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Broad luminescence from donor-complexed LiZn and NaZn acceptors in ZnO
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Zn substitutional lithium (LiZn) and sodium (NaZn) acceptors and their complexes with common donor
impurities (AlZn, Hi, and HO) in ZnO have been studied using hybrid functional calculations. The results show
that the complexes are not exclusively charge neutral, but rather exhibit a thermodynamic (+/0) transition level
close to the valence band maximum. The positive charge states are associated with a polaronic defect state,
similar to those of the well-studied charge-neutral isolated acceptors. This incomplete passivation has profound
consequences for the optical properties of the complexes. Indeed, electron transitions from the conduction band
minimum to the (+/0) transition level of the complexes result in broad luminescence bands that are blueshifted
with respect to those originating from the isolated acceptors. Such complexes are proposed as a potential defect
origin of the green luminescence observed at the high-energy side of the orange luminescence band (caused
by LiZn) in hydrothermally grown ZnO. This prediction is supported by experimental photoluminescence and
secondary ion mass spectrometry data on a hydrothermally grown ZnO sample. We have also explored how the
parameters controlling the fraction and screening of exchange in the Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional influence the results by comparing two parametrization approaches: (i) the conventional one where
the exchange fraction is adjusted to reproduce the experimental band gap, and (ii) tuning both parameters in
order to also comply with the generalized Koopmans theorem (gKT). Interestingly, these approaches were found
to yield similar results.

DOI: 10.1103/PhysRevB.100.184102

I. INTRODUCTION

The behavior of Li in ZnO has long been the subject of
considerable scientific interest. Early experimental work on
Li in ZnO by Lander [1] indicated an electrically amphoteric
behavior. Subsequent investigations have confirmed that Li
can act as an interstitial donor (Lii) or a Zn substitutional
acceptor (LiZn) [2–8]. Many initial attempts to achieve p-
type conductivity in ZnO involved the LiZn acceptor as a
potential shallow dopant, with the amphoteric behavior of Li
and consequent Fermi level pinning as the main hindrance.
However, it is now widely agreed that LiZn introduces a
deep acceptor level [9,10]. Indeed, the paramagnetic Li0

Zn
state can be observed by electron paramagnetic resonance
(EPR) spectroscopy, and corresponds to a small hole polaron
localized at one of the four O2− ions immediately adjacent to
LiZn [2,11,12].

The optical properties of Li in ZnO have also been studied
extensively. EPR [13,14] and optically detected magnetic
resonance studies [9,15,16] have established a correlation
between the Li0

Zn magnetic resonance line and a broad orange
luminescence (OL) band with a maximum at 1.95 eV at 10 K
[17–19]. The OL band is normally present in the photolumi-
nescence (PL) spectrum of hydrothermally (HT) grown ZnO
[18] crystals, which contain Li impurities with concentrations
in the (1–5) × 1017 cm−3 range [20]. McNamara et al. [19]
recently performed a detailed experimental analysis of the
thermal quenching of the OL band in HT grown ZnO, and
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obtained an ionization energy of 0.65 ± 0.10 eV for LiZn. The
paramagnetic Na0

Zn state has similarly been observed by EPR
and linked to a broad yellow luminescence (YL) band peaking
at 2.18 eV at 50 K [21], but the concentration of Na impurities
in HT grown ZnO is typically at least one order of magnitude
lower than that of Li.

Holistic understanding of an extrinsic defect in a host semi-
conductor not only includes its behavior as an isolated defect,
but its interplay with other important defects and impurities
in the material. For instance, LiZn is known to form defect
complexes with donor impurities in ZnO. Notable examples
include: (i) LiZnH, which has been assigned to an infrared
(IR) absorption line at 3577 cm−1, the dominant OH-related
IR absorption line in HT grown ZnO [22], and (ii) LiZnFeZn,
which has been identified by means of high-frequency EPR
and electron-nuclear double resonance spectroscopy [23].
Importantly, since Li and donor dopants, primarily Al and
H, are the main impurities in HT grown ZnO, such defect
complexes may influence, and even dominate, its electrical
and optical properties. The behavior of such complexes is
not fully understood and reports are scarce in the literature,
but they are often assumed to be fully passivated with no
charge-state transition levels within the band gap.

Concurrently, despite the large body of work on Li in ZnO,
pertinent questions remain. For instance, a structured blue
luminescence (BL) band with a zero phonon line (ZPL) at
3.05 eV has been observed in Li-doped ZnO under certain
conditions, and attributed to a transition between a shallow
donor and a Li-related shallow acceptor with an ionization
energy of 300 meV [24–26]. The specific defect origin is
unclear, but a transient shallow LiZn state [27,28], or a
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LiZn-H-LiZn complex [24,25] has been suggested. Further-
more, the OL band in HT grown ZnO is normally overlapped
by a broad green luminescence (GL) at its high energy side
[19]. Broad GL is almost ubiquitous in the PL spectrum
of ZnO. However, Reshchikov et al. [18,29] have reported
specific bands labeled GL1 and GL2 which were observed
exclusively in HT grown ZnO. Their defect origins have not
been established, but, since a high Li content is the primary
difference between HT grown and other forms of ZnO crys-
tals, Li-related defects are reasonable suspects.

In this work we present results from hybrid functional
calculations on the thermodynamic, electrical, and optical
properties of the LiZn and NaZn acceptors, and their complexes
with the common donor impurities AlZn and H in ZnO. The
results for LiZn and NaZn are found to be in good agreement
with experimental data on the OL and YL bands. Interestingly,
we find that also the complexes are electrically (and optically)
active. This result is further supported by PL and secondary
ion mass spectrometry (SIMS) data on a HT grown ZnO
sample, before and after annealing in Zn ambient in order to
lower the concentration of Li impurities in the sample.

II. METHODOLOGY

A. Computational details

First-principles calculations were performed using the
projector augmented wave method [30,31] with the Heyd-
Scuseria-Ernzerhof (HSE) [32] range-separated hybrid func-
tional, as implemented in the VASP code [33].

Hybrid functionals satisfying the generalized Koopmans
theorem (gKT) have generally been found to describe pola-
ronic localization well [34–37]. For this reason, the HSE(α,
ω) functional was parametrized by using two different ap-
proaches: (i) conventionally by adjusting the fraction of
screened Hartree-Fock exchange α to 0.375 [38] in order to
reproduce the experimental band gap of 3.44 eV [39], while
keeping the screening parameter ω fixed to the standard value
of 0.2 Å−1, and (ii) tuning α and ω to both satisfy the gKT
and reproduce the experimental band gap [37]. We employed
the (0/−) transition of polaronic acceptors (VZn, LiZn, and
NaZn) to test the gKT. When testing the gKT, it is crucial that
finite-size errors are minimized; detailed information on our
testing procedure, finite-size corrections, and the supercell-
size dependence of the gKT related quantities can be found
in the Appendix. We find that the HSE(0.30, 0.05) functional
complies with the gKT and reproduces the experimental band
gap, whereas the HSE(0.375, 0.20) functional results in a
non-Koopmans energy of about 0.1 eV. This energy is small,
and may still contain a small finite-size error, which we
have estimated based on supercell-size tests in the Appendix.
Nevertheless, the difference in results obtained with the two
approaches can, at the very least, serve as a proxy for the
sensitivity of the results with respect to the choice of α and
ω parameters.

Bulk lattice constants were optimized for each functional
until the forces were smaller than 1 meV/Å; the resulting
lattice parameters differ by merely 0.01 Å. Defect calculations
were then performed using 96-atom supercells, a plane-wave
basis set with an energy cutoff of 500 eV, and a special k

point at ( 1
4 , 1

4 , 1
4 ) for integrations over the Brillouin zone [40].

Ionic relaxation of defects was performed until the forces
were reduced to less than 5 meV/Å, and spin polarization
was included. Defect formation energies and thermodynamic
charge-state transition levels were calculated by following the
well-established formalism described in Refs. [41,42]. For
example, the formation energy of LiZn is given by

Eq
f (LiZn) = Eq

tot(LiZn) − Ebulk
tot + μZn − μLi + qεF, (1)

where Eq
tot(LiZn) and Ebulk

tot denote the total energy of the
defect-containing and bulk supercells, q is the charge state
of the defect, μZn and μLi are the chemical potentials of the
removed Zn and added Li atom, and εF is the Fermi level
position referenced to the bulk VBM. The chemical potential
can vary between O-rich and Zn-rich conditions, where the
upper limit of μO and μZn is given by the total energy per
atom of an O2 molecule and metallic Zn, respectively, and
the lower limit is governed by the thermodynamic stability
condition �H f(ZnO) = μZn + μO [43], where H f(ZnO) is
the formation enthalpy of ZnO [44]. The chemical potential
of impurities is similarly bound by the solubility-limiting
phases, i.e., Al2O3, Li2O, Na2O, and H2O/H2. We present
calculated formation energies under intermediate conditions,
i.e., halfway between O-rich and Zn-rich conditions, as the
extreme limits are not usually reached under realistic growth
conditions [45]. For charged defects we adopt the anisotropic
[46] Freysoldt, Neugebauer, and Van de Walle (FNV) correc-
tion scheme [47].

Optical transition energies were calculated by using the
effective one-dimensional (1D) configuration coordinate (CC)
model described in Refs. [42,48–50]. Full luminescence lines
were also calculated, including vibronic coupling, by using
the methodology outlined in Ref. [48]. The effective 1D CC
model is a good approximation for defects exhibiting strong
electron-phonon coupling (large Huang-Rhys factor) [48,49],
which is the case for all defects studied in the present work.
The potential energy surfaces (PESs) in the CC diagrams
were calculated by linearly interpolating the ground-state
structures of the defect in the initial and final charge state,
and computing the energy in the range −1.5 to 1.5 × �Q
with steps of 0.1 × �Q, where �Q is the difference in CC
of the structures. We have calculated the vibrational wave
functions χ and overlap integrals 〈χem|χgn〉, where m and n are
the vibrational levels of the excited (e) and ground (g) state,
from solutions of the Schrödinger equation for the calculated
PESs by using a finite-difference method, as implemented in
CarrierCapture.jl [51].

B. Experimental details

Two 5 × 5 × 0.5 mm3 sized samples were cut from a
wafer of HT grown ZnO purchased from the MTI Corporation
(Richmond, CA). One sample was sealed in a quartz ampoule
containing a piece of ∼99.9% pure Zn foil, and annealed in a
tube furnace at 900 ◦C for 1 h.

A Cameca IMS7f secondary ion mass spectrometer
equipped with a 10 keV O+

2 primary ion beam source was used
to measure concentration versus depth profiles of Li, Na, Al,
Fe, and Cu impurities in the as-grown and thermally processed
samples. Depth calibration was performed by measuring the
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sputtered crater depths with a Dektak 8 stylus profilometer and
assuming a constant erosion rate. Implanted reference samples
were used to calibrate the impurity concentration, resulting in
an uncertainty of less than 10% in concentration values.

Steady-state PL was excited using a cw He-Cd laser with
a photon energy of 3.81 eV. The emission was collected
by a microscope and directed to a fiberoptic spectrometer
(HR4000 and USB4000 Ocean Optics). The sample was kept
at a temperature of 10 K using a closed-cycle He refrigerator.
The PL spectra were corrected for the spectral response of
the measurement system. Because the annealing resulted in
a build up of impurities at the sample surface (for depths
<3 μm), PL was excited inside the sputtered crater formed
during the SIMS measurement. All presented impurity con-
centration values are for the bulk region (for depths >3 μm).

III. RESULTS AND DISCUSSION

A. Formation energies, thermodynamic charge-state
transition levels, and structures

Figure 1 shows the calculated formation energy of the
acceptors (LiZn and NaZn), donors (AlZn, Hi, and HO), and
their complexes (LiZnAlZn LiZnH, LiZnHO, NaZnAlZn, NaZnH,
and NaZnHO) as a function of the Fermi level position under
intermediate conditions. Interestingly, the results obtained
using HSE(0.375, 0.20) and HSE(0.30, 0.05) are very sim-
ilar; thermodynamic charge-state transition levels differ by
50 meV at most, as shown in Table I.

The isolated donor impurities are shallow, contributing to
the commonly observed unintentional n-type conductivity in
ZnO [52–55]. For the isolated LiZn and NaZn acceptors, we
find that both exhibit a dual behavior, as first reported by Lany
and Zunger [27,28] using a Koopmans corrected semilocal
functional, and later by Sun et al. [56] using the HSE(0.375,

FIG. 1. Formation energy of the donors, acceptors, and their
complexes as a function of the Fermi level position relative to the
VBM under intermediate conditions, calculated using the HSE(0.30,
0.05) and HSE(0.375, 0.20) functionals.

TABLE I. Fermi level position in eV of the thermodynamic
charge-state transition levels with respect to the VBM for the isolated
and donor-complexed acceptors, calculated using the HSE(0.30,
0.05) and HSE(0.375, 0.20) functionals.

Defect Transition HSE(0.375, 0.20) HSE(0.30, 0.05)

LiZn (0/−) 0.72 0.67
(+/0) 0.04 0.02

LiZnAlZn (+/0) 0.36 0.31
LiZnH (+/0) 0.12 0.09
LiZnHO (+/0) 0.11 0.08
NaZn (0/−) 0.71 0.68
NaZnAlZn (+/0) 0.37 0.34
NaZnH (+/0) 0.31 0.27
NaZnHO (+/0) 0.29 0.26

0.20) functional. In the negative charge state, the Li and Na
atoms reside near the ideal Zn site with approximate tetra-
hedral local symmetry, and no localized defect states in the
band gap [28]. In the neutral charge state, two distinct acceptor
states can occur [27,28]: (i) a metastable shallow state, where
the hole is bound in an anisotropically delocalized hostlike
state [56], and (ii) a deep ground state, which can be reached
through a sizable symmetry-breaking lattice distortion. As
shown in Fig. 2, the hole is trapped in a polaronic state
localized at one of the four O ions immediately adjacent to
the Li+ or Na+ ion, in agreement with EPR spectroscopy data
[2,12,21,57]. Note that, in the deep state, the Li+ ion moves far
away from the hole polaron, towards the tetrahedral interstitial
site, whereas the larger Na+ ion stays near the ideal Zn site.
We shall focus on the deep polaronic state, as the shallow state
is only metastable [27]. However, our results for the shallow
state are in line with the previous reports [27,56].

As shown in Table I, the thermodynamic (0/−) transition
levels of LiZn and NaZn occur between 0.67–0.72 eV above
the VBM. This is consistent with previous calculations for
the deep polaronic state [7,8,27,34,56,58,59], and the exper-
imental ionization energy of 0.65 ± 0.10 eV for the OL band
[19]. For LiZn, a second hole polaron can be stabilized at a
separate adjacent O ion [34]. However, the resulting thermo-
dynamic (+/0) level occurs merely 0.02–0.04 eV above the
VBM, which is within the expected error bar of the finite-size
correction [46].

Complexing LiZn or NaZn with a single donor results in
a charge-compensated neutral pair. Contrary to common as-
sumption, however, our calculations show that the complexes
are not fully passivated, as they can be stabilized in the
positive charge state for Fermi level positions close to the
VBM, making them exceedingly deep donors. Figure 2 shows
the relaxed structure of four representative complexes; the
positive charge state corresponds to a hole polaron localized
at an adjacent O ion, similar to the charge-neutral isolated ac-
ceptors. The resulting thermodynamic (+/0) transition levels
are provided in Table I and occur between 0.08–0.37 eV above
the VBM.

Interestingly, the complexes involving AlZn and Hi have
very low formation energies (regardless of the chemical
potential), which indicates that a sizable equilibrium
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(LiZnH)LiZn (LiZnAlZn)NaZn (NaZnH) (LiZnHO)0 0 + + + +

FIG. 2. Relaxed structure of Li0
Zn with the hole (blue isosurface, set at 6 × 10−3r−3

Bohr) trapped in a polaronic state at the axial O ion, Na0
Zn

with the hole trapped at one of the three azimuthal O ions, and four complexes with H and AlZn donors.

concentration can be expected when these impurities are
incorporated during growth. They are particularly likely to
form under compensated growth conditions, i.e., when the
Fermi level is pinned close to the crossing point between the
formation energy of LiZn or NaZn and a donor impurity, as
the calculated formation energy of the defect complex is then
lower than that of both constituents [60]. HT grown ZnO sam-
ples are typically compensated, and so a large fraction of the
LiZn and NaZn acceptors can be expected to be complexed with
donor impurities [22]. The complexes involving HO exhibit
rather high formation energies under intermediate conditions.
Under Zn-rich conditions, however, their formation energies
(∼0.6 eV) are comparable to the other complexes.

In order to assess the stability of the defect complexes, we
have also calculated removal energies by taking the difference
in formation energy between the defect complex and the two
remaining entities (in their most stable configuration) when
the donor impurity is removed (calculated using separate
supercells for each defect). The sign is chosen such that a
positive removal energy corresponds to a stable complex.
All of the studied complexes are found to be stable, with
removal energies of 0.52, 1.17, 1.01, 0.60, 1.08, and 1.09 eV
for LiZnAlZn, LiZnH, LiZnHO, NaZnAlZn, NaZnH, and NaZnHO,
respectively.

For LiZnH and NaZnH, we find that H prefers the bond-
centered axial and antibonding azimuthal site, respectively, as
shown in Fig. 2. This is consistent with IR absorption data [22]
and previous local density functional calculations by Wardle
et al. [6]. Investigations on the thermal stability of the LiZnH
complex via the IR absorption line at 3577 cm−1 has led to
conflicting results in the literature [61–63]. In some samples,
it starts to disappear at temperatures exceeding about 500 ◦C,
while in others it can withstand heat treatments up to around
1200 ◦C [61–63]. The dissociation temperature for the LiZnH
complex can be estimated based on an activated process with
a jump rate given by � = �0 exp(−Ea/kBT ) [43,64]. Here the
activation energy (Ea) is taken as the sum of the calculated
removal energy of LiZnH (1.17 eV) and the experimental
migration barrier of Hi (0.85 ± 0.19 eV [65]). The attempt
frequency (�0) is set to a typical phonon frequency of 10 THz,
and the jump rate at which dissociation starts to occur is
assumed to be 1 Hz [64]. The resulting dissociation temper-
ature is 510 ± 75 ◦C, consistent with the lower experimental
temperature of 500 ◦C. It has been suggested that an apparent
stability up to 1200 ◦C is due to retrapping of H+

i by Li−Zn
[61–63].

For LiZnAlZn and NaZnAlZn, there are three symmetrically
inequivalent configurations for the donor. Kutin et al. [23]

observed all three configurations of the analogous LiZnFeZn

complex. We have explored configurations with the donor
located on the opposite side from the hole polaron (Fig. 2).
We have also explored the analogous complexes with FeZn

or GaZn [66] replacing AlZn, but these were found to be
almost identical in terms of removal energy and position of
the (+/0) transition level. Al is also the most common of these
impurities; the concentration of Al in as-grown ZnO usually
varies between 1015 and 1017 cm−3 for different growth tech-
niques [55]. For these reasons, we have presented results only
for AlZn.

For LiZnHO and NaZnHO, we find that the differences in
energy between the axial and azimuthal HO configurations are
negligible. Hence, we present results for only the azimuthal
configuration of HO, as shown in Fig. 2.

B. Optical transitions and luminescence lines

We begin by examining the optical properties of the iso-
lated LiZn and NaZn acceptors, and comparing the results
with experimental data on the OL and YL bands. Figure 3
shows calculated CC diagrams for optical electron transitions
between the CBM and the (0/−) transition levels of LiZn and
NaZn. The vertical axis in the CC diagrams corresponds to the
transition energy, and the horizontal axis corresponds to the
configuration coordinate (Q) which is a 1D parametrization
of the collective motion of all atoms in the supercell between
the two different charge states [42,67]. The ground state PES
represents the negatively charged acceptor, and the excited
state PES represents the neutral acceptor plus an electron at
the CBM. The two PESs are vertically displaced by the energy
difference between the thermodynamic (0/−) transition level
and the CBM, which is commonly referred to as the zero
phonon line energy (EZPL). In the Franck-Condon approxi-
mation, optical transitions take place without atomic motion
and are thus vertical in the CC diagrams, and the transition
energies Eem and Eabs correspond approximately to the peak
of the emission and absorption spectrum [42]. After emission,
the defect will relax to its equilibrium atomic configuration,
losing the Franck-Condon relaxation energy (dFC

g ).
The LiZn and NaZn acceptors exhibit similar polaronic

defect states, and the positions of their thermodynamic (0/−)
levels are close, but there are clear differences in their CC
diagrams. Strikingly, the ground-state PES of LiZn is strongly
anharmonic compared to NaZn [59], and the value of dFC

g is
about 0.2 eV larger for LiZn, while the CC diagram for NaZn

calculated using HSE(0.375, 0.20) is similar to those calcu-
lated previously for VZn-related defects in ZnO [44,45,50].
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FIG. 3. Top panels: CC diagrams for optical electron transitions
between the CBM and the (0/−) levels of LiZn and NaZn, calculated
using HSE(0.375, 0.20) and HSE(0.30, 0.05). Bottom panel: Lumi-
nescence lines of LiZn and NaZn calculated for the HSE(0.30, 0.05)
CC diagram using both the computed PES and harmonic approx-
imation (the parabolas shown in the CC diagrams). Experimental
data for the OL band from Refs. [14,19] is included for comparison.
Experimental OL and YL band labels are positioned at their peak
positions.

This difference is caused by the aforementioned large dis-
placement of the Li+ ion upon hole capture by the acceptor.
The resulting difference in Eem for LiZn and NaZn (about
0.2 eV) is consistent with the difference in peak position
of the experimental OL and YL bands (0.23 eV) [18,21].
Comparing the two different functionals, both the magnitude
of the total mass-weighted distortion (�Q) and dFC

g is lowered
when using HSE(0.30, 0.05) compared to HSE(0.375, 0.20).
Moreover, the differences in Eem are larger than those in EZPL.

The calculated Eabs values for LiZn (3.38–3.49 eV) are
consistent with photo-EPR experiments by Nikitenko [68],
where the absorption spectrum related to the optically induced
EPR signal of LiZn was measured to peak at about 3.25 eV.
When using the HSE(0.375, 0.20) functional, the calculated
emission energies of LiZn (1.68 eV) and NaZn (1.89 eV) are

underestimated by about 0.3 eV relative to the peak positions
of the experimentally observed OL (1.95 eV at 10 K [18])
and YL (2.18 eV at 50 K [21]) bands. When HSE(0.30, 0.05)
is used, the calculated emission energies for LiZn (1.85 eV)
and NaZn (2.06 eV) are both shifted up in energy by 0.17 eV.
Thus, assuming that the OL and YL bands are indeed caused
by electron transitions between the CBM and the (0/−) levels
of LiZn and NaZn, the HSE(0.30, 0.05) functional appears
to provide the most accurate description of LiZn and NaZn.
However, both approaches yield results that agree reasonably
well with the experimental data.

Figure 3 also shows the luminescence lines calculated for
the CC diagrams obtained using the HSE(0.30, 0.05) func-
tional. When using HSE(0.375, 0.20), the line shapes are sim-
ilar, but the peak positions are lower in energy. Experimental
data is also included in Fig. 3; specifically, the thermolumines-
cence (TL) band reported by Zwingel [14], the Gaussian curve
fit to the OL band in HT grown ZnO reported by McNamara
et al. [19], and the Gaussian curve fit to the OL band observed
in the annealed sample in the present work. In order to assess
the impact of the anharmonic PES of LiZn on the line shape,
the line shapes were calculated both for the computed PES
and a parabola intersecting the relaxation energy (harmonic
approximation). The calculated LiZn luminescence line peaks
at 1.90 eV and has a full-width at half-maximum (FWHM)
of 0.39 eV (0.43 eV for the harmonic line shape), which is
lower than the experimental FWHM of about 0.5 eV for the
OL band [14,18,19]. Optical transitions involving both axial
and azimuthal hole configurations are likely to occur, since
both are observed by EPR, which could broaden the overall
line shape. However, we find that the azimuthal peak position
is only 20 meV higher in energy than the axial one, and
the line shapes are almost identical. The NaZn luminescence
line associated with the azimuthal hole configuration peaks
at 2.11 eV and has a FWHM of 0.36 eV (0.38 eV for the
harmonic line shape), whereas the axial one peaks 40 meV
higher in energy with a similar line shape. This is in better
agreement with experimental data; Zwingel and Gärtner [21]
reported a FWHM of 0.4 eV for the YL band at 50 K (TL),
but no spectrum was shown.

The emergence of (+/0) transition levels for the defect
complexes has important consequences for their optical prop-
erties, as they can potentially give rise to broad luminescence
bands. In fact, similar predictions have been made to ex-
plain the luminescence bands related to isolated and donor-
complexed CN acceptors in GaN [69–72].

Calculated CC diagrams for optical transitions involving
the CBM and the (+/0) transition level of the complexes are
shown in Fig. 4. The emission energies of the complexes are
blueshifted with respect to those of the isolated acceptors,
which makes the complexes candidates for the defect origin
of the broad GL in HT grown ZnO. Interestingly, LiZnAlZn

and LiZnHO retain the anharmonicity exhibited by LiZn for
the ground-state PES, while LiZnH does not. This can be
understood from the structure of the LiZnH complex. The H
atom pins the Li+ ion near the tetrahedral interstitial site (see
Fig. 2), and thus Li+ does not undergo the large displacement
along the direction of the axial Li-O bond upon hole capture.
Figure 4 shows the calculated luminescence lines for the com-
plexes. Their FWHM values are about 0.37 eV (except for the
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FIG. 4. Top panels: CC diagrams for optical electron transitions
between the CBM and the (+/0) transition level of donor-complexed
LiZn and NaZn acceptors, calculated using HSE(0.30, 0.05). The
corresponding values of Eabs, EZPL, Eem, and �Q calculated using
HSE(0.375, 0.20) are given in parentheses. Bottom panel: Corre-
sponding luminescence lines of LiZnAlZn, LiZnH, LiZnHO NaZnAlZn,
NaZnH, and LiZnHO.

LiZnHO line which has a FWHM of 0.42 eV). These values are
similar to those obtained for the isolated acceptors, which is
reasonable because the charge-state transitions occur through
the same type of polaronic state with similar magnitudes
of �Q.

Since all the calculated luminescence lines have similar
shapes and peak positions, distinguishing them experimen-

tally could be challenging, especially for the different com-
plexes. It might be possible to discern between isolated and
donor-complexed acceptors based on other band characteris-
tics, e.g., carrier capture coefficients, lifetime, and tempera-
ture dependence. However, it should be noted that, since the
broad luminescence band observed in HT grown ZnO consists
of several overlapping bands, obtaining accurate and reliable
data for these other band characteristics is also challenging.
Thus, a detailed comparison between PL measurements and
theory for these properties is beyond the scope of the present
work. Qualitatively, however, some differences could be ex-
pected between the isolated and donor-complexed acceptors.
Indeed, the (+/0) levels of the complexes are positioned very
close to the VBM, which means that luminescence bands
related to the complexes should exhibit lower activation en-
ergies of thermal quenching. This is consistent with the GL2
band in HT ZnO reported by Reshchikov et al. [18], where
GL2 starts to quench at 40 K with a low activation energy of
35 meV.

Furthermore, the OL band in ZnO is characterized by a
large hole capture coefficient [72,73]; in the limit of low
excitation intensity, the OL band dominates the PL spectrum
from HT grown ZnO [29,74]. This is due to the low bar-
rier for nonradiative hole capture by Li−Zn, and its attractive
Coulomb interaction with photogenerated holes [59,72]. The
subsequent radiative electron capture, however, is slow be-
cause Li0

Zn is charge neutral in the excited state [18,29,72].
For transitions involving the (+/0) levels of the complexes,
however, an opposite behavior can be anticipated [72]. Since
the defect complexes are initially charge neutral, they will
capture photogenerated holes slowly compared to isolated
acceptors [59,72]. The subsequent radiative electron capture,
however, will take place rapidly as now the complexes are
positively charged. The positively charged complexes will
also have a hydrogenic effective-mass state very close to
the CBM, which could behave as a so-called giant trap for
nonradiative electron capture [71,72,75]. This is consistent
with the GL2 band, which exhibits fast and exponential decay
after pulse excitation [18], while the OL band exhibits slow
and nonexponential decay [29,75].

Finally, Demchenko et al. [71,72] have suggested that the
CNH complex in GaN gives rise to a broad BL band, which,
upon ultraviolet light exposure, gradually dissociates and
leaves behind a broad YL band (CN) [71,72]. The calculated
removal energy for CNH in Ref. [71] is similar to the ones
we obtain for the LiZnH and NaZnH complexes, and the H
configuration is the same as the one we obtain for NaZnH.
Hence, the luminescence bands originating from LiZnH and
NaZnH complexes might also bleach under prolonged ultravi-
olet light exposure. Indeed, a similar GL band has been ob-
served in melt-grown ZnO, which bleached and gave way to a
YL band [76].

C. Experimental PL and SIMS results

Figure 5 shows PL spectra of the as-grown and annealed
HT grown ZnO samples. Here we will focus mainly on the
broad luminescence band that extends from about 1.5 to
2.9 eV. We find that the temperature and excitation power
dependence of this band in the as-grown sample is similar
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(a) (b)

(c)

FIG. 5. Normalized PL spectrum (divided by excitation power)
of (a) the as-grown and annealed ZnO samples, and (b) deep level
emission of the annealed sample with high and low excitation power
density. The dashed line is a Gaussian curve fit peaking at 1.89 eV
with a FWHM of 0.47 eV. (c) Near band edge emission of the as-
grown and annealed samples. Free and donor-bound exciton lines are
indicated (labels and energy positions are taken from Refs. [9,77]),
and those that are discussed in the text have been highlighted.

to what has been described in detail previously for several
HT grown ZnO samples by Reshchikov et al. [18,29,73] and
McNamara et al. [19]. As already mentioned, the OL band
(LiZn) dominates in the limit of low excitation power (see,
e.g., Fig. 3 in Ref. [74]). As the excitation power is increased,
the band maximum gradually shifts up in energy, i.e., the OL
saturates and the GL grows [29]. In Fig. 5 the overall band
maximum is at about 2.3 eV for the as-grown sample.

The concentration of LiZn-related defects can be lowered
significantly via thermal processing in reducing (Zn-vapor)
atmosphere, as in-diffusing Zni can convert immobile LiZn

acceptors into highly mobile Lii donors [3,7,78–80]. Thus,
if donor-complexed LiZn acceptors are responsible for the
broad GL at the high energy side of the OL band, then the
entire broad luminescence band should be strongly suppressed
following such thermal treatment.

Table II lists the bulk concentration of Li, Na, and Al
impurities in the as-grown and annealed ZnO samples. An-
nealing in Zn ambient causes the Li concentration to drop
from 2 × 1017 to 2 × 1014 cm−3, while the concentration of

TABLE II. Bulk concentration of impurities in the as-grown and
annealed samples determined using SIMS. The concentration of Fe,
Si, and Cu is below the detection limit.

Element As-grown (cm−3) Annealed (cm−3)

Li 2 × 1017 2 × 1014

Na 2 × 1015 2 × 1015

Al 8 × 1016 8 × 1016

Na and Al remains unchanged. Al is the dominant donor
impurity, whereas the concentration of Fe and Si is below
the respective SIMS detection limits for these elements. H is
likely present as well, albeit with a concentration below the
SIMS detection limit of ∼5 × 1017 cm−3. The concentration
of Cu is below the SIMS detection limit in both samples,
which is important because the CuZn acceptor in ZnO has
been assigned to a structured GL band peaking at 2.45 eV
[74,81,82] that can interfere with the analysis of overlapping
bands. We did not observe this structured GL band in the PL
spectrum of the as-grown or annealed samples.

As shown in Fig. 5(a), annealing the sample in Zn ambient
causes a dramatic decrease in the intensity of the entire broad
luminescence band. This suggests that Li is involved not
only in the OL band, but also in the GL at its high energy
side. Indeed, the SIMS results show a strong depletion of
Li, while the concentration of other impurities is unaffected.
The remaining broad luminescence appears to consist of two
main bands. As shown in Fig. 5(b), the lower energy band
dominates when the excitation power is lowered, similar to
the as-grown sample, which may indicate that this is the OL
band. The low energy band can be fitted to a Gaussian with
a peak position of 1.89 eV and FWHM of 0.47 eV, which is
close to the values for the OL band [19].

It should be noted that the SIMS data does not provide any
information about the configuration of the impurities, e.g., the
fraction of isolated to complexed LiZn and NaZn acceptors.
Furthermore, the present experimental results cannot rule out
intrinsic defects. As an example, the GL could be caused
by VZn-donor complexes [50], the concentration of which
would also drop following heat treatment in Zn ambient.
However, the concentration of Li is expected to be higher
than that of VZn-related defects in as-grown HT ZnO [83].
In addition, previous hybrid functional calculations show that
the only VZn-donor complexes that can give rise to GL bands
are positively charged in the ground state [50], which means
that capture of photogenerated holes will be very inefficient
compared to the LiZn-related defects studied here. Finally,
the GL1 and GL2 bands were observed exclusively in HT
grown ZnO [18,29], which favors extrinsic Li- over intrinsic
VZn-related defects.

Removal of Li from LiZn-donor complexes upon annealing
is also evidenced by changes in the intensity of neutral donor-
bound exciton (D0X ) lines in the PL spectrum. Figure 5(c)
shows the near band edge emission in the as-grown and
annealed samples, with exciton lines indicated. The labels and
energies of the exciton lines were taken from Refs. [9,77].
The D0X line associated with HO (I4) is commonly observed
in ZnO [84], but is absent in the as-grown sample. This
is consistent with the recent study by Heinhold et al. [77],
where the I4 line was replaced by two closely lying D0X lines
labeled I4b,c in HT grown ZnO. These lines were observed
exclusively in HT grown ZnO, and were therefore assigned
to donors involving the LiZnHO complex plus an additional
donor (possibly LiZnH-HO). We also observe the I4b,c lines in
the as-grown sample (albeit as a single peak due to a lower
resolution). After lowering the Li concentration via annealing,
the I4b,c line disappears while I4 appears, supporting the as-
signment by Heinhold et al. [77], i.e., indiffusing Zni converts
LiZnHO into HO. Similarly, the I10 line is present only in
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the as-grown sample. Isotope substitution experiments have
demonstrated that I10 is related to Sn, and a SnZnLiZn complex
has been suggested [85]. This assignment is supported by the
present results, as the I10 line disappears after annealing.

Finally, a line labeled I∗ appears at 3.3545 eV after anneal-
ing the sample. To our knowledge, there is no defect assign-
ment for this line in the literature. If the responsible defect is
a donor, its donor binding energy (ED) can be estimated from
the localization energy (Eloc) with reference to the transverse
free-exciton (AT = 3.3754 eV) by using Haynes rule [86] with
coefficients from Ref. [77], i.e., Eloc = 0.34ED − 2.71 meV.
The resulting donor binding energy is 69.4 meV. If I∗ is
of D0X nature, one would expect to observe a two-electron
satellite signature in the spectral range 3.3024–3.3036 eV [9],
but no such signature was observed in this region. However,
this does not necessarily disprove a D0X origin. A neutral
acceptor-bound exciton (A0X ) origin has also been suggested
for lines observed in this region [9,25,87]. Using Haynes rule
for acceptors [88–90], the estimated acceptor binding energy
would then be in the range 140–210 meV.

IV. CONCLUSION

Using hybrid functional calculations, we have investigated
LiZn and NaZn acceptors, and their complexes with common
shallow donor impurities AlZn and Hi in ZnO. The complexes
have low formation energies, regardless of the chemical po-
tential, which means that a sizable equilibrium concentration
can be expected when these impurities are incorporated dur-
ing materials growth, especially under highly compensated
growth conditions.

Interestingly, our calculations show that the LiZnAlZn,
LiZnH, NaZnAlZn, and NaZnH complexes can be stabilized in
the positive charge state, resulting in thermodynamic (+/0)
transition levels located between 90–370 meV above the
VBM. By employing an effective 1D CC model, we predict
that these complexes can give rise to broad luminescence
bands peaking at the high energy side of the OL (LiZn) [18]
and YL (NaZn) [21] bands. Since the luminescence bands are
similar in shape and position, careful analysis of PL data will
be crucial in order to pinpoint specific defects. The overall
picture is similar to what has been found previously for the
CN acceptor and its complexes with donors in GaN [69–72].

Following heat treatment in Zn ambient, the concentration
of Li in HT grown ZnO is lowered by about three orders of
magnitude, while the concentration of Na and Al remains ba-
sically unchanged. The change in Li concentration is accom-
panied by a strong reduction in intensity of the entire broad
luminescence band, which may suggest that Li is involved
not only in the OL band, but also in the broad GL at its
high energy side, with donor-complexed LiZn and NaZn as a
potential origin. However, further work is required in order to
verify this hypothesis.
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TABLE III. Calculated non-Koopmans energies in eV for the
(0/−) transition of polaronic acceptors VZn, LiZn, and NaZn, and the
(+/0) transition of Hi at the octahedral site.

ENK (eV)
Defect Transition HSE(0.375, 0.20) HSE(0.30, 0.05)

VZn (0/−) 0.08 −0.01
LiZn (0/−) 0.06 0.01
NaZn (0/−) 0.07 0.00
Hi (+/0) 0.27 0.07

Fabrication Facility NorFab (No. 245963). The computa-
tions were performed on resources provided by UNINETT
Sigma2—the National Infrastructure for High Performance
Computing and Data Storage in Norway.

APPENDIX

Here we discuss the gKT fitting procedure and the
supercell-size dependence of gKT related quantities. The gKT
is an exact physical constraint by which the total energy shows
a piecewise linear dependence upon addition of electrons, and
implies that the single-particle energy level does not shift
upon occupation [34,35,91]. To determine whether the gKT
is fulfilled, we have used the (0/−) transition of the unrelaxed
VZn and calculated the so-called non-Koopmans energy, which
is given by [34]

ENK = Eadd − ε(N ). (A1)

Here ε(N ) is the KS eigenvalue of the defect state in the
neutral charge state (N-electron system), and Eadd = E (N +
1) − E (N ) is the electron addition energy, i.e., the total en-

FIG. 6. Dependence of corrected and uncorrected gKT quantities
on supercell size for the (0/−) transition of the unrelaxed VZn in
ZnO using the GGA-PBE+U functional, where an effective U value
of 5 eV was applied to the Zn 3d orbitals, and 8 eV to the O 2p
orbitals of the four O atoms associated with VZn. A �-only k-point
sampling was used for all supercells. Natom is the number of atoms
in the supercell. The energy is given relative to the ε(N ) value of the
largest supercell. The dashed lines are fits of the uncorrected values
to a function of the form aN−1

atom + bN−1/3
atom + c, and the solid lines

correspond to the value obtained for the largest supercell.
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FIG. 7. Dependence of corrected and uncorrected gKT quantities
on supercell size for the (0/−) transition of the unrelaxed VZn in ZnO
using HSE(0.30, 0.05) and HSE(0.375, 0.20).

ergy difference between the N- and (N + 1)-electron systems,
keeping the atoms fixed. The finite-size correction [46,47] for
charged defects was applied to the terms pertaining to the
negatively charged supercell, namely E (N + 1) and ε(N + 1),
using the ion-clamped dielectric tensor. For KS eigenvalues,
the correction is given by the relation εc = −2Ec/q [92],
where q is the charge state and Ec is the total energy cor-
rection. When ENK = 0, the gKT is fulfilled as eN = Eadd =
eN+1, i.e., the KS eigenvalue does not shift upon occupation.

The test was carried out by using a 300-atom supercell and
a �-only k-point sampling, which is the largest supercell we
could afford. For each set of α and μ parameters tested, the
bulk lattice parameters were optimized, and the ion-clamped
dielectric tensor calculated from the self-consistent response
of the system to a finite electric field [93]. As shown in
Table III, we obtain ENK = 0.08 eV for the (0/−) transition
of VZn when using the HSE(0.375, 0.20) functional, which
means that the defect KS eigenvalue shifts upward in energy
upon electron addition. By systematically changing the μ and
α parameters and calculating ENK, we find that the HSE(0.30,

0.05) functional both satisfies the gKT for VZn and reproduces
the experimental band gap.

We have calculated ENK also for the (0/−) transitions
of LiZn and NaZn, and the (+/0) transition of Hi with the
H atom at the octahedral interstitial site [35]. For LiZn and
NaZn, however, there is a caveat, because the acceptor state
is delocalized when the Li/Na atom is placed at the ideal Zn
site, making it unsuitable for gKT testing [35,36]. Instead, we
have shifted the Li/Na atom to the O basal plane. This results
in a well-localized defect state for both charge states, similar
to the defect states shown in Fig. 2. The resulting ENK values
for LiZn and NaZn are consistent with those obtained for VZn in
Table III, and the HSE(0.30, 0.05) functional satisfies the gKT
approximately. For Hi, the calculated ENK is larger and seems
to be more sensitive to the α and μ parameters. This result is in
line with the trend observed by Miceli et al. [35]. The reason
for the discrepancy could be due to the different character of
the Hi defect state, or a larger remaining finite-size error. The
latter can be expected due the more extended nature of the
Hi defect state. In any case, the HSE(0.30, 0.05) functional
is found to satisfy the gKT for polaronic O 2p-like states,
which is the type of defect state investigated in the present
work.

Although we have not explored the entire α and ω parame-
ter space, we find that other sets of parameters that comply
with the gKT tend to produce similar band gap values, in
line with results reported by Miceli et al. [35]. For instance,
HSE(0.40, 0.20) results in ENK = −0.01 eV for VZn and a
band gap of 3.58 eV.

Finally, to investigate the supercell-size dependence of the
calculated gKT quantities for VZn, we have performed a test
using the PBE-GGA+U functional. As shown in Fig. 6, the
KS defect state shifts up after electron addition, and Eadd

is located at an average between ε(N ) and ε(N + 1) [36].
ENK in the 300-atom supercell is within 13 meV of the value
calculated for the largest 980-atom supercell, and, as indicated
by the solid and dashed lines in Fig. 6, the terms pertaining
to the singly negatively charged supercell are well corrected
by the FNV scheme. The supercell-size dependence was also
investigated up to the 300-atom supercell using the HSE(0.30,
0.05) and HSE(0.375, 0.20) functionals, as shown in Fig. 7.
When using the HSE functionals, ENK converges even faster.
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