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The toxicity and degradation of hybrid lead-halide perovskites hinder their extensive applications. It is thus of great
importance to explore non-toxic alternative materials with excellent stability and optoelectronic property. We investigate
the atomic structures and optoelectronic properties of non-toxic organic tin bromide perovskites (OTBP) with one/zero-
dimensional (1D/0D) structures by first-principles calculations. The calculated atomic structures show that the 1D/0D
OTBPs are stable and the structure of inorganic octahedra in 0D is higher order than that in 1D. Moreover, the origination
of exceptional purity emitting light in experiments is explained based on the calculated electronic structure.

Keywords: one/zero dimensional non-toxic organic tin bromide perovskites, first principle calculation, stabil-

ity, Optoelectronic property
PACS: 81.05.Zx, 71.15.Mb, 71.20.-b, 51.30.+

1. Introduction

Organic-inorganic hybrid perovskites have been investi-
gated for their extensive applications in fields of photodetec-
tors, solar cells and light-emitting diodes due to their supe-
rior properties such as the high absorption coefficient, charge
carrier transport property, intense photoluminescence and low
non-radiative charge recombination.!'-%! Hybrid perovskites
can be classified into 3D, 2D, 1D, and 0D structures on the
molecular level according to the distribution of inorganic oc-
tahedra (MHg, where M and H represent metal/halogen ele-
ments, respectively) in the organic cations.!”"") When the in-
organic octahedra are arranged by the corner-sharing with the
small size cations fitting, the 3D structure with chemical for-
mula AMH3 (A =organic cation) is formed. If the inorganic
octahedra are connected in layered sheet and sandwiched be-
tween large organic chains, the bulk material stacked by the
alternate organic and inorganic layers is called the 2D per-
ovskites. The bulk perovskites with 1D denote that the inor-
ganic octahedra are connected in chain by sharing the corners,
edges or faces while in the OD perovskites the octahedra are
divided completely by organic cations. The crystalline per-
ovskites with the inorganic octahedra assembling in 2D, 1D,
and OD structures would exhibit particular properties due to
the quantum confined effect. Great attentions are paid for 2D
hybrid perovskites while the 1D/0D hybrid perovskites are lit-
tle investigated. Furthermore, the stability and toxicity of tra-
ditional hybrid lead-halide perovskites are the major bottle-
necks for practical applications. The toxic issues can be ad-
dressed by substituting toxic heavy lead with other friendly el-
ements (such as Sn) and the ambient stability can be improved

DOI: 10.1088/1674-1056/abc545

by tailored into a low-dimensional structure encapsulated by
the organic chain due to its good hydrophobicity. [!0-1%!
Recently, 1D/0D hybrid perovskites have been synthe-
sized successfully. Arad-Vosk et al.!'3] have prepared organic
metal halide perovskite (CH;NH;3Pbl3) nanorods with the 1D
structure by porous silicon nanotube templates, and they found
that transition from tetragonal structural to orthorhombic is
inhibited due to the size effects. Fan et al.!'*l fabricated
the three-dimensional CH3NH3Snl; perovskite with the in-
organic octahedra arrayed in 1D chain with nanoengineering
templates, in which the nanowire integration and stability is-
sues were both addressed. Especially, Zhou et al.l'>! pre-
pared the high-quality OTBP with the 1D/0D structures by
controlling the reaction condition, and observed the structural
transformation from 1D to OD under the light. To provide in-
sight into the optoelectronic properties of hybrid perovskites,
the calculated results from the atomic and electronic struc-
ture are reliable and convincing.!'%18! The structure/property
calculated from the density function theory (DFT) provides
plenty intriguing results. For example, based on the calcu-
lated atomic/electronic structure, the intrinsic properties (such
as structure, transport, excitation and optelectronic properties,
which are closely related to the further development of hy-
brid perovskites) can be obtained to explain experimental facts
and provide guidance in exploring new materials. As for the
prepared 1D/0D OTBP recently, seldom theoretical researches
have been launched. In this paper, the properties of atoms, the
mobility and coupling effect of carriers, the light absorption
coefficient in 1D/0D OTBP are obtained from first-principle
approach. It is expected that the calculated results will provide
guides to exploring new non-toxic opto-electronic materials.
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2. Computational method

The work is implemented by Vienna ab initio simula-
tion package (VASP), which employs the density functional
theory plane wave method to perform quantum mechanics
calculation.l'®2!1 The interaction between the valence elec-
trons and ions is described by projected augmented wave
formalism. Taken the weak interaction between the or-
ganic cations and inorganic octahedra into account, the non-
local density functional (van der Waals density functional)
is included in the generalized gradient approximation of
the Perdew—Burke—Ernzerh functional (GGA-PBE).?Z) The
Monkhorst—Pack k-point mesh in Brillouin zone in both of
1D/0OD OTBPs is sampled by 5 x 3 x 3 grid, and the wave
function of a single electron is cut about 400 eV. For the struc-
ture optimization, the force acting on each atom and total en-
ergy convergence criterion are below 0.01 eV/A and 107* eV,
respectively.

The effective masses of electrons (im}) at the conduction
band minimum (CBM) and holes (m)) at valence band maxi-
mization (VBM) can be expressed as

2e(k)] "
* _ 2

where the & and (k) are the reduced Planck constant and
eigenvalue of the wave vector k along transport direction, re-

spectively. The average value of electrons or holes can be ob-

tained according to mlh =3(L:5) ! (i=x,2).100
The exciton binding energy (Ey) for the coupling elec-
tron/hole pairs can be obtained from the Wannier excitation
model. [2324]
m: 1 1
E,~13.56—+ — — 2
b Me 8020 nz) ( )

where my, me, €& and n indicate the reduced mass (m; =
mgmy,
mg-+my
exciton energy levels, respectively; €. can be obtained by the

density functional perturbation theory (DFPT).

The optical properties are estimated from the dielec-
tric function depending on the incidence optical frequency:
e(w) = g (o) +ig(w).
tronic structure, the imaginary part & (@) is calculated from
the transitions between VB and CB directly. The € (®) is ob-
tained by the Kramers—Kronig transformation.!>>-?°! The opti-

) of exciton, static electron mass, dielectric constant and

After obtaining the accurate elec-

cal absorption coefficient ¢ is obtained according to the fol-
lowing formula:

1/2
(x(\@)w{ sl(w)2+sz(w)2sl(w)} . (3)

3. Results and discussion
3.1. Structure and stability

Figures 1(a) and 1(b) show the optimized structures of
1D/ODOTBP. As shown in Fig. 1(a), the inorganic octahedra in

1D OTBP are arranged in chained by sharing the edge, which
are surrounded by the organic molecules. The calculated aver-
age bond length of octahedra is about 2.98 A, which is closed
to the experimental values (3.02 A). As shown in Fig. 1(b), it
is found that the inorganic octahedra are dispersed inorganic
molecules and are completely isolated from each other. The
calculated result shows that the average bond length of octa-
hedra is about 3.02 A. The experimental structure!’! is re-
produced in our calculation, which ensures our methodology
rationality.

The physical properties of hybrid perovskite are domi-
nated by the inorganic octahedra distributed in the bulk ma-
terial. To characterize the structural order degree, the bond
lengths (between Sn and Br) and bond angles (among Br—Pb—
Br) of inorganic octahedra in the 1D/0D OTBP are calculated
and compiled in Table 1. In Table 1, the root-mean-square er-
rors (RMSEs) of bond length and angle (relative to the normal
octahedron with the average bond length) are also listed. It is
found the RMSEs of the bond length and angle are changed
from 0.422 A, 6.3° into 0.416 A, 1.7°, respectively, when the
1D OTBP is translated into OD. That’s to say, the structure
transition from the 1D to OD is accompanied by structural re-

laxation, which is consistent with the experimental results. ']

Frequency (THz)

Frequency (

G Y T

Fig. 1. The optimized atomic arrangement of organic tin bromide
perovskites: (a) l-dimensional, (b) O-dimensional. The calculated
phonon dispersion relation of organic tin bromide perovskites: (c) 1-
dimensional, (d) 0-dimensional.

In the practical applications of the hybrid perovskite, the
ambient stability, photo stability and heat stability should be
take into account. In order to inspect the stability, the phonon
spectrum of the 1D/0D OTBP is obtained from DFPT. The
calculated phonon dispersion of 1D/0D OTBP is shown in
Figs. 1(c) and 1(d). As shown in Figs. 1(c) and 1(d), it is found
that the imaginary frequency is absent in both OTBPs through
the whole Brillouin zone. This indicates that both OTBPs are

dynamically stable and can exist themselves.!!!
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Table 1. The structural properties of inorganic octahedra [SnBrg] in the OTBP with the 1D/0D arrangement. The root-mean-square error
(RMSE) of bond length (A) and angle (°) is relative to the normal octahedron with the average bong length.

Dimension Bond length between Sn and Br Br-Sn-Br bond angle RMSE
equatorial bond length
1D 2.93 3.20 2.93 2.79 87.4 87.4 92.6 92.6 0.422
apical bond angle
2.80 3.27 170 6.3
equatorial bond length
oD 2.88 293 3.17 3.04 88.5 88.5 91.5 91.5 0.416
apical Bond angle
2.85 3.25 177.5 1.7

3.2. Mobility and coupling effect of electrons and holes

One key parameter for photoelectric transformation effi-
ciency in the hybridperovskite is the mobility of carriers. In
order to obtain the carrier’s transport properties, the bands of
1D/0D OTBPs are calculated. For the band calculation, the
spin-orbit coupling (SOC) effect should be adopted to predict
the gap correctly. It is noted that the band could be obtained by
GGA without the SOC due to the fact that the errors of using
GGA and non-SOC cancel each other.!?”! Therefore, in order
to save the computational resource, the electronic properties
are calculated by the GGA-PBE. As shown in Fig. 2(a), one
can find that the CB and VB are nearly flat along the (010),
(001) directions while dispersed along (100) path, which indi-
cates that the carriers are high mobile along the chains, but low
perpendicular to the chains. While for the 0D OTBP, as shown
in Fig. 2(b), the fluctuation amplitude of energy in CB/VB is
very small through the whole Brillouin zone, which means that
the low mobile becomes isotropic. Intriguingly the discrete
energy level (no electronic band formation) in the 0D OTBP
originating from the strict quantum confinement will lead to
exceptional purity emitting light when it is excited, which is
according to experiment.?”) It should be noted that the calcu-
lated gaps of 1D/OD OTBPs are 2.0 eV and 3.25 eV, respec-
tively. The gap of OD OTBP is consistent with the experi-
mental optical gap (3.4 eV) while the 1D OTBP is different
from the measured value (3.1 eV).[!3] This deviation between
the calculated and observed values in 1D OTBP may be that
the experimental value is corresponding to the inter band ab-
sorption, which is shown in Fig. 2(a). To characterize the car-
riers’ transport properties, the electron/hole effective mass in
1D/0D OTBP is calculated from Eq. (1) and compiled in Ta-
ble 2. The calculated average effective mass of electron/hole
changes from 0.66/1.52m, in 1D to 0.99/10.8m, in OD, which
indicates that the mobility of 1D/0OD OTBP is low (compared
to the 2D/3D hybrid lead-halide perovskites).['®! The results
will be reasonable if the quantum confinement is taken into

account.

The electrons and holes near CBM/VBM behaving as free
or coupling particles (i.e, excitation, which originates from
mobility of low charge carriers) are very important to be con-
sidered in the hybrid perovskites.!'®! The exciton binding en-
ergy Ey, reflects the coupling effect between electron and hole.
The smaller E, means the more effective exciton separation.
After the m} and €. are obtained, the Ej, of the ground state
can be estimated by Eq. (2) with n = 1. The Ey’s of 1D/0D
OTBPs are 201 meV and 1201 meV, respectively. The E, of
0D OTBP is much larger than that of bulk Si{?8! (20 meV) and
even more two times compared to the traditional 3D/2Dhybrid
lead-halide perovskites (386 meV/550 meV).!'%) The results
show that the strong coupling interaction between the elec-
trons and holes in OD OTBP leads to the low mobility. The
above results indicate that the 0D OTBP is unsuitable for pho-

tovoltaic devices because of the large exciton binding energy.

Energy (eV)

e Y r zZ G
Fig. 2. Band structure of organic tin bromide perovskites: (a) 1-
dimensional and (b) 0-dimensional with gap about 2.0 eV and 3.25 eV,
respectively (blue arrow lines). The charges drifting along (100}, (010),
(001) directions in real space are denoted by along G-Y, Y-T, T-Z di-
rections in the reciprocal space.
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Table 2. Calculated effective masses of electrons in CBM (m) and holes in VBM (m;;), reduced mass of excitations (m;) (in units of the free electron
mass), dielectric constants (&) and exciton binding energies (E}, (in meV)) of 1D/OD OTBPs.

Conduction band

Valence band

Dimension x * * E
o - e D ) ) e g
1D 0.23 11.1 11.1 0.55 13.7 13.7 0.66 1.52 0.16 3.29 201
0D 0.95 0.95 1.1 115 10.9 10.1 0.99 10.8 0.91 3.20 1201

Note: the reduced mass in 1D is calculated based on the m, in conduction band and valence band due to the obvious anisotropy. 1!

3.3. Absorption coefficient

Due to the nonequilibrium carriers injected by light in the
hybrid perovskites are of great importance on exploiting solar
energy, the absorption coefficient of 1D/0D OTBPs is calcu-
lated from Eq. (3). The calculated absorption coefficients of
1D/0D OTBPs with the incidence optical energy ranging from
1.5 eV to 4 eV are depicted in Fig. 3(a). According to the
gap of 1D/0D OTBPs as shown in Fig. 2, the onset of intrinsic
absorption should locate at the incidence light with 2.0 eV
and 3.25 eV, respectively. However, the obvious below-band
gap light absorption of 0D OTBP is observed, which may
originate from the gap state absorption as shown in Fig. 3(b).
The gap state is resulted from energy level splitting from the

Q‘“ 4
e @
2 3}
wn
2
=}
g
g 2
k5]
Q
o
g 1t
g
<
Qo
—
2
s} L ) )
< 15 20 25 3.0 35 4.0
Photon (eV)
(b) E.
hw=FE;—Fg
gapstate
hw = FE,
Ev
f\ ol () total
> I Sns
L L
w60 — Brp
% r Snp
8 L
240
[ L
o
I A
= 20
=}
A I
0

-3 -2 -1 0 1 2 3 4

Energy (eV)

Fig. 3. (a) The calculated absorption coefficients of the organic tin bro-
mide perovskites with 1/0-dimensional structures from PBE functional
corrected by vdW-DF. (b) The sketch map of intrinsic absorption and
gap state absorption, which are shown in red or purple arrows, respec-
tively. (c) The projected density of states (PDOS) of organic tin bromide
perovskites with the 1 dimensional structure.

photon perturbation. As shown in Fig. 2(b), the degeneracy
of occupy orbits in the 0D OTBP is higher than that in 1D,
which leads to the intensive energy level splitting. As a result,
the 0D OTBP with wider gap has similar absorption spectrum
with the 1D OTBP.

In addition, as depicted in Fig. 3(a), it can be found that
both 1D and 0D OTBPs exhibit distinguishing absorption ef-
ficiency with the coefficient approaching to 10° cm™!, which
is similar to the traditional perovskites.**! In order to trace
the origination of high absorption ability, the projected den-
sity of states (PDOS) of 1D OTBP is calculated. As shown in
Fig. 3(c), the VBM/CBM are dominated by p orbits of Br/Sn
respectively. Based on the PDOS, it can be referred that the
direct transitions from the occupied to unoccupied p-orbitals

lead to the high absorption ability.!16-29-30]

3.4. Application prospect

From the above discussion, the stable non-toxic 0D OTBP
is a potential friendly photoluminescence material. Firstly, the
plenty excitation energy level provides the platform for the
carriers generation/recombination. Secondly, the discrete en-
ergy level will lead to the excellent purity emitting light under
illumination. At the same time the low transport properties
resulted from the spatial confinement of the carriers promote
the effective radiative relaxation.!3'-37) Furthermore, the ex-
cellent absorption within the whole visible light will lead to
high quantum efficiency (QE).

4. Conclusion

In summary, the atomic and electronic properties of non-
toxic 1D/0D OTBP are calculated based on the first-principles
calculation. The results indicate both the structures are sta-
ble and the inorganic octahedra in 0D have higher order. In
contrast to the traditional 2D/3D perovskites, the average elec-
tron/hole effective masses in the 1D/0D ODBPs (0.66/1.52m,
0.99/10.8m. respectively) are much larger. The low mobility
along with the large excitation binding energy (1201 meV) re-
stricts the photovoltaic application. However, for the stable
0D OTBP, the whole visible light can be absorbed due to the
gap states absorption. At the same time the high absorption
ability (approaching to 10° cm™!) indicates that 0D OTPB is
excellent solar energy absorber. In a word, the non-toxic stable
0D OTBP with low transport property, large excitation bind-
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ing energy and high absorption ability is expected to provide
potential photoluminescence materials.
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