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Abstract Na-doped ZnCdO films [ZCO:Na] were grown

on quartz substrates at different ratios of argon to oxygen

gas flow (Ar:O2) by the radio frequency magnetron sput-

tering method. The influence of Ar:O2 ratio on structure,

electrical and optical properties was investigated by using

X-ray diffraction, X-ray photoelectron spectroscopy,

Transmission electron microscopy, Hall measurements

(Hall), optical absorption spectra and Photoluminescence.

Results indicated that all obtained ZCO:Na thin films pos-

sess the hexagonal wurtzite structure and free from the

formation of secondary phases. As the Ar:O2 ratios change

from 1:5 to 5:1, at first the Eg increases with the Ar:O2 ratios

increasing and reaches a maximum value at the Ar:O2 ratio

of 1:1, then decreases evidently with the Ar:O2 ratios

increasing continually. It is found that the lower Ar:O2 ratio

is propitious to obtain n-type ZCO:Na film, while the rela-

tive higher Ar:O2 ratio is required to obtain p-type ZCO:Na

thin films. When the Ar:O2 ratio is 1:1, the ZCO:Na film

shows the best p-type conduction characteristics, which has

a hole concentration of 1.13 9 1016 cm-3, Hall mobility of

2.54 cm2 V-1 s-1 and resistivity of 2.53 9 102 X cm. In

addition, the mechanism of the influence of Ar:O2 ratio on

the electrical and optical properties of the film as well as the

mechanism of p-type conductivity was discussed in this

work.

1 Introduction

In recent years, various materials for the applications of

blue and ultraviolet (UV) light-emitting diodes (LEDs) and

laser diodes (LDs) have been attracted much attention [1].

In these materials, ZnO has been regarded as one of the

most promising candidates owing to the wide band gap

(3.37 eV) and relatively large free exciton binding energy

(60 meV) at room temperature [2, 3]. In order to achieve

the potential application of ZnO, high quality of both

n-type and p-type ZnO films are indispensable. Now,

n-type ZnO films can be obtained easily, however, the

realization of stable and reproducible p-type ZnO is diffi-

cult due to the asymmetric doping limitations, which

impedes the application and development of ZnO opto-

electronic device seriously [4]. Another important issue for

developing ZnO-based optoelectronic device technology is

the fabrication of ZnO-related alloys, which would enable

the modulation of the band gap, thus accelerate the fabri-

cations of the barrier layers and the quantum wells used in

the hetero-junction device application. It is well known that

alloy ZnO with CdO can tune the band gap from 3.37 to

2.3 eV depending upon the Cd concentration [5, 6], the

luminescence of ZnCdO (ZCO) alloy compounds can cover

the green, blue to UV light spectra. Therefore, ZCO is a

suitable well layer material for ZnO/ZCO superlattices and

quantum wells, which are the key elements in ZnO-based

LED and LD devices [7, 8]. In order to exploit these ZnO/

ZCO heterostructures in optoelectronic devices, one of the

critical issues is to achieve stable and reproducible p-type

ZCO. However, reports on the p-type ZCO are currently

very limited.

According to the theory research, the valence-band

maximum (VBM) position of CdO is higher than that of

ZnO [9]. Thus, alloying ZnO with CdO will narrow the
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band gap and shift the valence-band edge to higher energy,

thus decreasing the activation energy of the defect acceptor

states, which exhibits advantages to obtain p-type behavior

[10]. In addition, the replacement of the proper amount of

Zn by Cd is not expected to induce a significant change in

crystal structure and lattice constant due to the similarity of

the ionic radii [11]. Furthermore, the role of Cd in ZCO

alloy does not act as donor, which could not compensate

for the acceptor doping. Therefore, choosing an appropriate

acceptor and doping method is proven to be very important

in the preparation of p-type ZCO. Recently considerable

attentions are paid to the group-I doping for realizing

p-type ZnO [12–14]. Na has been considered as one of the

suitable choices for realizing p-type ZnO. p–n homojunc-

tion LEDs based on Na-doped p-type ZnO have been

demonstrated [15, 16] and the room temperature electro-

luminescence has been observed by incorporating ZnMgO/

ZnO multiple quantum wells into the LED structure [17].

Among various techniques, magnetron sputtering has

been widely used to study ZnO films owing to its sim-

plicity, low cost, low processing temperature and gives

deposits of better adhesion and higher density than other

methods. And, the magnetron sputtering is a widely used

and versatile technique that allows us to monitor the

growth by controlling relevant parameters like sputtering

power and sputtering time, substrate temperature, sputter-

ing gas, sputtering target, etc. On the sputtering efficiency

and practical application side, radio frequency (RF) mag-

netron sputtering have an relative advantage over direct

current (DC) magnetron sputtering. In the plus-minus

period of RF voltage, electrons and positive ions can reach

the target surface, respectively. Therefore, it can’t accu-

mulate positive charge and exclude ions in the surface of

target. Moreover, the degree of ionization of the working

gas can get up to 5–6 % in the RF magnetron sputtering. As

a result, RF magnetron sputtering can be used to fabricate

all kinds of thin film materials, including metals, semi-

conductors, insulators, alloys, compounds, etc. In this

work, ZCO:Na films were grown by RF magnetron sput-

tering in the Ar ? O2 ambient with different ratios of

argon to oxygen gas flow (Ar:O2). The effect of Ar:O2 ratio

on the structure, optical, electrical properties of ZCO:Na

films was investigated in detail. The p-type ZCO:Na films

were obtained by changing the Ar:O2 ratio and a possible

formation mechanism of the p-type film is proposed.

2 Experimental procedures

A series of ZCO:Na thin films were prepared on quartz

substrates by RF reactive magnetron sputtering technique.

A compact ceramic target with a nominal component of

Zn0.78Cd0.2Na0.02O was used as sputtering target. The

quartz substrates were cleaned in an ultrasonic bath with

acetone, ethanol and de-ionized water for 15 min sequen-

tially at room temperature, and then washed using de-

ionized water. For the growth of all films, the growth

chamber was evacuated to a fundamental pressure of

2 9 10-4 Pa by a combination of mechanical pump and

molecular pump, and then the mixed gases of Ar ? O2

were introduced as the working gas with a constant total

pressure about 1 Pa. Argon and oxygen of 99.99 % purity

were introduced through separate mass flow controllers.

Total mass flow was 60 sccm and the Ar:O2 ratio was

controlled at 1:5, 1:2, 1:1, 2:1 and 5:1, respectively. The

sputtering power was 100 W. Prior to deposition, pre-

sputtering for 10 min to remove the surface oxide formed

during air exposure. The substrates were held at 500 �C
during the film deposition and the deposition time of

60 min was maintained for all samples. Finally, the as-

sputtered films were annealed in atmosphere for 30 min at

a temperature of 620 �C. In order to avoid surface con-

tamination, the films were placed in a quartz boat, which

was put into a quartz tube. This quartz tube was then

inserted into the furnace.

Crystal structure of the samples were characterized by

X-ray diffraction (JapanRigaku D/max-ga X-ray diffrac-

tometer) using CuKa (k = 0.15406 nm) and Transmission

electron microscope (TEM-2100). Compositions and

chemical state of elements in the ZCO:Na thin films were

detected by X-ray photoelectron spectroscopy (XPS)

(ESCALAB MARK II, VG Inc.) using an Al Ka as X-ray

source. The electrical properties were carried out with Van

der Pauw configuration in a Hall-effect measurement sys-

tem. The room-temperature absorbance measurement was

performed using an UV–Vis–near-infrared (NIR) spec-

trophotometer (UV-3101PC). Photoluminescence (PL)

measurement was performed at room temperature by the

excitation from a 325 nm He–Cd laser.

3 Results and discussion

Figure 1 shows the XRD diffraction patterns of ZCO:Na

thin films fabricated at different Ar:O2 ratios: (a) 1:5,

(b) 1:2, (c) 1:1, (d) 2:1 and (e) 5:1, respectively. As shown

in Fig. 1, a series of diffraction peaks are observed, which

are attributed to the diffraction of (100), (002), (101) and

(110) planes of ZnO (ICDD card #36-1451) with hexagonal

wurtzite structure, respectively. It is a typical indication

that the films are polycrystalline in nature. Also, apart from

ZnO characteristic peaks, no other peak corresponding to

either cadmium, zinc and sodium or their complex oxide

were detected from the ZCO:Na sample, which reveals

clearly that doped Cd and Na does not change the basic

structure of ZnO and existed in the form of impurity atoms,
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that is, the Cd2? ions and Na? ions would uniformly

substitute into the Zn2? sites or interstitial sites in ZnO

lattice. It can be seen from Fig. 1 that as the Ar:O2 ratio

increases from 1:5 to 5:1, the (101) peak appears at higher

Ar:O2 ratio, but the intensity is very weak, meanwhile the

(100) peak is getting diminished as Ar:O2 ratio approaches

5:1. It also can be found that the relative intensity of (002)

diffraction peak changes apparently, the peak intensity of

samples prepared at higher Ar:O2 ratio are obviously

stronger than that of samples prepared at lower Ar:O2 ratio,

which could be observed clearly in Table 1 (in later). It is

well known that the crystal plane of (100) and (002) is

vertical, the crystal plane of (101) and (002) is oblique

crossing, therefore, it is concluded that ZCO:Na thin films

are easier to grow along the (002) orientation at higher

Ar:O2 ratio.

The peak position 2h, full-width at half-maximum

(FWHM) and the peak intensity are obtained from (002)

diffraction peak in the XRD profile and summarized in

Table 1. It is observed that the (002) diffraction peaks of

all films shift toward the lower diffraction angle side

compared with that of standard ZnO (34.42�) (ICDD card

#36-1451). It is an indication of increment in the lattice

parameter c of all films, which is probably attributed to the

fact that Cd and Na have been doped into ZnO, and the

substitution of larger Cd (with ionic radius 0.97 Å) and

larger Na (with ionic radius 1.02 Å) for the sites of smaller

Zn (with ionic radius 0.74 Å) in the ZnO crystal lattice

took place. It can be seen that the FWHM value floats up

and down slightly (from 0.537� to 0.647�) as the Ar:O2

ratio increases up from 1:5 to 5:1. However, (002)

diffraction peak relative intensity changes apparently, the

peak intensity of samples prepared at the Ar:O2 ratio of 1:1,

2:1 and 5:1 are obviously stronger than that of samples

prepared at the Ar:O2 ratio of 1:5 and 1:2, indicating that

the higher oxygen content in deposition process may

induces defects in thin films, which lead to the degradation

of crystalline quality by inhibiting the grain growth by

excess oxygen segregation at the grain boundaries [18]. It

is concluded that the ZCO:Na films prepared at higher

Ar:O2 ratio process better crystal quality.

XPS is a sensitive and powerful method of yielding

comprehensive information about elemental content and

chemical bonding states. In order to identify phase com-

positions and chemical state of elements of Zn, O, Cd and

Na in the ZCO:Na films, XPS measurements were per-

formed for ZCO:Na film deposited at the Ar:O2 ratio of

5:1. Prior to XPS measurements, the sample was cleaned

by Ar1 ion bombardment for 120 s to remove any potential

surface contamination. Figure 2a–d display the XPS spec-

tra of the core level regions of Zn2p, O1s, Cd3d and

Na1s for the ZCO:Na film deposited at the Ar:O2 ratio of

5:1. The Zn2p XPS spectrum is illustrated in Fig. 2a, it can

be observed that the peaks located at 1021.5 and 1044.6 eV

were associated to the Zn2p3/2 and Zn2p1/2, respectively.

The binding energy of the Zn2p is almost the same with

that of Zn2? in ZnO crystal, which is ascribed to the

binding energy of the zinc atom that exists in Zn–O [19].

What’s more, according to the opinion of Sáaedi et al. [20],

the spin–orbit splitting of 23.1 eV for Zn2p3/2 and Zn2p1/2
confirm that the Zn atoms are in a completely oxide state.

Figure 2b presents the O1s XPS spectrum of the ZCO:Na

film deposited at the Ar:O2 ratio of 5:1, which can be

deconvolved into two strong peaks, indicating the existence

of two different oxygen environments [21, 22]. One peak

with a lower binding energy of 530.02 eV originated from

the O–Zn bond formation, which is attributed to O2- on the

wurtzite structure of the hexagonal Zn2? ion array, sur-

rounded by Zn atoms with their full complement of nearest

neighbor O2- [23]. The higher binding energy peak at

531.69 eV derives from the surface adsorbed oxygen,

Fig. 1 (Color online) X-ray diffraction patterns of ZCO:Na thin films

deposited at different Ar:O2 ratios: a 1:5, b 1:2, c 1:1, d 2:1 and e 5:1,

respectively

Table 1 Summary of the 2h, FWHM, intensity of (002) peak for

ZCO:Na films fabricated at different Ar:O2

Samples (Ar:O2) 2h (deg) FWHM (deg) Intensity (a.u.)

1:5 34.343 0.632 118

1:2 34.260 0.618 170

1:1 34.396 0.616 370

2:1 34.296 0.537 335

5:1 34.144 0.647 478

J Mater Sci: Mater Electron (2016) 27:8745–8752 8747

123



which is possibly attributed to environmental moisture

trapped on the film surface.

As shown in Fig. 2c, two strong peaks appeared at

404.45 and 412.15 eV, which are attributed to the binding

energy of Cd3d5/2 and Cd3d3/2, respectively. The binding

energy of the Cd3d is almost the same with that of Cd2? in

ZCO alloy films [24], which are attributed to the binding

energy of the cadmium atom that exists in Cd–O. No

evidence of the metallic Cd peak or other valance state was

observed, which confirmed that Cd exist only in the oxi-

dized state. These results indicate that Cd has been doped

into ZnO and occupied the sites of Zn atoms in the ZnO

crystal lattice to form the ZCO:Na film, which is in

agreement with the results of XRD analysis. Figure 2d

illustrates Na1s core level spectrum of ZCO:Na film

deposited at the Ar:O2 ratio of 5:1. The spectrum was

deconvolved into two peaks using Gaussian fitting method

and the deconvolution revealed the presence of two dif-

ferent Na1s peaks in the film. One peak with a higher

binding energy of 1071.89 eV is assigned to arise from

Na–O bond [25], which indicates that the Na atom sub-

stitutes for the Zn atom to form the NaZn acceptor in

ZCO:Na film. Another peak with a lower binding energy of

1070.45 eV is usually attributed to the presence of a Na2
C2O4 phase in the sample [26]. The Na2C2O4 phase could

be formed by absorbing carbon originating from the con-

tamination from oil-diffusion pump. It was found from

Fig. 2d that the intensity of 1071.89 eV peak is much

stronger than that of 1070.45 eV peak, indicating that a

great amount of Na elements exist in the form of NaZn
acceptor, yet a very small amount of Na elements exist in

the form of Na2C2O4 in the ZCO:Na film.

According to the rules of quantitative analysis of the

XPS spectrum, the relative atomic surface concentrations

can be determined using the integrated area of Zn2p, O1s,

Cd3d and Na1s peaks, the Zn, O, Cd and Na content can be

evaluated approximately 30.1, 63.6, 5.9 and 0.4 at.% in the

ZCO:Na film prepared at the Ar:O2 ratio of 5:1, respec-

tively. It has been found that the concentration of O is

greater than that of Zn. The large difference between zinc

and oxygen content also supports the fact that Cd and Na

substitute for the Zn atom sites (CdZn and NaZn) in the

ZCO:Na film. The Cd content with 5.9 at.% was signifi-

cantly larger than the thermodynamic solid solubility limits

(2 at.%). Moreover, the Cd content in the film was lower

than that in the corresponding target, which can be mainly

Fig. 2 (Color online) XPS

spectra of a Zn2p, b O1s,

c Cd3d and d Na1s for ZCO:Na

thin films deposited at the Ar:O2

ratio of 5:1
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attributed to the limiting sputtering efficiency and the fact

that zinc is more lively than cadmium. It also can be found

that the Na has been doped into the film and provided a

lower composition of Na compared to the corresponding

target, which is probably due to the large size difference

between Zn and Na, and thus limits the solubility of Na in

ZnO lattice [27].

In order to better reveal the detailed microscopic

structure of the films, an ZCO film was grown on an quartz

substrate under the same experimental conditions as

ZCO:Na film prepared at the Ar:O2 ratio of 5:1. High-

resolution transmission electron microscope (HRTEM)

measurements were performed for the ZCO and ZCO:Na

films prepared at the Ar:O2 ratio of 5:1, as shown in Fig. 3.

Figure 3a shows the HRTEM lattice image of ZCO grains,

a lattice spacing of 0.2617 nm was observed,

corresponding to the spacing of the (002) plane of wurtzite

ZnO (ICDD card #80-0074). However, this spacing is

bigger than that (0.2603 nm) of standard ZnO, since Cd2?

ion has a radius of 0.97 Å, which is larger than that

(0.74 Å) of Zn2? ion, suggesting that Cd atoms substitute

for the Zn atom sites in the ZnO crystal lattice to form the

ZCO film. Figure 3b displays the HRTEM lattice image of

ZCO:Na grains which is aligned in the [002] direction, the

lattice spacing measured from the lattice image is

0.2631 nm. It can be observed that the measured lattice

spacing (0.2631 nm) of the (002) crystallographic plane of

ZCO:Na grain is larger than that (0.2617 nm) of ZCO

grain. Since the ionic radius of Na (1.02 Å) is larger than

that of Zn (0.74 Å) and Cd (0.97 Å), therefore, it is con-

cluded that Na and Cd atoms simultaneously substitute for

the Zn atom sites in the ZnO crystal lattice to form the

ZCO:Na film, which is in agreement with the results of

XRD analysis. The selected-area electron diffraction

(SADE) patterns show typical polycrystalline diffraction

for two samples, indicating that the two samples belong to

highly crystalline material, as shown in upper right inset.

The electrical properties and the nature (p-type or

n-type) of conduction in the samples were investigated by

Vander Pauw Hall measurements at room temperature.

Table 2 summarizes the electrical properties of the

ZCO:Na thin films prepared at different Ar:O2 ratio. To

examine the reliability and repeatability of the conduction

of the films, the electrical measurements were performed

several times, and much the same results were obtained as

expected. It has been observed that the ZCO:Na film pre-

pared at the Ar:O2 ratio of 1:5 exhibits vague conduction

type, which is probably attributed to the doping inhomo-

geneities self-compensation effect caused by intrinsic

defects [28–30]. When the Ar:O2 ratios change from 1:5 to

1:1, the conductivity of ZCO:Na films changed dramati-

cally from vague type to n-type, finally changed to p-type.

When the Ar:O2 ratio is 1:1, the film shows the best p-type

conduction characteristics with a hole concentration of

1.13 9 1016 cm-3, Hall mobility of 2.54 cm2 V-1 s-1 and

resistivity of 2.53 9 102 X cm. When the Ar:O2 ratio

continues to increase up to 5:1, the ZCO:Na film still

displays p-type conduction characteristics, but the hole

concentration is about one order magnitude lower than that

of the ZCO:Na film prepared at the Ar:O2 ratio of 1:1. It is

found that lower Ar:O2 ratio is propitious to obtain n-type

ZCO:Na film, while relative higher Ar:O2 ratio is required

to obtain p-type ZCO:Na thin films. The p-type ZCO:Na

films with better electrical properties can be obtained by

adjusting the Ar:O2 ratio during film deposition.

To study the effect of Ar:O2 ratio on the optical band

gap of ZCO:Na films, the absorption edges were investi-

gated by an UV–Vis–NIR spectrophotometer. The theory

of optical transition [31] can be used to express the relation

Fig. 3 High resolution TEM of a ZCO and b ZCO:Na thin films

deposited at the Ar:O2 ratio of 5:1. Scar bar 5 nm. Top inset SAED

pattern corresponding to the film
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between absorption coefficient (a) and the photon energy

(ht) for the direct transition as follows:

ðahtÞ1=n ¼ Aðht� EgÞ ð1Þ

where A is the band edge constant, Eg is the optical band

gap and ‘n’ take the values 1/2, 3/2, 2 and 3, when the

transitions are direct allowed, direct forbidden, indirect

allowed and indirect forbidden, respectively. The ZnCdO is

considered as more suitable for direct band gap energy

material and hence n = 1/2 is employed for experimental

data. The variations of (aht)2 versus ht for ZCO:Na thin

films deposited at different Ar:O2 ratios: (a) 1:5, (b) 1:2,

(c) 1:1, (d) 2:1 and (e) 5:1 are shown in Fig. 4. When

(aht)1/n = 0, Eg = ht. The Eg can be determined by

extrapolations of the linear portion of the curve to the ht
axis as a = 0. The Eg variations with different Ar:O2 ratios

are given in the upper left inset. When the Ar:O2 ratios

change from 1:5 to 1:1, the Eg increases gradually and

reaches a maximum value of 3.16 eV at the ratio of 1:1.

However, as the Ar:O2 ratios continue to increase up to 5:1,

the Eg decreases evidently to 3.04 eV. As we all know, in

the magnetron sputtering process, high purity Ar were

ionized into Ar? and used as sputtering gas, therefore, the

efficiency of bombard ceramic target with Ar? could be

influenced by the partial pressure of argon; On the other

hand, high purity O2 were ionized into O2- and deposited

on the substrate. In the present work, the total pressure of

Ar and O2 is constant, as the Ar partial pressure increases,

which makes the O2 partial pressure to reduce constantly, a

part of Cd atoms cannot react with O atoms sufficiently and

arrive the sites of crystal lattice. Therefore, in the begin-

ning, the Eg increases with the Ar:O2 ratios increasing and

reaches a maximum value at the ratio of 1:1. As the Ar:O2

ratios increases continually, the Ar partial pressure is

increased and the sputtering yield is enhanced, therefore,

Cd can react more easily with oxygen, more Cd atoms can

reach crystal lattice and substitute for Zn atoms sites, so the

Eg decreases accordingly.

To further investigate the optical properties of samples,

the room PL measurements were performed for ZCO:Na

thin films. Figure 5 shows PL spectra of ZCO:Na thin films

deposited at different Ar:O2 ratios: (a) 1:5, (b) 1:2, (c) 1:1,

(d) 2:1 and (e) 5:1, respectively. It can be observed from

Fig. 5 that there are two region obvious emission bands.

One is defects related to visible light (VL) emission band in

the range of 2.25–2.45 eV, which belongs to the yellow

band (YB) relating to Oi. [32], the emissions at visible

range usually are attributed to the existence of various

defects related to zinc and oxygen [33]. The other one is in

the region from 2.75 to 3.25 eV, the peak centered at

approximately 3.15 eV in UV region, which are originate

from a near-band-edge (NBE) transition of ZCO:Na thin

films, namely the recombination of free excitons [34]. By

comparison, an obvious interesting change was found from

the PL spectra, the location of the emission peak in the UV

region at first shift toward higher energy side with the

increase of Ar:O2 ratios from 1:5 to 1:1, then shift toward

lower energy side with the increase of Ar:O2 ratios from

1:1 to 5:1, which corresponding well with the variation

trend of Eg deduced from absorption spectra in Fig. 4. The

peak centered at about 2.77 eV is blue band (BB), which is

Table 2 Electrical properties of ZCO:Na films deposited at different Ar:O2

Samples (Ar:O2) Annealing temperature (�C) Resistivity (X cm) Carrier concentration (cm-3) Mobility (cm2 V-1 s-1) Type

1:5 620 2.17E?2 4.77E?16 11.01 p/n

1:2 620 2.60E?2 3.35E?15 7.70 n

1:1 620 2.53E?2 1.13E?16 2.54 p

2:1 620 1.58E?2 5.55E?17 26.64 p/n

5:1 620 1.13E?2 3.23E?15 18.48 p

Fig. 4 (Color online) The curve of (aht)2 versus ht for ZCO:Na thin

films deposited at different Ar:O2 ratios: a 1:5, b 1:2, c 1:1, d 2:1 and

e 5:1, respectively. The upper left inset shows the variation of Eg with

different Ar:O2 for ZCO:Na thin films
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attributed to the exciton recombination between the elec-

tron localized at the Zni and the holes in the valence [35].

The peak centered at approximately 2.96 eV is violet band

(VB) emission, which originates from the defect emission

of Zn vacancies (VZn) related to a shallow acceptor state. It

has been reported that in nominally undoped ZnO, VZn is

commonly considered as the dominant defect responding to

the p-type conductivity, p-type conductivity of the undoped

ZnO is due to contribution of VZn [36–39]. In combination

with experimental results mentioned above, it is concluded

that p-type conduction of ZCO:Na films comes from the

contribution of VZn and NaZn acceptors.

4 Conclusions

In summary, a series of ZCO:Na films were grown on quartz

substrates at different Ar:O2 ratio by RF magnetron sput-

tering. The structure, optical and electrical properties of

ZCO:Na films were found to be dependent on the Ar:O2

ratio in the sputtering gas mixture. It is found that the

ZCO:Na films prepared at higher Ar:O2 ratio process better

crystal quality. Meanwhile, the relative higher Ar:O2 ratio is

required to obtain p-type ZCO:Na thin films. As the Ar:O2

ratios change from 1:5 to 5:1, at first the Eg increases and

reaches a maximum value of 3.16 eV at the Ar:O2 ratio of

1:1, then decreases evidently to 3.04 eV with the Ar:O2

ratios increasing. By changing Ar:O2 ratio, the ZCO:Na film

with the best p-type conduction characteristics was obtained

when Ar:O2 ratio is 1:1. It has a hole concentration of

1.13 9 1016 cm-3, Hall mobility of 2.54 cm2 V-1 s-1 and

resistivity of 2.53 9 102 X cm. The p-type conductivity is

mainly attributed to the contribution of NaZn and VZn

acceptors.
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