PHYSICAL REVIEW MATERIALS §, 034601 (2021)

Tuning the valence and concentration of europium and luminescence centers
in GaN through co-doping and defect association
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Defect physics of europium (Eu) doped GaN is investigated using first-principles hybrid density-functional
defect calculations. This includes the interaction between the rare-earth dopant and native point defects (Ga and
N vacancies) and other impurities (O, Si, C, H, and Mg) unintentionally present or intentionally incorporated
into the host material. While the trivalent Eu** ion is often found to be predominant when Eu is incorporated
at the Ga site in wurtzite GaN, the divalent Eu>" is also stable and found to be predominant in a small range
of Fermi-level values in the band-gap region. The Eu?" /Eu®* ratio can be tuned by tuning the position of the
Fermi level and through defect association. We find co-doping with oxygen can facilitate the incorporation of
Eu into the lattice. The unassociated Eug, is an electrically and optically active defect center and its behavior is
profoundly impacted by local defect-defect interaction. Defect complexes such as Eug,-On, Eug,-Sig,, Eug,-H;,
Eug,-Mgg,, and Eug,-On-Mgg, can efficiently act as deep carrier traps and mediate energy transfer from the
host into the Eu®* 4 f-electron core which then leads to sharp red intra- f luminescence. Eu-related defects can
also give rise to defect-to-band luminescence. The unassociated Eug,, for example, is identified as a possible
source of the broad blue emission observed in n-type, Eu**-containing GaN. This work calls for a re-assessment
of certain assumptions regarding specific defect configurations previously made for Eu-doped GaN and further
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investigation into the origin of the photoluminescence hysteresis observed in (Eu,Mg)-doped samples.
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I. INTRODUCTION

Rare-earth (RE) doped II-nitrides are of interest for op-
toelectronic and spintronic applications [1]. Thanks to their
4 f-electron core, which is well shielded by the outer 552
and 5p° electron shells, these RE dopants offer very sharp
intra- f optical transitions at wavelengths from the infrared
to ultraviolet. GaN doped with trivalent europium (Eu**), for
example, emits visible light in the red spectral region and is
considered as a promising candidate for light-emitting diodes
(LEDs) [2,3]. In general, a RE luminescence center can be
optically excited by resonant (direct) or nonresonant (indirect)
excitation. In the former, the excitation energy is directly
absorbed into the 4 f-electron core, whereas in the latter, it
is indirectly transferred from the host. The nonresonant exci-
tation mechanism is believed to be mediated by defects which
act as carrier traps; see Fig. 1. An electron (hole) trapped at
a defect level can then recombine nonradiatively with a hole
(electron) from the valence (conduction) band or some accep-
tor (donor) level, and the recombination energy is transferred
into the 4 f core. RE-related defects are of interest in particular
because of the close proximity of the RE ion to the carrier
trap which enhances energy transfer efficiency. In addition
to the intra-f luminescence, RE-related defects, like other
defects in a semiconductor host, can also act as carrier traps
for defect-to-band optical transitions which do not involve
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energy transfer into the 4 f core. A detailed understanding of
defect physics in RE-doped semiconductors is thus essential
to understanding their properties and to designing materials
with improved performance.

Experimentally, while the trivalent Eu** ion was found
to be predominant in Eu-doped GaN samples and multiple
Eu’t luminescence centers were observed [4—12], the diva-
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FIG. 1. Schematic illustration of nonresonant Eu** excitation in
GaN. Following a band-to-band excitation of the host, an electron is
excited from the valence band to the conduction band. The excited
electron is then trapped at the defect level D before recombining
nonradiatively with a hole and the recombination energy is trans-
ferred into the Eu®* 4 f-electron core. A mechanism involving hole
trapping is similar.
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lent Eu?>" has also been found or suspected to be present
[13-20]. In addition to being of interest for its magnetic
properties [14,15,20], Eu?* can offer useful luminescence
centers in its own right. Mahalingam et al. [18], for example,
attributed the broad blue emission in Eu-doped GaN/SiO;
nanocomposites to the presence of Eu>*. Mitchell ef al. [19]
reported a thorough work on the control of the Eu?*/Eu’**
ratio in GaN through co-doping and by tuning the growth
conditions and were able to achieve high Eu** concentrations
using O and/or Si as co-dopants and suitable experimental
conditions. Oxygen was found to play a critical role in the
incorporation of Eu into GaN and the quality of Eu-doped
GaN samples prepared by organometallic vapor phase epitaxy
(OMVPE) [19,21] and lead to sharp and uniform emission
spectra and improved energy transfer efficiency [19,21,22].
Significant enhancement of the luminescence intensity were
also found in GaN co-doped with Eu and Mg [23-27] or
Si [28]. Notably, Mg-containing Eu-doped GaN samples
were reported to exhibit photoluminescence (PL) hysteresis
through the so-called “hysteretic photochromic switching”
according to which the observed temperature dependence of
PL during a cooling-warming cycle was thought to be due to a
switching between two different configurations of an Eu-Mg
defect [29-32].

Altogether the luminescence in Eu-doped GaN can be
characterized by its complexity with the presence of multiple
optically active centers and the dependence on the growth
conditions. The interpretation of experimental observations
and the discussion in terms of specific defect configurations
have been, however, largely speculative.

On the theory side, calculations for Eu-doped GaN
were carried out by several research groups using density-
functional theory (DFT) based methods, including the local-
density approximation (LDA) or self-interaction corrected
LDA, the generalized gradient approximation (GGA), and
GGA + U, and LDA + U within a DFT-based tight-binding
approach [33-44]. These studies provided some information
on the structural and electronic properties and limited data
on defect structure and energetics. Besides, the methods em-
ployed in these studies are known to have limited predictive
power, especially in determining defect energy levels [45]; see
Ref. [46] for a detailed discussion. A more rigorous theoretical
and computational approach is needed for the study of defect
physics in RE-doped semiconductors. In such an approach,
the employed methods should possess the ability to overcome
the “band-gap problem” encountered in DFT (within LDA
or GGA) and DFT+U calculations and, at the same time,
provide a good description of the structural and electronic
properties of the RE-doped systems, including local defect
structure.

Here, we present a first-principles investigation of defect
physics in Eu-doped GaN using hybrid density-functional
defect calculations. In these calculations, all orbitals in the
material are treated on equal footing, unlike in DFT 4+ U
calculations where the Hubbard U term is applied on the RE
4f states only and all other orbitals are left uncorrected. The
hybrid DFT/Hartree-Fock method [47] employed here has
been shown to be superior to DFT and DFT + U in the study
of defects in semiconductors in general [45] and RE-doped

materials in particular [48]. Specific calculations are carried
out for the substitutional Eu impurity, native defects (Ga and
N vacancies), and impurities (O, Si, C, H, and Mg) in both
the unassociated (i.e., isolated defect) form and the associ-
ated (i.e., defect complex) form. These impurities are selected
as they are common unintentional or intentional co-dopants
in GaN. Based on the results, we discuss the tuning of the
valence state and concentration of Eu through co-doping and
defect association and examine the role of Eu-related defects
as carrier traps for intra-f luminescence and defect-to-band
transitions.

II. METHODOLOGY

We model defects in the GaN host using a supercell ap-
proach in which a defect is included in a periodically repeated
finite volume of the host material. Note that we often use
“defect” as a generic term, referring to not only native point
defects (intrinsic to the materials) but also impurities (i.e.,
extrinsic point defects), and defect complexes; impurities can
be intentionally incorporated (i.e., dopants) or unintentionally
present. The formation energy of a defect X in effective charge
state g (i.e., with respect to the host lattice) is defined as
[45,49]

E'(X9) = Eqi(X?) — Eu(bulk) — Y " nipy;

1

+ q(Ey + pe) + A, (1)

where E(X?) and E, (bulk) are the total energies of the de-
fect and bulk supercells; n; is the number of atoms of species i
that have been added (n; > 0) or removed (n; < 0) to form the
defect; u; is the atomic chemical potential, representing the
energy of the reservoir with which atoms are being exchanged.
W is the electronic chemical potential, i.e., the Fermi level,
representing the energy of the electron reservoir, referenced to
the valence-band maximum (VBM) in the bulk (E,). Finally,
A1 is the correction term to align the electrostatic potentials
of the bulk and defect supercells and to account for finite-size
effects on the total energies of charged defects, calculated
following the procedure of Freysodt et al. [50,51].

In thermodynamic equilibrium, the formation energy of a
defect directly determines the concentration [49]:

—_Ef
¢ = NsitesNconfig EXP (ﬁ) ) (2)
B

where Ngis 1S the number of high-symmetry sites in the lattice
(per unit volume) on which the defect can be incorporated,
Neonfig is the number of equivalent configurations (per site),
and kg is the Boltzmann constant. Clearly, at a given temper-
ature, a defect that has a lower formation energy will be more
likely to form and occur with a higher concentration. Note
that, when a material is prepared under nonequilibrium con-
ditions, excess defects can be frozen-in and the equilibrium
concentration estimated via Eq. (2) is only the lower bound
[52].

While the Fermi level in Eq. (1) can be treated as a variable,
it is not a free parameter. The actual Fermi-level position can
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be determined by solving the charge-neutrality equation [49]:

D cigi—ne+my =0, 3)

where ¢; and g; are the concentration and charge, respectively,
of defect X;; n, and n; are free electron and hole concen-
trations, respectively; and the summation is over all possible
defects present in the material

From defect formation energies, one can calculate the ther-
modynamic transition level between charge states g and ¢’ of
a defect, €(q/q’), defined as the Fermi-level position at which
the formation energy of the defect in charge state g is equal to
that in charge state ¢’ [45], i.e.,

Ef(X%p, =0)— E/(X7;n, = 0)
q—q ’

€(q/q) = @
where E/(X9; u, = 0) is the formation energy of the defect X
in charge state ¢ when the Fermi level is at the VBM (i, = 0).
This €(g/q’) level [often referred to as the (¢/q’) level], cor-
responding to a defect energy level (or simply defect level),
would be observed in, e.g., deep-level transient spectroscopy
(DLTS) experiments where the defect in the final charge state
g’ fully relaxes to its equilibrium configuration after the tran-
sition. Note that these defect levels are not the same as the
Kohn-Sham levels obtained in a band-structure calculation
such as those associated with the so-called “defect states” that
may be observed in the electronic density of states (DOS) of
a system in the presence of a defect. Strictly speaking, the
Kohn-Sham levels cannot be directly identified with any levels
that can be observed in experiments [45,49].

The optical transition level E;’}ftq, is defined similarly but
with the total energy of the final state ¢’ calculated using the
lattice configuration of the initial state g [45].

Our total-energy calculations are based on DFT with the
Heyd-Scuseria-Ernzerhof (HSE) functional [47], the projector
augmented wave method [53], and a plane-wave basis set,
as implemented in the Vienna Ab Initio Simulation Package
(VASP) [54]. Along with the CPU version, the graphics pro-
cessing unit (GPU) port [55,56] of VASP is also used. The
Hartree-Fock mixing parameter is set to 0.31 and the screen-
ing length to the default value of 10 A. These parameters result
in a band gap of 3.53 eV for GaN, very close to that (~3.5eV)
reported in experiments. Defects in GaN are simulated using
a 96-atom supercell and a 2 x 2 x 2 Monkhorst-Pack k-point
mesh for the integrations over the Brillouin zone. In defect
calculations, the lattice parameters are fixed to the calculated
bulk values but all the internal coordinates are relaxed. The
Eu 4f electrons are included explicitly in the calculations
since in Eu-doped GaN the 4 f states are present in the band
gap and play an important role in defect formation (this is
different from, e.g., the case of erbium (Er) doped GaN in
which Er 4f electrons can be included in the core [57]). The
Ga 3d electrons are treated as core states as the inclusion
of these electrons in the valence has small effects on the
defect transition level; see Ref. [46] for more details. In all
calculations, the plane-wave basis-set cutoff is set to 400 eV
and spin polarization is included. All structural relaxations
are performed with HSE and the force threshold is chosen
to be 0.04 eV/A or smaller. Spin-orbit coupling (SOC) is not

included since significant cancellation is expected between the
terms in Egs. (1) and (4). Our tests show that the €(0/—) level
of Eug, obtained in HSE + SOC calculations is different from
that obtained in HSE calculations by only 7 meV.

The chemical potentials of Ga, N, Eu, H, C, O, Si, and
Mg are referenced to the total energy per atom of bulk Ga,
N, at O K, bulk Eu, H, at 0 K, bulk C (diamond), O, at 0 K,
bulk Si, and bulk Mg, respectively. pg, and puy vary over a
range determined by the formation enthalpy of GaN such that
UGa + un = AH(GaN) (calculated to be —1.26 eV at 0 K).
We will examine defect landscape in GaN in two extreme
limits: Ga-rich (uga = 0) and N-rich (un = 0) conditions.
Specific values of the Eu, H, C, O, Si, and Mg chemical
potentials are determined by assuming equilibrium with EuN
(AH = —1.20 eV at 0 K), H, at 0 K, bulk C, 8-Ga,0;
(—=10.07 eV), B-SizN4 (—9.17 eV), and Mg;N, (—4.16 eV),
respectively. Note that the transition levels €(g/q’) and
Eglff/ are independent of the choice of the atomic chemical
potentials.

III. RESULTS

A. Unassociated native defects and impurities

In bulk (i.e., perfect and undoped) GaN (wurtzite, space
group P6smc), each Ga is coordinated with four N atoms:
one along the ¢ axis and three in the basal (ab) plane. There
is a small Cs, distortion at the Ga lattice site with the Ga-N
bond length calculated for the axial N atom (1.958 A) slightly
different from that for the basal N atoms (1.952 A). For com-
parison, the experimental values for the axial and basal Ga-N
bond lengths are 1.956 and 1.949 A [58], respectively. In the
presence of a defect, the lattice environment in the defect’s
vicinity can be further distorted, and such a local distortion is
often different for different charge configurations.

Figure 2 shows the formation energies of various unassoci-
ated native defects and impurities in GaN. The substitutional
Eu impurity (Eug,) is found to be stable as Eud, (i.e., Eu*"
at the Ga3* lattice site, with a calculated magnetic moment
of 6 up; spin S = 3) and/or Eug, (i.e., Eu*" at the Ga’" site,
with a magnetic moment of 7 ug; spin § = 7/2), depending
on the Fermi-level position. Eug, introduces two defect levels
in the host band gap: the (+/0) level at 0.22 eV above the
VBM and the (0/—) level at 3.09 eV (i.e., 0.44 eV below the
CBM). Note, however, that “Eu,” is not a true charge state
of Eug,. It is, in fact, a defect complex consisting of EuOGa and
an electron hole (h*; spin S = 1/2) localized on one of the
neighboring basal N atoms. In the Ecu%a (Eug,) configuration,
the Eu — N bond length is 2.233 A (2.321 A) for the axial
N atom and 2.197-2.208 A (2.283-2.297 A) for the basal N
atoms. The local distortion at the Ga lattice site where the Eu
dopant is incorporated is thus more pronounced and slightly
deviates from the C;, symmetry. The result is also consistent
with the fact that the ionic radius of Eu* is smaller than that
of Eu*'.

The electronic behavior of Eu is thus different from that of,
e.g., erbium (Er) in GaN. Er was found to be stable only as
Er3t, and the unassociated Erg, does not introduce any defect
levels [57]. The origin of the difference can be traced back
to the difference in their electronic structure: Eu introduces an
unoccupied 4 f state in the host band gap, whereas Er does not
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FIG. 2. Formation energies of Eug, and relevant native point
defects (Vn, Viga) and impurities (H;, Cn, On, Sig,) in GaN, plotted as
a function of Fermi level from the VBM (at 0 eV) to the conduction-
band minimum (CBM, at 3.53 eV), under the extreme Ga-rich and
N-rich conditions. For each defect, only segments corresponding
to the lowest-energy charge states are shown. The slope of these
segments indicates the charge state [i.e., ¢ in Eq. (1)]: positively
(negatively) charged defect configurations have positive (negative)
slopes; horizontal segments correspond to neutral defect configura-
tion. Large solid dots connecting two segments with different slopes,
if present, mark the defect levels [i.e., the thermodynamic transition
levels, €(g/q’), calculated according to Eq. (4)].

produce any in-gap 4 f state; see Ref. [46] for a detailed anal-
ysis of the electronic structure of Eu- versus Er-doped GaN
obtained in DFT + U and HSE calculations. As a result, upon
adding an electron to Eud, to form Eug, the extra electron
goes to the lowest unoccupied state (in this case, the in-gap Eu
4f state), leading to the valence change from Eu** to Eu>*;
see Fig. 4 of Ref. [46]. In the case of Er, the extra electron
goes to the CBM (composed of the host states) and becomes
delocalized; the valence change, therefore, does not occur
and “Erg,” cannot be stabilized [57]. The implications of the
(0/—) level of Eug, and the valence change are discussed in
Sec. IV.

Our result for Eug, is significantly different from that
previously reported in the literature [33-35]. Filhol et al.
[33] and Svane et al. [34] did not find any defect energy
level in the calculated band gap, i.e., Eu is stable as Eu’t in
the entire range of the Fermi-level values from the VBM to
the CBM, which is in contrast to the fact that Eu>" is also
stable in GaN. Sanna et al. [35], on the other hand, reported
the (0/—) level of Eug, to be at 1.58 eV above the VBM,
which is about 1.5 eV lower than that found in our calcula-
tions. A more detailed discussion of those previous studies is
provided in Ref. [46].

The results for the nitrogen vacancy (Vy), gallium vacancy
(VGa), hydrogen interstital (H;), and substitutional carbon (Cy)
and oxygen (Oy) were already reported and discussed in detail
in Ref. [57] but are included in Fig. 2 for easy reference
since in the next sections we will discuss defect complexes
consisting of Eug, and these native point defects and impu-
rities. Vy introduces the (3 + /+) level at 0.53 eV above the
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FIG. 3. Formation energies of defect complexes consisting of
Eug, and native defects in GaN, Eug,-Vx and Eug,-Vg,, plotted
as a function of Fermi level from the VBM to the CBM, under
the Ga-rich and N-rich conditions. For each defect, only segments
corresponding to the lowest-energy charge states are shown. Large
solid dots connecting two segments with different slopes mark the
defect levels. Vy can be at the basal or axial N site with respect to
the Eug, component. The (0/—) level of Eug,-Vx is right above the
CBM.

VBM and the (+/0) level at 0.27 eV below the CBM. Vg,
has four defect levels in the band gap: (+/0) at 1.03 eV and
(0/—) at 1.67 eV above the VBM, and (—/2—) at 1.29 eV and
(2 —/3—) at0.71 eV below the CBM. H; is amphoteric [i.e.,
positively (negatively) charged in the p-type (n-type) GaN]
and its (+/—) level occurs at 0.50 eV below the CBM. Cy
has two defect levels: (+/0) at 0.31 eV and (0/—) at 1.02 eV
above the VBM. Oy is a shallow donor and only stable as Of;
[57]. We find that Sig, is also a shallow donor, being stable
only in the Sif, configuration. Si (O) thus readily donates one
electron to the lattice and becomes a positively charged defect
when incorporated at the Ga (N) lattice site in GaN. The result
for Sig, is in agreement with that previously reported by other
groups [59-61].

B. Defect complexes of Eu and native defects

Some of the unassociated defects discussed in Sec. I A
can come close and form complexes. Such defect association
often changes the local lattice environment and defect energet-
ics and can lead to important implications. Among possible
complexes between Eug, and native defects, Eug,-Vn and
Eug,-Vi, have been widely thought to be possible defect cen-
ters for intra- f luminescence in Eu-doped GaN [2,3,5,11,37].
Figure 3 shows the formation energies of these complexes.
In Eug,-Wn, the Vy part can be at the basal or axial lattice site
with respect to Eug,; see Fig. 4. We find that Eug,-(VN)basal in-
troduces four defect levels in the band gap region: (3 4 /2+)
at 0.48 eV, 2+ /+) at 1.18 eV, and (+4/0) at 1.86 eV above
the VBM, and (0/—) at 0.07 eV above the CBM. A careful in-
spection shows that in going from (Buga-Va)° to (Euga-Wn)~
the additional electron stays in the vicinity of the void formed
by Wi; (Buga-Wn )V is a defect complex consisting of Eug, and
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FIG. 4. Structure of (Bug,-Vi): (a) basal and (b) axial geometric
configurations. Large spheres are Eu, medium Ga, small N. The
nitrogen vacancy is represented by a black circle.

VN+ whereas (Eug,-Wv)~ is a complex of Eug, and VI\(,’; see
also Table I. The extra electron is thus captured by the Vx
part of the complex and Eu at the Ga site remains Eu®*. The
axial geometric configuration, i.e., Eug,-(Wn )axial, has a higher
formation energy than the basal one in all the stable charge
states; its defect transition levels are also slightly shifted as
seen in Fig. 3; e.g., the (0/—) level is now at 0.03 eV above

the CBM. Eug,-VGa, on the other hand, has six defect levels in
the host band gap: (3 + /2+) at 0.87 eV, (2 + /+) at 1.23 eV,
(4+/0) at 2.06 eV, (0/—) at 2.15 eV, (—/2—) at 2.19 eV, and
(2 —/3—) at2.61 eV above the VBM.

The local lattice environment is changed significantly due
to defect-defect interaction. In (Eug,-Vi)°, for example, Eu
moves off-center and closer to the vacancy by 0.27 A; see
Fig. 4(a). The binding energy of the complex with respect to
its isolated constituents, Eug, and VN+ , 18 2.20 eV. In the other
stable charge states of the basal configuration, (Eug,-Vn)?
with ¢ = +, 2+, and 3+, the displacement is 0.19, 0.58, and
0.38 A, respectively. Similar distortion is observed in the
axial geometric configurations; e.g., the displacement of Eu in
(Bug,-Va)? is 0.25 A along the c axis and toward the vacancy;
see Fig. 4(b). Note that there is significant difference between
the basal and axial configurations in the case of (Eug,-Wn )2+
where Eu is stable as Eu>* in the former and as Eu** in the
latter; see Ref. [46]. The local distortion is generally larger in
(Euga-Via)? where Eu moves off-center by 0.80 A (g=0),
0.34 A (=), 0.49 A (2—), and 1.33 A (3—). The position of
their neighboring atoms is also shifted; see Figs. 4 and 5.

The structure and energetics of a defect complex, in gen-
eral, can be expressed in terms of those of its isolated

TABLE 1. Eu-related defects in Eu-doped GaN: The stable valence state of the rare-earth (RE) ion, constituent defects, binding energy
(Ey, with respect to the isolated constituents), magnetic moment (M), and defect levels [e(g/q), with respect to the VBM (E,, at 0 eV) or the
CBM (E., at 3.53 eV)]. Note that #* is an electron hole localized at an N lattice site. Spin-polarized defects in a complex are found to interact
ferromagnetically; the magnetic moment of the complex is thus equal to the sum of those of the constituents. The values in the parentheses are

for the axial (with respect to Eu) configurations.

Defect RE ion Constituents E, (eV) M (ug) Defect levels (eV)
Eud, Eu’t Eul, + h* 7 €(+/0) =E, +0.22
Eug, Euz+ Eug, 6 €(0/—) =E.—0.44
Eug, Eu*t Eug, 7

(Buga-Wa)*t Eu** Eud, + Vit 1.58 (1.11) 6 €3+ /2+)=E, +0.48 (0.42)
(Bugy-Vn)** By Eugl” + vt 4.18 (1.25) 7 €2+ /+)=E, +1.18 (0.99)
(Bug,-Wa)* Eu’* Eud, + Vi 0.97 (0.75) 6 €(+/0) = E. — 1.67 (1.65)
(Buga-Wy)° Euz+ Eug, + V& 2.20 (1.96) 7 €(0/—) = E. 4+ 0.07 (0.03)
(Euga-Ww)™ Eu** Eug, + W 1.86 (1.67) 8

(Buga-Voa)** Eu'* 6 €+ /2+) =E, +0.87
(Buga-Vea)™" Eu’* 7 €2+ /+)=E, +1.23
(Euoa-Vca)z Euzi 8 €(+/0) = E, + 2.06
(Euga-VGa) Eu 9 e(0/—)=E.—1.38
(Euga-Via)~ Eu** Eud, + Vg, 0.18 8 e(—/2—)=E.—1.34
(Buga-Voa)*~ Eu’* Ew), + V& 0.23 7 €2—/3—)=E.—092
(Buga-Vea)*~ Eu** Eul, + V3o 0.45 6

(Bug,-H;)* Eu** Eul, + H; 1.25 6 €(+/0) = E. — 1.36
(Bug,-H;)" Eu** Eug, + H;f 2.17 7

(Bug,-Cn)* Eu’* Eug, +CY 0.61 (0.50) 8 €(+/0) = E, 4+ 0.33 (0.17)
(Bug,-Cn)° Eu’* Eul, + C% 0.58 (0.63) 7 €(0/—) = E. — 1.08 (1.17)
(Bug,-Cx)~ Eu’* Eul, + Cy —0.86 (—0.71) 6

(Bug,-On)* Eu’* Eu, + OF 0.76 (0.62) 6 €(+/0) = E. — 1.26 (1.23)
(Bug,-On)° Eu** Eug, + Oy 1.59 (1.41) 7

(Bug,-Siga)* Eu** Eug, + Sif, 0.32 6 €(+/0) =E. — 1.04
(Eug,-Siga)° Eu*" Eug, + Sif, 0.92 7

(Buga-Mgg, )’ Eu®* Eul, + Mgg, + h* 0.48 (0.40) ' 7 €(0/—) = E, 4+ 0.97 (0.85)
(Bug,-Mgg,)~ Eu** Eud, + Mgg, —0.10 (—0.06) 6

(Bug,-On-Mgg, )’ Eu*t Eul, + Of + Mgg, 1.70 6 €(0/—) = E. —0.78
(Bug,-On-Mgg, )™ Eu’* Eug, + 0 +Mgg, 2.04 7

"With respect to Eu, and “Mg2 .
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FIG. 5. Structure of representative (Eug,-Vi,)? defect configu-
rations: (a) ¢ =0, (b) g =—, (¢) g =2—, and (d) ¢ = 3—. Large
spheres are Eu, medium Ga, and small N. The gallium vacancy is
represented by a black circle. The structures associated with ¢ =
+, 24, 3+ (not shown here) are similar to that of ¢ = 0. In (a), the
charge state of the Vg, constituent cannot be clearly determined at
this point; see the text.

constituents which are usually elementary defects acting as
basic building blocks [62,63]. The example involving Eug,-Wn
given above is an illustration of such an analysis which
is key to understanding complex defect configurations. In
Table I, we list the characteristics of all Eu-related defect
complex configurations, including the valence state of Eu,
constituent defects, and binding energy of the complexes
with respect to the isolated constituents. Note that the de-
composition of (Eug,-Via)? with g = 0, 4, 2+, 34 into basic
building blocks is not straightforward due to strong lat-
tice distortion, involving not just Eu but also Ga and N
atoms, which makes it difficult to clearly identify constituent
defects.

The results summarized in Table I show that Eu is stable
as Eu*t or Eu®t in Bug,-Vx and Eug,-Vaa, depending on
specific charge states. Compared to the unassociated Eug,,
the association between Eug, and Vy is found to extend the
range of Fermi-level values below the CBM in which Eu>*
energetically more stable than Eu**. This is due to the strong
Coulomb attraction between Eug, and Vi{ in (Bug,-W)°,
which leads to a larger reduction (due to defect association)
in the formation energy of the neutral charge state compared
to that of the preceding (4) and subsequent (—) stable charge
states, as reflected in the binding energies reported in Table I.
As a result, the (4/0) level of Eug,-Vx is shifted toward the
VBM and the (0/—) level toward the CBM, compared to
those of the unassociated Eug,, thus extending the stability
range of (Bug,-Vn)° and hence Eu®*; see Fig. 3. The basal
configuration of (Eug,-Vn )2+, discussed earlier and see Ref.

Eug,-(Chpasal

Formation energy (eV)
N

17 Ga-rich

0 1 2 3 0 1 2 3
Fermi level (eV)

FIG. 6. Formation energies of defect complexes consisting of
Eug, and impurities in GaN, Eug,-H;, Eug,-Cn, Eug,-On, and
Eug,-Sig,, plotted as a function of Fermi level from the VBM to
the CBM, under the Ga-rich and N-rich conditions. For each defect,
only segments corresponding to the lowest-energy charge states are
shown. Large solid dots connecting two segments with different
slopes mark the defect levels. Cy can be at the basal or axial N
site with respect to Eug,. Only the basal configuration if Eug,-On
is included.

[46], presents an even more interesting case where Eu’" can
be stabilized far from the CBM. In this example, the strong
local elastic and electrostatic interactions play a key role in
stabilizing Eug, and V£+ and in lowering the complex’s for-
mation energy.

The binding energy of Eug,-Vx is relatively large, sug-
gesting that it can exist as a defect complex in real samples.
Euga-Via, on the other hand, has a much smaller binding
energy; see Table I. Together with the high calculated for-
mation energy (Fig. 3), Eug,-Vg, is unlikely to be stable or
occur with a high concentration as a complex under ther-
modynamic equilibrium growth conditions. It is more likely
to be created under nonequilibrium conditions such as dur-
ing Eu implantation. The same can be said about Eug,-Wn
whose formation energy is high under n-type conditions; see
Fig. 3.

The electronic behavior of Eug,-Vy is similar to Erg,-Vy in
GaN. Erg,-(Vn)basat Was reported to also have the (0/—) level
at 0.02 eV above the CBM [57]. Our results for Eug,-Vn and
Eug,-Vi, are, however, qualitatively different from those re-
ported by other groups [33,35,36]; see Ref. [46] for a detailed
discussion and comparison.

C. Defect complexes of Eu and other impurities

In addition to the native defects, Eug, can also form com-
plexes with impurities that are unintentionally present in the
growth environment or intentionally incorporated into the host
material as co-dopants. Figure 6 shows the formation ener-
gies of defect complexes Eug,-H;, Eug,-Cn, Eug,-On, and
Eug,-Siga. Eug,-H; has one defect level in the bulk band gap:
(4/0) at 1.36 eV below the CBM. The (Eug,-H;)° configura-
tion is a defect complex consisting of Eug, and H;", whereas
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FIG. 7. Structure of (a) (Bug,-H;)?, (b) (Eug,-Cn)°,
(¢) (Bug,-On)™, and (d) (Bug,-Siga)™ complexes. Large spheres are
Eu, medium Ga/Si, small N/C/O, and smallest H.

(Eug,-H;)™ is a complex of EuoGa and H;”; see also Table I. The
valence state of Eu in the complex thus changes as one crosses
the transition level €(4/0). In these defect complexes, the H
interstitial is bonded to one of the nearest N neighbors of Eu.
In (Eug,-H;)°?), the N-H distance is 1.00 A(1.02 A) and the
distance between Eu and the N atom in the NH unit is 2.34 A
(2.30 A); see Fig. 7(a).

Eug,-Cn has two geometric configurations associated with
two possible positions of Cy with respect to Eug,. Eug,-Cn
introduces two defect levels: (4/0) at 0.33 eV (0.17 eV)
above the VBM and (0/—) at 1.08 eV (1.17 eV) below the
CBM for the basal (axial) configuration. The distance be-
tween the two defects in the complex is 2.27 A, 235 A,
or 2.23 A for the 0, +, or — charge state, respectively; see
Fig. 7(b). (Eug,-Cn)~ has a negative binding energy and
is thus unstable toward its isolated constituents, Eu?}a and
Cy- In other words, Eug,-Cy is unlikely to be stable as a
defect complex when incorporated under n-type conditions.
The other stable charge states of the defect complex have
positive but small binding energies; see Table I. A com-
bination of such low calculated binding energies and high
formation energies (see Fig. 6) suggests that Eug,-Cn 1is
unlikely to be stable as a complex under thermodynamic
equilibrium.

Eug,-On has one defect level in the bulk band gap: (4/0)
is at 1.26 eV (1.23 eV) below the CBM for the basal (axial)
geometric configuration. The basal configuration is lower in
energy than the axial one (not included in Fig. 6) by 0.18 eV
(0.15 eV) when in its 0 (4+) charge state. (Eug,-On)° is a
complex of Eug, and O , whereas (Eug,-On)' is a com-
plex of EuGa and Of;. In the basal configuration, the Eu-O
distance is 2.29 A (2 23 A) in the 0 (4) charge state; see
Fig. 7(c). Eug,-On can have a much lower formation en-

Formation energy (eV)

Ga-rich ||

0 1 2 30 1 2 3
Fermi level (eV)

FIG. 8. Formation energies of Mg, and related defect com-
plexes Eug,-Mgg, and Eug,-On-Mgg, in GaN, plotted as a function
of Fermi level from the VBM to the CBM, under the Ga-rich
and N-rich conditions. For each defect, only segments correspond-
ing to the lowest-energy charge states are shown. Large solid dots
connecting two segments with different slopes mark the defect lev-
els. Two Eug,-Mgg, configurations, corresponding the structures in
Figs. 9(a) and 9(b), are reported.

ergy than the unassociated Eug,, as seen in Fig. 6. Similarly,
Eug,-Sig, introduces the (4-/0) level at 1.04 eV below the
CBM. (Eug,-Sig,) is a complex of Eug, and SiGa, whereas
(Bug,-Sin)T is a complex of EuGa and SIG The Eu-Si dis-
tance is 3.25 A (3.27 A) in the 0 (+) charge state; see Fig. 7(d).

The electronic behavior of Eug,-Cy is thus similar to that
of Erg,-Cn [57]. Other defect complexes are different. For
example, Erg,-Oy is a shallow donor and thus has no defect
levels in the bulk band gap; Erg,-H; introduces the (4+/—)
level [57] instead of (+/0) like in the case of Eug,-H;. This,
again, illustrates the difference between Er and the mixed-
valence Eu in GaN.

D. Defect complexes of Eu, O, and Mg

We now focus on possible interaction between Eu, Mg, and
O in GaN. Figure 8 shows the calculated formation energy
of Mg-related defects. The unassociated Mg, has the (0/—)
level at 0.39 eV above the VBM, in reasonable agreement
with previous studies [64,65]. It is noted that “Mgg,” is not a
true charge state of Mg, , but a defect complex consisting of
Mg, and an electron hole (7*) localized on one of the basal
N atoms. The Mg-N distance is 2.22 A for the N atom that
hosts #* and 2.00-2.01 A for the other N atoms. The axial
configuration of MgOGa is 10 meV higher in energy than the
basal one. A metastable configuration of Mg%, in which the
hole is delocalized over all N atoms is 0.19 eV higher in
energy than the ground-state one. In this configuration, all the
Mg-N distances are almost equal (2.02-2.04 A).

Eug,-Mgg, has a defect level, (0/—), at 0.97 eV or 0.85 eV
above the VBM, see Fig. 8, depending on specific geomet-
ric configurations. (Eug,-Mgg,)° is a complex consisting of
Eug,, Mg, , and i*, whereas (Eug,-Mgg,)™ is a complex of
Eu%a and Mg, . Figure 9(a) shows the lowest-energy configu-
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FIG. 9. Structure of Mg-related defect complexes: (Bug,-Mgg, )°
[(a) and (b)] and (Eug,-On-Mgg,)° [(c) and (d)]. Large spheres are
Eu, medium Ga/Mg, and small N/O. Charge densities associated
with the localized hole #* in the (EBug,-Mgg,)° configuration are
visualized as (yellow) isosurfaces; the isovalue for the isosurface is
set to 0.05 e/A3.

ration of (Eug,-Mgg,)° in which h* resides on the N atom that
is basally (axially) bonded to Eu (Mg). Other configurations,
such as that shown in Fig. 9(b), are 38-75 meV higher in
energy. In the basal (with respect to Eu) configuration, see
Figure 9(a), the distance between Mg and the N site that
bridges Mg and Eu is 2.12 A (2.02 A) when the complex is
in the 0 (—) charge state. The presence of #* on that N atom
thus slightly elongates the Mg-N bond. The Eu-N distance is
also longer for the N atom that hosts /#* [2.23 A, compared
to 2.25 A (2.18 A) for the axial (other basal) Eu-N bonds in
(Buga-Mgg, )°]. In the axial configuration, see Figure 9(b), the
distance between Mg and the N site that bridges Mg and Eu is
also longer when /#* is on that N atom: the Mg-N bond length
is 2.09 A (2.01 A) in (Eug,-Mgg,)" ). The calculated bind-
ing energy of (Eug,-Mgg,)™ is almost zero, suggesting that
Eug,-Mgg, may be not stable as a complex when incorporated
under n-type, thermodynamic equilibrium growth conditions
(see also discussion in Sec. IV A).

Note that, unlike Mg, , a metastable state of (Eug,-Mgg, )"
in which the hole is delocalized over the N atoms cannot be
stabilized (even at the DFT-GGA [66] level of the calculations
where the electronic states tend to be overdelocalized). This is
due to the local lattice distortion caused by the presence of Eu
in the complex.

Finally, we consider a complex consisting of Eug,, On, and
Mgg,. Eug,-On-Mgg, introduces one defect level in the band
gap: (0/—) at 0.78 eV below the CBM; see Fig. 8. The neutral
charge state, (Bug,-On-Mgg,)°, is a defect complex consist-
ing of Eul,, Of;, and Mgg,, whereas (Eug,-On-Mgg,)™ is a
complex of Eug,, O;\IL, and Mg, ; see also Table I. Figures 9(c)

VBM CBM

w

N

Eug, (i.e., Eu™)

Formation energy (eV)

Ob——7—— 77T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Fermi level (eV)

FIG. 10. The formation energy of the negatively charged config-
uration of Eug, is dependent on the Fermi-level position. This allows
for the tuning of the Eu>* /Eu* ratio by shifting the Fermi level, e.g.,
through co-doping; see the text.

and 9(d) show the two lowest configurations of the neutral
charge state which have almost equal energies with the former
10 meV lower in energy than the latter. Both charge states can
have significantly lower formation energies than those of the
other defects and relatively high binding energies.

IV. DISCUSSION

A. Tuning the Eu valence and concentration through co-doping
and defect association

Our results clearly show that Eu can be stable as Eu>*
and/or Eu** in GaN. Figure 10 highlights the dependence
of the Eu?* /Eu’" ratio on the position of Fermi level (ut.).
For jt, < E.—0.44 eV, the formation energy of Eu, is
lower than that of Eug,. At position A, for example, the
concentration of Eug, is much larger than that of Eug,
and hence c¢(Eu*")/c(Ev*t) < 1. At u, = E.—0.44 eV
(i.e., position B), EuoGa and Eug, have equal concentrations;
ie., c(Bu")/c(Bu**) = 1. For . > E.—0.44 eV, Eug,
is energetically more stable than EuOGa; at position C, e.g.,
c(Eu**)/c(Eu*t) > 1. Even a small shift in the Fermi-level
position (hence a small change in the formation energy of
Eug,) can lead to a large change in the Eu®™ concentration;
see Eq. (2).

As shallow donors, O and Si can make GaN n-type or, at
least, shift the Fermi level toward the CBM as the charge neu-
trality condition [Eq. (3)] is re-established. When the Fermi
level moves closer to the CBM, the n-type carrier concen-
tration increases. In the case of Eu-doped GaN, O and/or Si
co-doping can be employed to control the charge state of Eug,
and thus the valence state of Eu. For example, with an appro-
priate concentration of the co-dopants, the Fermi level of the
material can be “pinned” near or above E, — 0.44 eV where
the concentration of Eu?" is high (see below for a discussion
of relevant reported experiments). Donorlike defects such as
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the positively charged configurations of Vi and H; can have
similar effects, although they are expected to be much less
effective than the shallow donors in shifting the Fermi level.
We emphasize that these are global effects since those defects
do not need to be close to Eug, for the Fermi-level shift to hap-
pen; the defect-defect interaction takes place only indirectly
via the interaction with the common electron reservoir [i.e.,
e in Eq. (1)].

The effects of defect association and thus /ocal defect-
defect interaction are investigated by considering defect
complexes explicitly, as presented in Sec. III. Overall, we
find that the electronic behavior of complexes is significantly
different from that of their unassociated constituents. Defect
levels associated with the complexes are shifted, compared to
those associated with the isolated ones, and additional levels
may form as a result of strong local elastic and electrostatic
interactions between constituents in the complexes. Notably,
the valence state of Eu can be controlled through defect as-
sociation. For example, Eu?* is found to be more stable in
complexes with Vi, H;, O, and Sig,, compared to that in the
unassociated Eug,. This is mainly due to the strong Coulomb
attraction between Eug, and the positively charged native
defect in the neutral complex configuration (see a detailed
discussion in the case of Eug,-Vy in Sec. III B). In complexes
with Cy and Mgg,, Eu is stable only as Eu*, largely deter-
mined by the available stable charge states of Cy and Mgg,.
Defect association also changes the formation energy and can
thus affect defect incorporation during growth. Complexes of
Eug, and Oy can have a much lower formation energy than the
unassociated Eug,, indicating that co-doping with O makes it
easier to incorporate Eu into GaN. The formation energy is
significantly lower in the case of Eug,-On-Mgg,.

The results summarized in Table I also show that the bind-
ing energy varies significantly from one defect complex to
another. Having a positive calculated binding energy, how-
ever, does not mean that the defect complex will readily
form. As discussed in Ref. [49], under thermodynamic equi-
librium, the binding energy needs to be greater than the larger
of the formation energies of the isolated constituent defects
for the complex to have higher concentration than its con-
stituents. On the other hand, a small calculated binding energy
does not necessarily mean that the complex cannot occur
with a significant concentration since it can still form under
nonequilibrium growth conditions and get trapped inside the
material. (Eu,Mg)-doped GaN, for example, has often been
made by ion-implanting with Eu fluences [30,31] or prepared
by molecular-beam expitaxy (MBE) [26,27]. Defect com-
plexes such as Eug,-Mgg, thus can still exist despite having
a very small binding energy. Overall, one should expect that
defects are present in the material in both the unassociated and
associated forms.

Our results for the unassociated Eug, showing Eu** more
stable than Eu** only in a small range of Fermi-level values
near the CBM, see Fig. 2 or 10, thus explain why Eu* is
often found to be predominant in Eu-doped GaN samples.
Experimentally, a significant Eu>* concentration occurs only
when prepared under certain conditions [19,20]. Mitchell et al.
[19] were able to achieve c(Eu®")/c(Eu") > 1 when using
both O and Si as co-dopants and suitable growth conditions.
Nunokawa et al. [20] reported similar achievement with their

(Eu,Si,0)-doped GaN. Notably, all their samples exhibited
n-type conductivity [20], which is consistent with our results
showing the €(0/—) level of Eug,, i.e., the Eu*t/2* level,
close to the CBM. A measurement of the Fermi level as a
function of the O and Si concentration should be able to
confirm our prediction of this defect level. Note that the Eu-
doped GaN/SiO; nanocomposites reported in Ref. [18] can
be regarded as Eu-doped GaN being co-doped with O and Si,
and Eu”* is expected to be present predominantly at/near the
interface.

The relatively low temperature (e.g., 700°C instead of
1030°C) used during growth via OMVPE also appeared
to play a key role in increasing the Eu’" concentration
[19,20,22]. This is likely because decreasing the temperature
leads to an increase in the concentration of complexes and
a decrease in the concentration of their isolated constituents;
see a discussion in Ref. [49]. In other words, it is easier to
incorporate Eu into GaN in the form of complexes such as
the low-formation-energy Eug,-On at lower growth temper-
atures. The temperature, of course, cannot be too low as the
concentration of thermally activated defects is still governed

by Eq. (2).

B. Eu-related defects as carrier traps for Eu** intra-f
luminescence

We now focus on the electronic behavior of the Eu-related
defects and discuss their possible role in intra- f luminescence
through nonresonant excitation of the Eu’t ion; see Fig. 1. As
reported earlier, the unassociated Eug, has defect levels in the
host band gap. The (0/—) level can act as an electron trap.
The electron-capturing defect configuration is Eul,, which is
essentially Eu®*. When Eud, captures an electron from the
conduction band (e.g., previously excited from the valence
band to the conduction band under band-to-band excitation)
and becomes Eug, (assuming that the system has enough time
to relax to its equilibrium configuration), the valence state of
Eu changes from trivalent to divalent. The captured electron
in Eug, then recombines nonradiatively with a free hole from
the valence band or a hole at some acceptor level and transfer
the recombination energy into the Eu** 4f core. The (4-/0)
level can act as a hole trap. Compared to Eu-related complexes
discussed below, the unassociated Eug, traps are expected
to be less effective since there is no Coulomb attraction
between the carrier and the carrier-capturing configuration
(Eu,). Note that the carrier capture cross section can decrease
by orders of magnitude in going from Coulomb attractive
defect centers (e.g., ~107'2-10~"> cm™2) to neutral centers
(~1075-10""7 ecm™2) to repulsive centers (~1072% cm™?)
[67]. The relatively small energy separation between the de-
fect level and the band edge may also increase the likelihood
of the captured carrier being thermally re-excited into the
band.

Experimentally, the unassociated Eug, is believed by many
to be the dominant Eu** center in Eu-doped GaN samples
[5,7,8]. The luminescence center is often characterized by
its high relative abundance (up to more than 97% of the
incorporated Eu) [9,10], low-efficiency energy transfer from
the GaN host into the Eu’t 4f core (the effective excita-
tion cross section ~1.2 x 1077 cm?) [9,10,12], and strong
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thermal quenching [12]. These descriptions appear to be con-
sistent with the characteristics of the unassociated Eug, center
reported in this work.

For Eug,-Vn, the (+/0) level can act as a deep electron
trap. An electron is likely to be captured at the Vi part of
the carrier-capturing defect configuration (Eug,-Vx)", due to
the Coulomb attraction. This trap is 1.86 eV above the VBM,
slightly smaller than the separation (2.12 eV) [4] between the
"Fy and °Dy levels of Eu’*. Note, however, that the error
bar in our calculation of the defect level is about 0.1 eV;
thus the trap may actually be slightly higher and the energy
obtained from a nonradiative recombination of the trapped
electron at the (4/0) level and a hole may be large enough to
excite an electron from ’F to > Dy. In other words, we cannot
completely rule out the role of Eug,-Vx as an electron trap and
a defect center for the °D; — ’F; transitions, although it is
very likely that the complex has a limited role in high-energy
luminescent transitions. The defect levels nearer to the VBM,
(3 + /2+4) and (2 + /+), may act as hole traps; however, their
hole-capture efficiency should be very low given the Coulomb
repulsion between the carrier and the positively charged (V§+
or VI\T ) part in the hole-capturing defect configuration of
EuGa-VN.

For Eug,-Viga, the defect levels nearer to the VBM and
CBM may act as hole and electron traps, respectively. How-
ever, they are unlikely to be efficient due to the Coulomb
repulsion between the carrier and certain parts of the carrier-
capturing defect configurations; see Fig. 5. The traps formed
by Eug,-Cn are also expected not to be very efficient because
the carrier-capturing defect configuration (Eug,-Cy)° is all
neutral; see Fig. 7(b).

The (4/0) level of Euga-H;, Eug,-On, and Eug,-Sig, is
expected to be an efficient deep electron trap. An excited
electron from the conduction band is likely to be captured at
the positively charged (H;", Of;, or Sif,) part of the carrier-
capturing defect configuration, due to the Coulomb attraction;
see Fig. 7(a), 7(c), and 7(d). In the case of Eug,-Ox, for
example, since the neutral charge state of Oy is energetically
unstable, the captured electron is likely transferred to the
Eul, part and transforms it into Eug,, assuming the system
is allowed to relax to its equilibrium configuration, and hence
(Eug,-On)T becomes (Eug,-On)° which then recombines
with a hole and the energy is transferred into the Eu 4 f core.

Regarding the Mg-containing defect complexes, the (0/—)
level of Eug,-Mgg, can act as a deep hole trap. A hole
from the valence band (e.g., previously created by exciting an
electron from the valence band to the conduction band) can
be efficiently captured at the negatively charged (Mg, ) part
of the carrier-capturing defect configuration (Eug,-Mgg,)™;
see Table I. Finally, the (0/—) level of Eug,-On-Mgg, can
act as an electron trap with the carrier likely being captured
at the O;\LI part of (EuGa-ON—MgGa)O. The behavior of this
neutral configuration should be similar to that of (Eug,-On)™
described above.

Altogether we find that Eug,-On, Euga-Siga, Euga-H;,
Euga-Mgg,, Euga-On-Mgg,, and possibly Eug,-Vn are effi-
cient defect-related Eu®* centers for nonresonant excitation.
The significant local distortion around the Eu*" ion should
help relax the Laporte selection rules and allows for bright
emission. As discussed above, they are efficient carrier

traps and thus likely to have high carrier capture cross
sections. The energy transfer from the GaN host into the
Eu’t 4f core is also expected to be efficient, given the close
proximity of the carrier-capturing part to the Eu** ion in
the carrier-capturing defect configuration. Experimentally, it
was shown that efficient energy transfer into the Eu 4f core
and a high concentration of the Eu-related defect centers is
key to enhanced emission intensity [68]. Our findings are
thus consistent with experimental observations showing that
the Eu** PL emission was significantly enhanced in GaN
co-doped with Eu and O [19,21,22], Si [28], or Mg [23-27].

We now comment on the PL hysteresis observed in
(Eu,Mg)-doped GaN, believed to involve hysteretic pho-
tochromic switching (HPS) between two defect configura-
tions, namely, “Eu0” and “Eul(Mg),” in which the Eu’t
ion experiences slightly different local crystal fields [29-31].
The authors identified “Eu0” and “Eul(Mg)” with the so-
called “shallow transient state” (STS) and “deep ground state”
(DGS), respectively, proposed by Lany and Zunger [64] for
Mgl in Mg-doped GaN. The DGS is equivalent to the Mg,
configuration consisting of Mg, and 4* in our work and
the STS can be identified with the metastable configuration
described in Sec. III D. One assumption made by O’Donnell
et al. [30] was that, in (Eu,Mg)-doped GaN, Eu could be
regarded as a “spectator ion”. This may not be the case as
we find that, e.g., the (0/—) level of Eug,-Mgg, is shifted by
~0.5 eV from that of Mg, and the local lattice environment
and hence the ability to accommodate a metastable state is
different for (Eug,-Mgg,)°? and Mgl ; see Sec. IIID. Note
that Mg in (Eu,Mg)-doped GaN is expected to be present
both as the unassociated Mg, and in Eug,-Mgg,. And it is
not clear at this point if the perturbation is strong enough
to cause the observed PL hysteresis when Mgg, and Eug,
are far apart such that the metastable configuration of Mg%
can be stabilized. Besides, we find the total-energy difference
between the stable and metastable configurations of Mg, is
rather large (0.19 eV).

In (Eu,0,Mg)-doped GaN, Cameron et al. [32] observed
another Eu®* center denoted as “Eu0(Ox)” in addition to
“Bul(Mg)” and “Eu0.” Eu0(Ox) was found to be stable over
a prolonged excitation time and a wide temperature range,
unlike the other two Eu*" centers. The center can be iden-
tified with the Eug,-On-Mgg, complex in our calculations
which should co-exist with smaller defect complexes such as
Euga-Mgg, and the unassociated defects. With its low forma-
tion energy, the complex is expected to occur with a significant
concentration. The main difference between Eug,-Mgg, and
Eug,-On-Mgg, is that upon capturing a hole the negatively
charged state of the former becomes (EuGa-MgGa)0 with a
localized hole residing at the bridging N atom, whereas upon
capturing an electron the neutral state of the latter becomes
(Buga-On-Mgg, )~ with the valence change occurring on the
Eu ion; all assuming the system is allowed to relax to its
equilibrium configuration.

C. Eu-related defects as carrier traps for defect-to-band
luminescence

In addition to intra- f luminescence, Eu-related defects can
also act as carrier traps in defect-to-band transitions that emit
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FIG. 11. Configuration-coordinate diagrams illustrating optical emission (down arrow) and absorption (up arrow) processes involving
Eu-related defects in GaN. The thermal energy [also called the zero-phonon line (ZPL); the dash-dotted line] is the thermodynamic transition
level €(q/q’) relative to the VBM [in the case of hole (A1) capture) or CBM [electron (e™) capture]. The values sandwiched between two dotted
lines are the relaxation energies (the Franck-Condon shifts). Only transitions with emissions in the visible range and the absorption peaks that

fall within the host band gap are included. Axes are not to scale.

light in the visible range. In n-type GaN, the unassociated
Eug, is stable as Eug,. This defect configuration can capture
a hole from the VBM (e.g., left by an electron previously
excited to from the valence to the conduction band) and emits
a photon. The peak emission energy corresponds to the tran-
sition level EO;{O, i.e., the energy difference between Eug,
and Eug, in the lattice configuration of Eug,. As shown in
Fig. 11(a), this emission peak is at 2.66 eV, with a relaxation
energy of 0.43 eV. Our results thus indicate that Eug, is a
source of blue luminescence in n-type GaN, which may ex-
plain the broad blue emission observed in the Eu>*-containing
GaN/SiO, nanocomposites [18]. It should be emphasized
that the mechanism we present here is different from that
associated with the so-called 4£°5d' — 47 transition within
the Eu®t ion mentioned in Ref. [18] and often regarded in
the literature as the cause for blue luminescence observed in
Eu’*-containing materials. In p-type GaN, Eug, is stable as
Euf;; the emission peak corresponds to the Euf,, — Eu,
transition, after capturing an electron from the CBM, is also
2.66 eV (blue), see Fig. 11(b).

Similar calculations are carried out for Eu-related defect
complexes, as shown in Figs. 11(c)-11(j). In n-type GaN, for
example, (Eug,-Vi, )3~ can give rise to broad emission peaked
at 2.52 eV (blue), (Eug,-On)P at 1.62 eV (red), (Euga-Siga)°
at 1.86 eV (red), and (Eug,-On-Mgg,)™ at 2.30 eV (green),
after capturing a hole from the VBM. Each of these defect
configurations is the most stable charge state of its respec-
tive defect under n-type conditions; see Sec. III. In p-type
GaN, (Euga-Vn)>* can give rise to broad emission peaked at
2.65 eV (blue), (Bug,-Vs.)*T at 2.33 eV (green), (Eug,-Cn)*
at 2.64 eV (blue), and (Eug,-Mgg,)? at 2.02 eV (orange),
after capturing an electron from the CBM. Each of these
defect configurations is the most stable charge state of its re-
spective defect under p-type conditions. We also consider the
absorption process. In the case of Eug,-Mg,, for example, an
electron can be excited from (Eug,-Mgg, )™ to the conduction
band, with a peak absorption energy of 3.18 eV, given by the
energy difference between (Eug,-Mgg,)™ and (Eug,-Mgg, )°,

both in the lattice configuration of the negatively charged
configuration.

The above-mentioned Eu-related defects can thus be
sources of broad blue, green, red, and orange defect-to-band
luminescence in n- or p-type GaN samples.

V. CONCLUSIONS

We have carried out a systematic study of defects in Eu-
doped GaN using hybrid density-functional calculations. The
material is found to exhibit rich defect physics resulting from
the ability of Eu to be mixed-valence and the interaction
between the RE dopant and native defects and (intentional
or otherwise) impurities. Eu can be stable as divalent and/or
trivalent when incorporated at the Ga site in GaN, and the
Eu?* /Eu’* ratio is dependent on the position of Fermi level
and thus the growth conditions. We have discussed the tun-
ing of the Eu valence state and concentration in terms of
global and local effects caused by indirect and direct defect-
defect interactions through co-doping and defect association,
respectively. Based on a detailed analysis of the defects’
local lattice environment and electronic behavior, the unas-
sociated Eug, is identified as an optically active center for
sharp red Eu*" intra- f luminescence. Eu-related defect com-
plexes such as Eug,-On, Eug,-Siga, Euga-H;, Euga-Mgg,, and
Eug,-On-Mgg, are expected to be more efficient for nonres-
onant excitation of Eu’t. whereas Eug,-Vag, is unlikely to be
efficient. Eug,-Vy is likely to have a limited role in intra-f
high-energy luminescence. Eu-related defects can also act as
carrier traps for defect-to-band transitions that emit visible
light. The unassociated Eug,, for example, can be a source of
the broad blue emission observed in n-type, Eu>*-containing
GaN.
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