Influence of sputtering pressure on band gap of Zn,_,Mg,O thin films
prepared by radio frequency magnetron sputtering
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Zn;_ Mg O thin films were deposited onto quartz glass substrates using a radio frequency
magnetron sputtering at various deposition pressures. It was found that the Mg concentration in the
Zn;_ Mg O thin films significantly increased by decreasing the deposition pressure from 9 to 1 Pa,
which contributed to an increase in the band gap of the ZnMgO films. In addition, the Zn; Mg, O
thin films, which had a hexagonal wurtzite structure when obtained by high pressure deposition
(7 and 9 Pa) at x < 0.478, had a cubic rock-salt crystal structure when deposition pressure was
decreased to 1-5 Pa at x > 0.482. These results show that the band gap of the ZnMgO thin films
could be easily modulated only by adjusting of the deposition pressure during the radio frequency
sputtering process. © 2011 American Vacuum Society. [DOI: 10.1116/1.3622316]

. INTRODUCTION

Zinc oxide (ZnO) has attracted considerable attention in
optoelectronic applications, such as light emitting devices
and laser diodes. This interest is due to its promising proper-
ties, including a wide band gap of 3.37 eV at room tempera-
ture, a large excitation binding energy of 60 meV, chemical
stability, and transparency, etc.' For commercial applica-
tions of ZnO-based semiconductors, an important issue is the
realization of band gap engineering in a wide range. One can
modulate the band gap of ZnO by alloying it with a semicon-
ductor that has a different band gap to form a ternary com-
pound. Zn; ,Mg,O has been widely investigated because its
band gap can be modulated from 3.37 (for wurtzite ZnO) to
7.9 eV (for rock-salt MgO). The similarity of the ionic radius
between Mg>* (0.57 A) and Zn** (0.60 A) allows them to
be substituted for one another without causing significant
changes in a lattice structure.* So far, ZnMgO films have
been prepared by various techniques such as pulsed laser
deposition,™® molecular beam epitaxy,”® and radio fre-
quency (RF) sputtering.”'® Among these deposition techni-
ques the RF magnetron sputtering is considered as the most
convenient method to deposit reproducible and homogene-
ous ZnMgO thin films over a large-area substrate at a lower
deposition temperature. Han er al.'' achieved a high Mg
concentration of between 0.70 and 0.84 by changing the
RF power. Li et al.'> have investigated the effects of thermal
annealing on Mg concentration (0.10< x <0.14) in Zn,_,
Mg, O films. Although the RF sputtering method is exten-
sively applied for modulating Mg concentration in a ZnMgO
film, there are few reports on the effects of deposition pres-
sure on structural and optical properties of Zn; Mg, O thin
films deposited at a low temperature. In this research, Zn,_,
Mg, O thin films were prepared by RF magnetron sputtering
at a variable deposition pressure based on the extensive
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experience of thin film fabrications in our group.'*'* The
effects of deposition pressure on the structural and optical
properties of ZnMgO thin films were investigated.

Il. EXPERIMENT

Zn,_ Mg, O films (500 nm in thickness) were deposited
onto quartz glass by a RF (13.56 MHz) magnetron sputtering
system using a 4-inch ZnO/MgO (70/30 wt.%) ceramic tar-
get. The substrate on an anode was heated and kept at 200°C
before and during deposition and the chamber was evacuated
to 8 x 10~ Pa with a turbomolecular pump. During the sput-
tering process, the RF power was set consistently at 180 W.
A mixture gas of oxygen and argon was introduced at a flow
ratio of Ar/O, =10 sccm/30 scem, controlled by mass flow
controllers. In order to investigate the effects of deposition
pressure on the properties of Zn;_ Mg,O films, the deposition
pressure was varied from 1 to 9 Pa, in graduations of 2 Pa.

The crystal structure of the Zn,_Mg,O films were character-
ized using an x-ray diffraction system (Rigaku ATX-G diffrac-
tometer), performed in 20/ sweeping from 30° to 50° in 20
with a step width and a scan speed of 0.01° and 0.5°/min,
respectively, employing a Cu Ko (4 =0.154178 nm) radiation
(50 kV, 300 mA). Rutherford backscattering/ion channeling
techniques were used to determine the chemical composition
of the films. Rutherford backscattering (RBS) was taken using
a probe beam of 2.0 MeV He™ ions, with a surface barrier
detector positioned at 165°. Optical transmission spectra meas-
urements were performed using an UV—visible spectrophotom-
eter (U-4100, Hitachi Corp.). All measurements were carried
out at room temperature.

lll. RESULTS AND DISCUSSION

Figure 1 shows the influence of deposition pressure on
deposition rate. It is observed that the deposition rate of the
Zn; ,Mg,O thin films decreases from 4.50 to 2.06 nm/min
when the deposition pressure is increased from 1 to 9 Pa,
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Fic. 1. (Color online) Dependence of the deposition rate of the Zn, _ Mg,O
films on the deposition pressure.

which might be due to the fact that the bombardment effect
of sputtering ions is weakened by increasing sputtering
pressure. '3

Figure 2 shows the XRD patterns of the Zn;_ Mg,O thin
films prepared under different deposition pressures. The
ZnMgO films exhibit single cubic rock-salt structure and only
MgO (200) peak can be observed in the films deposited at a
low pressure (1-5 Pa). With an increase in the deposition
pressure, the MgO (200) peak shifts slightly to a lower dif-
fraction angle coupled with a decrease of the intensity of the
peak. It can also be seen that the cubic rock-salt structure is
converted into hexagonal wurtzite structure when the deposi-
tion pressure is increased from 5 to 7 Pa, whereas the MgO
(200) peak disappears and only one weak ZnO (002) peak is
observed in the ZnMgO film. When the deposition pressure is
increased further to 9 Pa, only the ZnO (002) peak is observed
in the as-deposited film. Meanwhile, the ZnO (002) peak
slightly shifts toward a lower diffraction angle with an
enhanced intensity, which indicates that the ZnMgO alloy
exhibits dominated ZnO hexagonal wurtzite structure and
crystallinity of films is improved. The XRD results demon-
strated that 7 Pa deposition pressure is a turning point at
which the crystal structures of hexagonal wurtzite are con-
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FiG. 2. (Color online) XRD spectra of the Zn;_,Mg,O thin films prepared
on the quartz substrates under the deposition pressure from 1 to 9 Pa.
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FiG. 3. (Color online) RBS spectra of the Zn; ,Mg,O thin films deposited
under different pressures.

verted from cubic rock-salt under the high-pressure RF sput-
tering process. Therefore, the crystal structure of ZnMgO thin
films can be modulated by adjusting the deposition pressure.

Figure 3 shows the typical RBS spectra of the Zn,_,Mg,O
thin film. The Zn,_ Mg,O films are composed of O, Zn, and
Mg. The composition of the films is then determined from
the Mg/Zn peak height ratios in RBS spectrum by quantita-
tive analysis.'” Figure 4 shows the calculated atomic ratios
of Mg concentration x as a function of the deposition pres-
sure. The RBS results reveal that the Mg concentration in
the Zn,_,Mg,O thin films gradually decreases from 0.531 to
0.482 as the deposition pressure increases from 1 to 5 Pa,
and then further decreases to 0.478 and 0.467 as the deposi-
tion pressure increases to 7 and 9 Pa, respectively. The RBS
results demonstrate that the Mg concentration in the ZnMgO
films is modulated by varying the deposition pressure.

The decrease in the Mg concentration in the ZnMgO thin
films with the increase in the deposition pressure might at-
tribute to the scattering effect.'® Under a lower sputtering
pressure the ejected species, including the sputtered adatoms
and ion clusters from the target, experience fewer collisions
and scatterings with the sputtering gas atoms prior to
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FiG. 4. (Color online) Calculated Mg concentration of the Zn; Mg O films
on the deposition pressure.
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reaching the substrate, leading to higher deposition rate. It is
confirmed with RBS measurement that the Mg concentration
is 0.531 at the deposition pressure of 1 Pa, which is higher
than Zn concentration in as-deposited ZnMgO film. In addi-
tion, the ejected species suffered fewer collisions with higher
kinetic energy, the result being that Zn>" ions are substituted
by Mg " ions. This is due to the fact that Mg—O (531.2 eV)
has a higher bond strength than Zn—O (530.2 eV), and there-
fore ZnMgO films exhibit better crystallization with the
higher Mg concentration. However, with the deposition pres-
sure increases, the collision and scattering effects are
enhanced. Mg related species can be scattered more easily
than Zn related species in the sputtering gas ambient,
because the relative atomic mass of Mg (24.31) is lighter
than that of Zn (65.39). Consequently, there is less Mg occu-
pation of the position of Zn, corresponding to reduction in
Mg incorporation efficiency. Mg concentration therefore
gradually decreases until it is less than Zn concentration in
the films after the pressure increase over 3 Pa, as shown in
Fig. 4. This result correlates well with the result of XRD
measurement.

The transmittance spectra of the Zn; Mg, O films pre-
pared at different deposition pressures are shown in Fig. 5.
The transmittances for all the ZnMgO films on the quartz
glass are ~85% in the visible region. The absorption edge of
the ZnMgO films shifts to higher wavelengths with the
decrease in Mg concentration. It is observed that the slope
becomes less acute near the absorption edges as the deposi-
tion pressure becomes lower than 5 Pa. However, the films
deposited under higher pressure (7 and 9 Pa) have a sharp
absorption edge in the UV region. The absorption edge of
ZnMgO films deposited from 5 to 7 Pa shifts from the aver-
age wavelength of 260 to 290 nm, indicating that the phase
transformation also is observed from the transmittance spec-
tra. Further, the Mg concentration in ZnMgO films decreases
as deposition pressure increases, which is consistent with the
XRD results.

The absorption edge can be used to evaluate the band gap
of the Zn; Mg, O films. The relationship between the
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Fic. 5. (Color online) Transmittance spectra of the Zn; ,Mg,O thin films
prepared under different deposition pressures.
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Fic. 6. (Color online) Variation of (civ)? of the Zn;_ Mg,O thin films as a
function of the photon energy (/v).

absorption coefficient and the photon energy can be
expressed as follows'%:

(ohv)*= A(hv — E,), 1)

where A and E, represent the constant and the band gap of a
film. The absorption coefficient (&) could be obtained from
the transmittance T = A exp(—ad), where A and d are a con-
stant and the thickness of the film, respectively. The band
gap (E,) is determined by extrapolation of the linear portion
to the photon energy axis at (ohv)* = 0.

Figure 6 shows (ahv)” plots of the ZnMgO films as a
function of the photon energy (4v). The evaluated band gaps
of the Zn,;_,Mg,O thin films are 5.23, 5.16, 5.10, 4.33, and
4.30 eV corresponding to the deposition pressure of 1, 3, 5,
7, and 9 Pa, respectively. These results indicate that the band
gap energy of the ZnMgO thin films decreases with increas-
ing deposition pressure. The band gap change in the
Zn,_,Mg,O thin films prepared under different deposition
pressures is in correlation with the crystallite phase transfor-
mation from cubic to wurtzite structure obtained from the
XRD measurement. Therefore, modulation of the band gap
of the ZnMgO thin films can be achieved by controlling the
deposition pressure during the RF sputtering process.

IV. CONCLUSIONS

The deposition pressure was found to be an important pa-
rameter influence on the structural and optical properties of
Zn; Mg, O films prepared on quartz substrates by RF mag-
netron sputtering. The Mg concentration in the ZnMgO thin
films increased by decreasing deposition pressure from 9 to
1 Pa. Correspondingly the crystal structure was converted
from hexagonal wurtzite to cubic rock-salt when Mg concen-
tration x > 0.482. Further, the band gap of the ZnMgO films
was significantly increased from 4.30 to 5.23 eV, whereas
the deposition pressure decreased. Therefore, it is possible to
control the crystalline structure and the band gap of the
ZnMgO films by simply adjusting the deposition pressure in
the RF magnetron sputtering process.
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