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MgO nanorods were fabricated by the thermal evaporation of Mg3N2. The influence of ZnO sheathing and

hydrogen plasma exposure on the photoluminescence (PL) of the MgO nanorods was studied. PL measurements

of the ZnO-sheathed MgO nanorods showed two main emission bands: the near band edge emission band

centered at ~380 nm and the deep level emission band centered at ~590 nm both of which are characteristic of

ZnO. The near band edge emission from the ZnO-sheathed MgO nanorods was enhanced with increasing the

ZnO shell layer thickness. The near band edge emission from the ZnO-sheathed MgO nanorods appeared to be

enhanced further by hydrogen plasma irradiation. The underlying mechanisms for the enhancement of the NBE

emission from the MgO nanorods by ZnO sheathing and hydrogen plasma exposure are discussed.
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Introduction

ZnO is one of a few materials that can emit short-wave-

length light such as ultraviolet light and blue light. For the

past decade, considerable efforts have been made to develop

UV light-emitting devices based on ZnO, such as light-

emitting diodes (LEDs) and lasers.1-8 LEDs based on one-

dimensional (1D) nanostructures have many advantages

over thin film-based LEDs. Considerably improved perfor-

mance is expected from nanostructured active layers for

light emission. 1D nanostructures can act as direct wave-

guides and favor light extraction without the use of lens and

reflectors. In addition, the emission efficiency is boosted by

the absence of nonradiative recombinations at the joint

defects because the use of 1D nanostructures can avoid grain

boundaries.9 Therefore, it is very important to obtain ultra-

intense short-wavelength luminescence using 1D nanostruc-

tures. Intense near-band edge (NBE) emission is obviously

essential in the realization of high quality ultraviolet (UV)

optoelectronic devices, such as LEDs and laser diodes (LDs).

NBE emission is associated with the excitons bound to

shallow donors, whereas deep level (DL) emission is as-

sociated with oxygen vacancy related defects, such as singly

ionized oxygen vacancies, which can easily form recombi-

nation centers.10-12

A range of techniques have been used to enhance the NBE

emission and simultaneously to suppress the DL emission of

ZnO nanostructures. These techniques include thermal an-

nealing in a hydrogen or oxygen atmosphere,13 hydrogen or

argon plasma treatment,14 hydrogen or Ga doping,15 and

encapsulation of the nanostructures with thin films.16 Of

these techniques, formation of core-shell nanostructures by

encapsulating ZnO nanostructures with other semiconduct-

ing oxide thin films has been reported by many research

groups.17-26 Recently, we reported that ultraintense short-

wavelength emission could be obtained from ZnO-sheathed

MgO nanorods induced by subwavelength optical resonance

cavity formation.27 This technique differs from previous

encapsulation techniques in that the core and shell materials

were MgO and ZnO, respectively. All the previous studies

on encapsulation techniques used semiconducting oxide-

sheathed ZnO nanostructures, i.e. ZnO-core/MgO-shell nano-

structures to enhance the NBE emission and simultaneously

to suppress the DL emission of ZnO nanostructures. 

On the other hand, the improvement in the UV emission

efficiency by hydrogen plasma exposure was reported by

many research groups. ZnO usually shows strong green

emission originating from deep levels caused by native oxy-

gen vacancies.28,29 It was recently found that the incorporation

of hydrogen into ZnO could passivate the deep level green

emission and enhance the near band edge UV emission

efficiently.30,31 The deep level emission caused by an oxygen

vacancy is passivated by trapping hydrogen in the oxygen

vacancy resulting in a hydrogen shallow donor bound in an

oxygen vacancy as usually admitted.32-34 This finding could

benefit the development of many UV light-emitting devices

based on ZnO. For instance, hydrogenation has lately been

employed to enhance UV emission of the electrolumine-

scence of n-ZnO/p-GaN LEDs.35,36 In our previous paper on

MgO-core/ZnO-shell nanowires we reported the effects of

the ZnO shell layer thickness on the PL properties in the

MgO-core/ZnO-shell nanowires. This study examined the

effects of hydrogen plasma irradiation on the photolumine-

scence (PL) of the MgO-core/ZnO-shell nanowires. A com-

bination of the two different techniques: a MgO-core/ZnO-

shell nanostructure formation technique and a hydrogen

plasma irradiation technique is expected to give a synergetic

effect on the enhancement of the PL properties of ZnO.

Experimental

MgO nanorods were synthesized on Au-coated Si (100)

substrates in a quartz tube by the thermal evaporation of

Mg3N2. Details of the MgO nanorod synthesis procedure are
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described elsewhere.37 The prepared MgO nanorods were

then transferred to an atomic layer deposition (ALD) chamber.

The ZnO was deposited on the nanorods using the following

method. The nanorods were coated with ZnO. Diethylzinc

(DEZn) and H2O were kept in bubblers at 0° and 10 oC,

respectively. These source gases were alternately fed into the

chamber through separate inlet lines and nozzles. The

typical pulse lengths were 0.15 sec for DEZn, 0.2 sec for

H2O and 3 sec to purge the reactants. The substrate temper-

ature, pressure in the chamber, and base pressure were 150

°C, 0.1 Torr, and 2 × 10−6 Torr, respectively. The thickness of

the ZnO shell layer formed by ALD appeared to be pro-

portional to the number of ALD cycles as shown in Figure 1.

Hydrogen plasma treatment was performed on the prepared

pristine MgO nanorods and MgO/ZnO core-shell nanorods

at room temperature for 1 min in a reactive ion etching (RIE)

system (SAMCO, RIE-10NRU). The RIE system had a

parallel-plate type plasma reactor and was operated at an RF

frequency of 13.56 MHz. Hydrogen plasma was generated

under the applied radio frequency (RF) power of 100 W, the

gas flow of 100 sccm, and the pressure of 100 Pa.

The PL measurements of the nanorod samples were taken

at room temperature using a PL spectrometer (SPEC-1403)

with a He-Cd laser (325 nm, 55 mW) as the excitation source.

The general surface morphology and crystallinity of the

products were examined by scanning electron microscopy

(SEM, Hitachi S-4200) and glancing angle (0.5°) X-ray

diffraction (XRD, Rigaku DMAX 2500) with Cu-Kα radia-

tion (λ = 0.1541 nm), respectively. A transmission electron

microscope (TEM) instrument (Phillips CM-200) operated

at 200 kV was used to examine the detailed microstructures

of the products. 

Results and Discussion

Figure 2(a) shows the SEM images of the MgO-core/ZnO-

shell nanorods synthesized by the thermal evaporation of

Mg3N2 powders at 900 °C for 1 h in an oxidizing atmosphere

and the ALD of ZnO at 150 °C for 125 cycles. SEM

observation of the core-shell nanorods revealed widths

ranging from 80 to 120 nm and lengths ranging from 0.5 to 3

μm. The inset in Figure 2(a) clearly displays the geometrical

configuration of a typical core-shell nanorod with faceted

surfaces. Low-magnification TEM (Fig. 2(b)) revealed that

the thickness uniformity of the ZnO shell layer formed on an

MgO nanorod by ALD was not bad. The local high-resolu-

tion TEM image in Figure 2(c) shows the microstructures of

the MgO core and the ZnO shell in a typical core-shell

nanorod. The fringe pattern in the high-resolution TEM

indicates the MgO core to be polycrystalline. The resolved

spacing between two parallel neighboring fringes on the

upper right side (Fig. 2(c)) was 0.24 nm, which matches well

that of the {111} lattice plane family of face-centered cubic

(fcc) (Fm3m)-structured MgO with a lattice parameter of a =

0.4213 nm (JCPDS No. 04-0829). A fringe pattern was also

observed in the HRTEM of the shell region (Fig. 2(g)),

indicating that the ZnO shell to also be of single crystal

nature locally even though the overall structure of the ZnO

shell is polycrystalline. The resolved spacing between two

parallel neighboring fringes in the shell region was 0.25 nm,

which is in good agreement with that of the {101} lattice

plane family of an wurtzite (P63mc)-structured MgO with

lattice parameters of a = 0.3253 nm and c = 0.5213 nm

(JCPDS No. 89-1397). The corresponding selected area elec-

tron diffraction pattern recorded from the shell layer (Fig.

2(d)) clearly exhibited concentric ring patterns from the fcc-

structured MgO and wurzite-structured ZnO, indicating both

the MgO core and ZnO shell were polycrystalline. The

reflections from the ZnO shell layer were weaker than those

from the MgO core because the shell layer is thinner than the

core. 

The XRD pattern of the as-synthesized MgO-core/ZnO

shell nanorods (Fig. 2(e)) showed that both the ZnO shells

and MgO cores were crystalline. The (100), (002), (101),

(110), and (103) reflection peaks of ZnO were observed

alongside the strong (111), (200), and (220) reflection peaks

of MgO. The heights of the ZnO reflection peaks were smaller

than those of the MgO reflection peaks possibly because the

ZnO shell layers were thinner than the MgO cores. The EDX

spectrum taken from the core-shell nanorods (Fig. 2(f))

indicated the presence of Mg, Zn, and O elements, which

agreed well with the result of XRD analysis (Fig. 2(e)). The

Cu and C in the spectra are due to TEM grid. EDXS

analyses confirmed that MgO/ZnO core-shell nanorods were

synthesized successfully by showing the higher Mg concen-

tration in the central region and the higher Zn Concentration

at Both Edge Regions of the Nanorod (Fig. 2(g)).

Figure 3(a) shows the room-temperature PL spectra of the

MgO-core/ZnO-shell nanorods for different numbers of

ALD cycles for ZnO deposition. In the PL spectra, the as-

synthesized MgO nanorods correspond to the 0 ALD cycle

for ZnO deposition. The PL spectrum of the as-synthesized

MgO nanorods showed a broad emission band centered at

approximately 590 nm in the yellow region. In contrast, the

MgO-core/ZnO-shell nanorods or the ZnO-sheathed MgO

nanorods showed two characteristic emission bands: a sharp

near-band edge emission band centered at approximately

Figure 1. The ZnO shell layer thickness versus the number of
ALD cycles.
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380 nm in the near-ultraviolet region and a broad deep level

emission band centered at 560 to 610 nm. These two bands

are assumed to originate from the ZnO shell layer rather than

from the MgO core because of the following two reasons:

(1) The wavelengths of the two major emission peaks match-

ed those of the near-band edge and deep level emissions

from ZnO very well. (2) The peak height or the intensity of

the emission increased with increasing the number of ALD

cycles or the ZnO shell layer thickness. The ratio of the NBE

emission intensity to the DL emission intensity (INBE/IDL) as

well as the ratio of the PL intensity of core-shell nanorods to

that of the as-synthesized MgO nanorods (I/I0) obviously

increased with increasing the number of ALD cycles for

ZnO deposition, as shown in Figure 3(b). The intensity ratio

(INBE/IDL) of the MgO-core/ZnO-shell nanorods for 100

cycles (corresponding to a ZnO shell layer thickness of ~25

nm) was ~2.15, whereas that of the pristine (unsheathed)

MgO nanorods was 0. The NBE emission intensity ratio (I/

I0) of the MgO-core/ZnO-shell nanorods for 100 cycles to

the core-shell nanorods for 0 cycles, i.e., the pristine MgO

nanorods was ~1.9 fold higher. Increasing the ZnO shell

layer thickness resulted in an increase in the intensity ratio of

the NBE emission to DL emission from the ZnO shell by

enhancing the crystal quality of the ZnO thin film. The DL

emission intensity decreased with increasing the ZnO shell

layer thickness. In general, a thinner film contains a higher

density of crystallographic defects such as surface states,

vacancies, and dislocations than a thicker film because of a

higher surface-to-volume ratio. 

Here, it is worthy of noting that an MgO-core/ZnO-shell

Figure 2. (a) SEM image of MgO/ZnO core-shell nanorods. Inset, enlarged SEM image of a typical MgO/ZnO core-shell nanorod. (b) Low-
magnification TEM image of typical MgO/ZnO core-shell nanorods. (c) Local HRTEM image of typical MgO/ZnO core-shell nanorods
near the core-shell interface. (d) Corresponding SAED pattern. (e) XRD pattern of the MgO/ZnO core-shell nanorods. (f) EDX spectrum of
the MgO/ZnO core-shell nanorods. (g) EDXS concentration profile along the line drawn across the diameter of a typical MgO/ZnO core-
shell nanorod.
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nanorod is a more efficient nanomaterials than a simple ZnO

nanorod in terms of the emission intensity, because the

carrier transfer from the MgO core to the ZnO shell under

laser illumination. It was hypothesized that some of these

photogenerated electrons and holes recombine in the MgO

cores to emit light, but that the remaining photogenerated

electrons are transferred from the MgO cores to the ZnO

shells. Unless the MgO nanorod surfaces were passivated

with ZnO, the transferred photogenerated elesctrons would

be readily captured by the defects at surfaces owing to the

high specific surface area and short relaxation time for

electrons tunneling from the inner parts of the MgO nano-

rods to the surfaces.38,39 The transferring carriers are only

electrons because holes do not transfer from MgO to ZnO

due to the valence band edge (EV) of MgO higher by 0.65 eV

than that of ZnO.40 In addition, MgO has unique properties

such as an extraordinarily high secondary electron emission

rate due to its negative electron affinity,41 which may also

have a positive effect on the transfer of the photogenerated

electrons. On the other hand, the photogeneration of carriers

in the ZnO shells is mainly caused by the band-to-band

transition upon irradiation with a laser that has energy larger

than the energy band gap (Eg) of ZnO. Next, the electrons

and holes photogenerated in the ZnO shells and the electrons

transferred from the MgO cores to ZnO shells recombine. 

Figure 4(a) shows the effect of hydrogen plasma treatment

on the PL properties of MgO-core/ZnO-shell nanorods. The

intensity ratio of near-band edge emission to deep level emi-

ssion, INBE/IDL, tended to increase with increasing the plasma

treatment time as shown in Figure 4(b). The INBE/IDL of the

MgO-core/ZnO-shell nanorods was ~4.8 for a plasma treat-

ment time of 120 sec, whereas that of the pristine MgO

nanorods was 0. 

Both the NBE emission and DL emission peaks increased

with increasing hydrogen plasma treatment, but the former

increased much faster than the latter. This result is consistent

with previous results in that the intensity ratio INBE/IDL was

increased by hydrogen plasma treatment. On the other hand,

this result somewhat differs from a previous report that the

DL emission peak was decreased while the NBE emission

peak was increased by hydrogen plasma treatment.42 As

mentioned above, the DL emission from ZnO originates

from the oxygen vacancies in ZnO.10-12 The as-prepared

core-shell nanorods contain a high density of oxygen vacancies.

During H2-plasma treatment, the oxygen vacancies are

occupied by hydrogen atoms, leading to a decrease in DL

emission and the enhancement in NBE emission. However,

passivation of oxygen vacancies by hydrogen atoms can

explain the decrease in the DL emission intensity but cannot

Figure 4. Room temperature-PL spectra of the as-synthesized
MgO-core/ZnO-shell nanorods for different hydrogen plasma
treatment times. (b) Plots of the intensity ratio of the NBE
emission to the DL emission (INBE/IDL) of the core-shell nanorods
as a function of the hydrogen plasma treatment time.

Figure 3. Room temperature-PL spectra of the as-synthesized
MgO-core/ZnO-shell nanorods for different numbers of ALD
cycles for ZnO deposition. (b) Plots of the intensity ratio of the
NBE emission to the DL emission (INBE/IDL) and the normalized
intensity of the major emission (I/I0) of the core-shell nanorods as a
function of the number of ALD cycles for ZnO deposition. The PL
intensity (I) was normalized to that of 0 ALD cycle (I0). I is the
intensity of the NBE emission from MgO-core/ZnO-shell nanorods,
whereas I0 is that of the DL emission from the MgO nanorods.
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fully explain the increase in the NBE emission intensity.

For more qualitative explanation of the enhancement in

the NBE emission of the core-shell nanorods with increasing

plasma treatment time, at least four transition channels in

ZnO including band-to-band, free-exciton, bound-exciton,

and impurity-to band transitions should be taken into

consideration. At room temperature, bound excitons com-

pletely dissociate due to their low binding energy typically

10-15 meV, and the fraction of the free-exciton transition

increases. After the hydrogen plasma treatment, incorporation

of hydrogen increases the free carrier concentration as well

as introduces new donor levels. This should lead to an

additional recombination channel via these donor centers

resulting in the enhanced NBE emission. In addition, an

increase in the free-carrier concentration should also lead to

a strengthening of scattering processes which may further

contribute to the more enhanced NBE emission of the

treated samples.43

Conclusions

MgO/ZnO core-shell nanorods were synthesized on Si

substrates using a two-step process: thermal evaporation of

Mg3N2 and ALD of ZnO. PL measurements of the ZnO-

sheathed MgO nanorods showed two main emission bands:

the near band edge emission band centered at ~380 nm and

the deep level emission band centered at ~590 nm both of

which are characteristic of ZnO. The near band edge emi-

ssion from the ZnO-sheathed MgO nanorods was enhanced

with increasing the ZnO shell layer thickness. The near band

edge emission from the ZnO-sheathed MgO nanorods was

enhanced further by hydrogen plasma irradiation. The inten-

sity ratio INBE/IDL of the MgO/ZnO core-shell nanorods was

increased with increasing the hydrogen plasma treatment

time. The increase in INBE/IDL is due to the passivation of

oxygen vacancies by hydrogen atoms and the increase in the

fraction of the free-exciton transition as results of the

hydrogen plasma treatment.
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