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ABSTRACT: High defect tolerance has been considered a primary reason for the long
charge carrier lifetime and high photoluminescence quantum yield in bulk lead halide
perovskites (LHPs). On the other hand, surface defects play a critical role in determining
charge carrier dynamics and optical properties, especially for LHP nanocrystals and quantum
dots. Understanding the nature of surface defects and developing strategy for their effective
passivation are thus of strong interest. Focusing on a prototypical LHP, CsPbBr;, our work
uses first-principles calculations to reveal that interstitial sites and antisites can have lower
formation energies when they form at the surface while simultaneously creating deep trap
states within the bandgap. Meanwhile, the formation of halide vacancies is energetically less
favorable. On the basis of a new surface defect model, we demonstrate the explicit role of
molecular ligands in passivating these defects, which eliminate trap states in favor of shallow
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states and enhance photoluminescence.

he intrigue of lead halide perovskites (LHP) is immense,

owing in part to their remarkable solar conversion
efficiency (~25%)."” In particular, unique optoelectronic
properties, including large absorption coeflicient and low
effective mass and long carrier diffusion length as well as long
electron—hole recombination time, have prompted LHPs to
garner heightened attention.”> Meanwhile, their formation as
nanocrystals (NCs), quantum dots (QDs), magic-sized clusters
(MSCs), and two-dimensional lattices are particularly interest-
ing to researchers due to their bandgap tunability, large spin—
orbit couplings, and high photoluminescence quantum yield
(PLQY) for various optoelectronic and spintronic applica-
tions. """

Particularly important to LHP’s optoelectronic properties
and stability is the role of defects, especially those at
surfaces.'””"* Bulk LHP is known for exhibiting “high defect
tolerance,” as intrinsic defects that are likely to form are
simultaneously shallow.® However, the PLQYs of NCs are
usually much lower than unity as a result of trap states from a
high density of surface defects due to their much larger surface-
to-volume ratio than bulk. Furthermore, experimental studies
suggest that surface defects associated with deep trap states are
responsible for reducing the PLQY of LHP.'® To date, halide
vacancies are believed to have a relatively low formation energy
in bulk LHP'® and result in bandgap states below the
conduction band edge that can trap photoexcited electrons.'”
However, the identification of surface defects remains the
subject of debate, as defect formation energy and defect levels
are drastically different in bulk compared to the surface.'®"”
Furthermore, if halide vacancies were solely responsible for
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diminishing PLQY, it would contradict experimental studies
that suggest that trap states are formed even under halide-rich
conditions.”® On the other hand, passivation,m_25 in particular
by molecular ligands, has been shown to be an effective
strategy to remove defect states in the bandgap and increase
stability.””'® Given the ternary nature of the LHP, one may
anticipate multiple defects on the surface, which would
necessitate a combination of ligands for passivation."
Previous theoretical studies on surface defects of LHPs have
some inconsistent findings, and most importantly, the role of
ligand passivation on defect properties remains elusive. For
example, charge surface defect formation energy calculations
have been performed for MAPbI;, but with varying results as
some suggest that halide vacancies and interstitials act as
carrier traps'” while others found that lead interstitial atoms
and antisites are sources of carrier traps.”® Meanwhile previous
studies have shown that, in CsPbBr; nanocrystals, the
formation energy of vacancies in §eneral is high compared to
those of interstitials and antisites,'* while others have provided
some evidence that halide vacancies are responsible for
diminishing PLQY observed in experiments.'” Furthermore,
lower surface formation energy has been demonstrated for
ligand-terminated CsPbBry;>” however, the explicit role and
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interaction of molecular ligands with various surface defects,
which may act as carrier traps, is in need of further
investigation.

In this letter, using first-principles calculations, we
investigate the structural and energetic properties of surface
defects and associated molecular ligand passivation for a
prototypical LHP, CsPbBr;. Calculations of the charged
surface defect formation energies reveal that both the Bry
antisite and Pb; interstitial site have simultaneous low
formation energies and result in deep bandgap trap states.
The predicted breakdown of defect tolerance at the surface by
first-principles calculations is interpreted in terms of molecular
orbital theory. Furthermore, we demonstrate strategic
passivation of these defects by eliminating deep trap states in
favor of shallow ones via a charge transfer between molecular
ligands and surface defects. The work provides an in-depth
theoretical description of how ligands at the surface of
perovskites enhance defect tolerance that can potentially
improve optical properties such as photoluminescence
quantum yield of LHP.

To determine the relationship between surface defects and
bandgap trap states of CsPbBrs;, we evaluate the formation
energy of several surface defect sites via first-principles
calculations. Possible intrinsic defects investigated include
vacancies (Vg, Vpp,, Vp,), interstitials (Cs;, Pb, Br,), and
antisites (Cspp, Csp,, Pbcg, Pby, Brcy, Brp,) at the surface of
CsPbBr;, as shown in Figure 1, where Ay denotes substituting
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Figure 1. Schematic atomic structure of intrinsic defects considered in
this work: interstitials, antisites, and vacancies. Atomic colors are as
follows: Cs = cyan, Pb = gray, and Br = brown.

atom B with atom A. Density functional theory (DFT)
calculations were performed using the open-source plane-wave
code QuantumESPRESSO.”® To avoid net dipoles, a
symmetric slab model was constructed from the cubic phase
(a-phase) of CsPbBr; by cutting the (100) direction with a
Cs—Br termination with converged lateral size and vacuum
length. This phase/termination is chosen based on the
preference for cubic crystallinity in nanoc?rstals29 and lower
surface energy for this termination.'®”” Initial atomic
relaxations and screening of all intrinsic defect formation
energies were carried out with the semilocal PBE functional
and ultrasoft pseudopotentials™ to reduce their computational
expense. Final single-point calculations used the Heyd—
Scuseria—Ernzerhof (HSE) hybrid functional including spin—
orbit coupling (SOC) (a = 0.43), which reproduces electronic
bandgap of CsPbBr;'® and is necessary for accurately
computing band edges for defect formation energy.’’ HSE
calculations are performed with norm-conserving pseudopo-
tentials.”> For systems with charged defects, we include a
charged-defect correction to account for spurious charge
interactions.*® Additional computational details are provided in
the Supporting Information.
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First, the chemical potential energy of atomic Cs, Pb, and Br
(denoted Apicy Appy, and Apg,) were obtained by evaluating
the thermodynamic equilibrium growth conditions of CsPbBr;
(details in the Supporting Information). The resulting phase
diagram of bulk CsPbBr; is shown in Figure 2a and reveals a
narrow range of chemical potential energy values wherein
CsPbBr; is stable (gold region), in agreement with previous
studies.'>** This region naturally defines a Br-rich/Pb-poor
limit (denoted R,) and a Br-poor/Pb-rich limit (denoted R;),
as well as an intermediate position (denoted R,).

For each of these situations, the charged surface defect
formation energy is calculated and shown in Figure 2b, with
details given in the Supporting Information. For simplicity,
only the defects that are most stable and likely to form, based
on their low formation energy, are shown and labeled within
the figure (full results can be found in Figure S1). Specifically,
the antisites Brp, and Cspy, in addition to each interstitial Pb,,
Br;, and Cs; are found to be most likely to form at the surface
of CsPbBr;. In contrast, we found antisites and interstitials
defects are energetically less favorable in the bulk (see Table
S1). This is consistent with earlier studies'® and highlights
important differences between surface and bulk defects. For
example, Pb; in bulk shares a site with another Pb atom,
forming a Pb—Pb dimer that breaks several Pb—Br bonds in
the bulk material, yielding relatively higher formation energies,
whereas at the surface Pb forms new bonds with dangling Br as
shown in Figure 3, parts a and b (further details in the
Supporting Information). In the case of Bry, (Figure 3¢,d), the
substituted Br creates a tribromide anion (Br;~) at the surface
with bond lengths (2.52 and 2.58 A) similar to those found in
molecular complexes (2.44—2.67 A),** whereas in bulk they
are constrained to be much longer (3.06 A), indicative of weak
binding of the substituted Br. On the other hand, the
formation of halide vacancies at surface and in bulk are
chemically similar and there is only a slight decrease in energy
by forming at the surface (Table S1 and related discussion).

Besides demonstrating stability, the charged defect for-
mation energy also provides defect charge transition levels
(CTLs) that reveal whether the defects result in deep trap
states. CTLs for such defects are shown in Figure 2c, namely
Pb,, Csg,, Brpp, Pbg,, and Pbc,, all result in states far from the
band edges (e.g, greater than 0.5 eV, shown in Figure S2).
Similar to what we find in bulk (see Figure S3 and related
discussion), at the surface the formation of Br—Br or Pb—Pb
bonds creates deep trap states from antibonding and bonding
interactions in the valence and conduction bands, respectively
(Figure 3e). For example, this is observed in the case of Bryy,
where Br—Br bonds create antibonding states in the gap (for
bulk and surface formation). In addition, at the surface, defects
can also create deep trap states by exposing dangling bonds,
such as the case of Pb;, Ultimately, we find an important
contrast in the defect tolerance (e.g, the ability to resist
forming defects which create deep trap states) between the
bulk and the surface. More specifically, bulk LHPs exhibit
strong defect tolerance due to the electronic character of the
valence and conduction band, which does not originate from
bonding/antibonding splitting.*® Hence, defects in bulk with
low formation energy do not lead to deep trap states.'”
However, while the electronic character of the surface remains
the same as that of bulk, drastic lowering in formation energy
coupled with existence of deep trap states (e.g., in the case of
Pb; and Brp, see Figure 2d) suggests that defect tolerance
breaks down at the LHP surface.

https://doi.org/10.1021/acs jpclett.1c01243
J. Phys. Chem. Lett. 2021, 12, 6299-6304



The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

a . mipn (eV) 5 o b Br Rich (R1) Intermediate (R;) Br Poor (R3)
_ _ _ 4 p
I I 0.0 %‘
< 27 Var 1 1
-0.5 o
E W
F—1.0 = 5
Ry, < &
CsPbBrs Y 1.5 £
(=]
[T
L 2.0
C \
204 _0J1 .
= O a2 | 5, |0
B 15 -
= 2|-1
D10 5
I
Wos
0.0 ‘

Ver  Pbi  Css  Bres Pbs  Pbes

Figure 2. Charged defect formation energy at the CsPbBr; surface. (a) Phase diagram of bulk CsPbBr; with stable region in gold color. (b) Surface
defect formation energy of defects at Br-rich, intermediate, and Br-poor condition as defined by R, in part a. (c) Charge transition levels (CTLs) of
defects at CsPbBr; surface, where glq’ denotes a transition from charge state q' to g. (d) Venn diagram demonstrating surface defects that

simultaneously possess low formation energy and deep trap states.
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Figure 3. Rationalizing formation of deep defects at the bulk and
surface of CsPbBr;. Formation of (a) Pb; in bulk yields a shared site
with a Pb—Pb dimer and a Pb—Pb distance of 3.13 A. (b) Pb; at the
surface, which coordinates with two surface Br atoms, has bond
lengths similar to the pristine bulk Br—Pb bond (~3.0 A). (c) Bry, in
the bulk weakly binds to neighboring Br with bond lengths (~3.06 A).
(d) Brpy, at the surface forms a Br trimer with bond lengths (2.52 and
2.58 A). (&) Deep transition levels in CsPbBr; can occur from Br—Br
antibonding (c and d), Pb—Pb bonding (a), or a Pb dangling bond
(b).

Intriguingly, these two defects (Brp, and Pb,) experience low
formation energy at opposite limits of chemical condition,
specifically they have low formation energies in Br-rich and Br-
poor conditions, respectively (see Figure 2a). This is consistent
with experimental observations that both Br-rich and Br-poor
environments can experience reduced PLQY of LHP nano-
cyrstals.20 Meanwhile, as mentioned above, halide vacancies
are commonly reported to be responsible for creating trap
states. In contrast, we find that Vi, is shallow and with
relatively higher surface formation energy (black line in Figure
2b). Our observation that Vy, is not a likely source of creating
trap states at the surface is consistent with some previous
studies,''”*® even though not broadly recognized.’® As a
result, we suggest that Pb; and Brp, should play a more
significant role at the surface than Vy, in the optical properties
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such as PLQY. We will consider Vg, along with the proposed
Pb; and Brpy, defects in the rest of the letter as we address the
issue of ligand passivation of surface defects.

Ligand passivation is an effective strategy to stabilize LHPs
by addressing surface defects. Namely, molecules such as the
oleate (anionic) and oleylammonium (cationic) ligands have
provided successful passivation of LHP surfaces.”” In this
work, the rationale for defect passivation is provided in Table
1. For n-type defects (Vy, Pb;) we find acetate (CH;COO™)

Table 1. Strategy of Defect Passivation by Ligands®

defect type ligand BE (eV)
Vi, n-type CH,;CO0~ —4.36
Pb; n-type CH,CO0~ —2.03
Bryp, p-type CH;NH;" —4.07

“Three relevant defects are listed along with their type, the ligand
which passivates them, and the binding energy of the ligand at the
defect site.

strongly binds to the surface at the impurity site, whereas
methylammonium (CH;NH;*) strongly binds to p-type
defects (Brp,). Binding energies, as well as charged defect
formation energies with ligands are computed using methods
similar to those used in ref 37, as detailed in the Supporting
Information. Since the formation of n-type/p-type defects is
dependent on chemical condition as discussed above, the
strategy of ligand passivation also needs to adapt for optimal
effect.” The negative binding energies (BE) in Table 1
indicate that these ligands are appropriate for attaching to such
defects, consistent with experimental studies®” and previously
reported theoretical results.” The local structure of the ligand-
terminated defects is shown in Figure 4. We find that both Vy,
and Pb; exhibit dangling Pb bonds at the surface that can form
a strong bond with both O’s of the acetate, consistent with
recent experimental observation of passivating undercoordi-

https://doi.org/10.1021/acs jpclett.1c01243
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Figure 4. Local structure of the ligand passivated defects. (a) Vg,
terminated by CH;COO™, (b) Pb; terminated by CH;COO™, and (c)
Brp, terminated by CH;NH,". In each panel, relevant interatomic
distances are given in angstroms (A).
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nated Pb.*® Meanwhile, methylammonium forms several H-
bonds with the dangling surface Br, which we also observed for
other p-type defects such as V¢, (Supporting Information
Figure S$4).

Similar to unpassivated defects, we consider the formation
energy of charged defects upon ligand passivation. We found
that, even in the presence of charge, the formation energies of
ligand-passivated defects are consistently much lower than the
ones without passivation (by 3—5 eV, as shown in Figure S5),
indicating greatly enhanced stability by passivation. Mean-
while, the charge transition levels reveal how the positioning of
trap states, due to the defects, have been improved by the
presence of the ligand, as shown in Figure Sa. Before
passivation or termination (“no termination”) surface defects
generate deep trap states, but after passivation or termination
(“terminated”) these states are pushed toward the band edges
or entirely eliminated from the bandgap altogether. For
example before termination Pb; has a transition level Ej, in
the middle gap (~1.14 eV) which is removed after termination
by acetate. Likewise Brp, possesses deep E_, ; and E_j,
transitions that are replaced by a shallow (energy closer to
band edge) E_, transition. Meanwhile, for Vg, the transition
level Ey,, just below the conduction band, moves very far from
the conduction band edge.

The mechanism by which ligands yield dramatic changes to
the transition levels in Figure Sa is demonstrated in Figure Sb—
g. Parts b—d of Figure S show the highest occupied molecular
orbital (HOMO) or lowest unoccupied molecular orbital

(LUMO) of the n-type or p-type defects. These orbitals are
highly localized, as expected for deep trap states. The deep
traps can be removed or altered into shallow traps by a simple
charge transfer process from the surface to the ligand (case of
an n-type defect as in Figure Se,f) or from the ligand to the
surface (case of a p-type defect as in Figure Sg). Ultimately,
this charge transfer process is responsible for the removal of
these deep trap states and would indicate more balanced
charge collection as observed experimentally after ligand
passivation.16

It is anticipated that the removal of deep trap states in the
bandgap due to surface defects by ligand passivation will lead
to higher PLQY, as removing deep trap states should weaken
Shockley—Read—Hall (SRH) nonradiative recombination of
photoexcited electrons and holes.”” To this end, it would be
interesting to compute radiative*” and nonradiative rates*' that
can provide further insight into experimentally measured
PLQY and excited lifetimes. For example, recently SRH
electron—hole recombination centers were investigated in
MAPbI, using ab initio molecular dynamics.*” It will also be
important to consider excitonic effects* and exciton—phonon
couplings. Other interesting pathways include investigation of
the atomic composition of magic-sized clusters,” carrier
conduction between surfaces and attached ligands,** or
exploration into different ligand types.'”

In summary, we have carefully investigated the structural
and energetic properties of intrinsic charged defects at the
surface of a prototypical LHP, CsPbBr;, and their interplay
with passivating ligands. Our work demonstrates that
interstitials and antisites can have lower formation energy
when they form at the surface due to stronger bond formation.
Analysis of their charge transition levels shows two defects, Pb;
and Brp, that simultaneously possess low formation energy
and deep trap states due to dangling bonds and antibonding
states, respectively. These deep trap states may be responsible
for affecting optical properties such as photoluminescence. In
addition, we explicitly explored the mechanism of defect
passivation by molecular ligands wherein we established that
ligands can effectively passivate not only vacancies but also
interstitial atoms and antisites due to a charge transfer between
the ligand and localized states of the defect. This work has
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Figure S. Explicit termination of charged defects by ligands on the surface of CsPbBrs. (a) Charge transition levels of defects at CsPbBr; surface
before and after ligand termination. Deep states are pushed shallower or ultimately removed after ligand passivation. (b—d) HOMO/LUMO of n-
type/p-type defects at the surface of CsPbBr;. The yellow/blue cloud is the charge of the localized electron/hole due to the defect which leads to
trapping. (e—g) Charge transfer after ligand passivation, where the red arrow indicates the net direction of charge transfer. The yellow/blue cloud
indicates an increase/decrease in the local charge density due to passivation.
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important implications in the field of LHPs, especially LHP
devices where interfacial chemistry plays an important role in
the optoelectronic properties and stability.
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