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Spatially-resolved Study of the Luminescence from ZnO/MgO Core-shell
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Gennady Panin∗

Department of Physics, Quantum-functional Semiconductor Research Center, Dongguk University, Seoul 100-715, Korea and
Institute of Microelectronics Technology, Russian Academy of Sciences, 142432, Chernogolovka, Moscow distr., Russia

Andrey Baranov

Department of Chemistry, Moscow State University, Russia

Olesya Kapitanova

Department of Material Science, Moscow State University, Russia

Tae Won Kang

Department of Physics, Quantum-functional Semiconductor Research Center, Dongguk University, Seoul 100-715, Korea

(Received 19 December 2011, in final form 9 January 2012)

The luminescent properties of core-shell nanocrystal structures were investigated with high spa-
tial resolution. The composites consisting of ZnO/MgO core/shell nanoheteroparticles showed an
increase in the relative intensity of the green luminescence after annealing while a suppression of
green luminescence from samples of ZnO tetrapods in a MgO nanoparticle matrix was observed.
Combined spatially-resolved combined through-the-lens-detector (TLD) and cathodoluminescence
(CL) measurements revealed that the depletion of electrons in the ZnO nanocrystals could lead to
a suppression of the luminescence.
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I. INTRODUCTION

Nanostructures made from ZnO (Eg = 3.37 eV)
and MgO (Eg = 7.5 eV) nanocrystals have consider-
able potential for the manufacture of ultraviolet light-
emitting diodes (LEDs) and lasers operating at room
temperature. ZnO nanoparticles without a capping agent
usually show green luminescence [1] while those with
capping agents show strong ultraviolet (UV) emis-
sion [2,3]. Mahamuni et al. [2] reported an emission
peak at 378 nm from tetraoctylammomium-bromide
(TOAB)-capped ZnO, and Guo et al. [3] reported that
polyvinylpyrrolidone (PVP) passivation of ZnO parti-
cles enhanced the UV and diminished the green emis-
sion. ZnO nanocrystals capped with the organic dye Rho-
damine 6G (Rh6G) showed a remarkable decrease in vis-
ible emission intensity [4]. It is known that the surface
properties of particles can be dramatically altered by
surface segregation of elements or by the creation of a
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surface shell layer (e.g., MgO) over a core of a differ-
ent composition (e.g., ZnO). Enhanced and more sta-
ble green emission of ZnO: MgO nanoparticles, resulting
from the effective surface passivation of the ZnO core by
an MgO shell, has been also reported [5]. The electrical
and the optical properties of nanoscale materials exhibit-
ing very large surface area-to-volume ratios have been ef-
fectively controlled by surface and interface states. More-
over, the space charge region (SCR), which can be signif-
icantly extended from the surface or interface, can have
a strong effect on the optical properties of nanocrystals.
An electric-field-induced color switching of the lumines-
cence from ZnO:Mg nanoparticle/polymer structures [6],
as well as optical modulation of the exciton luminescence
from ZnO nanoparticles [7], was recently reported.

In this paper, we report on the luminescent proper-
ties of two different ZnO/MgO composites prepared from
ZnO core/MgO shell nanoparticles and ZnO tetrapods
capped by MgO particles. ZnO core/MgO shell nanopar-
ticles annealed at 500 ◦C demonstrate an enhanced green
emission. However, the annealed nanocomposites of the
extended ZnO tetrapods/MgO nanoparticles show a rel-
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Fig. 1. (a) TEM micrograph and (b) electron diffraction
pattern of ZnO/MgO core-shell particles annealed at 500 ◦C.

ative reduction of the green luminescence and an en-
hancement of the UV emission. The mechanism of the
quenching of the green luminescence from the extended
nanocrystal composites is discussed.

II. EXPERIMENT

The nanocomposites were prepared from ZnO
core/MgO shell nanoparticles with sizes in the range
of 8 – 100 nm and extended nanocrystals such as ZnO
tetrapods (300 – 5000 nm in length and 20 – 500 nm
in diameter) capped by MgO nanoparticles (3 – 50 nm).
The first nanocomposite was synthesized by using the
chemical solution deposition (CSD) technique with a col-
loidal zinc oxide solution and alcoholic solution of mag-
nesium acetate, as previously described [8,9]. The ex-
tended nanocrystal-based composite was prepared from
tetrapods grown by using the chemical vapor deposition
(CVD) method [10] and MgO particles, which were ob-
tained by thermolysis of a jelly-like product containing
a mixture of magnesium acetate and sodium hydroxide
alcohol solution [8]. Both nanocomposites were annealed
at 400 and 500 ◦C in air. The low temperature annealing
was used to prevent the diffusion of Zn 2+ cations to the
MgO lattice and Mg 2+ cations to the ZnO lattice and to
keep the cubic MgO and the hexagonal ZnO structures
[8,11].

The photoluminescence (PL) spectra of the samples
were obtained using a monochromatized 300W Xe lamp
for excitation. Spatially-resolved cathodoluminescence
and electric-field profile measurements were carried out
using an XL 30S FEG high-resolution scanning electron
microscope (HRSEM) with MonoCl imaging and spec-
troscopy systems and an electron through-the-lens de-
tector (TLD) [12].

III. RESULTS AND DISCUSSION

The core/shell particles obtained by using the CSD
technique have near-spherical shapes (Fig. 1(a)) and con-

Fig. 2. CL spectra of ZnO/MgO core-shell particles an-
nealed at (a) 400 ◦C and (b) 500 ◦C.

sist of MgO and ZnO phases. The electron diffraction
pattern of the annealed nanocomposite contains both
cubic MgO structure indices ([220], [200]) and wurtzite
ZnO indices ([100], [002], [101], and [110]) (Fig. 1(b)).

Cathodoluminescence (CL) spectra of the core-shell
nanoparticles are shown in Fig. 2. The composites an-
nealed at 400 and 500 ◦C show two peaks, 376 and 512
nm, which are attributed to the free exciton luminescence
and the oxygen-vacancy-related emission from ZnO. The
blue shift of the excitonic luminescence indicates the
quantum confinement effect in the ZnO particles. The
relationship between the nanocrystal size and the band
gap can be obtained using a number of models [13–15].
One such model is the effective mass model for spherical
particles with a Coulomb interaction term [16,17], where
the band gap E* [eV] can be approximated by [18]

E∗ = Ebulk
g + [(�2π2)/2er2][(1/mem0) + (1/mhm0)]

−1.8e/4πεε0r, (1)

where Ebulk
g = 3.2 eV is the ZnO bulk band gap, r is

the particle radius, me = 0.26 is the effective mass of the
electrons, mh = 0.59 is the effective mass of the holes,
m0 is the free electron mass, ε = 8.5 is the relative per-
mittivity of ZnO, ε0 is the permittivity of free space, �

is Plank’s constant divided by 2π, and e is the charge of
the electron. The size of the ZnO particles, estimated
from Eq. (1) at 8 nm, is in good agreement with the
TEM measurements. We noted that the relative inten-
sity of the green luminescence increases with increasing
annealing temperature (Fig. 2, curve b). This behav-
ior of luminescence could arise from an increase in the
density of radiative singly-ionized oxygen vacancies after
the annealing as a result of an increase in the electron
concentration in the ZnO particles and a decrease in the
concentration of nonradiative centers.

Figure 3 shows PL spectra of ZnO tetrapods and
tetrapods capped by MgO particles. The annealed
tetrapods demonstrate a high intensity of green lumi-
nescence attributed to oxygen-vacancy-related defects.
The tetrapods annealed with capping MgO nanoparti-
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Fig. 3. Normalized PL spectra of (a) ZnO nanotetrapods
(solid line) and (b) ZnO nanotetrapods covered by MgO (dot-
ted line).

Fig. 4. (a) SEM image of the nanotetrapod structure and
(b) profiles of the CL intensity and the TLD signal from the
structure obtained by electron beam scanning (A-B line in
Fig. 4(a)).

cles show, however, suppressed green emission and a
relatively-enhanced excitonic luminescence (Fig. 3, curve
b).

To study the electronic and the optical properties of
the samples on a nanoscale, we carried out TLD and
CL measurements. Figure 4(a) shows an SEM image
of the tetrapod, and Fig. 4(b) shows profiles of the CL
intensity and the TLD signal obtained from the structure
by scanning an electron beam along the A-B line. The
enhanced TLD signal indicates a depletion of the ZnO
surface by electrons and SCR formation. The intensity of
the CL from the depletion zone was significantly (about
25%) suppressed.

The green luminescence from ZnO nanocrystals is gen-
erally explained by singly-ionized oxygen vacancies V+

o

[19]. The mechanism for the observed suppression of the
green luminescence from the nanocomposite structure
can be explained by an electron depletion of the ZnO
nanocrystals due to the band bending on the interface
between the ZnO and the MgO capping agent (Fig. 5).
In the part of this depletion region where the Fermi level
EF passes below the V+

O/V2+
O energy level, all oxygen

vacancies are in the nonradiative V2+
O state (Fig. 5(b)),

and the green luminescence from the nanocrystals is sup-

Fig. 5. (Color online) Energy band diagrams of hetero-
junctions: (a) a ZnO/MgO core-shell particle and (b) a ZnO
nanotetrapod covered by MgO particles. Ef is the Fermi
energy (dashed line - as grown, dash-dotted line – after an-
nealing). The oxygen vacancy level marked as V+

o /V2+
o can

have one (solid circles) or two holes (open circles).

pressed [20]. In the case of uncapped tetrapods, the elec-
tron density (the oxygen vacancies’ concentration) is rel-
atively high, and the green emission from such samples
is good.

In the case of ZnO/MgO core-shell nanoparticles, the
green luminescence’s intensity is increased with increas-
ing annealing temperature (Fig. 2). Such behavior can
be explained by an increase in the oxygen-vacancy-
related defect density and an increase in the electron
Fermi energy with increasing temperature of annealing
(Fig. 5(a)). Both processes may lead to the observed
enhancement of the green luminescence intensity. We
should note that the impact of an electron depletion
region on the luminescence from nanocomposite struc-
tures depends on the size of the crystals, their conduc-
tivity (the position of the Fermi level) and the density of
electron traps. The depletion region width (W) of ZnO
crystals nearby the interface depends on the density of
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states induced by the surface (interface) and the density
of donors in the nanocrystals:

W = (2εZnOVbi/eNd)1/2, (2)

where εZnO is the dielectric constant of ZnO, Vbi is the
potential barrier, e is the electron charge, and Nd is the
donor density. The electron density in the as-grown ZnO
core/MgO shell particles is usually very low due to low
density of surface defects (the low growth temperature),
which leads to a considerable electron depletion of as-
grown particles (Fig. 5(a), EF -dashed line). The anneal-
ing of such particles at higher temperature increases the
donor defect density and shifts the Fermi level to the con-
duction band (Fig. 5(a), EF -dash-dotted line). As a re-
sult, the green luminescence from the annealed core/shell
particles increases. In the case of extended nanocrystals
such as tetrapods, the electron density of the as-grown
crystals grown at high temperatures is usually relatively
high (Fig. 5(b), EF -dashed line), and the green emis-
sion from such samples is good. The extended crystals
capped with MgO particles show an electron depletion of
the ZnO surface due to a high density of electron traps on
the ZnO/MgO interface and the band bending. The den-
sity of these states is much higher than in the MgO shell/
ZnO core particle interface. Moreover, annealing the
capped tetrapods leads to annihilation of oxygen vacan-
cies and shifts the Fermi energy (Fig. 5(b), dash-dotted
line). Furthermore, the height of the potential barrier
on the interface depends on the density of surface (inter-
face) states and can be tailored by using an electric field.
This makes possible an adjustment of the luminescence
from the ZnO/MgO nanocomposites by using a bias volt-
age. The results obtained from the spatially-resolved CL
and TLD measurements indicate that the luminescence
from the surface space-charge region of the tetrapods is
suppressed. The effect is more pronounced for the more
conductive nanocrystals, the size of which is comparable
to the width of the surface depletion region, and for a
high density of surface/interface states.

IV. CONCLUSION

The luminescent properties of ZnO/MgO nanocom-
posite structures consisting of ZnO nanocrystals (parti-
cles, tetrapods) and MgO shells were investigated. The
obtained results show that the hexagonal ZnO and the
cubic MgO phases in ZnO/MgO nanocomposites are
thermally stable up to 500 ◦C. The nanocomposites
based on ZnO core/MgO shell nanoparticles demonstrate
an increased relative intensity of the green luminescence
after annealing while a suppressed PL green emission is
observed from the annealed nanocomposites consisting
of extended ZnO nanocrystals such as tetrapods capped
by MgO nanoparticles. Spatially-resolved CL and TLD
measurements showed that the luminescence from the ex-
tended ZnO crystals was suppressed in the SCR due to a

built-in electric field and an enhanced density of nonra-
diative centers. The covering of the extended nanocrys-
tals by MgO particles led to an electron depletion of ZnO
and to the formation of surface band bending, which
increased the portion of nonradiative states (double-
ionized oxygen vacancies).
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