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ABSTRACT: Zinc gallate doped with chromium is a recently
developed near-infrared emitting persistent phosphor, which is
now extensively studied for in vivo bioimaging and security
applications. The precise mechanism of this persistent
luminescence relies on defects, in particular, on antisite defects
and antisite pairs. A theoretical model combining the solid
host, the dopant, and/or antisite defects is constructed to
elucidate the mutual interactions in these complex materials.
Energies of formation as well as dopant, and defect energies
are calculated through density-functional theory simulations of
large periodic supercells. The calculations support the

chromium substitution on the slightly distorted octahedrally coordinated gallium site, and additional energy levels are
introduced in the band gap of the host. Antisite pairs are found to be energetically favored over isolated antisites due to
significant charge compensation as shown by calculated Hirshfeld-I charges. Significant structural distortions are found around all
antisite defects. The local Cr surrounding is mainly distorted due to a Zng, antisite. The stability analysis reveals that the distance
between both antisites dominates the overall stability picture of the material containing the Cr dopant and an antisite pair. The
findings are further rationalized using calculated densities of states and Hirshfeld-I charges.

1. INTRODUCTION

Persistent luminescence is a specific type of photoluminescence
in which the emission—usually in the visible or near-infrared
range—can last for hours or even days after the irradiation
source has been switched off.'~* The irradiation used may be
visible or UV light, X-ray, or y radiation. The long decay time of
persistent luminescence is due to the storage of the excitation
energy by traps. The traps originate from lattice defects, which
are either intrinsically present or intentionally introduced.
Subsequent detrapping and recombination yields the delayed
luminescence.”” Persistent phosphors are traditionally used in
emergency signage and traffic signs, displays, toys, and gadgets.
After the report on long and intense green persistent
luminescence in SrAl,0,:EuDy by Matsuzawa et al,’ the
main focus was initially on divalent europium as emitting
center, yielding emission in the blue-to-yellow, and occasionally
in the orange-to-red part of the visible spectrum.' For these
Eu**-based compounds, the trapping is presumably related to a
photoionization of the europium center,’ while the debate on
the nature of the trapping center is still not settled. There is,
however, an ongoing search for materials with outstanding
luminescent properties that can be used for new applications.
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For example, the past five years have witnessed breakthroughs
in applying persistent phosphors emitting in the near-infrared
range for in vivo imaging. For this application, the emission
spectrum of the phosphor should match with the transparency
window of tissue. The lack of (infra)red-emitting Eu**-based
persistent phosphors initiated investigations into other dopant
ions, such as Mn*" and Cr’*, with many phosphors showing
excellent storage capacity.””'® Chromium-doped zinc gallate
(hereafter referred to as ZGO:Cr) is one of the most
prominent materials in this emerging domain.''™'® The
luminescent Cr center can not only be excited under UV
radiation but also by using orange-red light, which has the
advantage that it is situated in the transparency window of
living tissues, making in vivo excitation possible.

From a crystallographic point of view, ZGO belongs to the
spinel structures AB,O,. For these compounds, A is typically a
divalent ion (Zn, Mg, Ca, Sr), while B is trivalent (Al, Ga, Cr).
In a normal spinel, the A ions are tetrahedrally coordinated
with oxygen atoms, while the B ions occupy octahedral sites as
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shown in Figure 1. However, this site occupation can change
depending on the composition, resulting in a mixed or even

Figure 1. Spinel structure of ZGO displaying tetrahedrally coordinated
Zn atoms (in gray) and octahedrally coordinated Ga atoms (in green).
Oxygen atoms are shown in red.

inverse spinel. Occupational disorder results from the presence
of antisite pairs, meaning that two atoms of the host exchange
positions, and is often naturally present in these compounds.’”
When an antisite pair forms, the two sites bear a net charge, and
a local electric field is created in the material. In the case of
ZGO, the antisites correspond with a Zn** at a Ga site and a
Ga®" at a Zn site (denoted as Zng, and Gaj, in Kroger—Vink
notation, respectively) forming the antisite pair. The concen-
tration of naturally present antisite pairs is reported to be
~3%."” Careful electron paramagnetic resonance (EPR)
spectroscopy and photoluminescence measurements revealed
that these antisite pairs play a crucial role in the persistent
luminescence mechanism in ZGO:Cr. In particular, Gourier et
al. showed that excitation of specific Cr** ions with an antisite
as first cationic neighbor leads to the crucial N2 lines observed
in the emission spectra.'* The trapping mechanism in this
particular phosphor is different from the common case of Eu**-
doped persistent phosphors, as no ionization of the Cr’*
dopants is expected. Instead, Gourier et al. suggested that
two neighboring antisite defects, forming an antisite pair, create
a local electric field at the Cr** dopant, which triggers charge
separation upon excitation of the Cr** dopant.'* A key element
in this model is the suspected close proximity of both antisite
defects.

To gain insight in the stability of the Cr** emission center
and its interaction with antisites in the persistent ZGO
phosphor, ab initio atomic-scale simulations can be used. The
introduction of a dopant or defect induces changes in the
structural and electronic properties that can be quantitatively
determined much easier by simulations than experiments. In
general, the inclusion of dopants introduces new energy levels
in the band structure of the host. Knowledge of their exact
positioning is crucial, as several models for persistent
luminescence involve interactions between the conduction
band (CB) levels of the host and the excited states of the
dopant. The trap depth of the involved defects, being on the
order of 0.5 to 1 eV, should also be obtained to generate a
correct view of all energy levels involved.””” One thereby
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must keep in mind that variations in trap depth on the order of
0.2 eV have a strong impact on the detrapping kinetics of
persistent phosphors. In a recent review on the class of
lanthanide materials by Joos et al,, it was reported that standard
deviations of 0.3—0.5 eV are still obtained for the relevant
energy differences when empirical models are employed,
corroborating the need for accurate first-principles results.”'
Multireference methods have been employed on embedded
cluster models, providing insight in the electronic transitions of
the dopant ions and in the corresponding excited-state
dynamics.”* ™’

Given the complexity of persistent phosphors, their ab initio
simulation is usually performed with the aid of density
functional theory (DFT), which uses the electron density as
its basic property and is mainly of interest due to its high
accuracy at feasible computational cost. The choice of an
approximate exchange-correlation functional determines the
final accuracy that can be obtained. Structural properties are
reported to be in fairly good agreement with experimental
observations, even for relatively simple DFT functionals.*
Moreover, Du comprehensively reviewed that DFT methods
can produce correct trends in stability and emission energy of
activators in optical materials.”’ For example, the influence of
Mn*" insertion on the local structures of a series of oxides and
fluorides was rationalized based on DFT computations
analyzing the activator-ligand hybridization strength.’”*
Recent years have witnessed a noticeable evolution in first-
principles calculations for point defects in solids, as recently
reviewed by Freysoldt et al.”* Dixit and co-workers investigated
the formation energies of defects—in particular cation/anion
vacancies and defects in which one type of cation is replaced by
the other, an antisite—in the ZnAl,O, spinel, which is very
similar to the ZGO material considered here.”” The relative
stability of different charge states of the defects was evaluated.
This information allows finding the thermodynamic transition
level between two different charge states, defined as the Fermi
level position for which the formation energies of the charge
states are equal.”* It was concluded that the Al,, antisite has the
lowest formation energy and can act as a shallow donor.> Also
in the case of Cr impurities in different host materials, the
influence of the charge state has been assessed via theoretical
simulations.”*™** Substitutional defects in doped phosphors
have also been theoretically investigated by Seijo and co-
workers. DFT-based simulations on doped Y;Al;0,, elucidated
the interactions between defects with or without a dopant in
their vicinity.”’~*' Obtaining accurate band gaps of solids has
proven to be a challenging problem. The use of local (local
density approximation) or semilocal (generalized gradient
approximation) DFT functionals leads to theoretical band
gaps that are too small when compared with experiment due to
the self-interaction error.**™* Several advances, including the
DFT+U method* and other electronic-structure methods such
as hybrid DFT functionals’” and GW,* are available to
overcome this problem. These techniques, however, require
careful fitting of the parameter U or come at a large additional
computational cost. Dixit et al., for example, calculated the band
gap of three ZnX,0, spinels (with X = Al, Ga, and In).* They
demonstrated that the experimental band gap of ZnGa,0, can
satisfactorily be predicted using GW and the modified Becke—
Johnson (MB]) potential approximation, giving values of 4.57
and 4.71 eV, respectively, in good agreement with the
experimental value of 4.40—5.00 eV."
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The aim of the present work is to gain a deeper
understanding of the interplay between the chromium dopant
and possible antisites and antisite pairs in ZGO via first-
principles simulations. We hereby focus on qualitative trends,
comparing different locations of the antisites and providing an
in-depth analysis of the structural and energetic properties of
systems including the dopant and/or antisites. Moreover, the
influence of defects on the energy levels of the chromium
center is discussed. The theoretical data also provide detailed
insight in the local chromium environment and its distortion
upon introduction of antisites.

This paper is structured as follows. In Section 2, the
computational details of the employed models and the ab initio
simulations are presented. The structural and electronic
properties of the ZGO material, including Cr dopant and/or
antisites, are discussed in Section 3, starting with the analysis of
single antisites in the host (Section 3.1), after which the
preferred substitution site of Cr in the defect-free ZGO host
(Section 3.2) is discussed. From that point onward only the
most stable Cr dopant site is considered, and its interaction
with antisites is analyzed (single antisites and antisite pairs in
Sections 3.3 and 3.4, respectively).

2. COMPUTATIONAL DETAILS

To determine defect properties in ZGO, a 112-atom supercell (SC)
was used, constructed as 2 X 2 X 2 times the primitive unit cell. In this
SC all atoms of the same atomic species (i.e., all 16 Zn, 32 Ga, or 64 O
atoms) are symmetrically equivalent. The equilibrium volume of this
SC (1213.754 A®) was extracted from a Birch—Murnaghan fit of the
energy of the S6-atom conventional unit cell (see Figure 1). N

All calculations were performed using the VASP package,™”"'
employing the PBE functional®” and a projector-augmented wave>*>>*
basis set with a kinetic energy cutoff of 800 eV. A 3 X 3 X 3 k-point
grid was used to sample the Brillouin zone. These settings allowed
energy convergence up to 1 X 107* eV. All structures were moreover
relaxed using a conjugate gradient method with the energy
convergence criterion set to 1 X 1077 eV. As a result, the maximum
force on an atom at the end of a relaxation was <1 meV/A. Optimized
values of relevant structural properties of the ZGO host are found to
be in good agreement with experimental data (see Section S1 of the
Supporting Information).

The chromium substitution was imposed either at a Ga (Crg,) or a
Zn (Cry,) site, resulting, respectively, in Zn(,_,) Ga,0,:Cr, and in
ZnGa(,_,)O,:Cr,, with x = 1/16 in the SC, denoted as ZGO:Crz, and
ZGO:Crg, This doping percentage is somewhat higher than the
experimental one, but simulating a lower percentage is computation-
ally not recommended given the large number of atoms already taken
into account. Furthermore, the occurrence of Cr clustering at higher
concentrations, which can experimentally be observed, is not allowed
by construction, compensating for the too-high chromium concen-
tration.

The employed 2 X 2 X 2 SC allows the construction of a large
number of defect configurations combining the dopant and antisite
pair. A total of 30 configurations were examined. All dopant and defect
energies were calculated after optimizing the ionic positions inside the
periodic cell. The resulting dopant and defect formation energies were
also compared with those obtained in the 56-atom conventional cell to
assess the influence of the cell size (see Section S2 of the Supporting
Information).

The detailed configuration of an antisite pair depends on the
location of its constituting antisites, the Gaz, and Zng,, with respect to
chromium, and their mutual distances to each other, denoted as
(dydyds). The different gallium and zinc coordination shells of
ZGO:Crg, are represented in Figure 2a, and the relevant distances
are indicated in Figure 2b. In case of an antisite pair in the undoped
ZGO host, the distance d; between the substitutions was varied (see
Figure 2b), resulting in three distinct configurations. A selection of
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Figure 2. (a) Schematic representation of the Ga (in gray) and Zn (in
white) coordination shells in ZGO:Cr,, where the chromium dopant
at the Ga position is shown in blue. (b) Relevant distances d;, d,, and
dy, used to characterize the (d,d,d;) configurations of a chromium
dopant and an antisite pair. The values before optimization are also
reported (in A).

these configurations were found in different ZGO:Cr samples by their
signature in EPR spectra by Gourier et. al and denoted as Cr; (i = a, f3,
7, 6, €). The microscopic models underlying these EPR signals were
denoted as X—Cr—Y for which X represents the most perturbing, that
is, closest to the Crg, center, antisite defect.'* Table 1 summarizes the
correspondence between the different notations and the more general
notation used in this work.

Table 1. Nonequivalent Defect Configurations” Found from
Electron Paramagnetic Resonance Spectroscopy and How
These Are Specified by the General Notation Used in This
Work

EPR model by Gourier
signature et al. (didyds)
Cr, Crg,
Cry Gay,—Crg,—Zng, (d;2d;) d; > 2 and variable,
d; unspecified
Cr, Zng,—Crg,—Gaz, (123)
Crs Zng,—Crg,—Gaz, (111)
Cr, Zng,—Crg,—Gaz, (112)

“There remains some uncertainty for the assignation of the Crs and
Cr, EPR signatures to structural models (111) and (112)."*

Atomic charges of the systems were calculated using the iterative
Hirshfeld-1 approach as implemented in the HIVE code (version
3x).%7%7 The implementation makes use of the grid-stored (pseudo)
electron densities, which are standardly obtained from VASP. The
atom-centered spherical integrations were done using Lebedev—
Laikov §rids of 1202 grid points per shell and a logarithmic radial
gricl.ss’5 The iterative scheme was considered converged when the
largest difference in charge of a system atom was less than 1.0 X 107
electron in two consecutive iterations. All charges in this paper are
given in units of e equal to 1.602 x 107" C.

3. RESULTS AND DISCUSSION

Defects are introduced in both the undoped ZGO host and the
Cr-doped one. The Cr dopant is responsible for the
luminescent properties of the material, but it is significantly
influenced by the defects around it. The properties and stability
of the defects, and more particularly of single antisites and
antisite pairs, are therefore essential to explain the mechanism
of persistent luminescence in the ZGO phosphor.

3.1. Single Antisites and Antisite Pairs in the
Undoped ZGO Host. First the structural, energetic, and
electronic effects of introducing antisites in the undoped ZGO
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host are studied. Initially, isolated antisites, that is, Zng, or
Gay,, are considered, and next, the combination of two antisites
into an antisite pair is discussed (denoted as (00d;)).

3.1.1. Structural Properties. In the ZGO host, all atoms of a
single atomic species (Zn, Ga, O) are equivalent, so
replacement of one cation by another, introducing an antisite,
leads to only two distinct materials. This inclusion of antisites
in the undoped ZGO results in significant local structural
changes. The distances to the nearest oxygen neighbors change:
for Gay, the bond length decreases by 4.5% (from 2.00 to 1.91
A), and for Zng, there is an increase of 3.0% (from 2.02 to 2.08
A). In case of an antisite pair, the observed changes are very
similar to those when only one antisite is introduced. The bond
length decrease for Gay, is again 3.0%, but for Zng, the bond
length now increases by 5.0% (from 2.02 to 2.12 A). These
changes are independent of the distance d;. In all cases the
change of bond length is equal for all four or six nearest oxygen
neighbors.

3.1.2. Stability Analysis. The stability of the single antisites,
Zng, and Gay,, can be estimated using either their formation or
defect energy, as listed in Table 2. Both energies depend on the

Table 2. Formation Energy” AE;,,, for the Host, ZGO,
Accompanied by Formation Energies” and Defect Energies®
AEy, g.c: of Antisites (Zng, or Gag,) and of Cr in Defect-
Free ZGO where Chromium Is Placed on a Zn or Ga Site

ABm ABfm, ABjicac:  ABncacr
ZGO —197.737 -5.279 NA. NA.
ZGO:Zng, —194.866 —4.126 2.871 1.153
ZGO:Gay, —197.486 -3.310 0251 1.969
ZGO:Cry, —196.343 -1.832 1.393 3.447
ZGO:Crg, —197.984 -5.191 —0.247 0.088

“The quantities refer to the elemental solid (superscript s) or oxide
precursor (superscript p) starting materials. All energies are given in
eV and the formation energy is expressed for the entire 112-atom SC.

assumed starting materials. The formation energy represents
the energy required to construct the entire compound from a
given set of starting materials, and is calculated as

AEy,,[2GO: X,] = E[ZGO: Xy] — f(E,, E;, Eo) (1)

where Xy is a Zng, or a Gay, antisite in the host, @ and f are
the starting materials, and f is a linear function with coefficients
corresponding to the considered formation reaction. One can
consider either the elemental solids (¢ = Zn, f = Ga) or the
experimental oxide precursors (@ = ZnO, f = Ga,0;) as
starting materials, which leads to different values AEg and
AER .., respectively (cf. Table 2). In particular, comparing the
phase stability to the precursor materials gives a better
approximation of the energetic position with respect to the
so-called convex hull (i, the lowest obtainable energy for a
given composition by linear combination of stable phases),
leading to a more reliable energy picture.

Because the defect-free ZGO material is stable with respect
to the used precursors ZnO and Ga,O; (see Table 2), and
therefore part of the convex hull of the ternary phase diagram, it
is also interesting to express the defect stability with respect to
this host. The defect energy, describing the stability of a defect
against segregation, can be defined as

AEy = Elhost: Xy] — (E[host] + E[X] — E[Y]) (2)
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with X and Y indicative of the starting materials for the antisite
defect energy, or equivalently:

AEX = AEform[hOSt: XY] - AEform[hOSt] (3)

The same equations can be used for more general defects (see
further). The reference energy of Zn and Ga (see eq 2) can
again be expressed in terms of the elemental solids or the
precursors, leading to different values of the defect energy and
representing the stability against clustering of the elemental
solids, AEY, or the precursors, AE%. For a given defect, both
defect energies are related through the formation energy of the
precursor materials out of the elemental solids (see Section S3
in the Supporting Information). Contrary to the formation
energies in eq 1, defect energies directly express the stability of
a defect in a host and are therefore used in the remainder of this
work.

The combination of two antisites produces an antisite pair
that, in the undoped ZGO, is characterized by the distance d;
between the two sites (see Figure 2b). The corresponding
defect energy is independent of the starting materials and is
calculated as

AE,,(00d,) = E[host: (00d;)] — E[host] (4)

with d; = 1, 2, or 3 corresponding to 3.50, 5.50, and 6.94 A
before relaxation, respectively (see Figure 2b). Figure 3 displays
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Figure 3. Calculated defect energies (in meV) of the various defects in

the undoped ZGO host.

the calculated defect energies. The relative stability of the
antisites depends on the starting materials, but in both cases an
antisite pair is more stable than the mere combination of two
single antisites. Figure 3 also shows that an antisite pair
becomes less stable when the distance d; increases. This effect
is relatively weak when the antisites are far from each other (i.e.,
comparing (002) with (003)) as the host itself also shields the
charges (see Section 3.1.3).

3.1.3. Density of States and Charge Analysis. The defect
energy describes the stability of the corresponding defect, but
additional information on the occupation of the single-particle
Kohn—Sham states and on the introduction of new states due
to defects can be obtained from examining the density of states
(DOS). It is incorrect to extract spectroscopic information from
the DOS, as total energy differences between ground and
excited states are needed for this.”"* When charge-transfer
phenomena need to be addressed, be it shallow donor or
acceptor behavior of defects, or charge-transfer luminescence
originating from deep levels, the DOS is insufficient, and
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charge-state transition levels need to be calculated.”***° In this
discussion, the DOS is solely exploited to acquire the electron
occupation for various defects. All calculated DOS are included
in Section S4 of the Supporting Information.

In Figure 4 the DOS is given for the ZGO host, ZGO
containing an antisite, Zng,, and ZGO containing an antisite

ZGO:Zng, ZGO:(001)

I ! I I I I I "3 7
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45
_— 4F 44
3 3
g3 33 2
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E . ei(znﬁ) 3 Ga Bromi 3
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Figure 4. Calculated DOS of ZGO (left), ZGO:Zng, (middle), and
ZGO:(001) (right). Majority (red) and minority (black) spin are given
in the left and right part of each DOS, respectively. The e, states are
indicated with their occupation in superscript.

pair ((001) configuration). It is found that a Zng, antisite
introduces two gap states, which are filled with approximately
three out of four possible electrons when only this antisite is
introduced. In case of Gay, no clear difference is found
compared to ZGO, except that the Fermi level is raised due to
the increased number of electrons (see Figure S2 in Supporting
Information). The Fermi level for the Gay, lies in the
conduction band, and no clear localized character is observed,
indicating that the extra electron is delocalized over the host.
For the antisite pair configurations, it is found that both two-
particle gap states resulting from the Zng, inclusion are split in
four one-particle states in case of a small d; distance (see Figure
4).

To further rationalize the stability and charge compensation,
atomic Hirshfeld-I charges were calculated (see Table 3 for
charge differences taking the same-site Hirshfeld-I charges of
the original ZGO host as a reference). The charge information
on all configurations is included in Section S$ of the Supporting
Information. Table 3 demonstrates that a Zng, antisite is
negatively charged (—0.295) compared to a Gag, site in the
original host. The small negative charge suggests that the Zn
atom substituted at an octahedrally coordinated gallium site

behaves almost as a gallium atom to maintain the bonding
environment of the surrounding oxygens. This is also seen in
the DOS where the ¢, states are missing approximately one
electron to obtain the d'° configuration. However, the transfer
is not complete—as this would correspond to zero charge
difference between the Zng, and Gag, site. In the same way, the
oxygen atoms do not have the optimal amount of electrons
resulting in a partial positive charge of +0.171 located mostly
on the nearest neighbor shells of O (+0.119). The remaining
charge is distributed mainly over the nearest neighbor shells of
Ga and Zn atoms, respectively (+0.024 and +0.052). A Gay,
antisite behaves complementary, bearing a positive charge of
+0.441 compared to a Zny, site in the defect-free ZGO. The
corresponding negative charge is spread out over mostly
gallium (—0.248) and zinc (—0.171) as listed in Table 3. This
charge is mostly located on the second cationic neighbor shells.
In contrast to a Zng, antisite, the creation of a Gay, antisite
barely affects the charge of the surrounding oxygen atoms.

In case of creation of an antisite pair, the negative charge of
the Zng, increases from —0.295 to —0.525 (see Table 3), nearly
completely balancing the positive charge of the Gay, antisite.
The charge transfer brings both antisites closer to the d'
configuration and is the driving force for the stability of an
antisite pair. Such a pair is indeed most stable when the sites of
opposite charge are close to each other, explaining the stability
ordering (001) > (002) ~ (003) (see Figure 3). In addition, the
interatomic distance between the antidefect sites appears to
have little to no influence on the charge-transfer mechanism
(compare the (001) and (003) configurations in Table SS of
the Supporting Information) in line with the observation that
active sites in a system can have long-ranged charge
interactions.”’

3.2. Cr Doping of the Defect-Free ZGO Host.
Substitutional doping of ZGO with one chromium atom
leads to two distinct doped ZGO materials, denoted as
7ZGO:Cry, and ZGO:Crg,.

3.2.1. Structural Properties. The local environments of the
inserted chromium are shown in Figure 5. As the chromium

Figure S. Surroundings of chromium on (a) a gallium or (b) a zinc
position. Atoms are colored as follows: Zn, gray; Ga, green; Cr, blue;
O, red.

Table 3. Differences of Atomic Hirshfeld-I Charges” for the Different Sites As Compared to the Charges on the Same Sites in

7GO
ZGO:Zng, ZGO:Gay, ZGO: (001)

Zng, —0.295 —0.525
Gag, 0.441 0.465
CrGa

Zn 0.077 -0.193 0.006
Ga 0.046 —0.248 0.054
O 0.171 —0.0004 —0.003

ZGO:Crg, ZGO:(100) ZGO0:(010) ZGO:(111)
—0.499 —0.524
0.442 0.465
0.145 0.384 0.146 0.147
0.009 0.059 —0.189 0.013
—0.016 0.030 —0.263 0.031
—0.138 0.021 —0.138 —0.136

“The values of Zn, Ga, and O are the sum of all relative charges of atoms of this kind. In line with the Kroger—Vink notation, charges of the same

sites in the host were compared throughout the paper.
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atom is almost of equal size compared to the original Ga and
Zn atoms,”’ the bond lengths in the immediate vicinity do not
vary much. The difference in bond length is only —0.5% and
+0.5% for doping on a Ga and Zn position, respectively, and all
distances to the nearest neighbors change equally. The average
Cr—O distance of 1.98 A for Crg, is in good agreement with
the experimental value of 1.96 A, obtained using EXAFS
spectroscopy as recently reported by Basavaraju et al.””

3.2.2. Stability Analysis. The stability of the ZGO:Cry, and
ZGO:Crg, materials can again be characterized using both the
formation and defect energy (see Table 2). The formation
energy is now calculated as

AE;,,,[ZGO: Cry] = E[ZGO: Cry] — f(E,, By, E,, Eo)
()

where X is a Zn or Ga, and @, ff, and y define the starting
materials. One can again consider the elemental solids (a = Zn,
B = Ga, y = Cr) or the experimental precursors (¢ = ZnO, f§ =
Ga,0;, 7 = Cr,03) as starting materials (AE},,,, and AEp,,, cf.
Table 2). The defect energy AE.,—in this case also referred to
as the dopant energy—now describes the stability of the Cr
dopant in the host compared to its native environment (AEg,
or AER, cf. Table 2) and is calculated with eq 2, where X is Cr,
and Y can be Zn or Ga. It expresses the stability of the dopant
against segregation of a chromium phase. Table 2 shows that
the increased stability of the precursor materials with respect to
the elemental solids translates in a decreased stability when
going from AE; . to AEE . For the same reason, the stability
of the defect-free ZGO causes defect energies to be higher than
formation energies. Nevertheless, all studied quantities yield the
same qualitative picture, that is, that Crg, is energetically more
favorable than Cry,. Even Crg, has a slightly positive energy
compared to the convex hull of the quaternary phase diagram,
as evidenced by AEE, but the energy difference per atom is
small (only 88 meV/unit cell, see Table 2) and can be
compensated by finite-temperature effects.

3.2.3. Density of States. Figure 6 displays the calculated
DOS for the ZGO host and for the two Cr-doped materials. It
can be seen that the chromium dopant introduces additional
energy levels in the band gap of the ZGO host. The obtained
single-particle splitting in t,/t,, and e/e, orbitals is qualitatively
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ZGO ZGO:Cr,, 2GO:Crg,
7 W‘“‘?‘“‘W
6 -_
a3
2u,
— 4F eg(Cwﬂb d4
d 6 (Cry,) E, d
o3f 2 (C1z, Fermi =
u uj
uLE i e g
e (Cr,) — b
12
1E 1, (Crgy)
E hl ern
0 ~

A

-100 0 100 -100 0 100 -100 0
DOS (arb. un.)

Figure 6. Calculated DOS of ZGO (left), ZGO:Cry, (middle), and
ZGO:Crg,(right). Majority (red) and minority (black) spin are given
in the left and right part of each DOS. The t,/ t and e/ e, states are
indicated with their occupation in superscript.

Figure S) obtained for substitution on a Zn or Ga position,
respectively. The DOS of ZGO:Cry, indicates two fully
occupied lower-lying e levels and two occupied and one
unoccupied higher-lying t, levels. Hence, DFT predicts a 3d*
configuration for the ZGO:Cry, defect, which is spectroscopi-
cally known as Cr*". This configuration has a completely
different fingerprint than the more common 3d® configuration
in Cr’*. Cr** luminescence is known to occur in multiple II—VI
semiconductors and features infrared emission in the range of
2-2.5 um.” "% In contrast, the DOS of ZGO:CrGa contains
three occupied t,, levels and two unoccupied, higher-lying e,
levels. Hence, for ZGO:Crg, a 3d® configuration is predicted.

3.3. Single Antisites in the Doped ZGO Host. In this
section, the influence of isolated antisites in the doped ZGO:Cr
material is studied. Only the most stable doped configuration is
considered, with the Cr’* ion at a Ga position (see Section 3.2).
Contrary to the antisites in the undoped ZGO host, different
antisite configurations now arise due to a varying distance of
the antisite to the chromium dopant. The configurations are
therefore labeled using the relevant distance between the
antisite and the chromium dopant, being d, or d, as defined in
Figure 2. In the case of Zng, this leads to five potential
structures (d,00), whereas three for Gay, are indicated by
(04,0). There are more antisite configurations for Zng, because
there are more gallium atoms in ZGO, making more locations
accessible around the chromium atom than for Gay,,.

3.3.1. Structural Properties. In line with the observations for
antisites in the undoped material (Section 3.1.1), the structural
properties of the defect-containing doped materials differ
significantly from those of the initial ZGO host. For Zng,
the average distance to the nearest oxygen neighbors increases
from 2.02 to 2.12 A, which is comparable with ZGO:Zn, (2.08
A). The (100) configuration is the sole exception, since not all
distances change in the same way: the average distance to the
four equatorial oxygen atoms changes from 2.02 to 2.06 A,
whereas the distance to the two axial oxygen atoms increases
from 2.02 to 2.23 A, yielding a slightly elongated octahedron
around the Zng, For Gay, all distances change in the same
way from 2.02 to 2.12 A, similar to the Gay, defect in undoped
ZGO.

Next, we examine the local environment of the chromium
dopant and its distortion due to inclusion of antisites. In the
ZGO:Crg, material, the dopant sits in a slightly distorted
octahedral environment as shown in detail in Figure 7. All
calculated angles are included in Section S6 of the Supporting

Cs

Figure 7. Detailed view of the local chromium environment when
substituted on a Ga site. The C; axis is indicated, as well as relevant
angles a, f, and 7.
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Figure 8. Defect energies for all configurations of the single substitutional (a) Zng, and (b) Gay, defects in ZGO:Crg,. The defect energies in the

undoped ZGO host are indicated with blue dotted lines.

Information. The angle a between the Cr—O bonds and the C;
axis (formed using the second nearest oxygen neighbors) equals
50.8°. This should be compared with the experimental value of
53.4° reported by Gourier et al. for the chromium ion in the
unperturbed case (denoted as Cr, also seen in Table. 1)."*
Introduction of a Gay, antisite only minorly perturbs the local
chromium environment. A maximal change of 1.5° is found for
f in case of the (010) configuration. This small distortion even
decreases when the antisite is located further from the Cr
dopant. The situation is altered in case of introduction of a
Zng, antisite, as the theoretical data indicate that the local Cr
environment is severely distorted for the (100) and (200)
configurations. For the (100) configuration, where the Zng,
antisite is positioned at only 3.0 A from the Cr dopant, @ and y
differ with 4.6° and 11.6° from the defect-free ZGO:Cr. A
similar distortion is found for (200). For Zng, at larger
distance, the distortion of the Cr environment is reduced; for
example, y differs only 2.2° from the unperturbed situation in
case of the (300) configuration.

3.3.2. Stability Analysis. The defect energy of single antisite
defects in ZGO:Cr is calculated from eq 2. The combination of
the Cr dopant and an antisite defect moreover allows to
calculate the stability of the Cr dopant, with regard to the
defect-containing material. The resulting dopant and defect
energies are related; for example, for the Zng, defect in the Cr-
doped material we obtain

AECr(dloo) - AECr = AEZn(leO) - AEZn (6)

Indeed, there is a special relation between defect energies when
two defects are present in a host material:

AE,[host: 1, 2] — AE,[host: 1]

= AE,[host: 1, 2] — AE,[host: 2] (7)

Equation 7 represents the mutual interaction between two
defects in a host material and states that the influence of the
first defect on the defect energy of a second one is equal to the
influence of the second defect on the defect energy of the first
one.

Figure 8a displays the calculated defect energies of the five
configurations for the Zng, antisite. The lowest defect energy,
corresponding to a decreased instability, is found for the (100)
configuration, that is, when the antisite is close to the
chromium atom. In line with eq 6, this stabilization of Zng,
in the presence of Cr (shown by the position of the red curve
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with respect to the blue curve in Figure 8a) also means that the
chromium dopant is stabilized by the presence of the antisite.
This trend is explained by the charge transfer between the
dopant and the defect. In case of Zng, the energy levels of Zng,
are lower than the levels of the chromium atom (see the DOS
in Figures 4 and 6), and hence an electron is transferred to the
defect to achieve a stable d'* configuration. This transfer, albeit
incomplete (see Hirshfeld-I charges in Section 3.3.3), would
suggest the formation of a Cr**(d*) configuration, which is not
observed experimentally, and thus the occurrence of a single
Zng, defect in the Cr-doped material is not expected.

In contrast, Figure 8b reveals that an increasing distance
between the chromium atom and Gay, only weakly reduces its
instability. In this case, the defect energy AEg,(04,0) is less
affected by changing d, than AE;,(d,00) is affected by
changing d;, and the addition of the Cr atom does not cause
a large energy variation of the defect (Figure 8b). These
findings are also supported by the DOS and the calculated
Hirshfeld-I charges (see Section 3.3.3).

Both antisites have an opposite preferable configuration with
respect to their distance to the chromium atom. Importantly,
the antisites in ZGO:Cr are still unstable and are hence not
expected to exist.

3.3.3. Density of States and Charge Analysis. The
interaction between the defect and the chromium atom as a
function of their distance is also examined by calculating the
DOS for the distinct configurations. All calculated DOS are
included in the Supporting Information (Section S7). In Figure
9 the projected density of states (PDOS) on the d-orbitals of
the chromium atom is illustrated for two Zng, defects in
ZGO:Cr. The strong interaction between the Zng, defect and
chromium dopant at close distance (ie., the (100) config-
uration) induces an extra splitting of the t,, levels, which now
contain approximately two electrons because of the transfer to
the defect. When the defect is located further from the
chromium atom (i.e., the (300) configuration) the interaction
between dopant and defect weakens, and these levels rejoin.
Compared to ZGO:Crg,, the minority t,, levels levels are now
below the minority ¢, levels due to interaction with the Zng,
resulting in three clearly split unoccupied t,, peaks in Figure 9.
This behavior is independent of the distance d; and therefore
most likely caused by the changed occupation of the chromium
atom from £, to t5,. For the Gay, defect no substantial
interaction between the chromium atom and the defect is
observed, irrespective of their distance (see Figure S6 in the
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Figure 9. PDOS on the d-orbitals of the chromium atom with ZGO:
(100) (left) and ZGO:(300) (right). These PDOS clearly indicate the
splitting of the occupied tzg( Cr) levels when the distance between Zng,
and Crg, is small.

Supporting Information). This observation is in line with the
conclusion based on the defect energies that the interaction
between the Gay, defect and chromium dopant is very small
(see Section 3.3.2).

Analysis of the atomic Hirshfeld-I charges indicates that a
Zng, antisite becomes more negative (from —0.295 to —0.499),
whereas the positive charge on the chromium atom
correspondingly increases from 0.14S5 to 0.385 (e.g, config-
uration (100), Table 3). These results confirm the charge
transfer. The driving force of this electron transfer is the
stabilization of the Zng, to create the d'® configuration. The
most stable configuration is achieved when the created opposite
charges are close to each other, that is, configuration (100).

3.4. Antisite Pairs in the Doped Material. In this final
section, antisite pairs are examined in ZGO:Cr. For these
configurations, the distance d; is also varied, similar to the
analysis performed in Section 3.1.

3.4.1. Structural Properties. Table 4 lists for all investigated

close to the initial distances (Figure 2b). The largest changes
upon optimization are found for the (d;d,1) configurations
with a maximal change in bond length of 0.04 A (1.1%).

The influence of introducing an antisite pair on the local Cr
environment (see Table S8 in the Supporting Information) is
examined. The distorted octahedral environment (Figure 7) is
mainly affected by the presence of the Zng,, and d; dominates
the overall behavior. For all configurations with d, = 1 the local
Cr environment is substantially distorted. In particular, ¥
changes with ~5° from the angle in ZGO:Cr, whereas for d; =
3 this distortion is severely reduced (e.g,, changes in y are below
1°). Moreover, increasing d; also results in a reduction of the
distortion as shown by comparing (121), (122), and (123).
These findings are again in line with the structural behavior
previously proposed by Gourier et al. based on experimental
EPR measurements. These authors reported three antisite pair
configurations with Zng, in the first cationic coordination
(denoted as Cry s see Table 1) that contribute to the N2 line
and for which the distortion indeed decreases with increasing
distance between the antisites (ie., increasing d;).'"* Our
simulated data support these experimental findings and
moreover indicate that a variety of configurations should be
considered to contribute to the N2 line.

3.4.2. Stability Analysis. To investigate the stability of the
materials combining a Cr dopant and an antisite pair, the
following quantities are employed:

AE,(d,d,dy) = E[ZGO: Crg,(dydyd;)] — E[ZGO: Crg,]
(8)

AE(didydy) = E[ZGO: Crg,(didydy)]

— (E[ZGO: (00d;)] — E[Ga] + E[Cr])
)

The first value represents the stability of the antisite pair in
ZGO:Cr, whereas the second represents the stability of the Cr
dopant in ZGO containing an antisite pair. The relation
between the different defect energies is schematically shown in
Figure 10. It is seen that (example of eq 7)

(didyd;) configurations the relevant optimized bond lengths. It AE( (ddyd;) = AE,(dd,d;) + AE;, — AE,,;(00d;)
is seen that for all 30 configurations these optimized values are (10)
Table 4. Relevant Interatomic Distances” d, = d(Zng,—Crg,), d, = d(Gaz,—Crg,), and d; = d(Zng,—Gag,)
didyds d, d, dy AEg., didyd, d, d, dy AEg.,
111 297 3.51 3.52 25 312 5.97 3.49 5.50 119
112 2.98 3.49 548 135 313 5.99 3.50 6.94 148
121 2.97 §5.51 3.54 18 321 5.97 5.49 3.53 0
122 2.99 5.49 5.50 135 322 5.98 5.50 5.50 117
123 298 §5.51 6.93 158 323 5.99 5.50 6.94 139
132 2.98 6.94 5.50 136 331 5.99 6.94 3.53 3
133 298 6.93 6.94 159 332 5.98 6.93 5.50 116
211 5.19 3.49 3.53 10 411 6.70 3.50 3.54 12
212 520 3.49 551 127 412 6.69 3.50 5.50 124
213 5.18 3.50 6.93 150 413 6.69 3.50 6.94 149
221 5.20 5.49 3.53 N 421 6.67 S.51 3.53 4
223 5.18 5.50 6.94 144 422 6.68 5.51 5.50 119
231 5.17 6.92 3.53 6 431 6.69 6.92 3.51 S
232 5.18 6.93 5.50 121 512 8.45 351 5.50 129
311 5.97 3.50 3.54 8 521 8.44 5.49 3.53 7

“In angstroms, as defined in Figure 2 for all configurations combining the Cr dopant with an antisite pair. Formation energy differences AE

relative to the most stable configuration, are also given (in meV/unit cell).
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Figure 10. Schematic representation of the relation between the
various dopant and defect energies in ZGO. The antisite defect
energies (in black) are independent of the starting materials, whereas
for the Cr dopant energy the oxide precursors (in pink) or elemental
solids (in red) can be taken.

from which we conclude that, for fixed d;, AE,,;(d,d,d;) and
AE (d,d,d;) follow the same trend as a function of d; and/or
d,. The generated energy scheme of Figure 10 schematically
links the different elements and elucidates the interplay
between the dopant and defects. All calculated values are
included in Table S9 in the Supporting Information. It can
overall be noted that the presence of the Cr dopant only
minorly affects the calculated antisite defect energies, and vice
versa, the inclusion of an antisite pair has little influence on the
calculated Cr dopant energy.

Figure 11 displays the AE,,(d,d,d;) defect energies for the
twelve (d,d,1) and seven (d,d,3) antisite pairs around the
chromium. Comparison between both graphs indicates that the
antisites attract each other, as evidenced by the increased
stability of the configurations with short d; distance. As for the
undoped ZGO (Section 3.1), this behavior is again due to a
charge transfer between the two antisites. The attractive
interaction between both antisites is most pronounced if the
sites of opposite charge are close to each other, that is, ~3.5 A.
Figure 11 also reveals that the same general behavior, that is, a
minimum defect energy as a function of the Zng, d; distance
(and in particular at d; = 3). It is moreover seen that there is

also a minimum for the Gay,—Crg, d, distance, in particular, at
d, = 2. Hence, the minimum energy is found for a defect
configuration that combines these two distances, that is,
configuration (321) (see also Table 4). Notably, the relative
energies of all 30 configurations combining a dopant and
antisite pair vary only within a 160 meV range (as seen from
AEZ | in Table 4). Clearly, the configurations with small d,
distance are favored, as they all lie within a very narrow energy
range of only 18 meV with respect to the most stable (321)
configuration.

3.4.3. Density of States and Charge Analysis. In Figure 12
the DOS is plotted for four antisite pair configurations in
ZGO:Cr. In the first configuration (111) all sites of interest
(i.e., both antisites and the chromium dopant) are very close to
each other. In the subsequent DOS the different parts are put
further from each other, resulting in the (311), (321), and
(322) configurations. An increase in d, mainly affects the t,,
levels of the chromium dopant, whereas an increase in d, has
little influence on the overall DOS. Finally, an increase in dj
means that the e, levels of the Zng, rejoin.

In Table 3 the changes in atomic Hirshfeld-I charges are also
listed for the (111) configuration (data of other configurations
are included in section SS of the Supporting Information). In
contrast to the introduction of a single Zng, antisite (e.g.,
configuration (100)), no charge is transferred between the
chromium and the Zng, antisite. Instead, a charge transfer
between both antisites occurs similar to the situation of an
antisite pair in the Cr-defect-free host. No major difference is
seen between the different configurations, suggesting that the
energy is largely dominated by the distances between the two
antisites of opposite charge. This is in correspondence with
previous experimental observations where only typical Cr**
luminescence, that is, luminescence originating from a 3d*
configuration, is found."' ™" The combination of Kohn—Sham
DEFT calculations and optical spectroscopy therefore shows that
antisite defects only occur in Zng,—Gay, pairs. When these are
close to the luminescent Crg, center, the local point symmetry
and bond lengths change, yielding emission at slightly different
wavelengths.

4. CONCLUSIONS

This work investigated the behavior of antisite defect
configurations in the chromium-doped zinc gallate (ZGO:Cr)
by means of DFT simulations of large supercells. This
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theoretical characterization provides detailed atomic-scale
information on the local structural distortions and stability of
these complex materials. Various configurations of isolated
antisites, Zng, or Gag,, and antisite pairs have been studied in
undoped as well as chromium-doped ZGO.

The calculated dopant energies showed that, in line with
experimental observations, the luminescent chromium dopant
is preferably situated at a slightly distorted octahedrally
coordinated gallium site. The chromium substitution introduces
three occupied t,, levels in the band gap of ZGO. Isolated
antisites were found to be unstable in undoped ZGO. However,
simultaneous insertion of two antisites, that is, the formation of
an antisite pair, increased the stability substantially as
demonstrated using calculated defect energies. This stability
was further rationalized by analysis of calculated Hirshfeld-I
charges and the density of states (DOS), revealing a charge
transfer from Gay, to Zng, aiming to restore the d'°
configuration on both antisites. This charge transfer causes
both antisites of the pair to be as close as possible to
compensate each other’s charge.

Inserting antisites in ZGO:Cr indicated that mainly the Zng,
antisite interacts with the chromium atom, causing a severe
distortion of the local Cr environment. Moreover, the Cr
energy levels split further when Zng, was located near the
dopant. The Gay, however only minorly distorted the local Cr
environment, did not introduce gap states, and had no effect on
the chromium state. Introducing an antisite pair in the
chromium-doped ZGO resulted again in the creation of
opposite charges on both antisites, yielding a stable 3d°
configuration for the Cr atom in all investigated defect cluster
geometries. The configuration is most stable when the two
antisites are close to each other (i.e., ~3.5 A). It was found that
this interplay between both antisites, dominates the overall
stability picture of a ZGO combining a dopant and antisite pair.
These insights agree with previous experimental findings of
Gourier et al."”'* and Allix et al."” on the responsible structures
in the persistent luminescent mechanism. Hence our DFT
calculations underpin the possibility that an antisite defect pair
is formed in the first coordination shells of the Cr dopant,
influencing the Cr emission spectrum and possibly being
responsible for the charge trapping at the origin of the delayed
luminescence.
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This work demonstrates that theoretical simulations
combining the analysis of energies, DOS, and charges, can
provide clear qualitative trends in the geometrical and
energetical behavior of a series of dopant-defect configurations.
As a result, antisite defect configurations of ZGO:Cr can be
selected for further analysis of their luminescent characteristics.
In view of the overall importance of defect-containing spinel
materials for optical applications, theoretical simulations offer a
viable alternative to gain information on the behavior at the
atomic scale.
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