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Abstract The properties of transparent conductive

ZnO:Al thin films grown by R.F. magnetron sputtering

method are investigated. The working pressure (argon gas)

is changed from 2.5 to 40.0 mTorr to study its influence on

the characteristics of ZnO:Al thin films. The ZnO:Al thin

films have better texture due to the increase in the surface

mobility, which resulted from the increase in the mean free

path of sputtering gas under lower working pressure. The

microstructure of ZnO:Al films is found to be affected

obviously by changing the working pressure. It is shown

that the grain size of ZnO:Al thin films decreases with the

increase of working pressure. The X-ray diffraction pat-

terns indicate that the poor crystallized structure of ZnO:Al

films is obtained at higher working pressure. Except

40 mTorr, the highly (002)-oriented ZnO:Al thin films can

be found at the measured range of working pressure.

Moreover, the growth rate of the films decreases from 1.5

to 0.5 nm/min as the working pressure increases from 2.5

to 40.0 mTorr. The results of optical transmittance mea-

surement of ZnO:Al thin films reveal a high transmittance

([80%) in visible region and exhibit a sharp absorption

edge at wavelength about 350 nm.

1 Introduction

The inexpensive and nontoxic zinc oxide (ZnO) based

materials have attracted a lot of attentions as the trans-

parent conductive material in recent years due to the

extreme commercial interest in progressing flat panel dis-

play, solar cell, and other different optoelectronic devices

[1–5]. The ZnO-based materials are also promising for

application as an ultraviolet and blue light emitter because

of sufficiently large excitation binding energy of 60 meV,

which is stable even at room temperature. There were

many techniques employed to grow ZnO-based thin films,

including magnetron sputtering [6, 7], pulsed laser depo-

sition [8], reactive electron-beam evaporation [9, 10],

metalorganic chemical vapor deposition [11], metallic zinc

oxidation [12], spray pyrolysis [13–15], and molecular

beam epitaxy [16]. For all of these deposition techniques,

sputtering technology is the most commonly used method

because it can obtain good orientation and uniform thick-

ness films at low substrate temperature or even on

amorphous substrate. Krikorian et al. [17] have mentioned

that three critical factors determining epitaxial growth in

sputtering for a given material are background pressure,

substrate temperature, and deposition rate. Under the var-

ious growth conditions such as substrate temperature,

annealing temperature, and various substrates, the growth

of ZnO-based thin films has been widely investigated [18–

21]. However, the influence of working pressure on the

electrical and optical characteristics of ZnO-based thin

films is rarely found in the published literatures. In this

investigation, a careful planning study of the effect of

working pressure on the properties of R.F. magnetron

sputtered ZnO:Al thin films is presented. The relationship

between film characteristics and working pressure is also

reported.
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2 Experimental

The transparent conductive Al2O3-doped ZnO (ZnO:Al)

films were grown on 1737F Corning glass substrate by R.F.

magnetron sputtering system operating at room tempera-

ture with a power of 50 W. The substrate was

ultrasonically cleaned in acetone, alcohol, and D.I. water.

A three-inch circular shape target of ZnO (purity, 99.99%)

mixed with 2 wt.% Al2O3 (purity, 99.99%) was employed.

The sputtering chamber was evacuated to 8 9 10-6 Torr

through a mass flow controller. Then, the high purity Ar

gas with pressure ranges varied from 2.5 to 40.0 mTorr was

used to evaluate the influence of the working pressure on

structural, electrical, and optical characteristics of the

ZnO:Al thin films. Prior to the ZnO:Al films deposition, the

pre-sputtering for 10 min was carried out in order to clean

the target’s surface contamination.

The surface morphology and microstructure of the

ZnO:Al films were studied using the high-resolution cold

field emission scanning electron microscope (FE-SEM).

The crystalline structure and orientation of the ZnO:Al thin

films were analyzed by X-ray diffraction (XRD). The film

thickness was determined from SEM images of the fracture

cross-section area of the ZnO:Al films. The electrical

resistivities were determined by the van der Pauw method.

An electric current was applied through electrodes and

each potential difference between the electrodes was

measured. The electric resistivities were calculated from

I–V curves by the least-squares method. The optical

transmission spectra through the ZnO:Al thin films were

recorded using an ultraviolet-visible spectrophotometer in

the wavelength range of 200–800 nm.

3 Results and discussion

Figure 1a and b shows the SEM micrographs of ZnO:Al thin

films prepared at working pressure of 2.5 and 20.0 mTorr. It

can be seen that the grain size of the films deposited at various

working pressures is quite different. In Fig. 1a and b, the grain

size is decreased with an increase of working pressure. The

higher working pressure may result in lower growth rate,

smaller grain sizes and worse crystallinity. An increasing in

working pressure can increase the sputtering rate and at the

same time lower the energy of sputtered particles, and

therefore as a result of the competing effects. The working

pressure demonstrates a noticeable effect on the microstruc-

ture of ZnO:Al thin films in this study. The sputtered

materials possess a mean free path that is comparable to the

distance in which from target to substrate at lower pressure.

These arriving materials, at lower pressure, have much higher

energy that results in higher surface mobility and thus a much

larger possibility to form ZnO:Al thin films.

Figure 2 demonstrates the growth rate of ZnO:Al films

prepared with different working pressures. The average

growth rate was calculated based on the mean value of

thickness from the cross-section images of the thin films. It

is found that the growth rate of the ZnO:Al films is quite

sensitive to the working pressure of vacuum chamber. The

growth rate is decreased with increasing of working pres-

sure in the range from 2.5 to 40.0 mTorr. The decrease of

growth rate with an increase of working pressure can be

Fig. 1 SEM images of ZnO:Al thin films deposited at (a) 2.5 mTorr,

(b) 20.0 mTorr
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Fig. 2 Growth rate of ZnO:Al thin films as a function of working

pressure
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explained that the sputtered materials have no sufficiently

energy due to the mean free path of the materials is smaller

than the distance from target to substrate at higher pressure

[22]. In addition, the collision probabilities of the depos-

iting materials increase under higher working pressure;

therefore, the sputtering rate decreases and results in the

growth rate of ZnO:Al thin films decreases as the working

pressure increases.

Figure 3 demonstrates the XRD patterns of ZnO:Al thin

films deposited at working pressure of 2.5–40.0 mTorr. It

is found that the intensity of the peaks is decreased with

increasing of working pressure. All of the sputtered films

exhibit preferential (002) orientation with c-axis perpen-

dicular to the substrate surface, except the film prepared at

40 mTorr. Based on previous SEM and growth rate

experimental results, the higher the working pressure, the

thinner the ZnO films become. When the ZnO films are

very thin, the lattice mismatches and crystal growth com-

petition among the adjacent crystal islands will exist and

these imperfections cause the intensity of (002) diffraction

peak becomes weakened or even disappeared. The peak

disappears at 40 mTorr of working pressure actually indi-

cating that the microstructure of the film is amorphous. The

ZnO:Al thin films deposited on glass substrate show only

the (002) peak in the measured 2h region and no diffraction

peaks from randomly oriented grains or other impurity

phases are presented. Supposing a uniform strain across the

deposited film, the size of the crystallites D in the grains

can be estimated by the Scherrer’s formula [23]:

D ¼ kk
B cos h

where k is the shape factor of the crystallite (expected

shape factor is 0.9), k the X-ray wavelength, B the full

width at half maximum (FWHM) of the (002) diffraction

peak, and h the Bragg diffraction angle. The estimated

values of the ZnO average grain size with working pres-

sures of 2.5, 5, 10, and 20 mTorr are 19.8, 19.3, 15.4, and

12.2 nm, respectively.

Figure 4 shows the influence of working pressure on the

electrical resistivity of the ZnO:Al thin films. It can be

observed that the resistivity increases with an increase of

working pressure. The resistivity is increased from

4.1 9 10-3 to 5.2 9 10-1 ohm�cm as the working pressure

is increased from 2.5 to 40.0 mTorr. The electrical resis-

tivity is well known proportional to the reciprocal of the

product of the carrier concentration and the mobility.

Therefore, the variation in resistivity with working pressure

maybe attributed to the change in carrier concentration and/

or mobility. ZnO is typically an n-type semiconductor in

which has high conductivity mainly from stoichiometric

deviation. The electrical conductivity of ZnO:Al films is

higher than that of pure ZnO films because that the con-

tribution from Al3+ ions on substitutional sites of Zn2+ ions

acts as donor. Therefore, it can be reasonably suggested

that the ZnO:Al films deposited under higher working

pressure may have less carrier concentration causing the

electrical conductivity of the ZnO:Al thin films lower.

Besides, the ZnO:Al films are extremely chemically active.

The chemisorption of oxygen atoms at the surface of

ZnO:Al thin films may absorb electrons from the conduc-

tion band and therefore reduces the carrier concentration

and then broadens the depletion layers within the ZnO

grain boundaries [24]. Additionally, it has been shown

earlier that the growth rate is decreased with increasing of

working pressure. The average grain size of the ZnO:Al

films is smaller at a higher working pressure, which

increases the grain-boundary scattering and thus decreases

the mobility. Therefore, it can be summarized that the

increase of electrical resistivity of ZnO:Al thin films with

increasing working pressure is due to the decrease in the

carrier concentration and mobility.

Figure 5 demonstrates the optical transmission spectra

of ZnO:Al films as a function of wavelength prepared at

various working pressures. The average optical transmit-

tance in the visible region is above 80% for all of the films

and decreases with an increase in working pressure.

According to the cross-section images of the ZnO:Al thin
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Fig. 3 X-ray diffraction spectra of ZnO:Al thin films deposited at

various working pressures (a) 2.5 mTorr, (b) 5 mTorr, (c) 10 mTorr,

(d) 20 mTorr, (e) 40 mTorr
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working pressure
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films, the thickness of the films decreases as the working

pressure is increased. The thickness of the ZnO:Al thin

films with working pressure of 2.5, 5, 10, 20 and 40 mTorr

is 164, 125, 95, 73, and 52 nm, respectively. At higher

working pressures, the composition of the ZnO:Al becomes

much nonstoichiometric and their grain sizes decrease. It

results in the light scattering loss and the destruction of

coherence between incident light and reflected light and

therefore leads to the disappearance of interference fringes

as well as the decrease in transmittance.

4 Conclusions

It is found that the structural, electrical, and optical properties

of the sputtered ZnO:Al thin films depend on working

pressure. The SEM observation shows that the grain size is

decreased with an increase of working pressure. It implied

that the growth rate decreases with increasing working

pressure. This is attributed to the decrease in the surface

mobility, which caused by the decrease in the mean free path

of sputtering gas, under higher working pressure. The XRD

results show that the ZnO:Al thin films deposited on glass

substrate at different working pressures demonstrate only the

(002) peak in the displayed 2h region. The study on the

electrical resistivity of ZnO:Al films prepared at higher

working pressures reveal that the films with smaller grain

size have more grain-boundary scattering that lowers the

electrical conductivity of the ZnO:Al films. Moreover, the

chemisorption of oxygen atoms at the surface of ZnO:Al thin

films is an another possible factor to affect the resistivity. The

optical transmission studies demonstrate that the average

optical transmittance in the visible region is above 80% for

all of the films and decreases with an increase in working

pressure.
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