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S.I. CHEMICAL POTENTIALS

Chemical potentials are variables which reflect growth
conditions. Allowed values are constrained by alternative
phases using a standard methodology [1–3]. CsPbBr3
itself must be stable:

µCs + µPb + 3µBr = �Hf (CsPbBr3), (S.1)

where �Hf (CsPbBr3) is the formation enthalpy of
CsPbBr3. This allows one of the chemical potentials
to be treated as a function of the other two, reduc-
ing the phase diagram to two degrees of freedom. We
choose to eliminate µCs, so µPb and µBr are variables.
The chemical potentials are further bounded from above
by the constraint that potential precipitating phases are
not stable. These include the elemental forms of the
constituents (the chemical potential reference is zero, so
this constraint requires µi  0) and other compounds.
Cs4PbBr6, CsBr3, CsBr, Cs4Pb9, and PbBr2 were all
tested. Excluded regions are shown shaded in Fig. S.1.

Given a set of chemical potentials for Cs, Pb, and
Br, the hydrogen chemical potential is found separately
based on compounds formed with those elements and H.
CsH was not found to be limiting under any conditions,
and H forms no stable binary compounds with Pb, so
µH is set to the solubility limit based on HBr: Br-rich
µH = �0.82 eV, balanced µH = �1.60 eV, and Pb-rich
µH = �2.38 eV.

S.II. DEFECT FORMATION ENERGIES

Defect formation energies for all computed defects and
charge states are shown in Fig. S.2 and Fig S.3. We find
that CsPb and PbCs form a complex, but with a binding
energy of only 0.58 eV, this complex is not likely to be
relevant.

Fig. S.4 shows the defect hull in balanced conditions.
These results are qualitatively similar to the Pb-rich con-
ditions from the main text. The Fermi level is somewhat
lower (0.94 eV at 300 K based on all calculated defects)
but the relevant set of defects is similar. The main di↵er-
ences are VCs and BrCs becoming more favorable (both
are shallow) and HBr becoming less favorable. H+

i is still
quite favorable (0.93 eV). While Br�i is non-negligible
(1.19 eV, see Fig. S.2) it is not part of the hull.

FIG. S.1. Grand canonical phase diagram for CsPbBr3.
The white region shows the values of (µBr, µPb) for which
CsPbBr3 is stable, while shaded regions are excluded due
to precipitation of alternative compounds as indicated in
the legend. Three representative stable conditions are
marked in black: Pb-rich (µBr = �1.56 eV, µPb =
0.00 eV, µCs = �2.49 eV), balanced (µBr = �0.78 eV, µPb =
�1.47 eV, µCs = �3.37 eV), and Br-rich (µBr =
0.00 eV, µPb = �2.93 eV, µCs = �4.24 eV). Chemical po-
tentials are referenced to their respective elemental phases.

S.III. COMPUTATIONAL METHODS

All calculations were performed using Density Func-
tional Theory (DFT) in the Vienna Ab initio Simulation
Package (VASP) [4] with the projector-augmented wave
(PAW) method [5] (version 54 of the PBE PAWs). Use
of the standard HSE functional does not reproduce the
experimental band gap of lead halide perovskites, instead
leading to underestimated values. Instead, increasing the
mixing parameter has been shown to reproduce experi-
mental band gaps [6]. Here, the HSE hybrid functional [7]
was used with 35% mixing and a 0.1 Å�1 screening pa-
rameter in order to reproduce the experimental band gap
of 2.3 eV [8]. Spin-orbit coupling (SOC) was taken into
account using the non-collinear spinor method. Previous
work in the perovskite MAPI [9, 10] showed that both
the hybrid functional and SOC are necessary to get the
correct positions of defect levels within the band gap. We
find the same to be true in this material.

Defect calculations used an 80-atom 2⇥ 2⇥ 1 tiling of

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2021



2

FIG. S.2. Defect formation energies (Ef ) versus Fermi level (EF ) for all native defects, selected native defect complexes,
and hydrogen impurities. Solid lines show favorable charge states, with kinks occurring at Fermi levels corresponding to
thermodynamic charge-state transition levels. Dotted lines show higher-energy calculated charge states. The rows of plots are
organized by type of defect: self interstitials, vacancies, antisites, and hydrogen impurities. Defect color-coding is shared across
rows, given by legends in the middle figure. The columns show various chemical potential conditions: Pb-rich, balanced, and
Br-rich (see Fig. S.1).
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FIG. S.3. Defect lines from Fig. S.2 consolidated onto a single
set of axes to aid comparison of the energies of di↵erent types
of defects. The “defect hull” may be constructed from these
plots by careful inspection.
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FIG. S.4. Defect formation energies (Ef ) versus Fermi level
(EF ) for defects that make up the “defect hull” under bal-
anced conditions.
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TABLE S.1. Defect formation energies of the 25 most favor-
able defect charge states at the charge-neutrality Fermi level
E0

F in Pb-rich, balanced, and Br-rich conditions

the orthorhombic Pnma (62) unit cell with HSE+SOC-
relaxed lattice parameters: a = 8.21 Å, b = 8.39 Å,
c = 11.74 Å. The Brillouin zone was sampled using the
special k-point
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a 2⇥2⇥2 Monkhorst-Pack grid (assuming k to �k sym-
metry) and represents the densest possible regular sam-
pling from a single point. Use of this special point gives
converged formation energies within approximately 0.1
eV. Use of the
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k-point for supercells containing

charged defects has also been shown to reduce periodic
image artifacts compared to Gamma-only meshes. [1]
Candidate defect sites were generated using PyCDT [11],
including all inequivalent sites for vacancies and antisites.
Interstitial candidate sites were generated by relaxations
starting from 8 inequivalent Voronoi nodes. All 123 can-
didate defect charge states were then screened using the
PBE functional [12] with SOC. The favorable site for each
defect charge state was subsequently fully relaxed with
HSE+SOC until forces were less than 0.03 eV/Å. Au-
tomatically generated defect configurations were supple-
mented as needed by complexes, additional charge states,
and configurations guided by chemical intuition. Phase
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diagram analysis was partially automated using PyCDT,
and processing and analysis were partially automated us-
ing pymatgen [13].

Bri+Bri�
Hi+Hi�

Cs Pb Br

FIG. S.5. Visualization of the local structure near the hydro-
gen interstitial (top) and the bromine interstitial (bottom).
The defects on the left are in the +1 charge state, while on
the right they are in the �1 charge state. Cs are shown in
green, Pb in gray, Br in brown, and H in pink.

S.IV. ATOMIC STRUCTURE OF
INTERSTITIALS

The atomic structures near Hi and Bri are shown in
Fig. S.5.
In its negative charge state, the bromine interstitial

changes two corner-sharing squares in a PbBr2 plane to
edge-sharing pentagons. The distortion of the bonds is
asymmetrical. The two Br atoms on the shared edge
have Pb�Br bond lengths increased from 3.01 Å in the
bulk to 3.25 Å and 3.22 Å to the left Pb, but 2.84 Å
and 2.87 Å to the right Pb. Conversely, the Br�Pb bond
opposite the shared edge are 2.93 Å to the left but 3.88
Å to the right. In its positive charge state, the bromine
interstitial sits in the CsBr layer between two Cs, with a
155� Cs-Br-Cs angle, with a Br�Br distance of 2.55 Å to
the bottom and 2.47 Å to the top. The Pb�Br bonds for
the Br above and below the interstitial are lengthened to
an average of 3.26 Å, while the opposite Pb�Br bonds
are shortened to an average of 2.86 Å.
In its positive charge state, the hydrogen interstitial

sits slightly o↵-center near an edge of a PbBr6 octahedron
(H�Br bond lengths of 1.57 Å and 1.86 Å), significantly
shortening the Br�Br distance from 4.26 Å in the bulk
to 3.48 Å, and lengthening Br�Pb bond lengths for the
neighboring Br from 3.01 Å in the bulk to 3.20 Å, 3.27
Å, and 3.57 Å (from left to right in the figure). In its
negative charge state, the hydrogen interstitial sits at a
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face of a PbBr6 octahedron, significantly distorting the
octahedron and drawing the Pb out of the center (H�Br
bond length of 1.89 Å). The further Br atoms have their
bonds with Pb stretched to 3.77 Å, 3.46 Å, and 3.93 Å
(from left to right in the figure).

The hydrogen interstitial configuration in this material
has some similarities to its configuration in oxide per-
ovskites such as SrTiO3 [14], BaCeO3 [2], and SrCeO3 [3].
H+

i tends to bond with an anion, though the OH bond is
shorter than the BrH bond, and the OH bond tends to
point away from other atoms, as opposed to lying near a
vertex of the octahedron in the perovskite. Just as in the

oxide perovskites, Hi tends to bond with a variety native
defects, especially negatively charged cation vacancies.
Though hydrogen is a shallow donor in SrTiO3 and its
negative charge state does not occur, the configuration
of the isolated H�

i is reminiscent of those from BaCeO3,
SrCeO3, and other semiconductors [15]. The direct tran-
sition between the �1 and the +1 charge state (acting
as a “negative-U center”) is also common [15], though in
BaCeO3 and SrCeO3 this feature is masked by bonding
with self-trapped small polarons. While small polarons
have been reported in this material [16], we did not find
polaron trapping associated with hydrogen impurities.
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