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Abstract ZnO/MgO core–shell nanorod arrays were

synthesized successfully by the hydrothermal growth

method. Photoluminescence (PL) emission from the

nanorods showed remarkable enhancement after the

growth of the MgO layer. The ZnO/MgO core–shell

nanorods are type-I heterostructures, the electrons and

holes of which are both confined in the core of the

nanorods, as a result, leading to the increase of the

photoluminescence intensity in this system. In addition,

another reason for the enhancement of PL emission was

the deposition of MgO shell suppression of surface

defects. In addition, the activation energy (Ea) of

63 meV in the ZnO/MgO core–shell nanorods was

obtained from temperature-dependent PL.

1 Introduction

ZnO is a wide-bandgap (3.37 eV) semiconducting

material with good chemical stability, making it useful in

solar cells, light emitting diodes, gas sensing devices and

transistors [1–3]. In the field of nanotechnology the

synthesis of controllable structures is crucial for the

development of functional devices. Recent interest in the

nanostructures has boosted the design of nanoscale

materials with specific morphologies for novel device

applications, since it is known that physical and chemical

properties of materials are strongly influenced by their

size and shape [4, 5]. Recently, many ZnO nanorod

devices have been reported to be fabricated by the facile

and low-temperature (below 100 �C) hydrothermal

methods [6, 7]. But this low-temperature chemical

growth method will introduce high defect density, it may

be disadvantageous to passivate the surface of the

nanorods to control the surface reactivity and limit the

electronic influence of surface defects [8]. It is reported

that a common technique to control and enhance the

properties of nanostructures is to create core–shell het-

erostructures [9, 10]. As a typical wide-bandgap insula-

tor, MgO has drawn special attention due to its important

use as a passivation layer in the study of chemical

sensors, optical devices and superconductor products [11,

12]. Previously, MgO as a shell onto a metal oxide

semiconducting core was developed using high-temper-

ature synthesis routes [13]. But these methods are

incompatible with low-cost, easily reproducible and large

industrial scale fabrication of products.

Here we report a low-temperature (with the entire syn-

thesis being possible under 100 �C), simple and efficient

two-step fabrication process to fabricate ZnO nanorods

inner- and MgO outer-shell layers. We comparatively
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investigated the ZnO nanorods and ZnO/MgO core–shell

nanorods with respect to their structural and photolumines-

cence (PL) characteristics.

2 Experimental

2.1 Nanorods core–shell synthesis

ZnO/MgO core–shell nanorods were grown by hydrother-

mal growth methods by a two-step process: growth of ZnO

nanorods, MgO deposition on the ZnO nanorods. (1)

Before growth of ZnO nanorods, the indium tin oxide

(ITO) substrates were cleaned in acetone and following

standard substrate cleaning procedures in a cleanroom

environment. A solution of zinc acetate dihydrate

[Zn(OOCCH3)2�2H2O] dissolved in pure ethanol with

concentration of 5 mM was spin-coated on the substrate as

the seed layer. In the chemical bath deposition (CBD)

growth, the aqueous solutions of zinc nitrate hexahydrate

[Zn(NO3)2�6H2O, 99.9 % purity] and methenamine

(C6H12N4, 99.9 % purity) were prepared and mixed toge-

ther. The concentration of both solutions was fixed at

0.1 M. The pretreated ITO substrates were immersed into

the aqueous solution and ZnO was grown at 95 �C. More

details on controllable preparation process of ZnO nano-

rods and other controllable growth conditions can be found

elsewhere [14]. To guarantee comparability, a big piece of

sample was cut into two parts. One was used as as-grown

sample; the other was used to deposit MgO shell. (2) The

ZnO/MgO core–shell nanorod arrays were fabricated by a

second hydrothermal growth procedure. The initial ZnO

nanorods were submerged in a mixed solution of 10 mM

magnesium nitrate and 0.1 M NaOH at 98.5 �C for 40 min

in a water bath for constant temperature. After being taken

out of the solution and washed with deionized water, the

samples were dried on a hot plate at 100 �C to remove any

excess water.

2.2 Characterization

XRD (MAC Science, MXP18, Japan), SEM (Hitachi,

S-570), Raman spectroscopy (514.5 nm, argon ion laser,

Renishaw-inVia) and PL (325 nm, He–Cd Laser, Reni-

shaw-inVia) were used to characterize the crystal struc-

ture, surface morphology and optical properties of the

samples.

3 Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns for

the initial ZnO nanorods and ZnO/MgO core–shell nanorod

arrays. The peaks of the initial ZnO nanorods can be

indexed to a hexagonal wurtzite ZnO structure with no

other phase (Fig. 1a). In the case of ZnO/MgO core–shell

nanorod arrays, the XRD pattern (Fig. 1b) shows a coex-

istence of ZnO and MgO phases, indicating that MgO was

coated on the ZnO nanorods. The strongest (002) diffrac-

tion peak appearing in both XRD patterns indicated that the

nanorods are preferentially oriented in the c-axis direction,

which indicates that the ZnO nanorods tend to grow per-

pendicular to the substrate surface. Moreover, we can

observe that the (002) peak position slightly shifts from

34.7� to 34.91� due to the MgO coating on the ZnO

nanorods. The two-theta values of (002) XRD peaks from

ZnO/MgO nanorods were shifted approximately 0.21�
towards the bigger angle as compared with that from the

as-prepared ZnO nanorods. We believe, in our case, this

shift is mainly caused by the change of the stress due to the

MgO deposition on the ZnO nanorod core. To prove this

deduction, we calculated the stress in as-prepared ZnO

nanorods and ZnO/MgO core–shell nanorods by the fol-

lowing formula [15]:

r ¼ 450 ðC0 � CÞ=C0GPa ð1Þ

where r, C and C0 were the mean stress, lattice constant,

and lattice constant of bulk ZnO (standard C0 =

0.5209 nm). The calculated stress for the as-prepared ZnO

nanorods and ZnO/MgO core–shell nanorods were 0.43

and 2.24, respectively, indicating that the compressive

strain in ZnO increased with the deposition of MgO shell.

The typical SEM images of as-prepared ZnO nanorods

are shown in Fig. 2a, showing the long-range uniformity

and relative high density of our nanorod films. The ZnO

nanorods are approximately 1 lm long and 300 nm in

diameter. The clear hexagonal shape and smooth surface as

shown in Fig. 2b revealed the high quality of the nanorods.
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Fig. 1 XRD pattern of as-synthesized ZnO and ZnO/MgO core–

shell nanorod arrays samples
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Figure 2c shows that the SEM image of the converted

ZnO/MgO core–shell nanorods seems to have bigger

diameter of about 400 nm. Figure 2d demonstrates that

MgO nanoparticles with a size of *40 nm are successfully

deposited onto the surface of ZnO nanorods.

The room-temperature Raman spectra were taken with

514.5 nm beam of Ar? laser to obtain the information

about the local bonding configuration of as-prepared ZnO

nanorods and ZnO/MgO core–shell nanorods. Group the-

ory predicts the typical wurtzite ZnO zone centered optical

phonons, C = A1 ? 2B1 ? E1 ? 2E2, where B1 mode is

silent and A1, E1, and E2 modes are Raman active. In

addition, the A1 and E1 modes are polar and infrared active,

and thus split into transverse-optical (TO) and longitudinal-

optical (LO) phonons. The E2 mode consists of two modes

of low- and high-frequency phonons [16]. As shown in

Fig. 3a, the Raman peak at 439 cm-1 is attributed to the

ZnO nonpolar optical phonons of E2H mode, which is one

of the characteristic peaks of wurtzite ZnO. In comparison

to as-prepared ZnO nanorods, one of the most interesting

changes is that the intensity of E2H mode of ZnO/MgO

core–shell nanorod arrays is much higher than the initial

ZnO nanorods, which maybe due to the very high density

of surface defects in ZnO nanorods grown by low-

temperature chemical method. However, in ZnO/MgO

core–shell nanorods, the MgO shell passivates ZnO core

surface and effectively reduces the density of surface

states, thereby enabling the detection of enhanced Raman

signals. The bands at 331, 381, 581, and 663 cm-1 can be

assigned to the overtone of E2H–E2L, A1T, E1L and 3E2H–

E2L, respectively [16]. The room-temperature resonance

Raman spectra of as-prepared ZnO nanorods and ZnO/

MgO core–shell nanorods are shown in Fig. 3b. A He–Cd

laser (3.82 eV) higher than the band gap of ZnO (3.37 eV)

was used as the excitation source. It satisfies the incoming

resonant conditions, where the exciting photon energy

resonates with the interband electronic transition energy of

the wurtzite ZnO. Therefore, the A1L and E1L phonon of

ZnO multiphonon resonant Raman scattering can be

observed. But in ZnO nanorods grown on the ITO substrate

in the excitation geometry parallel to the c-axis of ZnO, the

photon scattered by the E1L phonon is forbidden according

to the selection rule; hence, the corresponding Raman peak

cannot be observed. As a result, when excited by He–Cd

325 nm laser beam, A1L phonons outside the Brillouin zone

center are activated leading to multiple overtone scattering.

The peak intensity increases and the width broadens after

the MgO deposition on the ZnO nanorod core. This implies

Fig. 2 a Typical SEM image

of the initial ZnO nanorods;

b high-magnified SEM image of

ZnO nanorods; c SEM image of

ZnO/MgO core–shell nanorod

arrays; d high-magnified SEM

image of ZnO/MgO core–shell

nanorod arrays
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that the MgO shell effectively reduces the density of sur-

face states and forms a bigger average diameter compared

with ZnO nanorods, which is consistent with the previously

mentioned normal Raman results.

Optical investigations can reveal very useful informa-

tion for understanding the physical properties of materi-

als. They also demonstrate the possibility of extending the

potential application of ZnO/MgO core–shell nanorod

arrays in optoelectronic devices. Therefore, the PL mea-

surement was performed at both room temperature and

low temperature with an excitation wavelength of

325 nm. Figure 4 shows the room-temperature PL spectra

of the initial ZnO nanorods and ZnO/MgO core–shell

nanorods. The PL spectrum of the as-prepared ZnO

nanorods consists of the near band edge (NBE) emission

located at 385 and the deep level emission (DLE) in the

green range centered at 566 nm [17]. The DLE band is

mainly attributed to the intrinsic defects, such as oxygen

vacancy, zinc vacancy, oxygen interstitial, and zinc

interstitial or surface-related states [18]. It is noted that

the UV emission intensity of ZnO/MgO core–shell

nanorods is about 32 times higher than the as-prepared

ZnO nanorods. Generally, ZnO grown in the chemical

solution has two kinds of defects, i.e., surface defects and

intrinsic defects. Since the intensities of DLE bands for

both spectra are almost same as shown in Fig. 4, indi-

cating the intrinsic defect concentration for both samples

are similar, which is reasonable because the ZnO/MgO

were directly converted from ZnO nanorods. Therefore,

the strong enhancement of UV emission of ZnO/MgO

nanorods is mainly attributed to the strong suppression of

surface defects due to the deposition of MgO shell. The
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Fig. 4 PL spectra of the initial ZnO nanorods and ZnO/MgO core–

shell nanorod arrays at room temperature
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existence of MgO layer can effectively suppress the

nonradiative recombination on the surface of the ZnO

nanorods, resulting in the enhancement of excitonic

radiative recombination at UV wavelength [19]. Similar

improvement in UV emission intensity has also been

reported in ZnO nanorods covered with dielectric shells

[20].

Figure 5 shows the PL spectra obtained at 80 K for the

initial ZnO nanorods and ZnO/MgO core–shell nanorods.

The lines located at 3.368, 3.356, 3.308 eV can be ascribed

to the FX, D0X, and A0X emission, respectively, which are

quite agreeable with other research results [21]. The rest of

the lines are LO phonon replicas, separated by 71–73 meV,

which are associated with free and bound excitons [22]. In

comparison to the as-prepared ZnO nanorods, MgO coating

caused blue shift in the FX, D0X, A0X, and A0X-LO

emissions. In general, the core/shell structures are typically

classified into two types according to the band alignment of

the two components. Type-I, the conduction band mini-

mum (CBM) of the shell is of higher energy than that of the

core, and the valence band maximum (VBM) of the shell is

of lower energy than that of the core, which provides the

lowest energy states for both electrons and holes. Type-II,

both the valence and conduction bands in the core are

lower (or higher) than that in the shell; therefore, the

energy gradient existing at the interfaces tends to spatially

separate electrons and holes on different sides of the het-

erojunction [23, 24]. As shown in Fig. 6, ZnO/MgO core–

shell nanorod arrays belong to type-I, which will lead to the

peak blue shift and improve UV emission intensity com-

pared with ZnO nanorods.

Figure 7 shows the temperature-dependent PL spectra of

the as-prepared ZnO nanorods and ZnO/MgO core–shell

nanorods from 78 to 298 K. As shown in Fig. 7a, the PL

spectra of the as-prepared ZnO nanorods exhibit several

resolved NBE emissions at low temperatures. For the

spectra of the ZnO/MgO core–shell nanorods (Fig. 7b), the

free exciton (FX), neutral donor exciton (D0X), neutral

acceptor exciton (A0X), and longitudinal optic (LO) phono

replica emissions are observed. PL transition intensities of

two samples drastically decrease with increasing tempera-

ture. But the intensity quenching behaviors of two samples

are quite different. Figure 7c shows the integrated intensity

of PL as a function of temperature for the two samples. The

observed overall temperature-quenching behavior can be

well described by the equation I Tð Þ ¼ I0=½1þ
A exp �Ea=kBTð Þ� [25], where I(T) and I0 are the PL

intensities at temperature T and 0 K, A is the process rate

parameter, kB is the Boltzmann constant, and Ea is the

activation energy in the thermal quenching process.

The best fit result is shown by the dotted curve in Fig. 7c.

The good fits (solid curves) yielded Ea of 23 and 63 meV

for the as-prepared ZnO nanorods and ZnO/MgO core–

shell nanorods, respectively. Lin et al. point out that the

lower activation energy is mainly due to the existence of

more nonradiative contributions in the materials, which

also can be deduced from the equation [26]. Therefore, we

can conclude that more nonradiative recombination con-

tribute to the emission process in the as-prepared ZnO

nanorods than that in ZnO/MgO core–shell nanorods. This

is also consistent with the results shown earlier [27], and

stronger PL intensity in ZnO/MgO core–shell nanorods in

comparison with the as-prepared ZnO nanorods.

4 Conclusion

In summary, we presented the synthesis, structural, and

optical properties of ZnO/MgO core–shell nanorod arrays.

The PL intensity of ZnO/MgO core–shell nanorod arrays

increased 32-fold, after introduction of MgO overcoating

onto bare ZnO cores. MgO layer suppresses the nonradia-

tive recombination on the surface of the ZnO nanorods and

its type-I structure results in the high UV emission intensity.

The improved UV emission performance and the simple

fabrication technique suggest that the ZnO/MgO core–shell

nanorod arrays may serve as good UV laser devices.
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Fig. 6 Schematic energy band diagram of ZnO/MgO heterojunction.

A type-I band heterojunction is formed in the staggered arrangement
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