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The electrical transport properties of SnO»(TiO,)/MAPbls (MA = CH3zNH3") heterojunction interfaces are
investigated from ambient pressure to 20 GPa, and the transport properties are calculated by physical
parameters such as trap energy density, binding energy, and charge transfer driving force and defect.
Based on the partial density of states (PDOS) of the SnO,/MAPbIs heterojunction interface MAI-
termination and Pbl,-termination, greater charge transfer driving force and higher binding energy are
observed, obviously showing the SnO,-based heterojunction is more stable. The SnO,/MAPbls
heterojunction interface possesses stronger electrical transport ability and is less prone to capture
electrons compared with the TiO,/MAPbIz heterojunction interface. The differential charge density
spectrum shows that the density is lower in the trap energy level of SnO,/MAPbI3z, whilst the effect of the
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heterostructure interface is less prone to capture electrons. The greater electron concentration

DOI: 10.1039/d2ra08143a difference is attributed to oxygen vacancy (Vop) in the SnO-like environment, resulting in superior
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1. Introduction

In the field of PSCs (perovskite solar cells), the interface
problem is one of the key factors to determine efficiency and
stability.’® MAPbI; thin films can form heterojunction inter-
faces with TiO, or SnO,, which will cause lattice distortion in
the interface, affect electrical transport properties, and accel-
erate ion migration.*® TiO, and SnO, respectively form elec-
trical transport complexes O,-Ti** and 0,-Sn**.”® SnO, is
considered a substitute for TiO, due to its high electron
mobility,” transmittance, and stability,’*** and less IV hyster-
esis. However, the band matching of SnO,/MAPbI; is worse than
that of TiO,/MAPbI;.**** Generally, the comparative analysis of
PSC efficiency for the SnO,/MAPbI; and TiO,/MAPbDI; electron
transport layers is complex.
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electron transport ability compared with the TiO-like environment.

Leijtens et al.*® reported that oxygen adsorption instability
acted on the electrical transport characteristics of the TiO,/
MAPbDI; heterojunction surface under the excitation of ultravi-
olet light, because the holes on the valence band of TiO,
recombine with the electrons at the oxygen adsorption point,
resulting in the release of adsorbed oxygen molecules, forming
a free electron and a positively charged oxygen vacancy on the
conduction band. Yang et al.*® reported a method of drastically
improving solar cell efficiency by surface optimization of the
TiO, electron transport layer (ETL) using a special ionic-liquid
(IL), which shows high optical transparency and superior elec-
tron mobility. Shin et al’” found a low-temperature colloidal
method for depositing La-doped BaSnO; films as a replacement
for TiO, to reduce ultraviolet-induced damage, and the solar
cells retained over 90% of their initial performance after 1000
hours of full sun illumination. Giordano et al.'®* demonstrated
that Li-doped TiO, electrodes exhibit superior electronic prop-
erties, by reducing electronic trap states enabling faster electron
transport. Guo et al.*® proposed that a SnO,:InCl; ETL was used
in planar PSCs to simultaneously dope the ETL and passivate
the defects at the ETL/perovskite interface, which expands the
ETL/perovskite interface optimization work by using anions and
cations for passivation and doping, respectively. Park®
demonstrated that trap density in the MAPDI; close to TiO, was
far lower than that without TiO,, evidenced by the gate voltage-
dependent threshold voltage difference based on the field effect
transistor (FET) structure. Kim et al.>* elucidated the atomistic
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origin of efficient electron extraction and long stability of SnO,
based PSCs through the analysis of band alignment, carrier
injection, and interfacial defects in the SnO,/MAPbI; interface
using first-principles calculations at the Perdew-Burke-Ern-
zerhof (PBEO) + spin-orbit-coupling (SOC) + Tkatchenko-
Scheffler (TS) dispersion-correction (PBE0-SOC-TS) level for all
possible terminations and MA directions.

So far, most of the studies have focused on the enhancement
of the electron mobility of SnO,(TiO,)/MAPbI; heterojunction
interfaces by passivation and doping under ambient conditions
and the interface oxygen vacancy induced by temperature and
light. The electrical transport characteristics of SnO,(TiO,)/
MAPDI; heterojunction interfaces under high pressure are
rarely studied. High pressure has been proven to be a clean and
powerful tool to analyze the physical properties of various het-
erojunction interfaces.?>* In this article, the electrical transport
properties of SnO,(TiO,)/MAPbI; heterojunction interfaces are
investigated from ambient to 20 GPa pressure by theoretical
calculations, and the transport properties are investigated using
physical parameters such as trap energy density, binding
energy, charge transfer driving force and defects, and charge-
capture rate. The electron transport abilities of SnO,(TiO,)/
MAPDI; heterojunction interfaces are compared through the
driving force of charge transfer, trap level density, and charge
transfer defects calculations, using PDOS and differential
charge density spectra under different pressures up to 20 GPa.
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2. Theoretical basis and methods

We perform the noncollinear density functional theory (DFT)
calculations with the hybrid PBEO functional** including TS
dispersion correction® using the Vienna Ab initio Simulation
Package (VASP)** with dipole corrections. This is because the
PBEO functional can describe the band alignment of our system
very well. In order to choose suitable exchange-correlations, we
complete band gap calculation for SnO,, TiO,, and MAPbI; with
different exchange-correlations using the PBE0-SOC-TS. We
note that regardless of the exchange—correlation, the theoretical
band gap is larger in TiO,, whereas the experimental band gap
is larger in SnO,.”* Therefore, instead of choosing different
exchange-correlations for the SnO,/MAPbI; and TiO,/MAPbDI;
interfaces, we select only one potential for the whole interface
calculations which can minimize the average band gap error.
Since the PBE0-SOC-TS gives the minimum band gap error
compared with the experimental band gap, we choose the PBEO-
SOC-TS exchange-correlation. We uncover the mechanism
behind the superior SnO,- (TiO,-)based PSCs by employing first-
principles calculations using the PBEO-SOC-TS level for the
SnO,(TiO,)/MAPbI; interface system owing to the lowest
average band gap error. The projection augmented wave (PAW)
method is used to carry out relevant calculations, using the
Kohn-Sham (KS) equation based on density functional theory
DFT,**® a comparative study is performed on the ETL of SnO,/
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Fig. 1 Optimized models and structures of (a) TiO,/MAPbIs heterojunction interface, (b) SnO,/MAPbIs heterojunction interface, showing

electron-capture mechanism similarly.
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MAPDI; and TiO,/MAPDI; heterojunction interfaces. Using the
optimized  SnO,(TiO,)/MAPbI;  heterojunction interface
modules, energy band, PDOS, and differential charge density
spectrum are calculated from ambient pressure to 20 GPa.
Corresponding to the homologous electron-capture mecha-
nism, the optimized models of the TiO,/MAPbI; and SnO,/
MAPDI; heterojunction interfaces are shown in Fig. 1(a) and (b),
respectively. The parameters of SnO,(TiO,)/MAPbI; hetero-
junction interface models are set (Table S3 in ESIT). The crystal
cells on the surfaces of the [001], [011] and [111] plane SnO, and
TiO,, and [001] plane cubic MAPbI; are studied at 0 GPa, 5 GPa,
10 GPa, and 15 GPa. The slab consists of symmetric SnO, or
TiO, (5 layers, 22 Sn/Ti atoms, and 44 O atoms) and MAPDbI;
[001], [011] and [111] (3 layers; MAI-termination: 4 MA mole-
cules, 3 Pb atoms, and 10 I atoms; Pbl,-termination: 3 MA
molecules, 4 Pb atoms, and 11 I atoms), where the lattice
mismatches of SnO,(TiO,)/MAPbI; heterojunction interface
models are as small as ~2.75% with a vacuum size of ~40 A.
Atomic coordinates of y/2 x /2 supercells of SnO,(TiO,)/MAPbI;
heterojunction interface models are shown in Tables S1 and S2
in the ESI.T Considering the lattice parameters of pristine SnO,
(V2 x 2 supercell) and MAPbI; (y2 x /2 supercell) are about
6.55 and 6.25 A, respectively, the average lattice parameter of 6.4
A is selected which makes the lattice mismatch of both sides
2.75%. With combinations of MAI- and PbI,-terminations with
[001], [011], and [111] directions of MA in MAPDI;, six types of
SnO,/MAPDbI; (Fig. S2(a)-(c) in the ESIf) and TiO,/MAPbI;
(Fig. S2(d)-(f) in the ESI}) heterojunction interfaces are inves-
tigated under high pressure up to 20 GPa. Using the GCA-PBE
functional, the truncation energy is set to 500 eV and the
sampling density at point K is set to 3 x 3 x 5. The convergence
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standard of structural optimization is that the difference in
energy iteration is less than 1 x 107° eV per atom, the
maximum force of atom is less than 0.02 eV A™*, and DFT+U is
set. To reduce the lattice mismatch between MAPbI; and TiO, or
SnO, in the DFT calculations, the initial distance between the
four layers of atoms in the outermost layer of MAPbI; and TiO,
or SnO, is set to 3.05 A, and the vacuum layer at the hetero-
junction interface is set to 10.05 A. Using the optimized TiO,/
MAPbDI; and SnO,/MAPDI; heterojunction interface models, the
optimized Pb-1 bond is relaxed from the original 3.15 A to 3.45
A, the length of the Ti-I bond and Sn-1 bond is 3.38 A, and the
Pb-O bond is 2.35 A. The area of the SnO,(TiO,)/MAPbI; het-
erojunction interface is selected to be about 1.68 nm? The
optimized SnO,/MAPbI; heterojunction interface shows
stronger interface bonding and interface atom interaction.

3. Results and discussion

For the optimized SnO,(TiO,)/MAPDI; heterojunction interface
modules, the interface binding energy of the two heterojunction
interface models is:

AE(SnO5(TiO,)/MAPbI3) = E(TiO,)/E(SnO5) + E(MAPbI;)
— E(SnO5(TiO,)/MAPbI;) (1)

At the same time, the interface binding energy per unit area is:

AEui(SnOs(TiO,)/MAPBLy) = SF (s“OZ(TI%)/ MAPBL) ()

where E(SnO,), E(TiO,), and E(MAPDI;) respectively represent
the energy of the SnO,(TiO,) and MAPDbI; part before building
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the SnO,(TiO,)/MAPbI; heterojunction interface models,
E(SnO,(TiO,)/MAPDI;) represents the overall energy of the
Sn0,(TiO,)/MAPbI; heterojunction interface models, and S
represents that the selected interface area is about 1.68 nm>. By
comparing the binding energy values, we can quantify the
relative stability of TiO,/MAPbI; and SnO,/MAPDbI; hetero-
junction interface structures.

The MAPbI; model and SnO,(TiO,) models of SnO,(TiO,)/
MAPDI; heterojunction interfaces are optimized and calculated
by static-self consistent calculations, and van der Waals force is
introduced to correct them. The binding energy of SnO,/MAPbI;
[AEunit(SNO,/MAPDI;) = —1.02 eV nm ™ ?] is significantly higher
than the binding energy of TiO,/MAPDI; [AE,i(TiO»/MAPbI;) =
—6.75 eV nm~*] under ambient conditions (Table S4 in ESIT),
which shows that the structure of the SnO,/MAPDbI; hetero-
junction interface is more stable. The SnO,/MAPDbI; hetero-
junction interface has higher interface binding energy, showing
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stronger interface atom interactions and more stable hetero-
junction interface structure The difference in binding energy is
smaller with applied pressure up to 20 GPa since the binding
energy of the SnO,/MAPbI; heterojunction interface increases
less (Table S5 in ESIt). Compared with the TiO,/MAPDI; heter-
ojunction interface, the larger interfacial binding energy of the
SnO,/MAPDI; heterojunction interface roughly keeps the stable
Pb-I bond leading to improvement in electrical transport

properties.”*=*
The PDOS of MA, Pb, I, Ti, Sn, and O in the TiO,/MAPbI; and
SnO,/MAPbI; heterojunction interfaces are shown in

Fig. 2(a)-(f) under different pressures, respectively. For the TiO,/
MAPDI; heterojunction interface, the Fermi level is at the top of
the valence band and the width of the band gap is about 0.75 eV.
The bottom CBM (Conduction Band Minimum) of the
conduction band of TiO, is basically composed of the valence
electrons of Ti atoms, and the bottom CBM of MAPbI,; is mainly
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Fig.3 PDOS of SnO,/MAPbIs heterojunction interface: (a) MAI-termination and (b) Pbl,-termination. TiO,/MAPbI3 heterojunction interface: (c)
MAI-termination and (d) Pbl,-termination. [Sn-5s orbital (orange), Ti-3d orbital (pink), O-2p orbital (purple), Pb-6p orbital (turquoise), and I-6s

orbital (red)].
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composed of the valence electrons of Pb atoms. Similarly, the
VBM (Valance Band Maximum) at the left side of the Fermi
level, that is, the valence band top of TiO,, is mainly composed
of the valence electrons of O atoms, and the VBM at the valence
band top of MAPDI; is mainly composed of the valence electrons
of I. The electronic DOS of MA atomic groups is far away from
the Fermi level, and there are no peaks near the VBM and the
CBM.**** Most of the electron transport exists between the Pb-I
framework and TiO,, and MA atomic groups basically do not
participate in the electron transport between the interfaces.**¢
Ti forms a chemical bond with I in MAPbI;, and electrons are
transported from the surface of MAPbI; to TiO,.*”"*° The Fermi
energy level is at the top of the valence band, and the right side
of the Fermi energy level, which is the bottom CBM of SnO,, is
basically composed of the valence electrons of Sn atoms, while
the bottom CBM of MAPDI; is mainly the valence electrons of Pb
atoms, as shown in Fig. 2(a)-(c). Similarly, the VBM of SnO, on
the left side of the Fermi energy level is mainly composed of the
valence electrons of O atoms, and the VBM of MAPbI; is mainly
composed of the valence electrons of I. It is also analyzed that
the electronic density of states of the MA atomic group is far
away from the Fermi level, and there is no wave peak near the
top of the VBM and the bottom of the CBM. Therefore, most of
the electron transfer exists between the Pb-I skeleton and SnO,,
and the MA atomic group does not participate in the charge
transfer between interfaces. Through the formation of a chem-
ical bond between Sn and I in MAPbIj;, electrons are transferred
from the MAPDI; surface to the SnO, surface. On the surface of
Pb-1, the force of interface atoms is Pb-O atomic force. On the
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right side of the Fermi energy level is the bottom CBM of TiO,
which is basically composed of valence electrons of Ti atoms,
and the bottom CBM of MAPbI; is mainly composed of valence
electrons of Pb atoms, as shown in Fig. 2(d)-(f). Similarly, the
top VBM of TiO, on the left side of the Fermi energy level is
mainly composed of the valence electrons of O atoms, and the
top VBM of MAPbI; is mainly composed of the valence electrons
of 1. The electronic state density of the MA atomic group is far
away from the Fermi energy level, and there is no wave peak
near the top VBM and the bottom CBM. Therefore, most of the
electron transfer exists between the Pb-I skeleton and TiO,. The
MA atomic group does not participate in the charge transfer
between interfaces. The electron transfers from the MAPDI;
surface to the TiO, surface through the chemical bond formed
between O and Pb in MAPDI;. The charge transport driving force
of TiO,/MAPbDI; heterostructure interfaces E4(TiO,/MAPDI;) is:

AE(TiO,/MAPbI;) = CBM(MAPbL;) — CBM(TiO,)  (3)

On the Pb-I surface, the atomic force is displayed at the inter-
face. The Fermi level is set at position 0, and the width of the
band gap is about 0.45 eV.

For the SnO,/MAPDI; heterojunction interface, the bottom
CBM of the conduction band of SnO, is basically composed of
the valence electrons of Sn atoms, and the bottom CBM of
MAPDI; is mainly the valence electrons of Pb atoms.**> The
electronic DOS of the MA atomic group is also far away from the
Fermi level, and no peak is observed near the VBM and CBM.
Most of the electron transport exists between the Pb-I skeleton

—
>
=]

50

6p of Pb

. W, L.
) III
s />

3d of Ti

Fig.4 PDOS of interface layer and differential charge density (a) on TiO,/MAPbls, (b) on SnO,/MAPbIs under ambient conditions. The yellow area
represents gaining electrons, and the green area represents losing electrons.
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and SnO,, and the MA atomic group basically does not partic-
ipate in the electron transport between heterostructure inter-
faces. Electrons are transported from the surface of MAPbI; to
the surface of SnO, through the formation of a chemical bond
between O and Pb in MAPDI;.** The charge transport driving
force of SnO,/MAPbI; heterojunction interfaces E4(SnO,/
MAPDI;) is:

AE4(SnO,/MAPbI;) = CBM(MAPbI;) — CBM(Sn0,)  (4)

AE4(SnO,/MAPDI;) is around 1.45 eV, while AE4(TiO,/MAPDI;)
is about 0.75 eV. Since 1.45 eV > 0.75 eV, the SnO,/MAPbI;
heterojunction interface has stronger charge transfer driving
ability, showing superior electrical transport properties under
ambient conditions. In order to study the electrical transport
properties of SnO,(TiO,)/MAPbI; heterojunction interfaces
under compression conditions, E4(SnO,(TiO,)/MAPbI;) and
AE4(SnO,(TiO,)/MAPbI;) are obtained from ambient pressure to
20 GPa (Table S6 in the ESIT). It can be clearly seen that with the

(a)
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increase in the applied pressure to 20 GPa, the larger AE4
between the charge transfer driving forces of SnO,/MAPbI; and
TiO,/MAPbI; heterojunction interfaces reflects a more obvious
difference in electrical transport properties. Note that the SnO,/
MAPDI; heterojunction interface shows a greater pressure
dependence for the electrical transport properties than the
TiO,/MAPbI; heterojunction interface.

The PDOS of SnO,/MAPbI; and TiO,/MAPbI; heterojunction
interfaces in MAI-termination and PbI,-termination are shown
in Fig. 3(a)—(d). The CBMs of SnO,, TiO,, and MAPDbI; are mostly
composed of Sn-5s, Ti-3d, and Pb-6p, respectively. The CBM
orbital hybridizations occur between Sn-5s and Pb-6p orbitals at
the SnO,/MAPbDI; interface and between Ti-3d and Pb-6p at the
TiO,/MAPbI; interface. The binding energies on the MA orien-
tations of [001], [011] and [111] of MAI-termination and PbI,-
termination SnO,/MAPbI; and TiO,/MAPbI; are obtained
(Tables S7-S10 in ESIf).

The binding energy of the Pbl,-termination of the SnO,/
MAPbDI; heterojunction interface is greater than that of MAI-

Pbl,-termination
of TiO,/MAPbDI;

Energy (ev)

(b)

Energy (ev)

Pbl,-termination
of SnO,/MAPDI;

M T M r X M

Fig. 5 Band structures of TiO,/MAPbls and SnO,/MAPDbI; heterojunction interfaces: (a) MAI-termination and Pbl,-termination, (b) MAI-termi-
nation and Pbl,-termination at 20 GPa. The pink and blue alternative circles and the orange and green alternative circles indicate the contribution

of the surface Sn-5s states and Ti-5s states, respectively.
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termination under different pressures, showing in the orbital
hybridization of Pb (MAPbI;) and Sn (SnO,) interface atoms at
the Pbl,-termination, which is conducive to efficient electron
extraction. The orbital hybridization in the SnO,/MAPbI; het-
erojunction interface is greater than that in TiO,/MAPDbI; owing
to that the d orbital does not strongly hybridize with the s
orbital or p orbital generally.**** We note that the orbital
hybridization difference is closely related to the carrier injection
performance of the SnO,(TiO,)/MAPbI; heterostructure inter-
faces, showing that the SnO,/MAPbI; heterojunction interface
has better carrier injection due to the greater orbital hybrid-
ization compared with that at the TiO,/MAPDI; heterojunction
interface.”

The DOS of the SnO,(TiO,)/MAPbI; heterojunction inter-
faces are calculated to verify the SnO,/MAPbI; heterojunction
interface effectively reduces the trap energy level compared with
the TiO,/MAPbI; heterojunction interface under ambient
conditions, as shown in Fig. 4(a) and (b). The trap energy levels
in the interface band gaps of SnO,/MAPbI; and TiO,/MAPbI;
heterojunction interfaces are used as the carrier binding center
in the process of interface charge transfer.*® The trap density is
approximately 23.4% lower than that of the TiO,/MAPbI; het-
erojunction interface, attributed to the trap energy level only
existing in SnO, for the SnO,/MAPbI; heterojunction interface.
The SnO,/MAPDbI; heterojunction interface effectively reduces
the defects affecting interface charge transfer and the trap
energy level to reduce carrier recombination, which almost
eliminates the interface defects caused by interface action in
perovskites. The electron-capture rate of the TiO,/MAPDbI; het-
erojunction interface is approximately 27.5% more than that of
SnO,/MAPbI;. Compared with the TiO,/MAPDI; heterojunction
interface, the SnO,/MAPDbI; heterostructure interface is less
prone to capture electrons.

The band structures of the TiO,/MAPbI; and SnO,/MAPbI,
heterojunction interfaces with Vo, are shown in Fig. 5(a) and (b)
at 20 GPa. Corresponding to the PDOS of Fig. 4(a) and (b), the
zero of energy represents the top of the valence band for the
MAI-termination and Pbl,-termination of the TiO,/MAPbI; and
SnO,/MAPbI; heterojunction interfaces. The green and orange
alternative circles indicate the contribution of the surface Ti-5s
states. The surface becomes a TiO-like environment attributed
to the Vo, which makes the Ti-5s state almost filled with elec-
trons.”” For the MAI-termination and Pbl,-termination of SnO,/
MAPDI;, the contribution of the surface Sn-5s states is shown by
the pink and blue alternative circles. The surface becomes
a SnO-like environment due to the Vo, filling the Sn-5s state
with electrons. The SnO-like environment has better electron
filling density, showing a superior electron transport environ-
ment compared with the TiO-like environment. The electron
concentration difference in the SnO-like environment will be
greater, which will result in greater electron transport ability
compared with the TiO-like environment.

4. Conclusions

The SnO,/MAPDI; heterojunction interface shows superior
electrical transport properties compared with the TiO,/MAPbI;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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heterostructure interface up to 20 GPa, manifested in the
density of trap energy levels, binding energy, charge transfer
driving force and defects, and charge-capture rate. The trap
energy level of SnO,/MAPDI; only exists in SnO,, and the density
of the trap energy level (23.4%) is much lower. The charge
transfer driving force of the SnO,/MAPbI; heterojunction
interface (1.45 eV) is greater than that of TiO,/MAPDI; (0.75 eV).
The binding energy (—1.02 eV nm™?) of the SnO,/MAPbI; het-
erojunction interface is significantly higher than that of TiO,/
MAPbI; (—6.75 eV nm™?), showing the obviously more stable
SnO,-based heterojunction structure. The electron-capture rate
of the TiO,/MAPbDI; heterojunction interface is approximately
27.5% more than that of SnO,/MAPbI;. Compared with the
TiO,/MAPbI; heterojunction interface, the SnO,/MAPbI; heter-
ostructure interface is less prone to capture electrons, which is
shown by the greater electron concentration difference in the
SnO-like environment attributed to Vo, compared with the TiO-
like environment.
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