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ABSTRACT

ZnGa,04:Mn, as a distinct long persistent luminescence (PL) phosphor with green emission, has attracted intensive interest for display
devices and security applications. We have systemically investigated the role of intrinsic defects in the PL of pristine and Mn doped
ZnGa,0, by first-principles calculations. It is found that the self-activated PL is attributed to the electron traps induced by Vi and hole
traps by Vz, and Zng,. The doped Mn will be energetically favored at the tetrahedral sites rather than octahedral sites under an Mn-rich
condition. In contrast, the site preference of Mn largely depends on the chemical potentials of Zn and Ga under Mn-poor condition. The
existence of the antisite defect Zng,, however, promotes the stability of Mn at octahedral sites significantly, forming corresponding defect
complexes. The crystal field strength is significantly enhanced, while the spin splitting is reduced on Mn in the defect complex, which intro-
duces additional near-infrared luminescence of PL as confirmed by our experiment.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5078773

1. INTRODUCTION

Long persistent luminescence (PL) is a typical multifarious
luminescence phenomenon that emissions in the visible and blue-
green range can last for hours after the excitation.'™ Generally, it
has been recognized that the electron traps store the excitation
energy excited by the UV radiation or visible light and release it
slowly to gain PL. The intrinsic defects or those intentionally intro-
duced extrinsic defects, or both, yield the delayed luminescence.””
This excellent PL property has huge application prospects, such as
traffic signs, display devices, temperature sensors, security applica-
tions, and even in medical applications.’

In the middle of the 20th century, the first generation persis-
tent phosphor ZnS:(Cu, Co) was proposed, though it is hard for
practical application due to its poor brightness and lifetime, as
reported in the literature.” Since Matsuzawa achieved a revolution-
ary persistent green-emitting phosphor SrAL,O,:Eu, Dy,’ a flurry of
new finds on optimal PL materials have been reported. Among
various PL materials, a wide bandgap semiconductor, ZnGa,04
(ZGO), has been singled out due to its self-activated blue light
emitting and possible application on PL.”

The ternary compound oxide ZGO, composed of ZnO and
Ga,03, belongs to the spinel structures of AB,O, For AB,O,

compounds, the divalent ion A usually fills in the tetrahedral void
surrounded by four oxygen atoms, while the trivalent ions B
occupy octahedral sites as shown in Fig. 1. However, exchanges of
two types of ions in the lattice often occur, depending on the
preparation method, experiment temperature, and chemical envi-
ronment, possibly transforming a normal spinel into an inverse
spinel.'”'" It was reported that a weak inversion of spinel reaches
approximately 3% in samples from a solid state method,'’ while
Liu et al. prepared higher inversion samples of about 20% from a
solgel method.'' Due to the local electric field between two anti-
site defects (marked as Zng, and Gaz,) and the charge compen-
sation effect, these defects often form antisite pairs. As a matter of
fact, two emissions are often observed in pure ZGO, induced by
the coupling of defect traps and electronic levels from Ga-O
groups.”'” Jeong and Kim et al. ascribed the emissions to the dis-
torted [GaOg] and [GaO,] structural units with oxygen vacancies,
based on the binding energy difference by X-ray photoelectron
spectroscopy (XPS) measurements.' ' Meanwhile, Vo and Vg,
are suggested to act as the electron and hole traps in PL of a
similar phosphor, CaAl,O4Eu.'*"'® It was also reported that
many intrinsic defects are involved in PL, such as a blue emission
of B-Ga,03 and a green emission of ZnO.'”'® Nevertheless, the
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FIG. 1. The schematic spinel structure of ZGO: green for Ga, red for O, and
gray for Zn.

role of intrinsic defects in the PL is not well understood, espe-
cially from the theoretical point of view.

While the normal ZGO phase is laborious to response in
visible spectrum leading to poor PL property with a native large
bandgap, color tuning has been realized in ZGO through doped
Mn?", Cr*" ions, etc. and even co-doped with a variety of other
ions.'”~*' The emission of PL is adjusted to green when Mn impu-
rity is introduced, while it turns into red with Cr. It is critical to
understand the role of these TMs (transition metals) in PL. De Vos
et al. have reported that the local Cr environment will be severely
distorted due to interactions of the Zng, antisite with the Cr
atom.”' Here, we choose to study Mn>" ion due to its broadband
emission varying from green to deep red.” In fact, Mn could sub-
stitute either Ga or Zn atoms to form a stable local configuration
in ZGO with different behaviors of PL, while the debate on the
nature of substitution is still ongoing. Interestingly, the tempera-
ture and Mn-enrichment could affect the inversion parameter (the
proportion of [GaOg] and [GaO,]).'"* Moreover, Liu et al. demon-
strated that two antisite defects maintain a pretty high concentration
by electron paramagnetic resonance (EPR) and XPS measurements.
It is known to us that two types of crystal field environment will
introduce two different emission bands resulting from “T,-°A,
transition of Mn** ions.”

In this work, we have studied the impact of intrinsic defects on
the PL property of self-activated and ZGO:Mn, via first-principles
calculations. We find that defects of Vg, Vy,, Zng,, and Gaz, have
played critical roles in the self-activated PL property. Meanwhile,
Zng, can promote Mn ions into octahedral sites to form [MnOg]
octahedron, even if the chemical environment changes. The binding
energies reveal that defect Zng, or Vy, easily forms defect complex
with doped Mn and has a remarkable influence on the PL property.

Il. COMPUTATIONAL DETAILS

We perform the first-principles calculations based on the
density functional theory (DFT) method by using the Vienna ab
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initio simulation package (VASP) code.””*® The projector augmented

wave (PAW) method with generalized gradient approximation
(GGA) of the Perdew-Burke-Ernzerhof (PBE) functional was
employed for describing the exchange correlation potential.””** To
meet with maximum experimental doping concentration (0.5%-5%)
in ZGO:Mn as far as possible,'”*” we adopt the 2 x 2 x 2 supercell
for understanding the defect property in the host material. The
cutoff energy of a plane-wave basis set was set as 700 eV. All the
structures are fully relaxed with a mesh of 1x 3 x 3 obtained by
the Monkhorst-Pack method,” and the force criterion is 0.02 eV/A.
The DFT-1/2 method is adopted to obtain more accurate bandgaps
with respect to the conventional gap-underestimation functional,
where the DFT-1/2 method shows a typical behavior that the eigen-
values and the bandgap are exhibited as a trimming function of
self-energy potential defined in the atoms, as bandgaps frequently
depend on specific atoms and bonding types for a given semicon-
ductor.”® The optimal parameter CUT of this function makes the
bandgap extreme, as is the case of an ionic or covalent radius. On
the other hand, considering the primary contribution to valence
band maximum (VBM), the optimal values of CUT were selected
to O p orbital (2.67), Ga d orbital (1.23), and Zn d orbital (1.67)
(see Table S1 in the supplementary material), which are consistent
with the radius cutoff for calculations of subsequent partial density
of states (PDOSs). The DFT-1/2 method is demonstrated to
provide a reasonable bandgap of ZGO compared with experimental
values (~4.4 eV), with the same computational cost as the standard
DFT.30—32

We have calculated the formation energies of all the possible
intrinsic defects using the following equation:”>**

AHY = Ep(a, q) — Ep(0) + Z (A + ) "

+ q(EVBM + Er + AV).

Here, Ep(a,q) and Ep(0) are the total energies of supercells with
and without defect a; Ay; is the atom chemical potential of consti-
tute i referred to its most stable phase with energy w5°; #; is the
number of each element; g represents the charge state of defect «;
Evpw is referenced to VBM of the defect free system; and Ep is the
Fermi level relative to the Eypy. The potential alignment correction
term AV is added to align the VBM energy in systems with
different charged states’ and is referenced to local atomic electro-
static potentials farther away from the defect site between the
neutral and charged defects. In terms of greater simulated doping
concentration than an experiment, the total energy of charged
defects in a supercell, Ep(a.g), is corrected up to the quadrupole
term according to the Makov-Payne scheme to overcome the image
charge interaction from periodic boundary condition.”®

lll. EXPERIMENT DETAILS

Preparation: The pure and 1% Mn?* doped ZGO phosphors were
prepared via the traditional high temperature solid state reaction.””
The high purity ZnO (99.95%), Ga,0; (99.999%), and MnCO;
(AR) raw materials were weighed according to the nominal compo-
sitions. In a typical synthesis, stoichiometric mixtures of the raw
powders were ground in an agate mortar for 0.5h without ethanol
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to ensure homogeneity. The mixtures of composition were calcined
in the aluminum oxide crucible at about 1300 °C for 2 h. After the
system cooled to room temperature naturally, the production was
reground for the following photoluminescence characterization.

Characterization methods: Static excitation and emission
spectra were recorded on an FLS920 spectrofluorometer (Edinburgh
Instruments) in single photon counting mode.

IV. RESULTS AND DISCUSSION
A. Electronic structure of pristine ZGO

The band structure and the PDOS of the pristine ZGO are
calculated by GGA and DFT-1/2 methods, respectively, as shown
in Fig. 2. The VBM of ZGO appears along the K-TI' direction, while
the conduction band maximum (CBM) is located exactly at the T
point, indicating the nature of an indirect bandgap semiconductor.
The crystal structure of ZGO mainly consists of [ZnO,] tetrahe-
dron and [GaOg] octahedron. Hence, the bonding orbitals of Zn-O
and Ga-O groups mainly contribute to the valence and the conduc-
tion band. The corresponding PDOS reveals that the VBM is pri-
marily contributed from O 2p, Ga 3d, and Zn 3d levels, whereas
the CBM mainly originates from Ga 4s and O 2p levels, forming a
dispersed band. The calculated bandgap is only 2.29 eV due to the
well-known limitation of GGA-PBE in predicting the bandgaps in
a strongly correlated system, which is dramatically narrower than
the experimental value, ~4.4 eV.

To improve the bandgap evaluation, the DFT-1/2 method with
no remarkable additional computational effort is also employed.
From Fig. 2(b), we could observe that DFT-1/2 gives similar disper-
sion relations as GGA-PBE on band structure but with the much
improved bandgap. In this case, the self-energy potential does not
cause significant band deformation and reserves the nature of indi-
rect bandgap. In order to analyze the difference between two dis-
persed bands in deep insight, we also calculated the effective mass of
conduction band, which turns to be 1.01 e and 1.28 e from GGA and
DFT-1/2 calculations, respectively, in line with the results in the
literature.””

B. Intrinsic defects and self-activated PL

1. Phase diagram and defect formation energy

In order to sustain the existence of stable pure phase ZGO
and avoid the formation of competing for secondary compounds

(b)
10
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(such as elementary substances, ZnO and B-Ga,0s, as well as the
impurity involved phase Mn;0,), the chemical potential y; should
be satisfied with the following constraints:

Az, <0, Mg, <0, Aug <0, Ay, <0, (2)
Aty + 2001, + 4Mu = AHi(ZnGa,Oy), 3)
Mgy + Mg < AHp(ZnO), (4)

2M\uG, + 31 < AHp(Ga,03), (5)
30y + 40 < AHp(Mn;0,). (6)

The calculated chemical potential region of Zn, Ga, and O is
shown in Fig. 3(a), with only the narrow area of A-B-C-D-E
(includes blue and orange areas) available for the stable ZGO. On
the other hand, the wide range of the oxygen chemical potential
provides the possible flexibility to tune the concentration of intrin-
sic defects by controlling the growth conditions. Herein, we have
selected five typical chemical potential points (A, B, C, D, and E)
on the boundary of phase diagram and one point (F) at the centre
to investigate the formation of various defects.

We have plotted the formation energies of various single
defects as a function of Ayg in Fig. 3(b). Here, the neutral accep-
tor defects of Vz,, Zng, are pinned around the VBM, while the
neutral donor defects of Vo, Gay, are available around the CBM.
The formation energies of these defects can be tuned in a large
range due to the relative broad choice of oxygen potential in the
stable region of ZGO [cf. Fig. 3(a)]. The lowest formation energy
of Gay, defect increases [see Fig. 3(b)], while that of Zng,
decreases as po moves from O-poor to O-rich and vice versa. It is
noticed that the fairly low formation energies of Vo and Vy, are
in analogy with the spinel CaAl,O,, where both O and Ca vacan-
cies are easy to form."””"” The other intrinsic defects (Vg,, Gao,
Zno, Ozn, Oga and O;) will not be considered due to their high
formation energies.

2. Transition energy level and self-activated PL
property

We have learned that two antisite defects, Gay,, and Zng,, and
two vacancy defects, Vo and V,, are the most energetically favored

Energy(eV)
N

N DOS(states/eV)

=

FIG. 2. Calculated electronic band

L ——0(2p) structure and partial density of states
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intrinsic defects. Their defect transition energy levels £,(q/q’) corre-
spond to the Fermi level position where two different charged defect
states have the same formation energy, i.e., AH (@) — Af(@d) 3

In Fig. 4, the calculated formation energies and transition
energy levels at three typical chemical potential points are shown.
The formation energies of charged defects also have a relatively
large variation as for a wide gap semiconductor. On the donor-defect
side, Gayz, has a resonant electron trap level inside the conduction
bands, meaning that neutral Gay, is easy to release an electron into
the conduction band, and shifting to the charge state of 1+. Slightly
different from Gaz,, Vo will generate one thermodynamic stable
transition energy level €(+2/0) at Eg=3.49 eV, indicating that there
are two electrons released or trapped at each oxygen vacancy defect
level. Unlike donor defects, each Zng, (Vz,) creates a relative
shallow energy level of 0.87 eV (0.35eV) near the VBM. These two
empty impurity levels can accommodate electrons or holes as a
carrier reservoir. Under the O-poor condition, the donors have
higher concentrations, leading to the pinned Fermi level closer to the
CBM. As the chemical potential changes, Zng, gradually becomes
the dominant defect to offset the effect on the Fermi level influenced
by the donor defects, shifting Er to the middle position. Therefore,
the pinned Fermi levels can be widely tuned by the chemical

O-rich «¢——— O-po0r ———— O-rich

correspond to defects with relative high
formation energies.

environment. The pinned Fermi level is capable of qualitatively
reflecting the charge state of every defect and affecting the transition
of electrons. Here, we have observed that the charge states of Vy,,
Zng, and Gag, will stay at 2—, 1—, and 1+ in the tunable Fermi
energy range, while Vo will vary from 2+ to neutral. The charge
state variation of oxygen vacancy was also reported in the
literature."”

The calculated impurity levels from the DFT-1/2 method are
expected to qualitatively reflect the transition levels of the corre-
sponding defects. As shown in Fig. 5(a), ZGO with Zng, (Vz,)
introduces pretty shallow impurity levels above VBM, in line with
the calculated transition levels in Fig. 4. As for donor defects, Vo
introduces defect levels in the middle of bandgap, usually acting as
energy storage for long PL.' However, Gaz, defect introduces no
level inside the gap but inside the conduction band. We also notice
that the O 2p level has contributions to all the impurity levels in
the gap, due to dangling bonds and antisite bonds corresponding
to the defect configuration.

Furthermore, we have calculated the absorption spectrum of
bulk ZGO without and with defects, as shown in Fig. 5(b).
The absorption spectrum of ZGO with defects is similar to that of
pristine ZGO for absorption energy greater than 4.4 eV, illustrating

(a) O-poor condition, point C  (b) O-mediate condition, point F  (c) O-rich condition, point E
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that intrinsic defects have no remarkable changes on the bandgap
of bulk ZGO. It is observed in the absorption spectrum that two
peaks around the energy of 0.4eV and 0.7 eV emerge above the
VBM induced by Zng, and V,, in line with their transition levels,
0.35 and 0.87 eV, respectively. The peaks just above 0eV of the
spectrum of ZGO:Gay, are attributed to the initial emission of
electrons from neutral Gay, defects, which is adopted in our calcu-
lation of absorption spectrum. Of note, the calculated spectrum
of ZGO:Gay, system will be identical to that of pristine ZGO as
Gay, has a resonance defect level inside the conduction band
(see Fig. 4). Moreover, unionized Vo preferentially releases two
electrons to introduce two peaks similar to Gay,. Subsequently,
electrons from VBM are excited to the ionized level of V& about
3.49¢eV. There are no significant peaks observed in ZGO:(Gay,,
Zng,), mainly due to the charge compensation effect between Gaz,,
and Zng,, implying that the defect complex contributes little to the
self-activated PL.

The wide bandgap semiconductor generally has a poor
efficiency on PL property. The reported blue emission of 3-Ga,0;
and green emission of ZnO are largely due to a strong correlation
between luminescence intensity and the formation of intrinsic
defects, as suggested by Onuma et al.'” and Sambandam et al.'® As
for two self-activated emissions, a superposition of broad peak
around 400-480 nm has been observed in pristine ZGO prepared
in an oxidation environment. However, the above broad peak
disappears and only one main peak of luminescent emission is
observed around 360 nm of pristine ZGO in a reduction environ-
ment.'” It is also reported that the V, defect could give rise to the
emission phenomenon.” Following the above qualitative analysis
and experiment observation, we construct a feasible model to
explain these two self-activated emissions. When the ZGO samples
prepared under an O-rich condition, i.e., the oxidation environ-
ment, Vo is energetically favored at the 2+ charge state, and the
neutral Zng, will act as hole traps, as well as neutral Vg,
According to our calculation, the energy difference between the
transition level of V& and the levels of V), and Zng, is 3.14 and
2.62 eV, respectively. The calculated transition energies are in good
agreement with the reported blue emission in the oxidation envi-
ronment. In addition, ZGO tends to exhibit n-type conductivity

under the O-poor condition corresponding to the reduction envi-
ronment, maintaining a high Fermi level, so that the impurity level
of Vo will hold on the unionized state mostly. When electrons are
excited to CBM by UV radiation and return back to VBM, they
skip the electron-occupied Vo impurity level and directly transmit-
ted to the Zng, impurity level with an emission around 360 nm.
Actually, the calculated thermodynamic transition levels between
the fully relaxed defect structures are in line with the optical levels
within a minor difference.*”*'

C. Influence of intrinsic defects on the stability and PL
property of Mn impurity

1. Site preference of Mn impurity

Experimentally, Mn ions can emit green or red luminescence
in ZGO excited by UV radiation.'>** Considering the close ionic
radii and possible oxidation state around 2+ to 3+, Mn dopant
induces two kinds of substitutions Mn,. and Mn, in the ZGO
system. In fact, under low concentration of Mn dopant, i.e., the
Mn-poor condition, we find that Mn could be stabilized at both
tetrahedral and octahedral sites in pristine ZGO as the oxygen
chemical potential tunes in a large range (see Fig. S1 in the
supplementary material). When Mn is heavily doped, the tetrahe-
dral site is energetically favored for Mn in pristine ZGO, as the
chemical potentials of O, Zn, and Ga are limited in a small range
[cf. Fig. 3(a)] under an equilibrium condition.

It is known that antisite defects (Gay, and Zng,) have low
formation energies at the pinned Fermi level from Fig. 4, indicating
a high concentration in the ZGO, in line with the experimental
observation.'’ In Fig. 6, we illustrate the doping process of Mn with
and without the antisite defects. Under the Mn-rich environment,
Mn atoms prefer the tetrahedral sites than octahedral sites energeti-
cally without the pre-existed antisite defects. Therefore, in terms of
thermodynamic state, the stability of [MnO,] octahedron prevails
to [MnOg]. Interestingly, it is known that the antisite defect could
be largely available up to about 20% in ZGO samples prepared
from the solgel method.'" According to our calculation, Mn atoms
will be much easier to substitute Zn atoms at octahedral sites with
the pre-existed antisite Zng,, though it is hard for Mn directly
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FIG. 6. Schematic diagram of four possible ways to form two types of Mn
dopant and their respective formation energies under the Mn-rich environment.

entering into octahedral sites. For the inclusion of Gay,, it has a
slight influence on [MnO,] tetrahedron. Therefore, we speculate
that Mn atoms could also substitute Zn atoms at Ga sites to form
Mn, as well as Mn; due to the matched charge state, as we know
that the location of Mn?* is related to temperature in the litera-
ture.”” This result could explain why Mn atoms could occupy
either octahedral sites or tetrahedral sites with the variation of anti-
site concentration.'’ For Mn dopant, the comparison among four
possible ways to form two types of Mn substitutions can provide a
useful guidance for experiments.

2. The optical property of ZGO:Mn without and with
defect complex

Although Zng, could affect the site preference of Mn impu-
rity, Mny is still dominated than Mn,.. We, therefore, attempt to
associate the “T,-°A, transition to our calculated electronic

spin-down DOS(states/eV) spin-up

(a) .

Energy(eV)

LW -40 0 40 I
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structures of Mn,.; with and without Mn defect complex, based on
the model of Mny. The electronic structures of Mn-doped ZGO
are shown in Fig. 7(a). In comparison with the PDOS and band
structure of pristine ZGO [Fig. 2(a)], we find that the doped Mn
introduces impurity levels into the bandgap. Both PDOS and band
structure indicate that the Mn 3d levels exhibit a large spin split
due to the strong exchange interaction. The introduced impurity
levels are divided into two parts: the electron-occupied part is
located 2 to 2.55eV above the VBM and the unoccupied part is
located 1.7 eV above the CBM. The calculated energy difference
between the 3d majority and minority spin levels of Mn is
approximately 3.7-4.25 eV, much greater than the theoretical eval-
uation of the transition from °S to *G (~3.3eV), according to
Tanabe-Sugano diagram,”” and the experiment emission peak of
2.0-3 eV (420-620 nm).”**** The °S ground state level is corre-
sponding to the fully occupied t, and e in the majority spin
channel. When electrons are excited to higher levels by UV radia-
tion, configuration *L could be formed, and energy will be released
as the electrons tend to relax to the ground state. As we know, the
crystal-field effect propels the *G level (the lowest one of *L confi-
gurations) to further split into *E, *A;, *T, and *T,. Here, we
obtain the Dq (crystal field strength, which equals to 9/40 of the e,
t, splitting energy difference in the tetrahedral configuration'*) to
be ~0.12 eV, similar with an experiment value.””

Experiment results in Fig. 7(b) show that pristine ZGO has a
near infrared emission of 1270 nm after excitation at 250 nm, while
ZGO:Mn also possesses a near infrared emission band around
1100 nm under excitation of 275nm. Furthermore, ZGO:Mn
samples exhibit an additional excitation peak at 475 nm by moni-
toring the emission at 1110 nm. The notable contrast in the emis-
sion and excitation feature between ZGO and ZGO:Mn indicates
that the near infrared emission of 1100 nm is ascribed to Mn
dopant. However, the origin of near infrared luminescence still
needs to be further investigated. In fact, we find in the following
discussion that Mny can easily form a defect complex with a
greater Dq value, which might contribute to the near infrared lumi-
nescence mentioned above.

yi
r s

104 ZnGa,0, Ex250
Mn: ZnGa,0,
0.8 Mn: ZnGa,0,

0.6

Intensity

Em1100
0.4

0.2

0.0

T 74
600 900 1050 1200 1350 1500
Wavelength (nm)

T 1 N 1
240 360 480

FIG. 7. (a) DFT-1/2 calculated band structures and PDOSs of ZGO: Mnz,. Mn 3d levels are denoted by the red solid lines in the band structure and PDOS. The pinned
energy level (see Fig. S2 in the supplementary material) is set to zero. (b) Photoluminescence excitation and emission spectra of ZGO without Mn dopant and with Mn

dopant from the experiment.
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Binding Energy (eV)

FIG. 8. Calculated binding energies of various defect complexes (left column,
nearest neighbor) vs the distanced defect combination (furthest distance in the
supercell). Here, the corresponding bond lengths of local structure configuration
of the fully relaxed defect complex are also given.

As the intrinsic defects play an important role in self-activated
PL, here, we further study the influence of intrinsic defects on a
ZGO:Mn”>* PL property, focusing on the Mn,, contained defect
complex. The stability of the defect complex is determined by its
binding energy, which is defined by
E, = AHf(Mntet) + AHf(X) - AHf(Mntet + X), (7)
where AHf(X) is the formation energy of the single defect X
(including Vo, Vz,, Gaz,, and Zng,). For complexes (Mnye, X), we
consider four possible models, even considering the antisite pair as
a comparison as shown in Fig. 8. For (Vz,, Mn) and (Zng,,
Mny,), their positive binding energies indicate that it is energeti-
cally favored for the sample containing both (Mny, Vz,) and
(Mnyer, Zng,), as well as the antisite pair. The greater E}, of (Mnye,
Vzn) stands for a stronger interaction within the complex than that
of (Mnyer, Zng,). However, the defect complexes of (Vo, Mny) and
(Gazn, Mny) are hard to form due to their negative binding
energy, which mainly attributes to the electrostatic repulse between
the complex components. We also compare the binding energies of
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the defect complexes with their corresponding combinations with
the furthest distance in the given supercell (cf. Fig. 8). The compar-
ison shows that the nearest combinations are remarkably more
stable than the distanced combination, indicating the stability of
the Mn,, defect complexes.

A series of local atomic structures of fully relaxed defect
complexes are shown in Fig. 8. When Ga and Zn atoms exchange
their position, the bond length of [GaO,] tetrahedron and [ZnOq]
octahedron is 1.93 and 2.08 A differing from original Ga-O and
Zn-O bond lengths of 2.02 and 2.00 A. The bond length of
[MnO,] tetrahedron is 2.03 A, which is close to that of the Zn-O
bond (see Table S2 in the supplementary material). We notice
that the distance of Mn-O nearly has no remarkable change when
forming defect complex with Vo or Gaz,. In contrast, V, and
Zng, introduce an obvious distortion for [MnQ,] tetrahedron,
which is expected to attribute to a large Coulomb interaction
between the defects.

According to the above calculations, defect complexes of
(Mnyer, Vz,) and (Mny, Zng,) are largely available in ZGO:Mn.
To shed light on the influence of the defect complex to the PL
properties of ZGO:Mn, we have compared the electronic structures
of ZGO with single Mn,., defects and defect complexes of (Mnyey,
Vzn) or (Mg, Zng,). According to Fig. 8(b), Mn 3d levels keep
away from the VBM due to the formation of the defect complexes.
Furthermore, the previous induced levels are further degenerated,
with both the majority and minority spin levels above VBM, as
shown in Fig. 9. The splitting levels can be attributed to the charge
transfer between the defect complexes.”' Moreover, the minority
spin levels move down and are located just below the CBM, while
the majority spin levels are close to CBM. The energy difference in
spin splitting between °S and “G further decreases to 3-3.8 and
2.2-34 ¢V, respectively. For the Mn, with hole-type trap nearby,
we speculate that electrons from VBM excited by UV light can
easily move to the empty minority spin 3d levels than without hole-
type trap nearby.

As shown in Fig. 8, the Mn-O bond length shrinks by 0.15
and 0.2 A on average, indicating a stronger crystal field effect of
Mn-O interplay. The calculated Dq has increased to a greater value
of about 0.20 and 0.22 eV correspondingly. The decreased energy

(b) minority spin DOS(states/eV) majority spin

Energy (eV)

FIG. 9. DFT-1/2 calculated band structures and PDOSs of ZGO with defect complexes of (a) (Znga, M) and (b) (Vz,, Mnier). Mn 3d levels are denoted by the red solid
lines in the band structures and PDOSs, while the green solid lines for V, (the dangling bonds of corresponding oxygen ions) and Zng, defects. The VBM is set to zero.
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difference and enhanced Dq imply that ZGO:Mn with hole-type
traps nearby will induce a near infrared luminescence according to
the Tanabe-Sugano diagram, theoretically. It could explain why the
additional near-infrared luminescence emerges in ZGO:Mn, as
shown in Fig. 7(b). Furthermore, high density of V, and Zng,
would be harmful as they are highly likely to transform the valence
state of Mn ions from +2 to higher-valence states.

V. CONCLUSION

In summary, we have theoretically investigated the defect
stability and PL property of intrinsic defects and extrinsic defects
for ZGO. The theoretical simulation shows that the self-activated
persistent luminescence is caused by the electron traps induced by
Vo, Vzn, and Zng, in pristine ZGO. The doped Mn ions prefer to
replace Zn in ZGO, and Mn, will be favored with the existence
of Zng,. With the company of V, and Zng,, the near infrared
luminescence of Mn doped ZGO is predicted by our theoretical
calculations and confirmed by experiment subsequently. Our
comprehensive study of PL property of pristine and Mn doped
ZGO provides an insight into the tunable PL property of ZGO,
helpful for further development of defect-controllable lumines-
cence materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
optimal values of CUT, formation energies, and structure parameters.
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