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ARTICLE INFO ABSTRACT

Keywords: Inorganic halide perovskites have been considered as higher-stability alternatives to hybrid halide perovskites
Perovskites for optoelectronic applications. However, the formation of defects in these materials can significantly affect
DFT

carrier density and recombination lifetime. Thus, understanding their properties is of great importance for
achieving improved device performance. Through GGA+U calculations with spin-orbital coupling, we calculate
the properties of native defects in CsPbl;/CsSnl; and the defect-assisted non-radiative recombination rates for
selected deep levels. Importantly, we discover that the iodine interstitials in CsPbl; and tin interstitials in
CsSnl; have high non-radiative carrier capture rates. Besides, we also notice that complete defect structural
relaxations are only achievable when large supercells are used. This work not only provides insights into
potential non-radiative recombination pathways due to the formation of corresponding interstitials, but also

Non-radiative recombination

highlights the importance of utilizing large supercells for defect calculations in perovskites.

1. Introduction

Hybrid organic-inorganic halide perovskites (ABX3), represented by
methylammonium lead/tin iodide MAPbI;/MASnI; (CH3NH3) with FA
(CH[NH,],) and/or Cs alloyed on the A-sites, have attracted enormous
attention in the past years for photovoltaic (PV) applications [1],
because of their high power-conversion efficiencies [2] (over 25%)
and low-cost fabrication methods [3]. Perovskites are also promising
materials for light emitting diodes [4] (LEDs) and photodetectors [5].
However, the potential applications of hybrid organic-inorganic halide
perovskites are restricted by degradation due to ambient environment
such as humidity and oxygen [6]. Due to the reasons stated above,
all-inorganic halide perovskites, such as CsPbl; and CsSnl;, which
possess not only outstanding optoelectronic properties but also en-
hanced stability, have been considered as alternatives to their hybrid
counterparts [7].

Understanding native defects and impurities is critical for these
applications in order to control doping levels and carrier lifetime.
Theoretical calculations based on density functional theory (DFT) have
been performed to study the nature of native defects in halide per-
ovskites, yet no common computational setup have been agreed upon
to deliver reliable calculation results and conclusions [8,9]. Previous
literature reports that the spin—orbital coupling (SOC) effect is essential
to reliably predicting not only the band gap values, but also the
correct competition between electronic and elastic relaxation energies
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of defects in perovskites [10]. However, defect calculations are limited
to utilizing relatively small supercells when applying hybrid functional
including SOC. Furthermore, the finite-size corrections for charged
defects are sometimes neglected without clear reasons [10,11].

The underestimation of band gap values (with SOC) for perovskites
employing (semi)local exchange—correlation functionals is a well-known
issue. So far, only hybrid density functionals with adjusted mixing
parameter of the exchange interaction are able to accurately predict
the band gap values [12-14]. However, not only applying hybrid
functionals with SOC is very computationally expensive, which limits
the size of supercell for defect calculations, but also the adjustment of
mixing parameter is semi-empirical. Yang et al. applied ACBNO and
eACBNO methods in QUANTUM ESPRESSO [15] to self-consistently
calculated the onsite U and intersite V Hubbard parameters of three
types of halide perovskites based on PBE optimized structures, and
improved band gap accuracy were obtained by applying these Hubbard
parameters [16]. However, simultaneous convergence of both Hubbard
parameters and lattice parameters were only achieved for bond dis-
proportionated halide perovskites. Paul et al. studied the undoped and
doped cubic phase CsSnCl; using GGA+U in the Cambridge Serial Total
Energy Package (CASTEP) [17] with empirical effective Hubbard U
values added on the s and p orbitals of Cs, Sn and Cl as well as d orbitals
of doping elements [18]. In practice, the applied U values depend
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strongly on the software, pseudopotentials, computational setups, and
thus need to be carefully tested.

In this work, we present a first-principles study on native defects of
y-CsPbl; and y-CsSnl; using GGA+U including SOC. Band gap values
and structural parameters that are comparable to results from hybrid
functionals calculations are obtained, based on which large super-
cells for defect calculations are created for defect calculations. Defect
thermodynamic transition levels (TLs) and defect formation energies
(DFEs) under different conditions of chemical potentials are calculated.
Among selected native point defects, we determine those that have the
potential to behave as deep traps based on calculated TLs and perform
carrier capture calculations for iodine interstitials in y-CsPbl; and tin
interstitials in y-CsSnl; based on anharmonic one-dimensional config-
uration coordinate diagrams (CCD). Specifically, our results show that
iodine interstitials in y-CsPbl; have high non-radiative carrier capture
rates, same as reported in previous literature [19]. Tin interstitials in
y-CsSnl, on the other hand, turn out to be strong minority traps in
substrates prepared under Sn-poor condition.

2. Computational methods

Density functional theory calculations are performed in the Vienna
ab initio simulation package (VASP) [20], in which the ion-cores
are described by the projected augmented wave (PAW) method [21].
The revised Perdew-Burke-Ernzerhof for solids (PBEsol) exchange—
correlation functional [22] was employed with the spin-orbital cou-
pling (SOC) effect included in both the electronic calculation and
structural relaxation of bulk cells and supercells with defects. The
kinetic energy cutoff for plane-wave basis is set to 500 eV. Van der
waals energy-correction is included using the DFT-D3 method [23].
Effective Hubbard parameters in the simplified (rotationally invari-
ant) approach [24] are employed on p orbitals of Pb (U, ff =5 eV)
in y-CsPbl; and Sn (U,;, = 4.3 eV) in y-CsSnl;. For bulk calcula-
tions of y—CsPbl; and y—CsSnl; (space group Pnma), a 4 x 4 x 3
gamma-centered k-point mesh is used. 360-atom supercells for defect
calculations are constructed for y—CsPbl; and y—CsSnly respectively
by using a 3 x 3 x 2 conversion. A single I'-point is used in defect
calculations, and the atomic structures are relaxed until the residual
forces drop below 5 meV/A. The mixing parameters hybrid functional
(HSE) calculations are chosen to be « = 0.43 for y—CsPbl; and a = 0.59
for y—CsPbl; respectively, as suggested by previous literature [12-14].
SOC is not included in the structural relaxation using HSE due to the
limitation of our computational resources.

Defect formation energies (DFE) and defect transition levels are
calculated according to the following equations [25]

DFE[X] = E[X9) = Epyy — Simip; + qley g + €p) + EX €h)

corr

’
E[X?] - E[Xq’] + Egorr - Egarr

e(q/qd") = y -
a-q q-q

—€yB (2)

where E[X7] is the energy of the supercell with defect X in charged
state q, E,, is the energy of the pristine supercell, n and p are
respectively the number and chemical potential of atoms added to or
subtracted from the bulk supercell, ¢, 5 is the energy of the valence
band maximum (VBM), and e is the position of the Fermi level with
respect to VBM. E/ . is the charged-cell correction to DFE due to the
interaction of localized defect charge in a finite-size supercell with its
periodic images, which is calculated in the Freysoldt, Neugebauer and
Van de Walle (FNV) correction scheme [26]. Chemical potentials of
species and the resulting two-component phase diagrams are calculated
following the approach outlined in previous literature [27], and the
results are shown in the Appendix.
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Table 1
Structural parameters and band gaps from GGA+U and HSE.
y—CsPbl, y—CsSnl;
GGA+U HSE (a = 0.43) GGA+U HSE (a = 0.59)
a [A] 9.18 9.02 9.04 8.77
b [A] 8.44 8.59 8.35 8.61
¢ [A] 12.53 12.48 12.44 12.38
\% [1“\3] 970.81 966.97 939.02 934.81
Band gap [eV] 1.63 1.67 1.25 1.29

3. Results and discussion
3.1. Structural parameters and band gap values

In Table 1, we present the results of calculations of the structural
parameters and band gap values for both y—CsPbI; and y—CsSnl;, using
both GGA+U and HSE. Clearly, the lattice constants in ¢ direction as
well as the cell volumes are close using both calculation schemes. The
lattice parameters calculated using GGA+U are larger in a direction and
smaller in b direction compared to HSE, which are probably the conse-
quences of the “structural dilation” issue observed in DFT+U [16]. The
band gap values calculated using GGA+U and HSE are fairly close.

The calculated density of states are shown in Figs. 1 and 2. Clearly
for both materials the valence band maximums (VBM) are composed
of I-p and Pb-s/Sn-s orbitals, and the conduction band maximums
(CBM) are mainly for Pb-p/Sn-p orbitals, in agreement with previous
literature [14]. The band gap values are corrected due the fact that the
Hubbard U values applied on Pb-p/Sn-p orbitals push up the conduction
bands.

3.2. Defect calculations of CsPblz and CsSnl

Calculated defect formation energies of selected native point defects
in CsPbl; and CsSnl; and are shown in Figs. 3 and 4. The concen-
tration of a defect is exponentially dependent on the negative of its
corresponding DFE. The calculated defect transition levels are shown
in Fig. 5.

For CsPbls, it is evident that the DFEs of donors are low, thus
dominating the defect concentration in Pb-rich condition, resulting an
n-type substrate, which agrees with previous literature [28]. Lowering
the chemical potential of Pb pushes CsPbI; toward the intrinsic regime.
Noticeably, both the (+1/0) (0.7641 eV below CBM) and (0/-1) (0.3812
eV above VBM) transition levels of I; are deep, indicating that iodine
interstitials can behave as both deep donors and deep acceptors. It
is found that both I° and I*' form iodine trimer-like structures by
breaking the two Pb-I bonds and moving toward the center of two
neighboring iodine atoms. Bonding of the iodine trimer lowers the for-
mation energy of these two charged states and result in deep transition
levels. In contrast, I? and II.Jrl in CsSnl; do not have such trimer-
like structures, and thus the transition levels are shallow. Meanwhile,
the concentration of iodine interstitials in CsPbl; are significant under
both Pb-moderate and Pb-poor conditions, indicating the potential for
behaving as dominating deep traps. The (+2/+1) transition level of
Pb; antisites (0.8 eV below CBM) is deep, and the concentration is
significant under Pb-rich condition. Although the formation of iodine
interstitials can be suppressed under Pb-rich conditions, the formation
of Pb; will be enhanced correspondingly. Under Pb-rich conditions, the
CsPbl; absorber is n-type and thus the hole capture capability of deep
traps dominate the Shockley-Read-Hall non-radiative recombination.
Since the concentration of iodine interstitials is not negligible even
under Pb-rich conditions, the hole capture rates of both Il.0 and Ii’1 are
especially worthy of investigation (see Figs. 6 and 7).

For CsSnl;, the substrate is p-type in Sn-poor conditions due to
the high concentration of acceptors, especially tin vacancies, which is
in line with previous literature [29,30]. In Sn-rich and Sn-moderate
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Fig. 1. Calculated DOS of y—CsPbl;.
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Fig. 2. Calculated DOS of y—CsSnl;.

conditions, CsSnl; is relatively intrinsic, where the concentrations of
tin interstitials with deep (+1/0) (0.441 eV below CBM) and (+2/+1)
(0.133 eV below CBM) levels increase compared to Sn-poor condition.
Looking into the defect structure of tin interstitials, it is found that the
number of Sn-I bonds of the interstitial Sn atom is increasing from Sn?
to Sn,frl and then Sni+2, indicating the preference for the formation of
Sn-I bonds. In contrast, Pb; in CsPbl; only introduce shallow levels.
Investigating the defect structure of the nominal charged state Ii‘1 of
iodine interstitials in both perovskites, the Sn-I bond (3.145 A) is found
to be shorter than the Pb-I bond (3.288 10\). As the net charge of B-site
atoms as well as C-site atoms are nearly the same in both perovskites,
this result suggests that Sn-I bonding is stronger than Pb-I bonding due

to enhanced electrostatic interactions. This deduction is also supported
by the above-mentioned absence of the iodine trimer-like structure of
Il.0 and II.+l in CsSnlz. On the other hand, acceptors with deep levels of
significant concentrations are not found, and thus we believe that the
role of acceptors in CsSnl; is mainly for self-p-doping (see Fig. 8).

3.3. Defect-assisted carrier capture calculations

The rate of Shockley—Read-Hall recombination induced by defects
can be calculated from first-principles [31,32]. In order to further study
whether deep levels indeed significantly trap carriers, we calculate
the defect-assisted carrier capture coefficients of iodine interstitials in
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Fig. 5. Defect transition levels of selected native defects in (a) CsPbl; and (b) CsSnls.

Fig. 7. Local structure of Ii*! in CsSnl;.

Table 2
Carrier capture rate of jodine interstitials in CsPbI; at 300K.

Transition level AQ[amu'/? A] C,[em? s7'] C,[em? s7']
0/-1) 30.90 2.41 % 107° 3.34 % 1077
(+1/0) 44.89 1.33 % 1078 1.22 % 1078
Table 3
Carrier capture rate of tin interstitials in CsSnl; at 300K.
Transition level AQ[amu'/? A] C,[em?® s7'] C,lem® s7!]
(+1/0) 13.56 7.10 % 107° 7.24 % 1071
(+2/+1) 21.92 2.83 % 1073 6.31 % 10714

CsPbl; and tin interstitials in CsSnl; based on the reconstruction of
one-dimensional configuration coordinate diagrams (CCD), as shown
in Figs. 9 and 10. The distortion between the ground-state structures of
two charged-states associated with a single transition level is quantified
by the configuration coordinate difference (4Q):

40% = Y m (R} - R (3)
a

where m,, R! and R! are the mass, final and initial Cartesian coor-
dinates of atom « in the defective supercell, respectively. The defect-
assisted non-radiative electron and hole capture rate (Cp and C,) de-
scribe the process of a defect capturing an electron from the conduction
band edge or a hole from the valence band edge respectively, and can
be computed based on Fermi’s golden rule:

2 A 2
C= VWi Y w, D1 (il = Qolisn) | @
X 6(AE + mh€; — nh&2y) 5)

where y,, and y;, are the wavefunctions of the mth and nth phononic
wave functions in the initial i and final f states. V is the supercell
volume, g is the configurational degeneracy and W, is the electron—
phonon overlap. w,, is the probability of thermal occupation of the
mth phonon state, and €,/ are the initial/final phonon frequencies.
The anharmonic potential energy surfaces (PES) in CCDs are used for
obtaining the phonon frequencies as well as the phonon wave functions.
A sufficient number of phonon eigenvalues are included (N = 500)
in order to guarantee convergence. Finite-size corrections to CCDs are
implemented using the methodology proposed by Kumagai [33] (see
Fig. 11).

From calculated results shown in Tables 2 and 3, both I; in CsPbl;
and Sn; in CsSnl; show strong carrier capture capabilities. Specifically,
both (0/-1) and (+1/0) of I; show strongly anharmonic PES and large
AQ values. The similarity of PES around the ground-state structure of
excited states (blue curves) indicates strong overlap between phononic
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Table 4
AQ[amu'”2 A] of (0/-1) and (+1/0) transitions for I, in CsPbl,.

360-atom cell

160-atom cell 540-atom cell

0/-1) 35.69 29.72 30.9 30.95
(+1/0) 14.16 45.15 44.89 44.93

80-atom cell

wave functions, and thus leads to large hole capture rates, which are
especially harmful if n-type CsPbl; substrate is present. We notice that
our calculated AQ values are much larger than what are reported in
previous literature [19], and believe that the difference mainly stems
from the difference in size of supercells used for defect calculations.
In order to verify this, we calculate AQ for the (+1/0) transition of
1; using supercells with 80 (2 x 2 x 1), 160 (2 x 2 x 2), 360 (3 X
3 x 2) and 540 (3 x 3 x 3) atoms. As shown in Table 4, AQ values
are convergent within 0.05 amu!/2A when the cell size is larger 360
atoms. In the 80-atom cell, the AQ values are very different from the
converged values, which are likely to be the results of incomplete
structure relaxation due to the size limitation. In contrast, the larger
supercells allow atoms located far from the defects to relax as well, and
thus using large supercells is critical for carrier capture calculations.
This argument becomes clearer by comparing Figure with 9(b). For Sn;
in CsSnls, the electron capture rates outpower the hole capture rates,
which are detrimental in p-type CsSnl; (e.g. self p-doped sample under
Sn-poor condition). While avoiding Sn-poor conditions could decrease
the likelihood of transitioning into Snl, [34] and the background
hole density, a high tin chemical potential facilitates the formation
of tin interstitials which lead to deep traps. This result provides an
explanation of why increasing the amount of SnF, additives does not
make the quantum efficiency of Sn-perovskites monotonically increase
in experiments [35].

4. Conclusions

In summary, GGA+U+SOC provides an affordable way to calculate
tin/lead inorganic perovskites incorporating both band gap correction
as well as spin-orbital coupling. It also allows us to utilize large su-
percells for defect calculations and thus avoid potentially insufficiently
relaxed structures caused by the size limitation. Within this scheme,
the formation energies and transition levels of selected native defects

in y-CsPbl; and y-CsSnlz are calculated. One-dimensional configura-
tion coordinate diagrams are reconstructed for calculating the defect-
assisted carrier capture rates for iodine interstitials in y-CsPbI; and tin
interstitials in y-CsSnl3, which are both shown to be strong minority
traps under Pb-rich and Sn-poor conditions, respectively. The compre-
hensive theoretical research sheds light on experimentally preparing
better samples for y-CsPbl; and y-CsSnls-based solar cells.
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Fig. 9. Calculated one-dimensional CCDs of (a) (0/-1) and (b) (+1/0) transition levels for iodine interstitials in CsPbI;(360-atom supercell).

Appendix. Thermodynamic stability of perovskites Table A.5
Selected chemical potential values (eV) in CsPbls.

In order to identify the available range of chemical potentials of all Hes Heb Hi
elements, calculation of thermodynamic stability of both perovskites Pb-rich —3.0549 -1.9983 -3.064
are performed. For equilibrium growth of perovskites, the chemical Pb-moderate —3.5551 —2.9983 ~2.5639

. Pb-poor -4.1421 -4.1724 -1.9769
potentials of Cs, Pb/Sn and I are related by
fics + Hpysn + 31y = E(CsPbIy/CsSnly) (A1) Table a6

. . . . Selected chemical potential val V) in CsSnlj.
where E is the energy from DFT calculation. To avoid formation of elected chemical potential values (eV) in CsSnly
Pbl,/Snl, and Csl, the chemical potential values have to further fulfill Hes Hsn l
the following constraints Sn-rich -3.0857 -1.8113 -3.1161
Sn-moderate —-3.4609 -2.5613 -2.741
Hpb/Sn + 2”[ < E(PbIZ/Snlz) (A.2) Sn-poor —3.7359 -3.1113 —2.4661
Hes + 1y < E(CsI) (A.3)

and the resulting selected chemical potential values for different prepa-
ration conditions are summarized in Tables A.5 and A.6.
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