertical” means that the bond of the oxygen molecule is per-
pendicular to the surfaces, “45°” means that the angle between
the oxygen—oxygen bond and the plane is about 45°, “parallel”
means that the bond is approximately parallel to the surfaces.

To calculate the adsorption energy, one has to figure out
the most stable adsorption configuration and the correspond-
ing total energy of the system. This information provides a
reference for future studies on the degradation mechanism of
CsPbBr3. As shown in the previous pioneer works by Liu
and Mosconi,31#8 the degradation mechanism of perovskite
can be theoretically studied by either nudged elastic band or
molecular dynamics techniques. Both two works studied the
most stable adsorption configuration before degradation reac-
tion. In the former, the energy difference between the tran-
sition state and the most stable adsorption state is calculated
when determining the diffusion barrier. In the latter, the sta-
ble configuration could be applied as the starting point for a
benchmark.

The adsorption energy E,qs of the molecule on the surface
was calculated by

Eags = Emolecule/slab — Eglab — Emolecule; (1)

where Epolecule/slabs Eslabs and Emolecule are the relaxed total
energies of the adsorption system, pure slab model before ad-
sorption molecules, and the free molecule in a vacuum, respec-

tively.
(a)
2
o o
o o

Fig. 2. Side and top views of the most stable structures of (a) H,O-
and (b) Oz-adsorbed CsPbBr3 surfaces with PbBr-terminations and CsBr-
terminations.

The adsorption of water molecules on the surface of solid
materials plays an important role in changing the surface struc-
ture and affecting the stability and reactivity of the surface. In
order to find out their stable adsorption sites, the adsorption
of a single water molecule on surfaces was first investigated.

Figure 2 shows the relaxation structures of water and oxygen
molecules on the PbBr-terminated and CsBr-terminated sur-
faces. On the PbBr-terminated surface, the water molecule
moves to site B (exists in parallel) during relaxation no matter
which site is placed initially. On the CsBr-terminated surface,
the water molecule moves to site E during relaxation when
the water molecule was initially placed at site D and site E.
The water molecule remains in the initial position during a re-
laxation for initial site F and site M. As a strong oxidant and
one of the main constituents in air, the oxygen molecule is in-
evitable to interact with the surface of CsPbBr; when exposed
to air. The geometric structures of the oxygen molecule at all
the seven initial sites show that the orientation of the adsorbed
oxygen molecule stays almost 45° at the initial sites during
relaxation.

Table 1. Calculated adsorption energies (E,4s) and bandgaps (E;) of HyO- or
0,-adsorbed CsPbBrj surface. m. and my, are the electron and hole effective
masses of HyO- and O;-adsorbed CsPbBr3 surfaces. Q is the averaged Bader
charge transferred from the CsPbBr3 surface to the adsorbed molecules.

PbBr-terminated surface CsBr-terminated surface

Initial site A B C D E F M

Stable sitte B B B NearE E F M
E. (€V) —0.51 —-0.51 —-0.51 -0.62 —0.59 —0.08 —0.53
Eg (eV) 221 221 221 209 211 212 2.00

H,O
me (mo) 0.577 0.567 0.558 0.512 0.587 0.512 0.503
my (mg) 0.152 0.152  0.152 0.230 0.229 0.217 0.225
0 (e) —0.020 0.039
Stable site A B C D E F M

Eus (V) —0.13  0.02 0.05 —-0.08 —0.32 —0.42 —0.23
Eg(eV) 192 223 220 210 194 130 195

0,
me (mp) 0516 0391 0396 0.512 0.536 0.532 0.527
my (mg) 0.201  0.236  0.232 0.236 0.262 0.261 0.241
0() 0.143 0.207

The adsorption energies of the water molecule and oxy-
gen molecule on surfaces of cubic CsPbBr3 are tabulated in
Table 1 and Fig. 3, respectively. It is clearly shown that the
water molecule is attractive to both the PbBr-terminated and
CsBr-terminated surfaces. The adsorption energies of the wa-
ter molecules initially on the three symmetry sites (A, B, and
C) of the PbBr-terminated surface are basically the same. We
also find from Fig. 3(a) that among four symmetry sites of
D, E, F, and M, when the initial configuration of the water
molecule on site E is down, the optimized structure has the
smallest adsorption energy. The adsorption energy of water
molecule on the symmetry site F is relatively small. The pre-
ferred adsorption sites for water molecules are the hollow site
(site B) on the PbBr-terminated surface and site E on the CsBr-
terminated surface. Figure 3(b) shows the adsorption energies
of oxygen molecules at initial sites on the PbBr-terminated and
CsBr-terminated surfaces. The adsorption energy of the PbBr-
terminated surface for oxygen molecules is close to zero, and
the initial configuration of the F point of the CsBr plane at 45°
is most conducive to the adsorption of oxygen molecules. The
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preferred adsorption sites for oxygen molecules are site A on
the PbBr-terminated surface and site F on the CsBr-terminated
surface, which are different from the water molecules.

(a) 0 [l Up/Vertical [_]Down/45° [ Parellel
> 02
E
) —0.4
—0.6
A B C D E F M
1.971
(b) 1.970- [—]
N 0
L
mﬁ ~0.2
—0.4

A B C D E F M

Fig. 3. Adsorption energies of (a) water and (b) oxygen molecules on sites
A, B, and C of the PbBr-terminated surface and sites D, E, F, and M of the
CsBr-terminated surface.

On the PbBr-terminated surface, the adsorption energy
of oxygen molecules (—0.13 eV) is much larger than that
of water molecules (—0.51 eV). Such an energy distinction
means the tendency of the PbBr-terminated surface of cubic
CsPbBr3; to adsorb water molecules rather than the oxygen
molecules. On the CsBr-terminated surface, the adsorption en-
ergy of oxygen molecules (—0.42 eV) is comparable to that of
water molecules (—0.62 eV). And thus both oxygen and water
molecules are preferred to be adsorbed on the CsBr-terminated
surface of cubic CsPbBr3;. Here, we also found a metastable
configuration in which water molecules are adsorbed at site E
with an adsorption energy of —0.59 eV.

To check the uncertainty of adsorption energy, we fur-
ther calculated and compared the adsorption energies of the
most stable structure through different methods (GGA-PBE,
GGA-PWO1, and LDA-CA-PZ).1*°! As shown in Table 2, the
differences range from 0.031 eV to 0.054 eV which is one or-
der of magnitude smaller than the adsorption energy and can
be safely neglected. The uncertainty of the adsorption energy
is estimated to be around 7.4%-8.75%. The adsorption en-
ergy of water and oxygen molecules obtained by LDA-CA-PZ
and GGA-PW91 are almost the same. The water molecule ad-
sorption results obtained by LDA-CA-PZ and GGA-PW9I are
slightly larger than GGA-PBE, while the oxygen molecule ad-
sorption results are slightly smaller than GGA-PBE. It can be
seen that the adsorption energy has minor sensitivity to differ-
ent functions and basis sets.

The temperature might play a key role in the
degradation/interaction between molecules and perovskite
surfaces.?! Therefore, it is suggested to systematically inves-
tigate the dynamics under different temperatures by means of

molecular dynamics when theoretically study the degradation
and reaction mechanisms of CsPbBrj3 in the future.
Table 2. Comparison of results calculated at the GGA-PBE, GGA-PWO1,

and LDA-CA-PZ levels. E,qs is the adsorption energies of HO- or O;-
adsorbed CsPbBrj surface.

GGA-PBE GGA-pwIl LDA-CA-PZ
H,O0 —-0.617 —0.563 —-0.570
Eqgs (eV) >
(o)) —0.419 —0.452 —0.450

3.2. Electronic properties

Comparing the adsorption energies of all initial symmet-
rical sites, the most stable adsorption site for water molecules
is site E on the CsBr-terminated surface, and that for oxygen
molecules is site F on the CsBr-terminated surface. The elec-
tronic band structures and projected state density (PDOS) of
the bulk cubic CsPbBr3, the PbBr-terminated and the CsBr-
terminated surfaces are shown in Fig. 4, respectively. The
band structures indicate a semiconducting feature with a di-
The conduction band
minimum (CBM) and the valence band maximum (VBM) of

rect bandgap of all three structures.

the bulk cubic structure are located at the R point, while the
CBM and VBM of the two surfaces are located at the S point.
The PbBr-terminated and the CsBr-terminated surfaces show
slightly larger bandgaps (2.23 eV and 2.13 eV) than the bulk
cubic structure (1.73 eV). It is interesting to note that the con-
tribution from the surface atoms of the PbBr-terminated sur-
face spread among all the energy levels from —4 eV to 4 eV.
By contrast, the contribution from the surface atoms of the
CsBr-terminated surface mainly distributes in the energy level
about —2 eV.

The electronic band structures and the projected state den-
sity (PDOS) of water adsorbed surfaces are shown in Fig. 5.
The bandgaps show almost no change after the adsorption
of water molecules on the PbBr-terminated and the CsBr-
terminated surfaces. No matter the water molecules are ad-
sorbed on the PbBr-terminated or the CsBr-terminated sur-
face, the contribution from H atoms is found little in the en-
ergy level from —4 eV to 4 eV. Therefore, the projection of
the H atom is almost invisible on the projected state density
(PDOS). The contribution from the adsorbed O atoms on the
PbBr-terminated surface distributes in the energy level about
—4 eV to —2 eV while they are localized in the energy level
about —2 eV on the CsBr-surface. On the PbBr-terminated
surface, the adsorbed O atoms’ contribution in the large energy
range as well as the PDOS overlap between Pb and O atoms
indicate the strong Pb—O bonding characteristics, enhancing
the adsorption capacity of Pb atoms.

The band structures and PDOS of the most stable oxygen
molecules adsorbed PbBr- and CsBr-terminated surfaces are
shown in Fig. 6. Unlike the case of H,O adsorption, signifi-
cant contributions of the O, are found inside the bandgap of
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CsPbBrj; for both PbBr- and CsBr-terminated surfaces. These
interfacial states are expected to strongly affect the behavior
of photo-induced carriers and carrier mobilities of CsPbBr3.

Total —e— Surface state —Cs —Pb —Br

(a)
s
T e
~
2 4 6 8 10

(b)
&
(] R B R S B e

5 10 15 20
(c)
s
R 1 S e
S

5 10 15 20

PDOS (states/eV)

Fig. 4. Band structures and partial density of states (PDOS): (a) bulk
CsPbBr3, (b) PbBr-terminated surface, and (c) CsBr-terminated surface. The
red dots represent projection weights of surface atoms. The Fermi level is set
at zero.

—Cs —Pb —Br —O H

5 10 15 20
PDOS (states/eV)

Fig. 5. Band structures and partial density of states (PDOS) of H, O-adsorbed
(a) PbBr-terminated surface and (b) CsBr-terminated surface. H,O is located
at site B in panel (a) and site D in panel (b). The red dots represent projection
weights of the adsorbed water molecule. The Fermi level is set at zero.

In Table 1, the effective masses are presented, which are
obtained by fitting the energy bands with parabolic curves at
the valence band maximum (VBM) and conduction band min-
imum (CBM). When the water and oxygen molecules adsorb
to the PbBr-terminated surface, the effective mass of electrons
ranges from 0.391my to 0.577mg while the hole effective mass
is only 0.152mg to 0.236my. On the CsBr-terminated sur-
face, such a difference between the electron and hole effective

mass is also found: the electron effective mass ranges from
0.503my to 0.587m while the hole effective mass is 0.217myg
to 0.236my. Among them, we noticed the calculated effec-
tive masses for the three similar structures (optimization re-
sults of water molecules on the PbBr-terminated surface) are
quite similar. The slight difference is attributed to the small
structure difference. The fitting error of the effective mass is
estimated from 1.47% to 3.57%.

®) A —— Total ——0, —Cs —Pb —Br —O

a %A 5

s

L () =y [

S

—2

10 15 20
10 15 20

PDOS (states/eV)

Fig. 6. Band structures and partial density of states (PDOS) of O-adsorbed
(a) PbBr-terminated surface and (b) CsBr-terminated surface calculated by
PBE. O, is located at site A in panel (a) and site F in panel (b). The red dots
represent projection weights of the adsorbed oxygen molecule. The Fermi
level is set at zero.

To analyze the charge transfer between the adsorbed
molecules and terminated surfaces, we performed the Bader
charge analysis. In Table 1, Q is defined as the number of
electrons transferred from the PbBr- and CsBr-terminated sur-
faces to the water or oxygen molecules per supercell. On both
the PbBr- and CsBr-terminated surfaces, the adsorbed oxygen
molecules obtain more than 0.1e from the surfaces. The water
molecules obtain electrons (0.04¢) from the CsBr-terminated
surface. When the water molecules are adsorbed on the PbBr-
terminated surface, neglectable charge transfer less than 0.02¢
from water to the surface is found.

In addition to the lowest energy state, other metastable
adsorption configurations may also exist. Therefore, we also
studied the electronic properties of various types of different
adsorption configurations. For the details of the band struc-
tures and PDOS, please refer to the supporting information.
The electronic structures of the metastable configurations are
found to be quite similar to the stable ones for both H,O
and O, adsorptions. In supporting information, Figs. S1 and
S2, the band structures of the typical metastable configura-
tion with H,O and O, adsorption are presented. Like the
cases of the most stable configuration, a small contribution
from the adsorbed H>,O molecules but a significant one from
the O, molecules is found in the low-energy region. There-
fore, we believe the adverse impact on the transport proper-
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ties of CsPbBr3 originating from the interfacial states inside
the bandgap is common for the O, adsorption on the cubic
CsPbBr3 surfaces. A slight difference between the metastable
and stable ones is that the states of the O atoms in the ad-
sorbed H,O distribute around the energy level of —3 eV while
they are around —2 eV in the most stable configuration, when
H,O is adsorbed on the CsBr-terminated surfaces.

This work studied the CsPbBr3 system only. Although
it is hard to say whether the findings are valid for other all-
inorganic perovskites, some interesting results are found when
carefully comparing CsPbBr3 with other perovskites studied
by previous works: First, Pb—O interaction plays an important
role in stabilizing the H,O adsorbed PbBr-terminated CsPbBr3
surface. A similar phenomenon is found in the H,O ad-
sorbed Pbl,-terminated CH3;NH;PblI; surface.?” Second, on
the CsPbBrj3 surface, the contributions of O, molecules are
close to the Fermi level. A similar conclusion is reported in
the O,-adsorbed CH3;NH3Pbl; surface.[?% The calculations
results suggest that the adsorbed oxygen molecule introduces
empty states near the Fermi level, which would facilitate the
charge transfer between oxygen molecule and surface. Con-
sidering the similar properties of different all-inorganic per-
ovskites, it is worthy to check if these two findings are valid
too.

Recently, we have seen rapid progress in the growth and
device fabrication of bulk CsPbBr3;. However, since the toxi-
city of Pb poses a threat to the environment, developing lead-
free perovskites,'>*>3 such as Sn-, Ge-, Sb-, and Bi-based
ones, is a promising research direction. Moreover, the change
of dimensionality of metal hybrid perovskites from bulk to
low-dimension is reported to enhance the phase and environ-
mental stability.[*8] Therefore, more work should be done to
clarify how the composition and dimension variations affect
the HO and O, adsorption behaviors of all-inorganic per-
ovskites.

4. Conclusion

In conclusion, the structural and electronic properties of
water and oxygen molecule adsorptions on the PbBr- and
CsBr-terminated surfaces of cubic CsPbBr3; have been inves-
tigated by means of density functional theory. It is found that
both the PbBr- and CsBr-terminated surfaces can strongly at-
tract water molecules. However, the adsorption results of oxy-
gen molecules are different from those of water molecules.
Due to the significant difference in adsorption energy, oxygen
molecules tend to selectively adsorb on the CsBr-terminated
surface rather than the PbBr-terminated surface. In the density
of states, the contributions of the adsorbed H>O molecules on
both the CsBr- and PbBr-terminated surfaces are mainly at the
deep energy level (—2 eV to —4 eV). On the contrary, the con-
tributions of O, molecules are close to the Fermi level. Our

study presents a thorough understanding of the interaction be-
tween the water or oxygen molecules and the all-inorganic per-
ovskite CsPbBr3 surface, and provides a reference for devel-
oping stable and high-performance devices based on CsPbBr3
in the future.
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