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Abstract
The Zn1�xMgxO thin films were grown on Al2O3 substrate with various O2 flow rates by plasma-assisted molecular beam epitaxy (P-MBE). The

growth conditions were optimized by the characterizations of morphology, structural and optical properties. The Mg content of the Zn1�xMgxO

thin film increases monotonously with decreasing the oxygen flux. X-ray diffractometer (XRD) measurements show that all the thin films are

preferred (0 0 2) orientated. By transmittance and absorption measurements, it was found that the band gap of the film decreases gradually with

increasing oxygen flow rate. The surface morphology dependent on the oxygen flow rate was also studied by field emission scanning electron

microscopy (FE-SEM). The surface roughness became significant with increasing oxygen flow rate, and the nanostructures were formed at the

larger flow rate. The relationship between the morphology and the oxygen flow rate of Zn1�xMgxO films was discussed.

# 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, ZnO as a wide band-gap semiconductor with a large

exciton binding energy of 60 meV [1], has attracted more and

more attention for its potential applications in optoelectronic

devices [2,3]. To realize ultraviolet (UV) light emitting diodes

(LEDs) and lasers, one of key issues is the growth of

heterojunctions and quantum wells for confining electrons and

photons in the devices. Due to the similarity of the ionic radius

between Mg2+ (0.57 A) and Zn2+ (0.60 A) [4], the wurtzite

structure Zn1�xMgxO thin films were extensively studied as

barrier materials for ZnO/ZnMgO quantum wells. Many groups

have successfully reported the growth of single wurtzite phase

Zn1�xMgxO layers [5–11], in which maximum Mg concentration

is up to 49 at.%. We also have obtained the wurtzite structure
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Zn1�xMgxO thin film with Mg containing up to 30 at.% [12].

Most of these works were focused on the fabrication, structural

and optical properties. However, there are few reports about the

studies on the morphology controlling and growth mode for

Zn1�xMgxO thin films until now, which were just important for

obtaining the Zn1�xMgxO thin film with a smooth surface and

two-dimensional (2D) growth for the fabrication of the quantum

well structure. The influences of the growth parameters on the

growing mode have been fully investigated in ZnO thin films. It is

clearly that the II/VI ratio would strongly influence the interface

morphology [13], surface morphology [14], and dislocation

generation [15]. Then, it is essential to study the dependence of

the oxygen flux on the crystal quality of the Zn1�xMgxO thin

films. In these works, the composition control of the Zn1�xMgxO

thin films were all to adjust the ratio of Zn/Mg. However, because

Zn and Mg atoms are very active, a little varying of the source

temperatures will cause larger change of Zn and Mg partial

pressures. Therefore, it is difficult to control the composition by

changing the metal source.
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Table 1

The growth parameters and Mg contents of the Zn1�xMgxO

Sample Zn source

T (8C)

Mg source

T (8C)

Substrate temperature

T (8C)

O2 flow rate

(sccm)

Growth pressure

(mbar)

Mg content (x)

a 245 280 600 0.2 6 � 10�7 0.20

b 245 280 600 0.4 8 � 10�7 0.15

c 245 280 600 0.6 3 � 10�6 0.06

d 245 280 600 0.8 1 � 10�5 0.03

Fig. 1. The EDS of the Zn1�xMgxO films (x = 0.03, 0.06, 0.15, 0.20).
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In this paper, Zn1�xMgxO thin films with single hexagonal

phase were grown at a large range of the oxygen flux by P-

MBE. The influences of oxygen flux on the structural, optical

and morphological properties of the films were studied. By

controlling the oxygen flow rate, two-dimensional (2D) growth

of the Zn1�xMgxO thin films with the wurtzite structure was

realized. The composition of Zn1�xMgxO thin films was

controlled by adjusting the oxygen flow rate.

2. Experiments

The growth was carried out using a V80H molecular-beam

epitaxy system equipped with Knudsen cells for a Zn solid

source (99.9999%) and an Mg solid source (99.999%) as well

as an radio frequency (rf)-plasma cell for oxygen source (O2,

99.999%). The background vacuum of the growth chamber was

about 1 � 10�9 mbar with supplying liquid nitrogen. A mass

flux controller controls the oxygen flow rate. During the growth,

the rf power of oxygen plasma was 300 W. The oxygen flow

rate was varied 0.2–0.8 sccm, and the Zn source and Mg source

were controlled at 245 8C and 280 8C, respectively. The c-plane

sapphire (Al2O3) was used as the substrate. In order to obtain a

clean fresh surface, the substrates were chemically etched in a

hot solution of H2SO4:H3PO4 = 3:1 at 160 8C for 15 min.

Before growth, the substrates were thermally pre-treated at

800 8C for 30 min, which was expected to remove surface

contaminant and obtain oxygen terminated Al2O3 (0 0 0 1)

surface. The films were grown at 600 8C.

X-ray diffraction (XRD) spectra were collected with a D/

max–RA X-ray spectrometer (Rigaku International Corp.,

Japan) with Cu Ka radiation of 0.1543 nm to obtain the

structural information of the films. A hatachi S4800 energy

dispersive spectroscopy (EDS) was used to determine the Mg/

Zn ratio in the films, and the acceleration voltage and the

magnification of EDS were 10 kV and 5000, respectively.

Optical transmission spectra were recorded using a Shimadzu

UV-3101 PC scanning spectrophotometer. The sample mor-

phology was investigated by a filed emission scanning electron

microscope (SEM) (hatachi S4800). The photoluminescence

(PL) measurements were performed on a JY-630 micro-Raman

spectrometer. A He–Cd laser operating at 325 nm was used as

the excitation.

3. Results and discussion

The Mg contents were detected by the EDS. The details

growth parameters and Mg contents are given in Table 1. We

obtained the Zn1�xMgxO films with different Mg contents
through changing the oxygen flow rate and remaining the same

of other conditions. The Mg content is decreased with the

increasing the oxygen flow rate. The oxygen flow rates are 0.2,

0.4, 0.6 and 0.8 sccm corresponding to Zn1�xMgxO films with

Mg contents x = 0.2, 0.15, 0.06 and 0.03, respectively. Because

the Mg atom is more active than the Zn atom, the bonding

between Mg and oxygen takes place more easily than that of Zn

atoms. At low oxygen flow rate, the oxygen atom prefers

binding with Mg atom to bonding with Zn, which results in the

high Mg concentration in the Zn1�xMgxO films. As the oxygen

flow rate increases, the Mg–O binding process saturates

gradually, and more and more Zn atoms combine with oxygen

atoms. In this case, the Mg content in the Zn1�xMgxO films is

decreased. The EDS for the Zn1�xMgxO films are shown in

Fig. 1. Only Zn, Mg, O and Al signals were detected in all the

samples, indicating formation of the Zn1�xMgxO films with

high purity. From EDS, it is found that all the Zn1�xMgxO films

show metallic-rich characteristic.

Fig. 2 shows the SEM images of the surface of the

Zn1�xMgxO layer grown under different oxygen flow rates.

When the oxygen flow rate is 0.2 sccm, a flat surface

morphology of Zn1�xMgxO film is obtained in Fig. 2(a). With

increasing of the oxygen flow rate, the surface morphology of

Zn1�xMgxO films becomes rough gradually. Many pits appear

on the surface of the Zn1�xMgxO films at the oxygen flow rate

of 0.4 sccm, as shown in Fig. 2(b). Fig. 2(c) and (d) exhibits that

the nanostructures were formed on the surface of the

Zn1�xMgxO films grown under higher oxygen flow rate

conditions. The thicknesses of the grown films are measured

by lateral image of SEM. The Zn1�xMgxO films thicknesses are

200, 250, 400, and 500 nm corresponding to the oxygen flow



Fig. 2. SEM images from surfaces of the MgxZn1�xO layers grown at different oxygen flux: (a) 0.2 sccm; (b) 0.4 sccm; (c) 0.6 sccm; (d) 0.8 sccm.

Fig. 3. The XRD spectra of the Zn1�xMgxO films with different Mg contents.
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rate are 0.2, 0.4, 0.6 and 0.8 sccm, respectively. The increase of

the thickness with the increasing oxygen flow rate indicates that

the growth rate is limited by the incorporation of oxygen atoms.

It means that the Zn1�xMgxO thin films were grown under

metallic-rich conditions. This is in good agreement with the

result measured by EDS. In ZnO, it has been reported that the

growth rate is restricted by the incorporation of Zn atoms under

O-rich conditions. And the morphology structure of ZnO thin

films with many pits was also observed in the Zn-rich

conditions [16]. The possible reason of morphology evolution

with increasing oxygen flow rate is that the activated oxygen

atoms bind easily with the adsorbed metallic atoms. At low

oxygen flow rate, the adsorbed metallic atoms could migrate to

suitable lattice site through enough long distance due to the lack

of oxygen. This leads to the growth of the Zn1�xMgxO thin

films with 2D growing mode. In this case, the films growth

velocity is slow and the surface looks smooth, as shown in

Fig. 2(a). At the oxygen flow rate of 0.4 sccm, the absorbed

metallic atoms, which did not fully migrate to suitable place,

combine with the oxygen atoms to form Zn1�xMgxO thin films

with many pits. As the oxygen flow rate increases further, the

more and more metallic atoms bind with oxygen atoms as the

nucleation site. In this case, the absorbed metallic atoms have

not enough time to migrate, and the growth was carried out

along a preferred direction. The growth velocity is increased

and the nanostructures are formed on the surface of the

Zn1�xMgxO films, as shown in Fig. 2(c) and (d).

Fig. 3 shows the XRD spectra for the Zn1�xMgxO films with

different Mg contents of x = 0.20, 0.15, 0.06, 0.03 and 0,

respectively. All the films have wurtzite structure with c-axis

preferred orientation. No peak from other phases and impurities

were observed. It should be noted that the diffraction peaks show

asymmetrical line shape, which was caused by the superposition

of diffractions from Ka1 and Ka2 lines. It indicates that the thin

films have good crystal quality. With increasing oxygen flux, the
position of the Zn1�xMgxO (0 0 2) peaks shifts from 34.688
(x = 0.20) to 34.448 (x = 0). This indicates that Mg2+ successfully

replaces the Zn2+ in the ZnO lattice, and the Mg content is

decreased with increasing of oxygen flow rate.

Fig. 4(a) gives the oxygen flow rate dependent on the Mg

content in Zn1�xMgxO. As the oxygen flow rate increases from

0.2 sccm to 0.8 sccm, the Mg content decreases from x = 0.20

to x = 0.03 in the Zn1�xMgxO films. The similar dependence of

the lattice constant on Mg concentration is also observed in

Zn1�xMgxO films. The c-axis lengths determined by XRD are

plotted as a function of Mg contents in Fig. 4(b). When Mg

content increases from x = 0.03 to x = 0.20, the c-axis lengths

monotonically decreased from 5.203 Å to 5.168 Å.

To investigate optical properties of Zn1�xMgxO films, the

room-temperature transmittance spectra were measured in the

range of 200–800 nm, as shown in Fig. 5. The contribution of

the Al2O3 substrate is excluded. These films are highly



Fig. 4. Oxygen flux dependences of the Mg content in the Zn1�xMgxO films (a) and Mg content dependences of the c-axis lattice parameters in the Zn1�xMgxO films

(b).

S.C. Su et al. / Applied Surface Science 254 (2008) 4886–4890 4889
transparent in the visible region and have a sharp absorption

edge in the UV region. The transmittances are about 80% in the

visible region for all Zn1�xMgxO films. The absorption edge

shifts to side of short wavelength as the Mg content increases.

This shows clearly that the band-gap energy of Zn1�xMgxO

alloy thin films depends on the Mg contents.

Since the interband transition in ZnO is the allowed direct

transition, the optical-absorption coefficient a of ZnO can be

derived using the following equation: a = (A/hn)(hn � Eg)1/2,

where A is the proportional constant, hn is the photon energy,

and Eg is the optical band-gap energy. The Eg can be obtained

by plotting (ahn)2 vs. hn and extrapolating the linear portion to

a = 0. Using this method, the Eg of ZnO film is determined to be

3.29 eV with a steep absorption edge. In contrast, for the

Zn1�xMgxO films, the Eg is, respectively, blue shifted from
Fig. 5. Transmittance spectra of the Zn1�xMgxO films measured at room

temperature. The insert shows the relationship between band-gap energy and

Mg contents.
3.32 eV (x = 0.03) to 3.67 eV (x = 0.20). The insert of Fig. 5

shows that the band-gap energy of films apparently varies

linearly with the Mg content according to the relation Eg

(Zn1�xMgxO) = 2.1290x + 3.2858 eV. The similar results are

also obtained in other reports [17,18].

Fig. 6 shows room temperature photoluminescence spectra

of the Zn1�xMgxO films with different Mg concentrations. The

luminescence peak of the pure ZnO is observed at 3.29 eV,

while the emission peaks of Zn1�xMgxO films show obvious

blue-shifts with increasing Mg content. It is noted that the

luminescence peak shifts to 3.66 eV at Mg concentration of

20%. The luminescence peaks of the Zn1�xMgxO films are

broadened with increasing Mg content, which were also

observed in other alloy semiconductors [19]. The origin of the

strong emissions in the Zn1�xMgxO films will be reported

elsewhere.
Fig. 6. The room temperature PL spectral of the MgxZn1�xO films with

different Mg contents concentration grown on the Al2O3 substrate.
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4. Conclusion

In summary, the single-phase Zn1�xMgxO films with c-axis

oriented wurtzite structure were grown on Al2O3 substrate by P-

MBE. It is feasible to adjust the Mg contents by changing the

oxygen flow rate. With changing the oxygen flow rate from

0.2 sccm to 0.8 sccm, Zn1�xMgxO films with Mg contents of

0.2–0.03 were obtained. The morphology of Zn1�xMgxO films

becomes roughness with the decreasing the oxygen flow rate.

The 2D growing of the Zn1�xMgxO thin films with the wurtzite

structure was obtained under low oxygen flow rates. This may

be used as a method to realize precise control of growth

parameters and alloy composition in the fabrication of the

Zn1�xMgxO thin films.
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