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The formation energies and charge transition levels of intrinsic point defects in lead
halide perovskite CsPbBrs are studied from first-principles calculations. It is shown

that the formation energy of dominant defect under Br-rich growth condition is much

Abstract

lower than that under moderate or Br-poor conditions.

condition can help to reduce the defect concentration. Interestingly, CsPbBrs is found
to be highly defect tolerant in terms of its electronic structure. Most of the intrinsic
defects induce shallow transition levels. Only a few defects with high formation energies
can create deep transition levels. Therefore, CsPbBr3 can maintain its good electronic
quality despite the presence of defects. Such defect tolerance feature can be attributed

to the lacking of bonding-antibonding interaction between the conduction bands and

valence bands.
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Recently, lead halide perovskites (LHPs) have emerged as promising optoelectronic ma-
terials, and attracted an enormous amount of interest. They are medium-bandgap semicon-
ductors and can be synthesized cost-effectively on large scales through simple solution-based
processes. ' One of the most impressive progresses is the rapidly increased power conversion
efficiency of LHP-based solar cells, from a starting efficiency of ~4%! to over 20%%7 within a
few years. Besides photovoltaics, other applications of LHP, such as light-emitting diodes,®?

1012 and photodectors, 13! have also been investigated. Although the organic-

laser devices,
inorganic hybrid LHP like the MAPDbI; has been studied extensively, the pure inorganic
alternative, like the CsPbBrj3 has been recently found to possess most of the good properties
of the hybrid LHP counterpart .17 CsPbBrs has excellent luminescence properties, includ-
ing extremely high quantum yield, narrow emission bandwidth without size-distribution, and
suppressed photoluminescence (PL) blinking.!® In addition, CsPbBr3 also exhibits remark-
ably high carrier mobility and large diffusion length.® Moreover, CsPbBrs can be synthe-
sized in various structures such as quantum dots, nanocubes, nanowires, nanoplates, and even
two-dimensional (2D) layers with controllable sizes. 5172921 This allows one to modulate the
quantum confinement effect in the nanostrucutres to achieve desired emitting wavelength.
The 2D form of CsPbBrj is also a good candidate for ultrathin and flexible optoelectronics.
All of these features make CsPbBr3 a very promising semiconductor for future applications.

Defect properties, especially those of intrinsic point defects, of a semiconductor are always
critical to its performance. The carrier mobility, lifetime, and recombination rate can be
greatly affected by defects. Intrinsic defects also determine the doping limit. Therefore, a
good understanding of the defect properties is important for the application of a material. Up
to date, much theoretical work has been done on the defect properties in organic-inorganic
hybrid LHP.??26 However, related studies on all-inorganic LHP are less reported. Although

there are a few studies that include the defect properties of all-inorganic CsPbBrs,2"2®

a
systematic theoretical investigation on the defect formation energy under different growth

conditions, as well as the defect charge transition levels in CsPbBrjs, is still missing.



In this work, we study the properties of intrinsic point defects in CsPbBrs from first-
principles calculations. It is found that moderate or Br-poor growth condition can help
to reduce the defect concentration in CsPbBr;. We also show that the dominant defects
in CsPbBrj3 only introduce shallow transition levels, which usually are not carrier trapping
centers, so CsPbBrs is a defect tolerant semiconductor. Our results can provide guidance
for experimental synthesis to reduce the defect formation, and also provide insights for the
high optoelectronic quality of this material despite the existence of point defects.

The formation energy AH («, q) for a defect a at charge state ¢ is determined as:?%:3°

AH(a,q) = E(a,q) — E(host) + Z ni(E; + i) + q[Bvem(host) + Er + AV]. (1)

Here E(«,q) is the total energy of the supercell containing the defect, and E(host) is the
total energy of the same supercell with the absence of defect. Eygy(host) is the valence band
maximum (VBM) energy of the host material and Ep is the Fermi energy measured from
VBM. p; is the atomic chemical potential of constituent ¢ referenced to the total energy E; of
its pure elemental solid or molecule (Cs metal, Pb metal, and Bry molecule for CsPbBr3). n;
is the number of atom ¢, and ¢ is the number of electrons, transferred from the supercell to
the reservoirs in forming the defect cell. For example, for a negatively charged Brp;, antisite
(Brpy, -1), np,=-1, npp=1, and ¢g—=-1. The potential alignment correction term AV is added
to align the VBM energy in systems with different charged states.?!' It is calculated by the
energy shift of the 1 s core-level energy of a Cs atom (which is far away from the defect
site) between the neutral defect and charged cases. The defect charge transition energy
level €(q/q') corresponds to the Er at which the formation energy AH (o, q)=AH(«,q’) for

a defect o with different charge state ¢ and ¢/, i.e.,

€(q/d) = [E(a,q) — E(a,q') + (¢ — ¢')(Evem + AV)]/(¢' = q) (2)

The calculations are carried out using the Vienna ab initio simulation package (VASP).3233



The core-valence interaction is described by the projector augmented wave (PAW) method, 3
and the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE)% is
used. The wavefunctions are expanded in a plane-wave basis set with a 400 eV cutoff. A
3x3x2 supercell containing 360 atoms is used for the defect calculations, and the Brillouin
zone is sampled by the I' point. Structure relaxation is stopped when the force on each atom
is smaller than 0.01 eV /A. For the calculation of defect transition levels, more accurate de-
scription on the band structures is needed. It is well known that PBE gives reasonable total
energy and structure, but severely underestimates the band gap. Moreover, Pb is a heavy
element so the spin-orbital coupling (SOC) effect in CsPbBrs can be significant. Therefore,
we have used the the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional®® in combination
with the SOC effect to calculate the defect transition levels. A 2x2x2 supercell and a 300
eV energy cutoff are used to reduce the computation cost of the HSE4+SOC calculation. The
mixing rate of the Hartree-Fock exchange potential is set to 0.43. With this setup, the cal-
culated band gap of CsPbBrj is 2.23 eV, which is in good agreement with the experimental
value of 2.25 eV.3” Phonon spectrum is calculated by the small displacement method using

the PHON code. 38
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Figure 1: Lattice structure (a), phonon spectrum (b), PBE+SOC band structure (c), and

density of states (d) for CsPbBrj in the orthorhombic phase. Fermi level is set to 0 eV in
(c) and (d).

At low temperature, the orthorhombic phase is most stable for CsPbBrs.3” Compared



with the cubic phase, the PbBrg octahedra in the orthorhombic phase are slightly tilted, as
seen in Fig. 1a. The optimized lattice constants are 8.23 A, 8.50 A and 11.89 A. The phonon
spectrum of CsPbBrjs is presented in Fig. 1b. There is no negative mode in the spectrum,
indicating the stability of the optimized structure. The band structure of orthorhombic
CsPbBrj3 calculated by PBE+SOC is shown in Fig.lc. Both the valence band maximum
(VBM) and the conduction band minimum (CBM) are located at the I" point. The predicted
band gap from PBE+SOC is 1.08 eV, which is severely underestimated compared with the
experimental value of 2.25 eV.%7 On the other hand, our HSE+SOC calculations obtained a
band gap of 2.23 €V, in good agreement with experiment. The density of states are given
in Fig. 1d. The states around the band gap come from Br and Pb atoms, whereas Cs has
no contribution. In the valence band, the Pb s and Br p states have strong hybridization,
and their antibonding interaction leads to the formation of the upper valence band. On
the other hand, the conduction band is formed through the coupling between the empty Pb
p states. Due to the ionic character of CsPbBrs, the antibonding interaction between the
valence band and conduction band states are negligible, so the lower conduction bands have
almost no contribution from Br atoms. Similar band characters have also been seen in hybrid
LHP like MAPbI3 and MaPbBr3.?%2% Note that in many covalent-bond semiconductors (such
as GaN), the valance bands and conduction bands originate from the bonding-antibonding
orbital pairs. Our analysis indicates that the band structure character of CsPbBrj is very
different from covalent-bond semiconductors. Such feature can have important influences on
the defect properties of CsPbBrs, as we will discuss later.

From Eq. 1 we can see that, the defect formation energy depends on the chemical
potentials of the constitute atoms. Under thermal equilibrium growth condition, there is a
certain region of chemical potentials in which pure CsPbBrj is stable, and the range of atomic
chemical potentials is thus thermodynamically limited. In Eq. 1, the chemical potential p; is
referenced to Cs metal, Pb metal or Bry molecule. To avoid the formation of these elementary

substances, all y; should be smaller than 0. Besides, more attention should be paid to the



Br case. Using an ideal gas model, up, (relative to the Bry molecule ground state energy)

can be expressed by the function of pressure P and temperature 7" as:3*

pige = [Ho + c,(T — Ty) — T'Sy + T'c,In(T/Ty) + ks Tn(P/Py)]/2, (3)

where kg is the Boltzmann constant, and ¢,=3.5 kg is the constant pressure heat capacity for
ideal gas of diatomic molecules. Tj and F, are the temperature and pressure, respectively, at
a reference state. Hy and Sy are the enthalpy and entropy differences, respectively, between
the states at (7o, Fp) and at 0 K. ¢,(T—Tp) and T'c,In(T"/T;) take account for the temperature
variations of enthalpy and entropy, respectively, and kgT'In(P/P) is the pressure variation of
the chemical potential. For Bry gas under ambient conditions (300 K and 1 atm), Hy=9719
J/mol, and Sy=245 J/mol/K.%° According to this relationship, up,=0 is unrealistic since it
can only be realized by some extreme conditions, e.g. when 7' — 0 K or P = 5 x 10'° atm
at T'= 300 K. Under ambient conditions, ug, is -0.32 eV. This could be a more reasonable
upper boundary for the chemical potential of Br. Moreover, equilibrium growth also requires

that the chemical potentials should satisfy

MCs -+ HUPb -+ 3,UBr = AH(CSPbBrd) = —-7.09 eV,

where AH (CsPbBrj) is the formation energy of CsPbBrs. Lastly, to avoid the formation of

secondary phases such as CsBr and PbBr,, the following limits should be applied:

pos + psr <AH(CsBr) = —3.34 €V,

ey + 2up: <AH(PbBry) = —3.09 €V,

where AH(CsBr) and AH(PbBry) are the formation energies of CsBr and PbBrs, respec-
tively. With all of these limitations considered, the available equilibrium chemical potential
region for CsPbBrj is plotted in Fig. 2. The region is quite narrow. This can be under-

stood by the low dissociation energy (0.25 eV according to our calculation) to decompose



CsPbBrs into CsBr and PbBry. Nevertheless, inorganic CsPbBrs is more stable than the

hybrid perovskite MAPbBr3; whose dissociation energy is only 0.19 eV.?3
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Figure 2: Stability regions of different compounds against Br and Pb chemical potentials.
ppr = 0 corresponds to an isolated Bry molecule, whereas ug, = —0.32 €V corresponds to
Bry gas under 300 K and 1 atm. The shaded region indicates the available equilibrium
chemical potential region for CsPbBrs. Three representative points A (up, = —0.32 €V,
ppr, = —2.45 eV, ucs = —3.68 V), B (up: = —0.99 eV, ppp, = —1.22 €V, pucs = —2.90
eV), and C (up, = —1.67 €V, up, = 0 €V, pcs = —2.08 ¢V) are chosen for calculations of
formation energy.

We have considered all possible intrinsic point defects in CsPbBrs, namely vacancies
(Vcs, Vpb, Vi), interstitials (Cs;, Pb;, Brj), and antisites (Cspy, Cspy, Pbgr, Pbcs, Bres,
Brpp). Three points A, B, and C in Fig. 2 are chosen to calculate the formation energies
for the defects. These points represent different growth environments. At point A, the ug,
is close to pure Bry gas at 300 K and 1 atm, corresponding to a Br-rich/Pb-poor condition.
At point C, upy, is close to metal Pb, corresponding to a Br-poor/Pb-rich condition. Point
B is in the middle between A and C, thus corresponds to a moderate growth condition. The
formation energies of all defects in neutral charge states at these three points are listed in
Tab. 1. Under Br-rich condition, Vg has the lowest formation energy of 0.2 eV, therefore
it is the dominant defect in this case. The associated intrinsic defect concentration at room
temperature, estimated by exp(—AH/kgT), is 4 x 107*. Several other defects also have

formation energies less than 1 eV, such as Vpy,, Br;, Brgg, and Csp,. At the B point,



the dominant defect is also Vg, but the formation energy increases to 0.98 eV, and the
corresponding concentration decreases to 10717, Other defects have formation energies larger
than 1 eV. Therefore, the overall defect concentration in the moderate condition will be much
smaller than that in the Br-rich condition. Under Br-poor condition, the formation energies
are all larger than 1 eV. In this case, Vg, become the dominant defect, with a formation
energy of 1.32 eV. The calculated formation energies indicate that Br-rich condition can lead
to high defect concentration, and to avoid the formation of defects, the growth should be

under moderate or Br-poor condition.

Table 1: The calculated formation energies (in eV) for neutral defects in CsPbBr;
at the three chosen points A, B, and C in Fig. 2.

CSB]r CSi Pbl PbBr Pbcs VBr BTCS Brpb CSpb Bl"i VCs Vpb
A 622 355 466 628 244 267 080 1.40 0.81 0.70 0.20 0.49
B 477 277 344 438 199 200 225 330 1.26 137 098 1.71
C 327 195 222 248 159 132 3.75 520 166 205 1.80 2.93

Eq. 2 shows the charge transition level of a given defect. This can be considered as its
energy level at different charge states. This level relative to the VBM energy is independent of
the chemical potentials of the elements related to the defect. Using HSE+SOC, the transition
levels for different charged defect states are calculated, and the results are shown in Fig. 3a.
It is seen that only Pbg,, Brp,, and Pb; can introduce deep transition levels. All other
defects have shallow transition levels, despite that CsPbBrs has a considerable band gap of
2.23 eV. According to Tab. 1, the formation energies of Pbg,, Brpy,, and Pb; are high, so
their concentrations are quite low under all growth conditions. As is known, deep transition
levels can act as carrier traps, and result in nonradiative recombination channels. Whereas
shallow levels largely preserve the bulk band structure and don’t degrade the optoelectronic
properties. Our calculations indicate that the formation of deep transition levels in CsPbBrj
is difficult, while shallow defects are dominant. In this sense, CsPbBrj3 is a defect tolerant
semiconductor. Synthesizing through simple solution based process can certainly introduce

a large amount of defects. Thus the good optoelectronic quality of CsPbBrs is not because



the lack of defects, as some of the defect formation energies are relatively small, rather it is

due to its tolerance of such defects.
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Figure 3: (a) The defect charge transition levels calculated by HSE+SOC. (b) Illustration
of the formation of shallow levels.

It will be interesting to understand why the CsPbBrj is defect tolerant. The energy level
of the defect can be understood by considering a local picture via the defect localized state
(DLS).3! If the DLS is inside the band gap, the defect is deep. In contrast, if the DLS
occurs as a resonance inside the continuum of host bands, it only creates shallow level. 442
As discussed above, Cs has no contribution to the band edge states. The top of the valence
bands in CsPbBr; originates from the strong s-p antibonding interaction between Pb and
Br. So the VBM is higher than the p orbital of a Br atom. The empty Pb p orbitals couple
with each other and broaden into the conduction band. So the CBM is lower than the atomic
Pb p orbital. The DLS created by acceptor-like defects in CsPbBrs are Br dangling bond
states, which is close to the energy of Br p orbital. For donor-like defects, DLS are either
Pb dangling bond states, which have similar energy with Pb p orbital, or Cs dangling bond
states which are much higher than Pb p orbital. Hence, all these DLS created by the defects
lie either below the VBM or above the CBM, thus result in shallow levels, as illustrated in
Fig. 3b. For the cases of these shallow levels (such as Vg, (0/1+)), the lattice relaxation of

the supercell is not significant compared to the perfect crystal for the 2 x 2 x 2 supercell we

used. Note, all the above arguments hold only when the atomic orbital character (e.g., Pb p,
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Pb s, or Br p) is either entirely in VBM or CBM, but not both, in other words, the valence
band is not coupling with the conduction band. Such feature of the band structure has many
consequences. For example, it is found that systems with such band structure feature will
not have surface in-gap state for nonploar surface.*3 Most ionic crystals have such feature,
and as a result, the simple ionic vacancy usually does not cause in-gap states, and when the
defect is in its proper ionic charge, the Fermi energy will remain in the middle of the band
gap.** In the cases of Pbg,, Brpy, and Pb;, there can be additional bonds such as Pb-Pb and
Br-Br. The associated DLS can be shifted down through Pb-Pb bonding or lifted up through
Br-Br antibonding interactions, and enter the band gap, leading to the formation of deep
levels. For example, in the case of Pb?* state, the interstitial Pb atom forms Pb-Pb dimer
with a host Pb atom, which agrees with previous study on CH3NH3Pbl;.2¢ The distance
between the Pb atoms in the dimer is 3.91 A (compared with the Pb-Pb distance of 5.92
A in perfect crystal). The additional Pb-Pb covalent-bond results in the deep Pb;(1+/2+)
level.

In summary, we have studied the formation energies and charge transition levels of all
possible intrinsic point defects in CsPbBrs. Under Br-rich and moderate growth condition,
Vs is the dominant defect, whereas under Br-poor condition, Vg, becomes dominant. More-
over, it is found that Br-rich condition can lead to high defect concentration. To avoid the
formation of defects, the growth of CsPbBr; should under moderate or Br-poor condition.
This does agree with empirical experience in CsPbBr3 and the use of excessive Pb during the
synthesis.? Most of the intrinsic defects induce shallow transition levels, only a few defects
with high formation energies can create deep transition levels. Therefore, CsPbBrj3 is a de-
fect tolerant semiconductor that can keep its qualities despite the presence of defects. Such
defect tolerance feature can be attributed to the lacking of bonding-antibonding interaction

between the conduction bands and valence bands.
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