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ABSTRACT: Dopant defects in semiconductors can trap charge carriers or ionize
to produce charge carriers—playing a critical role in electronic transport. Halide
perovskites are a technologically important semiconductor family with a large

pressure response. Yet, to our knowledge, the effect of high pressures on defects in U
halide perovskites has not been experimentally investigated. Here, we study the -
structural, optical, and electronic consequences of compressing the small-bandgap v \/
double perovskites Cs,AgTIX, (X = Cl or Br) up to 56 GPa. Mild compression to y o

shallow

1.7 GPa increases the conductivity of Cs,AgTIBr, by ca. 1 order of magnitude and Vg, shallow
decreases its bandgap from 0.94 to 0.7 eV. Subsequent compression yields complex ‘ ﬂ
optoelectronic behavior: the bandgap varies by 1.2 eV and conductivity ranges by a

factor of 10*. These conductivity changes cannot be explained by the evolving bandgap. Instead, they can be understood as tuning of
the bromine vacancy defect with pressure—varying between a delocalized shallow defect state with a small ionization energy and a
localized deep defect state with a large ionization energy. Activation energy measurements reveal that the shallow-to-deep defect
transition occurs near 1.5 GPa, well before the cubic-to-tetragonal phase transition. An analysis of the orbital interactions in
Cs,AgTIBry illustrates how the bromine vacancy weakens the adjacent Tl s—Br p antibonding interaction, driving the shallow-to-
deep defect transition. Our orbital analysis leads us to propose that halogen vacancies are most likely to be shallow donors in halide

double perovskites that have a conduction band derived from the octahedral metal’s s orbitals.

1. INTRODUCTION

Halide double perovskites such as the A,B'BX; (A =
monovalent cation, X = halide) elpasolites considerably expand
on the compositional diversity of their AB"X; parent
structure." This expansion offers access to diverse electronic
structures, as exemplified by Cs,Ag'TI"X; (X = Cl or Br),
which exhibit bandgaps that are ca. 1 eV lower than those of
other chloride or bromide perovskites, respectively.” The 0.95
eV bandgap of Cs,AgTIBrg is among the smallest known for
any halide perovskite. We previously found that Cs,AgTIBr,
spontaneously releases Br, gas, which dopes the material with
electrons (eq 1la), evident from the increasing electronic
conductivity that ranges from 107 to 107> S:em™' as a
function of Br, loss.” This observation suggests that neutral
bromine vacancies (V) ionize at room temperature to
generate free electrons (¢’cp) in the conduction band (eq 1b),’
with an ionization energy of AEp, leading to an increased
electron carrier concentration. The defect reaction equations
below follow the Kroger—Vink notation,” where Brp,*
represents the pristine lattice where a bromine atom occupies
the bromine lattice position, V. represents a charge-neutral
bromine vacancy, and Vp,* represents a cationic bromine
vacancy.

2Bry, < Bry(g) + 2Vy, (1a)
x AEp . ,
Vg, < Vg, + €cp (1b)
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A point defect creates electronic states that are unique to the
defect site, with an energy determined by local bonding and
antibonding interactions. If the energy of the localized defect
state is deep within the bandgap, charge carriers are readily
trapped by the defect such that the defect is unlikely to be
ionized, whereas if the defect is close to the band edges, it is
more easily ionized. Alternatively, the localized defect state
may have an energy that is outside the bandgap, commonly
described as being resonant with the band. In this case, the
charge carrier is not trapped in the localized electronic state
and instead occupies the lower-energy electronic states
resembling the band edge. However, the charge carrier can
still be stabilized by the Coulombic attraction to the defect,
similar to the stabilization of an electron by the nucleus in the
hydrogen atom. This Coulombic attraction between charge
carriers and defects generates partially delocalized, hydrogen-
like electron states from which carriers can thermally promote
into the fully delocalized, free carrier electronic states of the
band edge. Thus, carriers in a deep defect occupy localized
electronic states within the bandgap with a large ionization
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energy, and carriers in a shallow defect, which accompanies a
resonant state, occupy partially delocalized, hydrogen-like
electronic states with a small ionization energy. Dopant defects
are often distinguished solely by their ionization energy where
shallow defects typically have an ionization energy less than
100 meV and deep defects have ionization energies larger than
100 meV." However, the orbital composition and spatial
localization of the defect electronic state are also important in
the classification of a defect as shallow or deep (Figure 1A).
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Figure 1. (A) Schematic of shallow donor/acceptor defects, which
accompany localized defect states that are resonant with the band, and
deep donor/acceptor defects that lie within the bandgap. The shallow
donors have small ionization energies and contribute free carriers to
the band edge by thermal ionization from hydrogen-like defect states
(dotted red line). Deep donors/acceptors are only partially ionized
due to their large ionization energy. (B) Spatial localization of defect
electronic states depends on their character: free electrons in the
conduction band are fully delocalized, electrons occupying a
hydrogen-like state are partially localized near the defect, and
electrons occupying deep defects are highly localized.

For example, the electron associated with a neutral bromine
vacancy can be strongly bound to the defect (in the localized
state with defect-derived orbitals), weakly bound to the defect
(in the hydrogen-like state with orbitals derived from the band
edges, modified by the Coulombic potential of the charged
defect), or fully unbound by the defect (free carrier in band
edge states).

The ionization energy of a defect (AE), illustrated in Figure
1A as AEjp for donors and AE, for acceptors, is known to be
tuned by compression for various materials,”® prompting
shallow defects to become deep defects,”® or vice versa.” A
shallow-to-deep defect transition occurs when a resonant state
is driven into the bandgap by applying pressure.’ In highly
doped samples, the shallow-to-deep defect transition dramat-
ically decreases the carrier concentration by several orders of
magnitude. Furthermore, the different orbital character of
shallow and deep defects impacts their sensitivity to high
pressure. The AE of deep defects typically has a 100-fold larger
dependence on pressure compared to the AE of shallow
defects.”"” This difference in the rate of change of the AE with

pressure occurs because the shallow hydrogen-like states are
energetically derived from the nearby band edge and thus share
its orbital composition, meaning that hydrogen-like states of
shallow defects move in concert with the band edge. In
addition, the energies of these delocalized shallow defects are
dominated by long-range interactions that are less pressure-
dependent. In contrast, deep defects involve localized wave-
functions that are more affected by interatomic distances
(Figure 1B), making the AE of deep defects more sensitive to
pressure. This allows for shallow and deep defects to be
differentiated not only by the magnitude of their AE at
ambient pressure but also by the pressure dependence of their
AR 10

The high-pressure properties of halide perovskites have been
studied since the 1970s,'"'? revealing marked changes in the
color, structure, and photophysical and transport properties of
these soft semiconductors upon compression up to ca. 60 GPa
(1 GPa ~ 10,000 atm)."*~"> Due to the importance of dopant
defects in semiconductor devices, defect energy levels have
been closely studied at high pressure,”'”'°™"* particularly for
III-V semiconductors.”'”~** However, in high-pressure
studies on halide perovskites, defects are most commonly
discussed as shallow or deep traps for photoexcited
carriers,”>*° in contrast to their potential role as donor or
acceptor dopants, which can produce free carriers.

To our knowledge, the high-pressure behavior of donor or
acceptor dopants is experimentally unexplored in halide
perovskites. Here, the low bandgap, high conductivity, and
limited high-pressure amorphization of Cs,AgTIBrs provide
the novel opportunity to interrogate the relationships between
compression-induced structural changes and corresponding
orbital interactions that define the relative energies of the
valence band maximum (VBM), conduction band minimum
(CBM), and halogen vacancy defect state (V) in halide
double perovskites. Using a combination of in situ high-
pressure powder X-ray diffraction (PXRD), optical and
vibrational spectroscopy, and electrical conductivity measure-
ments in diamond anvil cells (DACs) coupled with first-
principles density functional theory (DFT) calculations, we
study the bromine vacancy defect (V) in Cs,AgTIBr, up to
56 GPa to establish a nuanced understanding of high-pressure
defect behavior in halide double perovskites. For brevity, the
discussion focuses on Cs,AgTIBrs and reserves a detailed
description of Cs,AgTICly for the Supporting Information.

With initial compression up to 1.7 GPa, Cs,AgTIBr displays
enhanced conductivity and a decreased bandgap relative to
ambient pressure values. Upon further compression, however,
complex electronic behavior arises. In contrast to other studies
of halide perovskites under pressure, the changes in
conductivity cannot be attributed to amorphization,***’
promotion of intrinsic carriers across the evolving bandg-
ap,”®*™>! or generation of disperse, partially occupied
bands.”* ™ Instead, the high-pressure variations in conductiv-
ity are well described by the changing AE of a dopant defect,
which we ascribe as Vi, To better understand the impact of
high-pressure structural changes on the transport properties,
we then employ an orbital analysis to decompose the VBM,
CBM, and Vy, electronic states into sets of bonding and
antibonding orbital interactions. This orbital analysis points to
the molecular interactions that drive the shallow-to-deep
transition of the Vj, defect and allows us to propose that
conduction bands formed from empty s orbitals will afford
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Figure 2. Structural and optoelectronic evolution of Cs,AgTIX, (X = Cl or Br) with pressure. (A) Single-crystal X-ray structure of Cs,AgTIBr at
ambient pressure (adapted from A. H. Slavney, L. Leppert, A. Saldivar Valdes, D. Bartesaghi, T. J. Savenije, J. B. Neaton, H. I. Karunadasa, Angew.
Chem. Int. Ed. 2018, 57, 1276S. Reproduced with permission). Teal, white, black, and brown spheres represent Cs, Ag, T, and Br atoms,
respectively. (B) Unit cell compression of Cs,AgTIBr, (circles) and Cs,AgTICl (squares) and equation-of-state fits (solid lines). Initial volumes
(V) in units of A* and ambient-pressure bulk moduli (K;) in units of GPa are listed for each phase. For clarity, unit cell volumes are doubled in the
plots of the tetragonal f3, 7, and & phases. (C) Variable-pressure electronic conductivity, ¢ (blue circles), and bandgap, E, (red squares), for
Cs,AgTIBr,. The blue region denotes the lack of measurable conductivity between 7 and 33 GPa. Structural phase transitions are indicated above.

shallow Vg, defects in halide double perovskites—highly
desirable for applications requiring mobile carriers.

2. RESULTS AND DISCUSSION

2.1. High-Pressure Structure, Bandgap, and Con-
ductivity. All perovskites in this study were synthesized in
solution and stored as powders or crystals for several days in
closed vials at room temperature (see the Supporting
Information). Thus, we expect appreciable n-type doping of
Cs,AgTIBrg by spontaneous halogen degassing.” After the
sample is loaded and sealed into a DAC for conductivity
experiments, this self-doping mechanism is presumably halted
by the lack of headspace, thereby establishing a fixed doping
concentration. The observed high conductivity and small
activation energy of conduction, which is significantly lower
than the bandgap energy, are characteristic of electronic
doping in Cs,AgTIBr,.

Upon compression, Cs,AgTIBrs maintains its Fm3m cubic
symmetry up to 4.0 GPa (Figure 2A,B). The measured
pressure—volume relationship was fit to a second-order Birch—
Murnaghan equation of state to determine the ambient-
pressure bulk modulus K, = 25.9(8) GPa for the a phase
(Figure 2B). The bandgap decreases from 0.94(5) eV at ca. 0
GPa to 0.64(8) eV at 2.4 GPa (Figure 2C) consistent with
enhanced band dispersion through better orbital overlap
induced by shorter metal—halide distances. Compression to
24 GPa also yields a more gradual absorption edge (Figure
S1A), which may be related to increased band dispersion and
the symmetry-forbidden nature of the direct bandgap.” The
conductivity rises by nearly an order of magnitude in this
lower-pressure regime, from 9.9 X 10™* S-cm™" at 0.03 GPa to
8.5 x 107 S:em™ at 1.7 GPa.

Between 2.7 and 3.8 GPa, the bandgap sharply increases
from 0.67(8) to 0.92(5) eV. However, accurate determination
of the bandgap between 2.7 and 3.8 GPa is inhibited by the
phase change in KBr, which begins near 2.3 GPa and causes
irregular opacity between the reference and sample scans.
Thus, we conclude that the bandgap increase begins
somewhere between 2.7 and 3.8 GPa, eventually reaching a
maximum bandgap value of 1.76(1) eV at 14 GPa (Figure
S1B). This increasing bandgap is accompanied by a steep
decrease in conductivity from 8.0 X 107 S-cm™" at 1.9 GPa to
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2.5 X 107® S-cm™ at 7.3 GPa, after which no measurable
conductivity is observed until 33 GPa (Figure 2C). Between
4.0 and 5.1 GPa, Cs,AgTIBrs undergoes a phase trans-
formation characterized by a splitting of diffraction peaks, a
reduction in peak intensities, and an increase in amorphous
background signal (Figure S2). We index this high-pressure
phase to the tetragonal space group I4/m, which is a common
high-pressure double-perovskite phase®®*” and is observed in
Cs,AgBiBry at 30 K at ambient pressure.”® Notably, the higher-
pressure [ phase (K, = 19(2) GPa) is ca. 20% more
compressible than the lower-pressure o phase. The I4/m
symmetry of the f phase enables octahedral rotations in the
ab-plane, which dominate volume reduction in this phase and
thereby enhance the compressibility.

In the highest-pressure regime studied, the bandgap of
Cs,AgTIBr, decreases monotonically from 1.76(1) eV at 14
GPa to 0.6(1) eV at 56 GPa (Figure S1C). Conductivity
reemerges above 33 GPa and continues to increase up to a
value of 9.8 X 10™* S-cm™! at 56 GPa. Above 15 GPa, there is a
ca. 40% decrease in lattice compressibility consistent with a
second-order, isostructural transition to a higher-pressure y
phase with I4/m symmetry (K, = 51(1) GPa). The lower
compressibility of the higher-pressure y phase relative to the
phase suggests that further octahedral rotations become
limited above 15 GPa and bond compression returns as the
primary means of lattice compression (see high-pressure
structures in Section 2.2). Both the a-to-f phase change
near 4 GPa and the f-to-y phase change near 15 GPa coincide
with the turning points of the bandgap trends. Thus,
octahedral rotation in the § phase (5.1—11 GPa) increases
the bandgap, whereas bond compression in the a phase (0—4.0
GPa) and y phase (15—53 GPa) lowers the bandgap (Figure
2C). High-pressure Raman measurements support the phase
changes observed by PXRD (Figure S3).

The high-pressure behavior of Cs,AgTICly closely resembles
that of Cs,AgTIBrg, albeit with a high-pressure & phase.
However, the magnitude of changes in bandgap of Cs,AgTICl
is smaller than that of the bromide analog, which may be
attributed to the less diffuse Cl p states, similar to the
differences between two-dimensional (2D) Cu—Cl and Cu—Br
perovskites.”> Therefore, the high-pressure optoelectronic
properties of Cs,AgTIBrs were investigated in more detail.
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Figure 3. Band structures of Cs,AgTIBr, at high pressure. Calculations were performed with DFT-PBEx, where x = 35% exact exchange. Atomic
orbital contributions from Ag d, Ag s, and Tl s are illustrated as gray, red, and blue circles, respectively. Corresponding structural phases are

indicated below.

2.2, High-Pressure Band Structures. Pressure is known
to tune bandgap character much like compositional alloy-
ing.””~*" To better understand the impact of lattice
compression on the orbital composition and dispersion of
the band edges in Cs,AgTIBrs, we calculated electronic band
structures at 0, 2.0, 4.6, 11, 34, and 53 GPa using first-
principles DFT calculations with a global hybrid functional
incorporating 35% of exact exchange (PBEx; see the
Supporting Information). High-pressure structures were
derived by optimizing atom positions from an initial Fm3m
(o phase) or I4/m (B and y phases) unit cell with
experimentally derived lattice parameters. These calculated
high-pressure crystal structures support our interpretation of
the interplay between bond compression and octahedral tilting
(Figure S9). The bandgap remains direct at I' and the orbital
character of the band edges is maintained up to a pressure of
34 GPa (Figures 3 and S10). The VBM is derived from Br p
and Ag d orbitals and the CBM is derived from Tl s, Ag s, and
Br p orbitals. Calculations at 53 GPa suggest a band inversion,
with Tl's character at the VBM and Ag d character at the CBM,
indicative of topologically nontrivial behavior (see the
Supporting Information).

The calculated high-pressure electron and hole effective
masses (m,* and my*, respectively) reflect the structural
changes occurring in Cs,AgTIBrs upon compression. In the
cubic a phase, the shortening of bonds enhances band
dispersion and decreases the electron effective mass from
0.18 m, at ambient pressure to 0.15 m, at 2.0 GPa, where m; is
the mass of a free electron (Figure S11). Notably, after the
phase change to tetragonal symmetry, the electron effective
mass remains at 0.15 m, at 4.6 GPa, indicating that the
dramatic decrease in conductivity, starting near 2 GPa, cannot
be attributed to a decrease in mobility in the a or f phase. The
electron effective mass increases to 0.24 m at 11 GPa and 0.44
my at 34 GPa due to further octahedral rotations that decrease
the conduction band dispersion. In addition, the hole effective
mass decreases steadily from 0.41 m, at ambient pressure to
0.19 m, at 34 GPa.

Qualitative comparisons of band dispersion across the series
of high-pressure band structures illustrate the dominant
changes in each pressure regime (Figure 3). In the cubic a
phase, where lattice compression occurs solely from bond
compression, both the valence band and conduction band
become more disperse from ambient pressure to 2.0 GPa. In
the tetragonal # phase from 4.6 to 11 GPa, the dispersion of
the conduction band decreases considerably while the
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dispersion of the valence band is somewhat enhanced. This
suggests that the increase in bandgap in the 3 phase, coinciding
with octahedral rotations, is caused by an increase in energy of
the CBM as the conduction band becomes less disperse.
Finally, the comparison of band structures at 11, 34, and 53
GPa demonstrates that increasing pressure in the tetragonal y
phase enhances the band dispersion of the valence band while
concurrently decreasing the band dispersion of the conduction
band, suggesting that the decreasing bandgap in the y phase is
caused by a rise in energy of the VBM. The qualitative trends
discussed above are supported by a quantitative analysis of the
bandwidths of the valence band and conduction band between
high-symmetry k-points (Figure S12) and explained by the
orbital analysis presented in Section 2.5.

2.3. High-Pressure Tuning of Vg, As previously
discussed, the high-pressure changes in the electrical
conductivity of Cs,AgTIBrs cannot be attributed to intrinsic
carriers, communication between partially occupied orbitals,
changes in carrier mobility, or changes in bandgap orbital
composition. Thus, we attribute the trends in conductivity to
changes in the ionization energy (AE) of the dopant defect:
V.. Previous work at ambient pressure demonstrated that
Cs,AgTIBrg is n-type doped by Br, loss,” thereby supporting
the assignment of n-type conductivity below 7 GPa. After
conductivity reemerges above 33 GPa, however, the n-type or
p-type character of the material cannot be conclusively
assigned. Band structure calculations in the y phase show
that the dominant change in electronic structure is the
increasing dispersion of the valence band, leading us to
interpret that the approach of the VBM toward an acceptor
dopant generates p-type conductivity above 33 GPa. The
possibility and implications of n-type conductivity above 33
GPa are discussed in the Supporting Information.

Variable-temperature conductivity measurements in the a
phase of Cs,AgTIBrg at 0.10(S), 0.77(8), 1.6(1), and 2.3(2)
GPa reveal activation energies of conduction (E,.) of 129(6),
134(4), 174(6), and 340(2) meV, respectively (Figures 4 and
S13). Because these values are significantly smaller than the
bandgap at these pressures, the E,, values are assigned to the
thermal excitation of electrons from Vg, to the CBM, which
constitutes a transition between the neutral and cationic charge
states of Vy. When conductivity is limited by the thermal
promotion of carriers from a defect, E,, is related to the defect
ionization energy (AEp) such that AE, ~ 2E,.*

The small change in E, between 0.10(5) and 0.77(8) GPa
signifies that Vy, is a shallow donor at near ambient pressures

https://doi.org/10.1021/jacs.2c08607
J. Am. Chem. Soc. 2022, 144, 20763—20772


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c08607/suppl_file/ja2c08607_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08607?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08607?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08607?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08607?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A102—§ OOOOOO / L 400 5
T 0 ©° o s
5 o el g
L 103 4 o o - 300 I'jl'l
[¢) 3 ,l =]
= / Deep Donor o g
2 I - 200 <
8 10* E "¢“ m
g ] oot o b
O Shallow Donor 100 (3[)

5 S

10 _§ 5
E T T T T T O
0 1 2 3 4

Pressure (GPa)

Figure 4. Electrical conductivity, ¢ (blue circles), and activation
energy, E, (red circles), of Cs,AgTIBr, in the cubic a phase. The
shallow-to-deep defect transition is illustrated by a steeper pressure
dependence of the activation energy, which occurs near 1.5 GPa.
Dotted lines are a guide to the eye.

and moves in concert with the CBM upon compression. Using
DFT-PBEx with x = 35% exact exchange, the static dielectric
constant of Cs,AgTIBrgs at ambient pressure is 3.44¢,
(calculated within the independent-particle approximation; &,
= permittivity of free space). By applying the effective mass
approximation for a hydrogen-like shallow defect,”** the
predicted value of AEp = 210 meV is in good agreement with
the experimental value of AE, ~ 2E,, = 258(16) meV at
0.10(5) GPa.

The experimental E,, increases sharply between 1.6(1) and
2.3(2) GPa, consistent with the behavior of a deep defect,
which moves independently of a band edge with pressure. The
observed change in slope suggests that the shallow-to-deep
defect transition occurs near 1.5 GPa (Figure 4). Importantly,
the sudden upturn of E,, also coincides with the turning point
of the electrical conductivity. The conductivity decreases
rapidly after ~2 GPa even though the calculated m.* remains
unchanged from 2.0 to 4.6 GPa. We therefore assign this
decrease in conductivity to a decrease in electron carrier
concentration due to the higher AEp of Vy, as a deep defect.

We interpret the return of measurable conductivity above 33
GPa as the approach of an acceptor state to the VBM, giving
rise to p-type conductivity. Although other defects are possible,
most likely this acceptor state corresponds to the ionization of
a neutral bromine vacancy (V5,*) to generate a free hole (hyg*)
in the valence band and an anionic bromine vacancy (Vg,'), as
shown in eq 2. Here, the ionization energy of the acceptor state
is AE,.

X AE, ’ (]
Vi <= Vg, + 'y (2
The E,_ values in the y phase at 48 and 58 GPa were measured

to be 177(5) and 151(2) meV, respectively (Figure S14). This
relatively small change in E, suggests that the acceptor defect
state above 48 GPa is shallow, meaning that a deep-to-shallow
acceptor transition likely occurs between 33 and 48 GPa.
2.4. Atomic and Electronic Structure of Vg,. Detailed
DFT calculations on halide perovskites at ambient pressure
show that an across-vacancy bonding interaction stabilizes Vi
and is responsible for significant B-site atom relaxation toward
the vacancy for neutral and anionic halogen vacancies,**°
although this observation is subject to debate.”” The across-

vacancy bonding interaction does not similarly stabilize the
cationic Vy state because it is unoccupied by electrons, thus
removing the driving force for neighboring B sites to form a
bond. Because the donor and acceptor behavior of Vy
corresponds to equilibria between defect charge states (eqs
1b and 2), energetic stabilization of neutral and anionic
halogen vacancies leads to a deeper donor transition (larger
AEp) and a shallower acceptor transition (smaller AE,).

To uncover the high-pressure atomic structure of Vj, in
Cs,AgTIBr, DFT structural calculations were performed on
320-atom (cubic) or 360-atom (tetragonal) supercells at 0, 2.0,
and 4.6 GPa with Vj, in either the cationic, neutral, or anionic
charge state (see the Supporting Information). The charge
state of Vg, did not strongly affect the positions of the atoms
around the defect, in contrast to previous reports on halide
perovskites at ambient pressure (Figure $15).">~* In the local
structure of cationic, neutral, and anionic Vj,, neighboring Ag
and TI atoms relax away from the site of the vacancy at
ambient pressure (Figure S16). This ambient pressure B-site
cation relaxation away from the vacancy site can be understood
as stemming from the loss of the Coulombic attraction to the
formerly anionic bromide site (since the electron is not
localized at the bromide site even in the anionic Vg/').
However, in the 2.0 GPa calculations, the Ag—TI distances in
the pristine structure and across the vacancy are similar. At 4.6
GPa, the observed Ag—T1 distances across the vacancy (4.87—
5.05 A) are shorter than the Ag—TI distance in the pristine
material at the same pressure (529 A). These results
demonstrate that B-sites neighboring the Vy, defect are driven
toward the vacancy space with increasing pressure. However,
the across-vacancy Ag—TI distances at 4.6 GPa constitute a 5—
8% contraction relative to the pristine structure at the same
pressure, in contrast to the much larger ca. 30% contraction of
across-vacancy Pb—Pb distances that are reported in cases
where strong across-vacancy Pb—Pb orbital interactions are
calculated in lead-halide perovskites.””*’ Considering that the
across-vacancy Ag—T1 distances are relatively large and weakly
dependent on the Vj, charge state, it is unlikely that there is a
strong across-vacancy Ag—TI orbital interaction in Cs,AgTIBr,
at pressures below 4.6 GPa. The absence of an across-vacancy
Ag—TI orbital interaction may be due to the spherical Tl s and
Ag s orbitals being less directed at the vacancy in contrast to
the Pb p orbitals.

Next, the electronic structure of the neutral Vp, defect was
calculated for the ambient pressure structure. The impact of
Vg, on the electronic structure is revealed by comparing the
density of states at the I'" point for Cs,AgTIBrg with and
without a neutral Vg. The presence of Vy, generates an
unfilled, spatially localized resonant state in the conduction
band that is largely localized on the TI site neighboring the Vy,
defect (Figure S17) and results in an unpaired electron
residing in a CBM-derived, delocalized electronic state. This is
consistent with the understanding that shallow hydrogen-like
donor defect states arise when a localized donor defect state is
resonant with the conduction band (Figure 1A). The shallow-
to-deep defect transition near 1.5 GPa is caused by the high-
pressure stabilization of this localized neutral Vj, state relative
to the CBM such that eq 1b favors the reactants and AEp
increases.

2.5. Orbital Analysis of the CBM, VBM, and Vj, States.
The high-pressure bandgap trends are determined by relative
changes in the CBM and VBM energies. On the other hand,
the high-pressure conductivity trends are determined by
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Figure 5. Orbital interactions determine the energy positions of the CBM, VBM, and Vy, at high pressures. (A) Illustration of orbital interactions
defining the CBM, VBM, and Vj, electronic states in Cs,AgTIBr,. T1 and Ag atoms are represented in black and gray, respectively. Positive and
negative phases of orbitals are illustrated in white and yellow. Antibonding and bonding orbital interactions are noted in red and blue font,
respectively. (B) Atomic orbitals of free ions interact to form molecular orbitals that determine the CBM, VBM, and Vy, electronic states. Band
dispersion in the CBM helps determine the relative position of the CBM and Vj,. See Figure S18 for a detailed view. (C) Graphical summary of
changes in relative energy of the CBM, VBM, and Vj, donor and acceptor transitions in Cs,AgTIBr; at high pressures. The donor transition (+/0)
indicates the Fermi energy at which the cationic Vj,” and neutral V,* states have equal concentrations, and the acceptor transition (0/—) indicates
the Fermi energy at which the neutral V. * and anionic Vy,' states have equal concentrations.

changes in AEj, in the n-type regime below 7 GPa and changes
in AE, in the p-type regime above 33 GPa. In the absence of
large structural changes between charge states of Vg, AEp of
the deep donor transition can be approximated as the relative
energy difference between the CBM and neutral Vy, state, and
AE, of the deep acceptor transition can be approximated as
the relative energy difference between the VBM and anionic
Vg, state. By analyzing the orbital interactions that compose
the CBM, VBM, and Vj, states (Figure S18), the observed
changes in bandgap and conductivity can be understood with
respect to structural changes induced by pressure.

First, we obtain the orbital composition of the VBM using
our previously described molecular orbital approach that
assesses the interactions between symmetry-adapted linear
combinations of halogen p orbitals with B-site metal atomic
orbitals of compatible symmetry.”” This methodology for
double perovskites reveals that the energy of a given band will
first be determined by a dominant orbital interaction at one of
the B sites, which contributes to the band at all points in
reciprocal space (i.e., at all k points). The curvature of the band
then arises from applying translational symmetry, which
modifies the bonding and antibonding interactions across the
nondominant B’ site. Here metal—halide ¢ bonds exert the
largest effect on band dispersion, followed by weaker halide—
halide interactions between halides that are at 90° angles with
respect to each other. Our molecular orbital analysis is
validated by DFT electron density maps of Cs,AgTIBr, (Figure
$23).

For the valence band of Cs,AgTIBr,, the dominant orbital
interaction is a 6* antibonding interaction of Ag d,>_ and d
orbitals with Br p E, orbitals within the [AgBry]°~ octahedra
(Figure SA). Because the filled Tl Sd orbitals are too low in
energy to strongly contribute to the VBM, translational
symmetry generates the VBM at I" and X due to a maximized
antibonding interaction of Br p orbitals that are oriented at 90°
angles with respect to each other in the [TIBr,]*~ octahedra.>®
Metal—halide bond compression in the a phase enhances both
these antibonding interactions such that the VBM rises in
energy. In the f and y phases, the 2-fold degeneracy of the
VBM is lost (Figure 3), leading to a VBM at I that is primarily
composed of Ag d orbitals (see discussion in the Supporting
Information). Octahedral tilting in the ab-plane weakens band

20768

dispersion of the Ag d,>_p orbital-derived band while having
less impact on the Ag d.> orbital-derived band because the Ag
d_? orbitals interact most strongly with the axial halides along
the c-axis, which maintain B—X—B bond angles of 180°
(Figure S24). This explains why the band dispersion of the d,2
orbital-derived VBM increases monotonically with pressure
and is insensitive to octahedral tilting in the ab-plane. In the y
phase above 11 GPa, bond compression returns as the major
mode of volume reduction, which significantly raises the
energy of the VBM because bond compression has the additive
effect of enhancing both the Ag d—Br p and the Br p—Br p
antibonding interactions.

Next, for the conduction band of Cs,AgTIBr,, the dominant
orbital interaction is an antibonding interaction of Tl s with Br
p Ay, orbitals in the [TIBrg]*>~ octahedra (Figure SA). By
applying translational symmetry, the CBM appears at I" due to
two bonding interactions: (1) a bonding interaction between
Ag s orbitals and Br p A, orbitals in the [AgBry]°~ octahedra,
which introduces Ag s character into the CBM at I" and (2) a
bonding interaction between Br p orbitals that are oriented at
90° angles with respect to each other in the [AgBrg]®~
octahedra. Again, a similar Br p—Br p bonding interaction
occurs in the [TIBrg]*~ octahedra, yet it is unchanged by
translational symmetry because the dominant Tl s—Br p
interaction necessitates A;, symmetry of the Br p orbitals in the
[TIBrg]*~ octahedra. In the a phase, metal—halide bond
compression enhances the antibonding T1 s—Br p interaction
and the bonding Ag s—Br p and Br p—Br p interactions, which
have competing effects on the energy of the CBM. The
enhanced bonding interactions in the [AgBrs]*~ octahedra
increase band dispersion to lower the energy of the CBM,
whereas the dominant T1 s—Br p antibonding interaction raises
the energy of the entire conduction band. These counteracting
interactions cause a weaker pressure dependence of the energy
of the CBM in the a phase, which together with the rising
energy of the VBM, leads to the observed decrease in bandgap
energy in the o phase. The bandgap increase in the § phase is
largely due to a rise in the energy of the CBM because
octahedral tilting weakens the bonding interactions of the
CBM. This interpretation is supported by the steadily
decreasing dispersion in the conduction band from 4.6 to 53
GPa (Figures 3 and S12). Despite the dominance of bond
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compression in the y phase, the conduction band continues to
become less dispersed because of the higher sensitivity to the
ongoing octahedral tilting.

Third, we consider the orbital composition of the localized
neutral Vj, state, which is resonant with the conduction band
below 1.5 GPa. Generation of a neutral Vy, transforms the
neighboring O, [AgBrs]*~ and [TIBr¢]*~ octahedra into C,,
[AgBr]* and [TIBrg]*” square pyramidal units, respectively,
where a supplementary donated electron from the defect must
occupy the lowest unoccupied molecular orbital (LUMO) of
either [AgBrs]*™ or [TIBrs]*” units, which have the same
valence electronic configuration. The LUMO of both square
pyramidal units is an antibonding interaction of the B-site s
orbital with one set of the Br p A, orbitals (Figure S18B, see
discussion in the Supporting Information). The smaller
negative charge and more diffuse orbitals of [TIBr]*~
compared to [AgBr]*” suggest that [TIBrs]>~ has the lower-
energy LUMO, explaining why the DFT calculations showed a
resonant defect state localized on the TI atom neighboring V5,
(Figure S17). The orbital composition of Vj, is thus an
antibonding T1 s—Br p interaction and a weaker bonding Br
p—Br p interaction in the C,, [TIBr;]*” unit (Figure SA). Our
analysis shows that the neutral Vy, state is indeed resonant with
the conduction band at ambient pressure because the
additional bonding Ag s—Br p and Br p—Br p interactions of
the O, [AgBre]’” units that compose the CBM lower the
energy of the CBM below the neutral Vy, state. This lowering
of the CBM arises from the delocalization of the conduction
band wavefunction, which provides band dispersion that does
not apply to the localized V, state (Figure SB). The
antibonding Tl s—Br p interaction is the dominant orbital
interaction of both the CBM and the Vj, state. This
antibonding interaction is five-coordinate for Vj, and six-
coordinate for the CBM, indicating that Vy, has the weaker T1
s—Br p interaction between the two. With increasing pressure,
the differing strength of the antibonding T1 s—Br p interactions
will cause the CBM to rise faster than the neutral Vj, state,
resulting in Vj, eventually entering the bandgap, which drives
the shallow-to-deep defect transition we observe near 1.5 GPa.

As previously discussed, an additional bonding interaction
between the Tls and Ag s orbitals may arise across the halogen
vacancy, particularly at high pressures. Indeed, a computational
investigation of FAg;5Csy,sPbl; illustrates a shallow-to-deep
defect transition of the V; defect below 2 GPa caused by an
across-vacancy Pb—Pb bond.”> Our atom relaxations of Vj,
demonstrate that high pressure drives the neighboring B-site
cations toward the vacancy, but no indication of an across-
vacancy Ag—TI orbital interaction is found up to 4.6 GPa
(Figure S16). Thus, we discard the importance of the across-
vacancy Tl s—Ag s interaction as a cause for the shallow-to-
deep defect transition near 1.5 GPa. At pressures higher than
4.6 GPa, this across-vacancy Tl s—Ag s interaction may be
more relevant, potentially being responsible for stabilizing the
anionic Vp, state and decreasing AE,. Our qualitative
interpretation of the high-pressure changes in relative energy
of the VBM, CBM, and Vy, states is graphically summarized in
Figure 5C. Here, the energy position of the Vp. donor
transition represents the Fermi energy at which the cationic
Vg, and neutral V™ states have equivalent formation energies
and thus equal concentrations. Likewise, the V. acceptor
transition is positioned at the Fermi energy at which the
neutral VX and anionic Vj,' states have equivalent formation
energies and concentrations.

2.6. Designing Halogen Vacancies as Shallow
Donors. Finally, design principles that may afford shallow
halogen vacancies in halide double perovskites are highly
desirable, in analogy to discussions of shallow oxygen vacancies
in oxides.>>” Semiconductors generally achieve higher
performance (e.g., long carrier lifetime and diffusion length)
when their lattice imperfections are shallow defects that
generate electronic states near the band edges or within the
bands. Defects in lead-halide perovskites are typically viewed as
nonradiative recombination sites for photogenerated charge
carriers,” and the materials’ tolerance to defects formed during
synthesis has been linked to the shallow nature of these defects.
Additionally, shallow defects enable opportunities for electrical
doping of a semiconductor.”* However, in contrast to oxide
perovskites, electrically doping most halide perovskites remains
a challensge, in part due to defect compensation durin
synthesis.”” Halogen exchange as reported in (CH;NH,)Pbl;’
and Cs,AgTIBrg tunes the doping in halide perovskites by
changing the halogen vacancy concentration after synthesis.

The shallow nature of halogen vacancies in lead-halide
perovskites is widely considered to originate from the fact that
dangling Pb p orbitals are higher in energy than the CBM.>”**
However, calculations suggest that bonding interactions
between Pb atoms across a halogen vacancy can generate a
deep halogen vacancy state.*>** Shallow halogen vacancies can
be pursued in double perovskites by designing either a low-
energy CBM or a high-energy Vx state. First, a large degree of
band dispersion in the conduction band will lower the energy
of the CBM. This band dispersion is best accomplished by
including two B-site cations with the same electronic
configuration, e.g, Cs,AgTIBry’ or (CH,NH,),TIBiBrs.>”
The larger conduction band dispersion of Cs,AgTIBrs"’
compared to (CH;NH;),TIBiBrg™” suggests that an s-orbital-
derived CBM is more promising to yield shallow halogen
vacancies. However, this approach of matching B-site orbitals
in the conduction band is limited because the isolation of
compounds such as CsZAgInBr661 and Cs,InBiX,** (X = Cl or
Br) remains synthetically challenging.

Alternatively, a stronger antibonding interaction of the
[BX;]"™ LUMO will increase the energy of the Vy state,
making it more likely to be a shallow donor. For a V state
arising from an s-orbital-derived CBM, a halogen vacancy
removes one of the six halogen p orbitals that interact with an
empty B-site s orbital, somewhat weakening the antibonding
interaction. However, for a Vy state arising from a p-orbital-
derived CBM, the halogen vacancy, which reduces the
coordination symmetry to C,, symmetry, breaks the 3-fold
degeneracy of B-site p orbitals. Thus, the halogen vacancy
removes one of just two halogen atoms that interact with an
empty p orbital at the B site, significantly weakening the
antibonding interaction that gives rise to the Vy state (Figure
S19). In addition, compared to s orbitals, p orbitals are better
oriented to generate a bonding interaction across the vacancy,
potentially lowering the energy of the Vy state.”® Taken
together, both these considerations of band dispersion and Vy
orbital antibonding strength may explain why shallow Vy
defects have, to our knowledge, only been experimentally
observed for double perovskites with CBMs composed of
empty s orbitals: e.g,, Cs,AgTIBrgs and Cs,Snls.”** Addition-
ally, computational studies of halogen vacancies in double
perovskites generally, but not always,”* find that V, is shallow
when B’ = In** but deep when B’ = Bi**.***~%" The lower
formation energy of halogen vacancies in double perovskites
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with B’ = In*" compared to B’ = Bi** has been previously
attributed to s-orbital character in the CBM.®® In light of the
synthetic challenges of discovering novel double perovskites
with s-orbital-derived CBMs, and the dramatic effects of dilute
impurity alloying seen in these materials,’”’® it may be
sufficient to engineer solely the local orbital structure of a
halogen vacancy to generate a high-energy, resonant V, state
that acts as a shallow donor. For example, a halide double
perovskite may be doped with a B-site cation with a high-
energy empty s orbital (i.e., Sc**, Y**) that yields high-energy
V, states with neighboring halogen vacancies without
modifying the band edge states, resulting in n-type doping
from electrons that relax from the high-energy V, state to the
conduction band as delocalized free electrons. This strategy
involves homovalent doping, which avoids charge-compensat-
ing defects that are expected in heterovalent doping (e.g.,
trivalent rare-earth dopants that yield shallow defect states in
lead perovskites).”'

3. CONCLUSIONS

We show that the small-bandgap halide double perovskites
Cs,AgTIX, (X = Cl or Br) are highly sensitive to compression.
At only 1.7 GPa, Cs,AgTIBrg exhibits a ca. 10-fold enhanced
conductivity and bandgap of 0.7 eV. Upon further
compression, both the bromide and chloride congeners show
substantial bandgap widening followed by bandgap reduction.
The bandgap evolution can be understood through the
interplay of metal—halide bond compression and interoctahe-
dral rotations, each of which dominates in distinct pressure
regimes. In Cs,AgTIBrs, octahedral rotations widen the
bandgap in the f phase (S5.1—11 GPa) by decreasing the
dispersion of the conduction band, whereas bandgap
narrowing in the « phase (0—4.0 GPa) and y phase (15—53
GPa) results from metal—halide bond compression. The high-
pressure conductivity, however, is not dictated by the bandgap
magnitude and is instead governed by the pressure-tuning of
the energy of the Vj, state with respect to the band edges. A
shallow-to-deep defect transition occurs near 1.5 GPa,
prompting a dramatic decrease in free carriers that decreases
conductivity by at least 4 orders of magnitude. The return of
measurable conductivity above ca. 30 GPa in the y phase,
proposed to be p-type, is caused by bond compression, which
raises the energy of the VBM to approach the Vj, acceptor
transition. An orbital analysis of the Vj, state illustrates that the
antibonding TI s—Br p interaction is weakened by the loss of a
bromide ligand, leading to the pressure-induced shallow-to-
deep defect transition as the conduction band rises in energy
faster than the neutral Vy, state upon compression. The study
of shallow-to-deep defect transitions in Cs,AgTIBrs at high
pressure has led us to recognize that shallow Vy donors are
most likely in halide double perovskites with CBMs derived
from empty s orbitals. We further propose that doping double
perovskites with B-site cations containing high-energy empty s
orbitals will generate shallow donor defects by raising the
energy of the neutral Vy donor state above the CBM. Thus, by
tracking the structural and electronic evolution of Cs,AgTIBr;
at high pressure, we can elucidate the orbital and atomic
character of Vy, to lay the groundwork for the rational
electronic doping of double perovskites.
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