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a b s t r a c t

CdxZn1−xO films in a wide range of Cd contents have been grown by reactive direct-current magnetron
sputtering. At x ≤ 0.66, the sputtered CdxZn1−xO films are of single hexagonal phase. The optical band gap
energies of the CdxZn1−xO films decrease from ∼3.3 eV at x = 0 to ∼1.8 eV at x = 0.66. Correspondingly, the
near-band-edge photoluminescence is tuned in a wide visible region from ∼378 to 678 nm. Moreover,
the ultraviolet irradiation enhanced PL from the CdxZn1−xO films has been observed.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Owing to the wide band gap (∼3.37 eV) at room temperature
nd large exciton binding energy (∼60 meV), ZnO has been consid-
red as a promising candidate for short wavelength optoelectronic
pplications such as light-emitting diodes or laser diodes [1,2]. It is
ell known that an important requirement that should be satisfied

o develop ZnO-based optoelectronic devices is the modulation of
and gap through alloying [3]. Among the materials to narrow the
and gap of ZnO, the ternary semiconductor CdxZn1−xO, alloying
nO with CdO, is most promising [4,5]. The main reasons are as fol-
ows: (1) Cd and Zn ions have similar ionic radii of ∼0.74 and 0.60 Å,
espectively; (2) CdO has a direct band gap of ∼2.3 eV at room tem-
erature, ∼1.0 eV narrower than that of ZnO [6,7]. In recent years,
variety of methods have been employed to deposit CdxZn1−xO
lms, such as pulsed laser deposition [4,8], molecular beam epitaxy
9–11], metalorganic vapor-phase epitaxy [12,13], and magnetron

puttering [14]. Unfortunately, ZnO and CdO have different crys-
al structures as hexagonal and cubic, respectively. Moreover,
he thermodynamic solubility of CdO in CdO–ZnO alloying sys-
em is quite small i.e. ∼2 mol% in thermal equilibrium condition
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[7,15,16]. Therefore, it is very difficult to grow single-phase hexago-
nal CdxZn1−xO films with high Cd contents. Ishihara et al. employed
remote-plasma-enhanced metalorganic chemical vapor deposition
to achieve the hexagonal CdxZn1−xO films with Cd content as high
as x = 0.69 [16–18]. However, the method was indeed sophisticated
and, moreover, the plasma radical was indispensable for the control
of Cd content in a wide range. Currently, preparation of single-
phase hexagonal CdxZn1−xO films with high Cd contents by simple
and widely used methods, such as sputtering, is still a challenge.
In this work, CdxZn1−xO films have been deposited on Si substrates
by reactive direct-current (DC) magnetron sputtering. It is proven
that single-phase hexagonal CdxZn1−xO films in a wide range of Cd
contents, 0 ≤ x ≤ 0.66, can be achieved by sputtering. The energy
band gaps of the corresponding CdxZn1−xO films are modulated
from ∼1.8 to ∼3.3 eV. Furthermore, it is found that the photolumi-
nescence (PL) of CdxZn1−xO films can be enhanced by ultraviolet
irradiation, the reason of which will be tentatively explained.

2. Experimental details

The CdxZn1−xO films with a thickness of ∼200 nm were deposited onto Si and

quartz substrates by reactive DC magnetron sputtering of a 99.99% pure CdyZn1−y

(y = 0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.7, 0.8, and 1.0) targets. During the sputtering, a mixed gas
of oxygen and argon with a flow rate ratio of 1:2 was introduced into the chamber
and the working pressure was maintained at ∼10 Pa. The sputtering power was
∼80 W. The substrate temperature was kept at 500 ◦C for in situ crystallization of
CdxZn1−xO films.

dx.doi.org/10.1016/j.jallcom.2011.03.101
http://www.sciencedirect.com/science/journal/09258388
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The x values of CdxZn1−xO films were determined by inductively coupled plasma
tomic emission spectrometry (ICP-AES, IRIS Intrepid II XSP, Thermo Electron Cor-
oration). The crystal structures of CdxZn1−xO films were characterized by X-ray
iffraction (XRD) performed on a Japan Rigaku D/max-ga X-ray diffractometer with
raphite monochromatized Cu K� radiation (� = 1.54178 Å). The transmission spec-
ra were measured at room temperature using a CARY 100Bio Ultraviolet-Visible
pectrophotometer. The PL spectra were recorded at room temperature using an
cton SpectraPro 2500i Spectrometer and a He–Cd laser (� = 325 nm) as the excita-

ion source.

. Results and discussion

Table 1 shows the Cd contents in the sputtered CdxZn1−xO films
values of x), determined by ICP-AES, and in the corresponding

dyZn1−y targets (values of y). It can be seen that the Cd contents

n the films are lower than those in the targets except in the case
f y = 0.1. Moreover, the Cd content in the film increases with that
n the target.

able 1
d contents in sputtered CdxZn1−xO films x and in corresponding CdyZn1−y alloy
argets y.

Cd content in targets, y 0 0.10 0.20 0.30 0.40 0.60 0.70 0.80 1.0
Cd content in films, x 0 0.10 0.14 0.20 0.27 0.52 0.66 0.78 1.0

ig. 1. XRD patterns of the sputtered CdxZn1−xO films with different Cd contents x.
Fig. 2. (˛h�)2 plots as a function of photon energy (h�) for the sputtered CdxZn1−xO
films.

Fig. 1 shows the XRD patterns of the sputtered CdxZn1−xO films
on Si substrates with different Cd contents. At x ≤ 0.66, there is
a pronounced peak indexed as the hexagonal (0 0 0 2) in each
XRD pattern, indicating that the sputtered CdxZn1−xO films are of
single hexagonal phase and highly c-axis oriented. It is the non-
equilibrium nature of the magnetron sputtering that enables the
alloying of CdO and ZnO, as mentioned above. However, the ther-
modynamic solubility of CdO in CdO–ZnO system is considerably
small. In this context, the composition fluctuations in the sput-
tered CdxZn1−xO films are inevitable to occur. It is noticeable that at
0.20 ≤ x ≤ 0.66, the hexagonal (0 0 0 2) peak of each CdxZn1−xO film
has a weak shoulder, which presumably results from the composi-
tion fluctuation in the alloys with relatively high Cd contents. Such
a shoulder peak, shifted to a larger 2� with respect to the primary
peak, is believed to correspond to the CdZnO alloy with a rela-
tively smaller Cd content. Moreover, the hexagonal (0 0 0 2) peak
shifts from ∼34.66 to ∼32.88◦ with the increase of x from 0 to 0.66,
indicative of the increase of c-axis length of CdxZn1−xO with the Cd
content. As x increases to 0.78, an obvious peak at ∼38.86◦, indexed
as the cubic (2 0 0) CdO alloyed with ZnO, appears in the XRD pat-
tern. This peak is shifted to a larger 2� with respect to that of pure
CdO because the ion radius of Zn is smaller than that of Cd. Besides,
there is a slight peak corresponding to CdO(1 1 1) peak. The above-
mentioned result indicates that the cubic CdZnO phase dominates
the sputtered film as Cd content is beyond a critical value.

The transmission spectra of the CdxZn1−xO films sputtered on
quartz substrates were measured, and the absorption coefficients
(˛) were calculated from the transmittance. Fig. 2 shows (˛h�)2

plots as a function of photon energy (h�) for the CdxZn1−xO films,
from which the energy band gaps can be calculated. With increasing
x, the energy band gap of CdxZn1−xO narrows from ∼3.3 eV at x = 0
to ∼1.8 eV at x = 0.66. Fig. 3 shows the energy band gaps of the sput-
tered CdxZn1−xO films with different Cd contents. It is well known
that the energy band gap of an alloy semiconductor can be conven-
tionally fitted to a bowing formula [6]. In the case of CdxZn1−xO, the
formula can be described as:

Eg(x) = (1 − x)Eg(ZnO) + xEg(CdO) − bx(1 − x)

= Eg(ZnO) − (Eg(ZnO) − Eg(CdO) + b)x + bx2 (1)

where b is the “optical bowing parameter”, Eg(x) is the energy band
gap of the CdxZn1−xO film at a given Cd content, and Eg(ZnO) and

Eg(CdO) are the energy band gaps of ZnO and CdO, respectively.
The bowing coefficient b depends on the difference in electroneg-
ativities of ZnO and CdO. In this work, the formula for the energy
band gap of CdxZn1−xO was estimated to be Eg(x) = 3.3 − 5.3x + 4.7x2,
which is manifested as the red solid line in Fig. 3.
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Fig. 3. Energy band gap as a function of Cd content x for the sputtered CdxZn1−xO
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Fig. 5. PL spectra of the Cd0.66Zn0.34O film at different UV irradiation times. The inset
shows the dependence of spectrally integrated intensity of the NBE emission of the
lms. Blue squares represent experimental data and red solid line represents the
olynomial fitting of the experimental data by using Eg(x) = 3.3 − 5.3x + 4.7x2. (For

nterpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)

Fig. 4 shows the PL spectra of the CdxZn1−xO films with different
d contents. The PL spectra have been normalized for clarity. It
hould be mentioned that prior to the PL measurement, some of
he CdxZn1−xO films were subjected to rapid thermal annealing to
nhance the PL while maintaining the hexagonal phase. As can be
een, with increasing x, the near-band-edge (NBE) emission from
he CdxZn1−xO films is red-shifted from ∼378 nm (3.3 eV) at x = 0
o ∼678 nm (1.8 eV) at x = 0.66, showing that the emission from the
dxZn1−xO is essentially tunable in a wide visible region.

Furthermore, we observed a phenomenon of ultraviolet (UV)-
rradiation enhanced PL of the sputtered CdxZn1−xO films. The films

ere continuously irradiated by a He–Cd laser (� = 325 nm), and the
L spectra were recorded at different time intervals. For a typical
xample, Fig. 5 shows the evolution of PL of the Cd0.66Zn0.34O film
ith the UV irradiation time. As can be seen, the NBE emission

rom the Cd0.66Zn0.34O film becomes progressively stronger with
he increase of irradiation time. The dependence of spectrally inte-
rated intensity of the NBE emission from the Cd0.66Zn0.34O film on
he UV irradiation time is shown in the inset of Fig. 5. Obviously, the

V intensity first increases notably and then keeps nearly constant
nder further irradiation. Similar features, with the exception of
heir absolute intensities and NBE emission peaks, were observed
n other CdxZn1−xO films. The UV-irradiation enhanced PL from the

ig. 4. PL spectra of the sputtered CdxZn1−xO films with different Cd contents.
Cd0.66Zn0.34O film on the UV irradiation time. Blue squares represent experimental
data and red solid line represents the exponential fitting of the experimental data.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

ZnO films grown by pulsed laser deposition has been previously
reported [19]. It is believed that such PL enhancement effect results
from oxygen desorption on the surface of ZnO films, which dimin-
ishes the amount of negative surface charges thus narrowing the
depletion region near the surface. Herein, the CdxZn1−xO films were
sputtered in a mixed gas of oxygen and argon. Therefore, an amount
of oxygen atoms can be adsorbed on the surface of the films, which
creates negative surface charges, thus leading to the formation of a
wide depletion region near the surface. Owing to the existence of
build-in electrical field in the depletion region, the concentration
of exciton is decreased. Therefore, the PL in the depletion region is
weaker than that in the inside of the films. As the films are subject to
the UV irradiation, the photoexcited holes are attracted to the traps
such as the oxygen ions at the surface. Due to the hole–trap inter-
action, the oxygen ions on the film surface substantially disappear.
Consequently, the surface depletion region is narrowed, resulting
in the enhancement of PL from the CdxZn1−xO films.

4. Conclusions

In conclusion, the CdxZn1−xO films with a wide range of Cd con-
tents have been grown on Si by reactive DC magnetron sputtering.
With x increasing from 0 to 0.66, the c-axis length of hexagonal
CdxZn1−xO increases, resulting in the shift of diffraction angle of the
(0 0 0 2) peaks from ∼34.66 to ∼32.88◦. Moreover, the energy band
gap of CdxZn1−xO decreases from ∼3.3 to ∼1.8 eV. Correspondingly,
the NBE emissions from the CdxZn1−xO films are red-shifted from
∼378 to ∼678 nm. Furthermore, it is found that the UV irradiation
can enhance the PL from the CdxZn1−xO films. The preparation of
band-gap tunable CdxZn1−xO films in this work is believed to be
a base for the future development of wavelength tunable light-
emitting devices.
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