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First-Principles Study of Aziridinium Lead lodide Perovskite

for Photovoltaics

Qiang Teng,™ " Tingting Shi," and Yu-Jun Zhao**"

The long-term stability remains one of the main challenges for
the commercialization of the rapidly developing hybrid organic-
inorganic perovskite solar cells. Herein, we investigate the
electronic and optical properties of the recently reported hybrid
halide perovskite (CH,),NH,Pbl; (AZPbl;), which exhibits a much
better stability than the popular halide perovskites CH;NH;Pbl;
and HC(NH,),Pbl;, by using density functional theory (DFT). We
find that AZPbl; possesses a band gap of 1.31 eV, ideal for
single-junction solar cells, and its optical absorption is compara-

1. Introduction

In the past decade, organometallic lead halide perovskite has
attracted significant attention as the absorbers in photovoltaics
due to their outstanding properties, such as excellent carrier
diffusion lengths, strong light absorption, high open-circuit
voltages, low electron and hole effective masses, ambipolar
charge transport, and solution processability."™” Current lead
perovskite solar cells can achieve high power conversion
efficiencies (PCEs) up to NREL-certified 23.7%. The bulk of
research has focused on methylammonium lead iodide
CH;NH;Pbl; (MAPbI;), among the organometallic halide perov-
skites, owing to its unique photovoltaic properties and rapid
improvements in PCEs in recent years. MAPbI; has a band gap
of approximately 1.55 eV, which is slightly beyond the optimal
value of ~1.3 eV for a single-junction solar cell."® The material,
however, is sensitive to degradation under the moisture and
high temperature conditions,”'? and thus limited in commer-
cial application. Encapsulation of the MAPbI; solar cells hardly
prevents their degradation either as the active layer of
encapsulated hybrid organic perovskites often decomposes
after a period of time that ranges from several days to a
month."3

Alternatively, solar cells based on formamidinium lead
triiodide HC(NH,),Pbl; (FAPbI;) perovskites have been demon-
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ble with those of the popular CH;NH;Pbl; and HC(NH,),Pbl;
materials in the whole visible-light region. In addition, the
conductivity of AZPbl; can be tuned from efficient p-type to n-
type, depending on the growth conditions. Besides, the charge-
carrier mobilities and lifetimes are unlikely hampered by deep
transition energy levels, which have higher formation energies
in AZPbl; according to our calculations. Overall, we suggest that
the perovskite AZPbl; is an excellent candidate as a stable high-
performance photovoltaic absorber material.

strated with a maximum power conversion efficiency of
20.1%." Replacing cation MA with FA, a FAPbI; perovskite was
found to possess a smaller band gap (1.48 eV), which allows
better near-infrared absorption, and it has an elevated decom-
position temperature and thus higher thermal stability."*"
Nevertheless, their stability cannot meet the requirement of
commercialization either. In addition, deep levels often appear
in FAPDbI; due to intrinsic defects, which can act as non-radiative
recombination centers and shorten the carrier lifetimes.?® Thus,
FAPbI;-based solar cells are hard to prevail their MAPbI,
counterparts in PCEs.['72"?2

Recently, Zheng et al. reported that the ionization energy of
the molecules on site A (in ABX; type perovskites) play a key
role in stability, as the ionization energy has influence on the
reaction enthalpy of halide perovskites.” Generally, low
ionization energy of the molecules favors a stable perovskite
structure. Subsequently, they theoretically proposed a three-
membered cyclic organic cation-based hybrid halide perovskite
AZPbl;, where the organic cation AZ demonstrates a low
ionization that renders a good stability for AZPbl;.** Moreover,
the size of AZ is slightly larger than MA and smaller FA, thus
AZPbl; shows a smaller band gap which is more competent for
the photovoltaic application. This implies that AZPbl; is a
potential high efficiency absorber material for photovoltaics,
and expect its electronic and optical properties, especially its
defect physics behaving remarkable as the previous MA based
perovskite systems.

Here, we systematically investigate the electronic and
optical properties of AZPbl;, as well as its defect properties,
based on first-principles calculations. It shows that the band
gap of AZPbl; is optimal for PV applications (1.31 eV) and the
optical absorption as well as carrier mobility is comparable with
the popular MAPbI;. We suggest that AZPbl, can be a promising
solar cell material, whose electrical properties can be tuned
additionally from efficient p-type to n-type, depending on the
growth condition.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-6923-1099
https://doi.org/10.1002/cphc.201801033
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcphc.201801033&domain=pdf&date_stamp=2019-01-23

\\;} ChemPubSoc

2. Computational Details

All calculations are performed using the Vienna ab initio
simulation package (VASP)*?® based on the density functional
theory with the projected augmented wave (PAW) method.”’*
The valence electron configurations involved in the calculations
are chosen as H (1s"), C (2 s%2p?), N (2 s%2p°), Pb (4d'°5 s?5p?), |
(5 s’5p°) and the exchange-correlation functional is described
by the generalized gradient approximation (GGA) via the
Perdew-Burke-Ernzerhof (PBE) functional.”® GGA-PBE cannot
describe the weak interaction between the organic and
inorganic constituents in the hybrid perovskites well. This is
ascribed to the fact that there is hydrogen bond formation
between organic cations and inorganic matrix in hybrid
organic-inorganic perovskites.®” Meanwhile, the non-local van
der Waals density functional (vdW-DF) has been demonstrated
to describe hydrogen bonded systems reasonably.®” Accord-
ingly, the vdW-DF correction, as implemented in VASP by
Klimes et al.?** is adopted in our calculation. Previous study™”
indicated that due to the same Goldschmidt’s tolerance factor
0.93, AZPbl; presumably have a similar atomic structure to the
MAPbBr; case, which is a cubic structure at the room
temperature.®*>% Therefore, we adopt the cubic structure of
AZPbl; with space group Pm3m in our study. The initial
structures of the cubic AZPbl; with the plan of three-membered
cation oriented along (100) and (110) directions are constructed
to start the structural optimization, and the lattice parameters
as well as the atomic positions are fully relaxed until the
Hellmann-Feynman force on each atom below 0.01 eV/A.
Monkhorst-Pack® scheme with 6 x6 x6 and 8 x 8 x 8 I-
centered for k-point sampling are chosen for the calculations of
the structural optimization and electronic/properties, respec-
tively. The wave function is expanded by plane-waves with
energy cut-off at 520 eV. It is well known that PBE functional
provides a reasonable band gap for MAPbI; due to the
cancellation of errors from GGA and negligible of spin-orbital
coupling (SOCQ) effect. Here, we have further applied the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional® in combination
with the SOC effect to study the electronic properties exten-
sively. In our calculations, the mixing rate (u) of the Hartree-
Fock exchange potential is set to 0.43, yielding an excellent
agreement on the band gap between the calculation and
experiment for the MAPbI; phase with tetragonal crystal
symmetry (/4 cm). In analogy, the HSE (¢ = 0.43) including SOC
is adopted for the cubic AZPbl,, giving the calculated band
gaps of 131 and 1.59eV for the cubic AZPbl; and the
tetragonnal MAPbI;, respectively. The former is consistent with
available theoretical result of 1.35-1.49 eV*¥ and the latter is in
agreement with the experimental one,1.55 eV."”

Based on the accurate electronic structure, the imaginary
part &(w) of the dielectric function dependence on the
incidence optical frequency can be acquired, and the real part
&(w) can be estimated through the Kramers-Kronig trans-
formation. The optical absorption coefficient /() can be
obtained according to the following equation:®*
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For the defect calculations, a 3 x 3 x 3 supercell containing
351 atoms is employed, with the corresponding Brillouin zone
sampled by the I' point. The atomic coordinates are relaxed
until the force on each atom is below 0.05 eV/A. The defect
formation energy AH(a,q) has been calculated using the
following equation™”

AH(a,q) = E(a,q) — E, + Zni(Ef + Aw;) + q[E, + Er + AV]
)

Here E(a,q) is the total energy of the supercell containing
the defect a in charge state g and E, is the perfect supercell
one. n; represents the number of i atom, which is positive when
the atom removed from supercell and negative when added to
the supercell in forming the defect. Ay; is the relative chemical
potential of i depending on the experimental conditions and E;
is the total energy of i as pure elemental solid or molecule. E, is
the valance band maximum (VBM) energy of the host material
and E; is the Fermi energy referred to the VBM. In contrast to
charge-neutral systems, the total energy in charged systems
can not be well defined. Thus, the potential alignment
correction is considered to correct the systems with different
charged states.*” The average electrostatic potential at the
atomic sites far from the defect is aligned with that in the ideal
crystal, and the resulting difference AV is added in the
Eq. (2).The transition level of the defect €(q/q’) is defined as the
Fermi level at which the formation energies of defect a with

charge states g and g’ are equal™”

¢% = [AH(a,q) — AH(a,q)]/(qd - q) (3)

where AH(a, q) and AH(a, q') are the formation energies of
defect a with charge states g and g, respectively.

3. Results and Discussion
3.1. Structural Properties

The cubic structure with space group Pm3m is adopted for
AZPbl; and the optimized atomic structure, which is consistent
with the previous study,”” is illustrated in Figure 1(a). The
aziridinium (AZ) radical is a three-membered ring organic
cation, which is a promising candidate to be used as the
organic cation at site A of hybrid halide perovskites. The three-
membered ring of the AZ cation consists of a C—C bond and
two C—N bonds, where both of the C atoms have two chemical
bond formations C—C and C—N bonds, and the N atom has
double C—N bonds. These chemical bond formations strengthen
the interaction between the two C atoms and N atom. This
suggests that the three-membered ring is energetically unfavor-
able to break. Besides, the decomposition enthalpy of AZ was
calculated by zheng et al., which indicates that the AZ cation

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Schematic perovskite structure of AZPbl;. b) The thermodynamic stability range of equilibrium for AZPbl, is represented by the red-color region.
Outside this region, the compound will decompose into Pbl, or AZI. The representative points A (uy;=—3.61 €V, pp,=—2.94 eV, y=0eV), B (u;=—2.95¢V,
Upp=—1.50 eV, ., =0.70 eV), C (upz=—2.05 eV, pp, =0 eV, = —1.47 eV) are chosen for further investigation of defect properties (c.f. Figure 3).

can be stable in an aqueous solution.”” The three-membered

ring cation is slightly larger than MA, while smaller than FA. The
calculated lattice constant a is 6.42 A, slightly larger than cubic
MAPbI,.

As well known, formability of inorganic perovskite structures
can be rationalized via geometrical factors, such as the Gold-
schmidt’s tolerance factor and Paulings’s octahedral factor. To
calculate the geometrical factors of hybrid halide perovskites,
the effective organic cation radii are estimated as proposed by
Kieslich et al.*"" The size of cyclic cations is between that of MA
and FA. The tolerance of factor for AZPbl, is 0.93, which is
within the perovskite formability limits.*? Nevertheless, the
tolerance factor and octahedral factor are insufficient to predict
the formability and stability of organic-inorganic hybrid per-
ovskites.” Zheng et al. pointed out that the ionization energy
of organic cation in organic-inorganic hybride perovskites has
effect on the stability of the perovskites.**¥ Lower ionization
energies of the cations render more stable structure. This can
be explained that the ionization energy of organic cation in
hybrid perovskites has a contribution to the decomposition
energy of the perovskites, where low ionization energy leads to
an remarkably unfavorable decomposition energy. These
reports indicated that AZPbl; has lower decomposition energy
than both mainstream perovskites MAPbl; and FAPbI; duo to
the lower ionization in organic cation.

Here, the decomposition energy AH, of AZPbl, is calculated
by following decomposition reaction equation

AZPbl, — AZI + Pbl, (4)
and the corresponding enthalpy
AH, = E:[AZPbI5] — E,i[AZI] — E o [PDI,] (5)

Our calculated AH, is —31 meV/unit-cell, which is agreement
with previous report.?”

In thermodynamic equilibrium growth condition, the exis-
tence of AZPbl, should satisfy

lar + tpo + 3w = AH(AZPbL,) = —6.55 eV (6)

where y; is the chemical potential of constitute element referred
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to its most stable phase and AH AZPbl; is the formation
enthalpy of AZPbl;. For u,, we choose face-centered-cubic
phase of AZ following bulk Cs. To exclude the possible
secondary phase Pbl, and AZI (rock-salt phase), the following
constraints must also be satisfied:

Uaz + 1y < AH(AZI)(—3.61 eV) (7)

tpy + 21, < AH(PBL,)(—2.77 €V) (8)

The chemical potentials of Pb and | satisfying Egs. (6)-(8) are
shown in the red region of Figure 1(b), in which AZPbl, is stable
against possible competing phases including Pb, I,, AZI and
Pbl,. The stable chemical potential window for AZPbl; has a
long but narrow shape, typical for halide perovskites, indicating
that the chemical growth condition should be carefully
controlled to form pure AZPbl,.

Recently, zhang etal” calculated the MAPbI; phase-
separation energy using first-principles calculations, and found
it was negative, in line with the experiment results.” Yin
et al.*® however, reported that the MAPbI; was available in a
narrow thermodynamic stable range, in contrary to the above
recent studies® This is attributed to the fact that the
hypothetical NaCl phase was adopted for MAI by Yin et al, and
the decomposition enthalpy was overestimated. Accordingly,
AZPbl; perovskite is expected to be more stable than MAPbI,,
although the stable range for AZPbl; is rather narrow (cf.
Figure 1 (b)).

3.2. Electronic Properties

To study the light harvesting effect of AZPbl;, its electronic
structure is also investigated. The calculated band structure of
the AZPbl; using HSEO06 functional with considering of SOC is
shown in left panel of Figure 2a. The calculated band gap is
1.31 eV, which is in agreement with previous theoretical results
of 1.35-1.53 eV.”” Furthermore, the band gap of AZPbl; is
optimal for realizing high PV performance solar cell, as the
Shockley-Queisser limit suggests a band gap of ~1.3eV for
achieving maximum PCE in a single p-n junction solar cell.”
Compared with the popular MAPDbI; (with band gap of
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Figure 2. a) Calculated band structure of AZPbl, based on the cubic phase using the HSE06 functional with SOC. Here, the VBM is set to zero. b) Calculated
optical absorption spectra of MAPbl,, FAPbI;, and AZPbl, using the HSE06 functional with SOC.

~1.50 eV), AZPbl; has a potential for achieving superior PV
performance. It should be noted that there is an unconspicuous
split in the conduction band minimum (CBM) of AZPbl; (cf.
Figure 2a). This could be due to the strong spin-orbit interaction
and distortions in the Pb-centered octahedron, a Rashba
splitting at the vicinity of the band extreme as reported in
MAPbI,.*¥ The Rashba splitting leads to an effectively indirect
band gap. The projected density of states (PDOS) is also shown
in the right panel in Figure 2a. It is obvious that the organic
cation AZ has little contribution to the energy bands around
VBM and CBM. The VBM of AZPbl, is mainly contributed by the
p orbital of the | atoms and partly contributed by the s orbital
of the Pb atoms, involving strong anti-bonding coupling, while
the CBM is dominated by p orbitals of the Pb atoms, in analogy
to FAPbI; and MAPbI,. This implies that AZPbl; could inherit the
excellent PCE performance from MAPbI; and FAPbI;, with the
widely dispersed s, p levels dominating VBM and CBM.

Moreover, the absorption spectrum of the AZPbl, is also
calculated, and it is compared with the absorption spectra of
two popular perovskite solar cell materials MAPbl; and FAPbI,
shown in Figure 2b. Our calculations show that the shapes of
the three considered structures curves are quite close to each
other, implying that AZPbl; has comparable absorption ability
with MAPbI; and FAPDI; in the whole visible region. Besides, the
corresponding spectrum of the MAPbI; is slightly blue shifted
with respect to that of AZPbl; and FAPbI;. This agrees with the
trend of the band gaps of above three compounds.

Meanwhile, light effective masses are also expected to
facilitate the transportation of the photo-generated electrons
and holes, which will be thermally relaxed to the CBM and VBM,
respectively. The corresponding calculated effective masses are
listed in Table 1, showing that (i) the electron and hole effective
masses are balanced, thus AZPbl; has a good bipolar con-
ductivity; (ii) both the electron and hole effective masses of
AZPbl; are rather light, comparable to that of MAPbIl;. These
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features indicate that AZPbl; has high carrier mobility as
MAPbI,.

3.3. Intrinsic Defect Properties

The photovoltaic properties of an absorber can be largely
affected by the intrinsic defects. Here we have considered 12
possible intrinsic point defects in AZPbls, including three types
of vacancies (V,, Vp, and V,,), three types of interstitials (I, Pb,
and AZ), two cation substitutions (Pb,, and AZ,), and four
antisite substitutions (lp,, la;, Pb, and AZ). Considering the
thermodynamic equilibrium growth conditions, the formation
energies of point defects are mostly dependent on the chemical
potentials of the host elements, u, up, and u,;. A moderate
chemical potential region is identified for achieving thermody-
namically stable AZPbl,. The identified chemical potential
region for AZPbl; is highlighted in red in Figure 1b. Here we
calculated the formation energies as a function of the Femi
level under three extreme cases (c.f. Figure 1b): (A) I-rich/Pb-
poor, (B) moderate and (C) I-poor/Pb-rich conditions, as plotted
in Figure 3.

The calculated results show that the conductivity of AZPbl,
can be tuned from intrinsic good p-type, moderate, to good n-
type when the sample preparation condition shifts from A (I-
rich/Pb-poor), B (moderate), to C (I-poor/Pb-rich). Such flexible
defect properties are similar to that in MAPbl,.“®

Under the I-rich and Pb-poor conditions, the acceptor
defects Vpy, Iy, |; and |z, and donor defect V, have relatively low
formation energies, with the Fermi level pinned at 0.03 eV
above the VBM by V,, and V.. In this case, the AZPbl; exhibits
excellent p-type conductivity. The conductivity is expected to
be much better than the intrinsic p-type conductivity of
MAPbI;“* in consideration of shallow Fermi level. The formation
energies of the Vp, in AZPbl; are relative higher than that in
MAPbDI,, largly due to the weaker antibonding state at VBM of

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The formation energies of intrinsic point defects under: a) I-rich b) moderate, and c) Pb-rich conditions. Defects with high formation energies are

displayed as dashed lines.
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Figure 4. Calculated transition energy levels for: a) intrinsic acceptors and b) intrinsic donors in AZPbl,.

AZPbl; than that in MAPbI;. Due to the formation of covalent |
dimers the interstitial defect |; also has low formation energies.

As the growth condition shifts from I-rich/Pb-poor (point A)
to I/Pb moderate (point B), the formation energies of acceptor
defects increase, while the donor defects are easier to form, as
V, and |; are the dominant donor and acceptor, respectively.
Subsequently, Fermi level is pinned at 0.75 eV above the VBM
by V, and |, and thus AZPbl; becomes either intrinsic or slightly
n-type conductivity. At the growth condition of point C, I-poor/
Pb-rich, the formation energies of acceptor defects continue to
increase, and the donor defects become dominant. Under this
growth condition, the Fermi level is inside the CBM, dominated
by V, indicating a degenerately doping with excellent n-type
conductivity. It can be seen that the n-type conductivity of
AZPbl; is due to the low formation energy of V,, while those of
MAPDbI; and FAPbI, are attributed to dominant donor defect
MA, and FA, respectively.”®*® Overall, we conclude that the
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organic cations have remarkable effect on the defect properties
of halide perovskites.

Defects with deep transition levels in the band gap can act
as Shockley-Read-Hall recombination centers. In addition, the
scattering effect of charged defects will affect carrier migration
and reduce the conductivity. Both the effects have a major
impact on the device performance. The HSE-SOC calculated
transition energy levels of all possible intrinsic defects are
plotted relative to the VBM and CBM, as shown in Figure 4. It
can be seen that all the acceptor defects, donor defects Pb, and
Pb, would introduce deep transition levels. All other defects
have shallow transition levels. Though all acceptor defects can
create deep transition levels, most of them have relatively high
formation energies, preventing them from being an effective
recombination center. In addition, defect |, is of low formation
energy but stabilized in neutral charge state under the I-rich/
Pb-poor condition. In contrast, defect |, has relatively low
formation energy and induces deep transition levels under

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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mediate and I-poor/Pb-rich conditions. Consequently, we
suggest that the AZPbl; films should be synthesized under the
I-rich/Pb-poor conditions in order to suppress the formation
deep defects and optimize the photovoltaic performance.

4. Conclusions

To summarize, we have systematically studied the electronic
and all possible intrinsic point defect of AZPbl; perovskite by
DFT calculations. We find that the good stability hybrid halide
perovskite AZPbl; possess excellent electronic and optical
properties as visible-light absorber materials for PV applications,
comparable with the popular MAPbI; material. Moreover, like
MAPbI; perovskite, the electrical conductivity can be tuned
from p-type to n-type efficiently, by changing the synthesis
conditions. Deep transition levels from intrinsic defects are
hardly expected to appear in AZPbl,, favoring its high PCE.
Overall, the perovskite AZPbl; is suggested to be an excellent
candidate for solar cells with both high stability and perform-
ance.
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