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The wide-band-gap II–VI compound semiconductor ZnO is regarded as a promising single-photon emission (SPE)
host material. In this work, we demonstrate that a (GaZn–VZn)− complex defect can readily be obtained and the density
can be controlled in a certain range. In analogy to nitrogen vacancy centers, such a defect in ZnO is expected to be a new
single photon source. The optical properties of the (GaZn–VZn)− complex defect are further studied by photoluminescence
and time-resolved photoluminescence spectra measurements. The electron transitions between the defect levels emit light
at ∼ 650 nm with a lifetime of 10–20 nanoseconds, indicating a good coherent length for SPE. Finally, a two-level emitter
structure is proposed to explain the carrier dynamics. We believe that the photodynamics study of the (GaZn–VZn)− complex
defect in this work is important for ZnO-based quantum emitters.

Keywords: (GaZn–VZn)− complex defect, photoluminescence, time-resolved photoluminescence
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1. Introduction

Zinc oxide (ZnO) is a material of practical interest show-
ing significant advantages in several applications including
ultraviolet optoelectronic devices, transparent conducting ox-
ide thin films, and spintronics.[1,2] In particular, a wide band
gap (3.37 eV at room temperature), large exciton binding en-
ergy (60 meV), high electron mobility, visible transparency,
and high emission efficiency make ZnO attractive for light-
emitting devices.[3] More recently, renewed interest in ZnO
has been fueled by its attractive prospects as the host of pho-
tonic qubits at room temperature. ZnO has been added to
the list of room-temperature single-photon emission (SPE)
sources, where it is considered to host defect-related single
emitters at room temperature.[4]

The prototypical point-defect qubit is the widely stud-
ied nitrogen-vacancy (NV) center in diamond,[5,6] consist-
ing of a nitrogen impurity next to a carbon vacancy, and
its crystallographic and electronic structures have been well
established.[7,8] Moreover, engineering of two-state defect
emitters is necessarily important for device applications. In
contrast, point-defect-derived quantum optical applications of
ZnO are still in their infancy, since room-temperature SPE has
only been reported in recent years.[9–15] Given the lack of reli-
able experimental data on the point-defect energetics in ZnO,
the origin of these luminescent centers is still unclear although
it is thought to be related to zinc vacancy (VZn).[9,13–15] Strik-
ingly, a (GaZn–VZn)− complex defect rather than an isolated
V2−

Zn was identified as the predominant compensating acceptor

center in Ga-doped ZnO via zinc self-diffusion experiments
in isotopic heterostructures in our previous work.[16] The
study of (GaZn–VZn)−-complex-defect–surface-plasmon cou-
pling in this heavily compensated Ga-doped ZnO material has
been systematically carried out by optical characterizations[17]

based on achieving a high density of controllable (GaZn–
VZn)− in Ga-doped ZnO. On the other hand, the photolumi-
nescence characteristics of the (GaZn–VZn)− complex defect
itself needs to be explored as it may potentially be a new type
of SPE candidate.

In this paper, the energy level structure of (GaZn–VZn)− is
first proposed based on photoluminescence spectra (PL) analy-
sis, and the carrier recombination lifetime is obtained from the
time-resolved photoluminescence (TRPL) measurements. The
electron transitions between the (GaZn–VZn)− complex defect
levels emit the light at ∼ 650 nm with a lifetime of 10–20
nanoseconds. These findings may be important regarding the
structural origin of single-photon emitters in ZnO, which will
also advance the applications of (GaZn–VZn)− in single photon
sources and high-efficiency nanophotonic emitters.

2. Experiments
The samples were synthesized on sapphire (0001) sub-

strates by radio frequency plasma assisted molecular beam
epitaxy (rf-MBE) with a base pressure of ∼ 10−10 mbar. To
obtain high-quality ZnO films, a ∼ 20 nm MgO (111) buffer
layer was deposited at 773 K on the c-oriented sapphire sub-
strate treated with oxygen radicals beforehand. A ZnO buffer
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layer and epitaxial layer were grown on it successively. More
details can be found elsewhere.[16]

An in situ reflection high-energy electron diffraction
(RHEED) was utilized to monitor the whole epitaxial growth
process. The RHEED patterns clearly demonstrated the
wurtzite features in all samples during the whole growth pro-
cess (not shown here). Three samples were prepared, includ-
ing an intrinsic ZnO (labeled as Z) and two Ga-doped ZnO
(labeled as G1 and G2). Ga concentrations in G1 and G2 are
∼ 1× 1019 cm−3 and ∼ 1× 1020 cm−3, respectively (see Ta-

ble 1 for an overview of these samples.) It should be noted that
the growth limits (Zn and O fluxes) of all samples were kept
the same, and the Ga-doped ZnO samples showed a heavily
electrical compensation effect. Annealing was performed at
1023 K for 10 min in vacuum. PL spectra were recorded at
room temperature by exciting the samples with a 325 nm He–
Cd laser with an output power of 136 µW. TRPL measure-
ments were carried out with a 50 ps pulsed laser at an excita-
tion wavelength of 375 nm, and the time resolution is better
than 100 ps.

Table 1. Ga concentration and electrical properties of the samples.

Sample Ga concentration/cm−3 Carrier concentration/cm−3 Mobility/cm2·V−1·s−1

G1 ∼ 1×1019 −4.96×1017 20.7
G1 AN ∼ 1×1019 −6.75×1018 54.3

G2 ∼ 1×1020 −7.37×1017 24.2
Z – −1.08×1016 66.0

3. Results and discussion
The room-temperature (RT) PL spectra of the as-grown

Ga-doped ZnO samples G1 and G2 are shown in Fig. 1(a).
Both samples demonstrate two distinct emission bands: a sig-
nature ultraviolet (UV) near-band-edge (NBE) emission of
ZnO, and a quite broad visible emission band universally as-
signed to intrinsic or extrinsic defects, known as deep-level
emission (DLE). The near-infrared (NIR) emission peak at
∼ 760 nm is a second order of the UV NBE peak. Gener-
ally, VZn-related acceptor defects were assumed to be respon-
sible for the DLE near 650 nm.[18–21] In order to discover the
difference between their DLE near 650 nm, the emission in-
tensities of G1 and G2 were normalized at the NBE region,
as shown in Fig. 1(a). First of all, the influence of crystal
quality on the emission can be reasonably ruled out, because
the two samples exhibit almost the same full width at half
maximum (FWHM) in x-ray diffraction characterizations (not
shown here). Compared with G1, G2 demonstrates a stronger
DLE peak at ∼ 650 nm, in agreement with the larger com-
pensating acceptor concentration (reflected by the difference
between Ga and carrier concentrations in Ga-doped ZnO) in
G2 revealed in Table 1.

Figure 1(b) shows the RT PL spectra of the as-grown Ga-
doped ZnO sample G1, G1 after annealing at 1023 K in vac-
uum (G1 AN), and intrinsic ZnO sample Z. Unlike G1, G1
AN and Z show much stronger NBE emission and an obvi-
ously weaker blue-shifted DLE peak at ∼ 550 nm. It is quite
reasonable to attribute the broad PL band at ∼ 650 nm to VZn

related defects. As mentioned above, via zinc self-diffusion
experiments in isotopic heterostructures, a (GaZn–VZn)− com-
plex defect rather than an isolated V2−

Zn has been recognized as
the predominant compensating acceptor center in Ga-doped
ZnO. Therefore, in the present study, we believe the emission

near 650 nm belongs to the two-level emitter of (GaZn–VZn)−

instead of a single VZn, as schematically illustrated in the inset

of Fig. 1(b).

As the main acceptor in Ga-doped ZnO, the (GaZn–VZn)−

complex defect will dissociate significantly after annealing,

resulting in increased conductivity as shown in Table 1. Ap-

parently, the remarkable blue shift of G1’s DLE toward the

widely studied green band near 550 nm after annealing, shown

in Fig. 1(b), should be attributed to the dissociation of substan-

tial (GaZn–VZn)− complex defects. The high density of ion-

ized (GaZn–VZn)− complex defects, contributing to the broad

DLE emission at ∼ 650 nm, also results in an enhanced non-

radiative transition and largely reduced NBE.[22,23] Note that,

due to the heavily electrical compensation in our as-grown Ga-

doped ZnO samples, the concentrations of free carriers are

very low (∼ 1017 cm−3),obviously lower than the theoreti-

cally calculated critical concentration of the degenerate state

for Ga-doped ZnO (> 1018 cm−3). Therefore, all as-grown

Ga-doped samples are non-degenerate, and the upper level of

the (GaZn–VZn)− complex defect will not merge into the con-

duction band. First, a nonradiative transition happens to the

photo-generated electrons from the conduction band to the up-

per level of the (GaZn–VZn)− complex defect, which is close to

the conduction band minimum. Then a large number of elec-

trons transit between the two states of complex defect, causing

the intense red DLE at ∼ 650 nm. The shallow donor states of

isolated Ga+Zn are activated by dissociating the (GaZn–VZn)−

complexes, which leads to the band-gap renormalization ef-

fect and hence the red shift of NBE.[22]
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Fig. 1. (color online) (a) Normalized RT PL spectra of G1 and G2. The
emission intensities of G1 and G2 were normalized at the NBE region
in order to compare the relative intensities of the peaks near 650 nm.
(b) RT PL spectra of samples G1, G1 after annealing (G1 AN), and Z.
An energy level diagram for DLE is shown in the inset.

Finally, the photodynamic characteristics of (GaZn–
VZn)− acceptor complex defects were studied by TRPL spec-
tra. Figure 2 shows the decay profiles of G1, G1 AN, Z, G2,
and G2 AN. They were fitted by a triple-exponential function
with time constants τ1, τ2, and τ3. The fast decay component
τ1 is commonly attributed to nonradiative recombination,[24]

and the slow decay component τ3 is ascribed to electron com-
munications with the background, which is usually a complex
process with a long relaxation time. The remaining component
τ2 (16.46 ns, 15.92 ns, 2.75 ns, 7.24 ns, and 0.78 ns for G1,
G2, G1 AN, G2 AN, and Z, respectively) presents the lifetime
of the deep level defects. As demonstrated in Fig. 2(a), the
decay profile of the visible emission peak of G1 (∼ 650 nm) is
obviously different from those of G1 AN and Z (∼ 550 nm).
The lifetime of (GaZn–VZn)− complex defect emission is quite
longer than that of the green emission. G2 and G2 AN demon-
strate the same tendency, as shown in Fig. 2(b). It implies
that the involved emission mechanisms are different for the
as-grown and annealed samples. As illustrated in Fig. 2(a),
the DLE of G1 AN behaves the same as that of Z. The green
band emissions of G1 AN and Z are generally ascribed to the

transition from the conduction band to the deep defect level,
which was attributed to a single positively charged oxygen
vacancy (V+

O) in previous work.[18,25,26] The results indicate
that the initial state of (GaZn–VZn)− complex defect emission
is not the conduction band, further confirming the two-level
emitter model of the (GaZn–VZn)− complex defect. Conse-
quently, the recombination of electrons between the (GaZn–
VZn)− complex defect levels emits light centered at 650 nm
with a lifetime of 10–20 nanoseconds, which is closed to the
reported lifetime of SPE in ZnO film.[9]
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Fig. 2. (color online) Decay profiles and their fitting curves of the center
wavelength of the visible emission peaks of (a) G1 (∼ 650 nm), G1 AN
(∼ 550 nm), Z (∼ 550 nm), (b) G2 (∼ 650 nm) and G2 AN (∼ 550 nm),
respectively.

4. Conclusion and perspectives
The energy level structure of (GaZn–VZn)− was proposed

based on the PL spectra, and the lifetime was obtained from
the TRPL measurements. The electron transitions between the
(GaZn–VZn)− complex defect levels emit light at ∼ 650 nm
with a lifetime of 10–20 nanoseconds. These findings may ad-
vance the exploration of its new applications in single photon
sources and high-efficiency nanophotonic emitters.
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