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Abstract The influence of fabrication parameters on ZnO

film properties has been analyzed through conducting

several experiment processes to develop an appropriate

deposition condition for obtaining highly c-axis textured

films. A transducer with the structure of Al/ZnO/Al/Si was

fabricated at low deposition rate and under a temperature of

380 �C in a mixture of gases Ar:O2 = 1:3, and RF power

of 178 W. Pt/Ti was employed as the bottom electrode of

the transducer fabricated in a suitable substrate tempera-

ture, which starts increasing at 380 �C with an increment of

20 �C for each 2 h stage of the deposition. Highly c-axis

textured ZnO films have been successfully deposited on

Pt/Ti/SiO2/Si substrate under feasible conditions, including

RF power of 178 W, substrate temperature of 380 �C,

deposition pressure of 1.3 Pa and Ar:O2 gas flow ratio of

50%. These conditions have been proposed and confirmed

through investigating the influences of the sputtering

parameters, such as substrate temperature, RF power and

Ar:O2 gas flow ratio, on the properties of ZnO films.

1 Introduction

Ultrasonic ejector [1–3] is capable of ejecting small drop-

lets of controlled diameter from a free liquid surface by

focusing high-frequency acoustic wave without using a

nozzle; and therefore, it is favorable in the fabrication of

print-heads. The key elements of an ultrasonic ejector

include a piezoelectric transducer and an ultrasonic

focusing lens. Piezoelectric transducer has been used to

generate ultrasound which will be focused by an ultrasonic

focusing lens for the purpose of droplet ejection. ZnO

exhibits that it is a promising material which is most

studied and widely applied in piezoelectric transducer due

to good piezoelectric properties and high electro-mechan-

ical coupling coefficient [4]. It is, therefore, a potential

material for producing transducers and sensors such as

communication applications using ultra-high frequency

surface acoustic wave (SAW) devices [4] or bulk acoustic

wave resonators [5]. In order to enhance high-quality ZnO

films, several deposition techniques have been employed

and developed such as sputtering [4, 6, 7], metal–organic

chemical-vapor deposition [8], pulsed laser deposition [9]

and molecular beam epitaxy [10]. Properties of ZnO films

strongly depend on the deposition conditions such as bot-

tom electrode materials [11–13] and other fabrication

parameters including RF power [12, 13], deposition pres-

sure, substrate temperature [13, 14], and deposition gas

composition (Ar:O2) [11, 13–15].

RF magnetron sputtering method, which offers a simple

process and low equipment cost, was employed in our

experiments in order to develop a feasible fabrication of

ZnO thick films. The effects of deposition conditions such

as substrate temperature, RF power and Ar:O2 gas flow

ratio, on the growth of ZnO films were investigated in

detail. The ZnO films were sputtered on various substrates,
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including Al/Si and Pt/Ti/SiO2/Si. The ZnO thin film pie-

zoelectric transducers were fabricated and their responses

were measured through the impedance analysis.

2 Piezoelectric transducer

Piezoelectric transducer is considered as a key component of

acoustic inkjet print-heads, which generates ultrasonic

waves by inverse piezoelectric effect with an input of high

frequency signal. Efficient generation of ultrasonic waves is

important to minimize the required energy of RF signals,

thereby reducing the power of the print-head. ZnO thin film

growth and processing approaches are crucial for fabricating

various ultrasonic frequency transducers with a uniform

response. Piezoelectric ZnO film provides a relatively high

electromechanical coupling coefficient and reasonable

compatibility with integrated circuit processing techniques.

Moreover, no adhesion layer is required for bonding the

transducer layer to the substrate or electrode layer.

In an air or water media, most of the wave energy will

be reflected at the boundaries of the piezoelectric film. The

sound waves which are unexpectedly reflected must affect

the sound convergence at the focal area and ejection per-

formance. This problem is solved when the transducer is

attached a backing material on the back side with its

acoustic impedance close to that of the piezoelectric film.

Backing layer makes no energy left to be reflected from the

end of backing and affects the sound energy convergence

[16]. Furthermore, backing layer prevents the piezoelectric

array from over-vibrating so that the array must stop

working once exciting voltage is at the rest of driving

signals [17].

Shown in Fig. 1, is a scheme of a piezoelectric trans-

ducer. The mechanical force can be considered as the

analog of the electrical voltage and the particle velocity as

the analog of the electrical current, the electrical input

impedance of a transducer can be expressed as [18]

Zin ¼
V

I
¼ 1

jxC0

1þ k2
e

kd
� j Z1 þ Z2ð ÞZa sin kd � 2Z2

a 1� cos kdð Þ
Z2

a þ Z1Z2

� �
sin kd � j Z1 þ Z2ð ÞZa cos kd

" #

ð1Þ

Where Za is the acoustic impedance of the piezoelectric

film, Z1 and Z2 are the acoustic impedance of the top and

bottom sides of the piezoelectric film, respectively. Since

the electrodes of the transducer are very thin, Z1 and Z2 can

be neglected. Then the RF input impedance of the

transducer is

Zin ¼
V

I
¼ 1

jxC0

1� k2
e

tanðkd=2Þ
kd=2

� �
ð2Þ

where C0 ¼ eSA
d and k2

e ¼ e2

cEeS are the static capacitor and

electro-mechanical coupling constant, respectively [19];

k is the acoustic wave number; d is the thickness of pie-

zoelectric layer.

Substituting the parameters of ZnO piezoelectric mate-

rial to Eq. 2, and using Matlab software to simulate the

impedance at various thicknesses d of ZnO films as shown

in Fig. 2. The relationship between thickness and corre-

sponding resonant frequency was obtained and listed in

Table 1. That relation can be expressed by

d � fr ¼ 3070 ðlmMHzÞ ð3Þ

where fr is the resonant frequency of piezoelectric

transducer.

3 Fabrication of ZnO piezoelectric transducer

In this section, we present the fabrication process of ZnO

transducers with a sandwich type including top electrode,

ZnO piezoelectric film and bottom electrode. To investi-

gate the effects of various deposition conditions on the

properties of ZnO films, some fabrication trials were per-

formed to find the most appropriate.

In the first experiment, the Al bottom electrode was

deposited using evaporator at room temperature and

deposition pressure of 2.5 9 10-5 mbar. The ZnO film was

subsequently sputtered at 380 �C in a mixture of gases

Ar:O2 = 1:3, and a RF power of 178 W. The Al upper

electrode is finally deposited by evaporator in the same

manner with bottom electrode to complete the fabrication

of transducer. The fabrication process of the piezoelectric

transducer was described as shown in Fig. 3.

Other experimental process, we used Pt/Ti layers as the

bottom electrode. Since our previous experiences when

using Al as the bottom electrode, the orientation of ZnO

thin film is still disordered because of its amorphous layer

around the ZnO/Al interface. Therefore, Pt/Ti was con-

sidered with purpose of obtaining a better orientation of

ZnO thin film. Actually, Pt is hardly oxidized and Ti thin

film is used as a buffer layer of Pt bottom electrode on

silicon wafer to improve the adhesive durability between

bottom electrode and substrate. Hence, a thin layer of SiO2

was created on a cleaned-silicon wafer, and 20 nm thick-

ness of Ti film was subsequently deposited. Pt was used as

the bottom electrode with thickness of 150 nm in the fab-

rication. The transducer structure, therefore, is Al(100 nm)/

ZnO/Pt(150 nm)/Ti(20 nm)/SiO2(150 nm)/Si. In order to

analyze the influence of sputtering conditions such as

substrate temperature, RF power and sputtering gas com-

position on the growth of ZnO films to determine the most

feasible deposition conditions, we tried to deposit ZnO thin
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films in several set of sputtering parameters as follows.

Firstly, the substrate temperature was varied from 380 to

500 �C while other parameters need to be determined in

advance including a mixture of gases Ar:O2 = 50:50, and a

RF power of 178 W to find a suitable substrate temperature

that improves the c-axis orientation intensity. Secondly,

since results of our previous experiments, the most rea-

sonable substrate temperature for the sputtering process of

ZnO films is 380 �C which was confirmed. Here, 1.3 Pa is

the deposition pressure kept fixed while varying other

factors. Remain the gas flow ratio of Ar:O2 in 1:1, and

sputter ZnO films under the RF powers of 120, 150 and

178 W, respectively, in order to consider the effect of RF

power on the growth of ZnO films. Similarly, various

compositions, 20, 40 and 50%, of oxygen of the sputtering

gas were also employed to consider the influence of those

compositions on c-axis orientation of ZnO films.

The distance between a 4 inch ZnO target and substrate

was kept fixed at 45 mm for all our experiments. After the

confirmation of X-ray diffraction (XRD) patterns, Al

evaporation and patterning was performed to shape the top

electrode of the transducer. The thickness of the ZnO film

was measured by Dektak3ST a-step surface profiler. The

XRD pattern of ZnO films was measured by Siemens

D5000 diffractometer. Finally, the transducer performance

was tested through the impedance analysis by using the

Agilent 4395A instrument.

4 Results and discussion

The XRD is an important examining instrument for

determining the structure characteristics of materials, such

as orientation, crystalline structure, lattice parameters, lat-

eral displacement, defect density and drain size. To con-

sider whether the crystalline structure is fine or not, the

diffraction intensity of the ZnO(002) peak observed is

relatively strong in comparison to that of the other peaks.

In general, the diffraction intensity of the ZnO(002) peak

must be about five times higher than that of other peaks.

In the first experiment, the XRD shown in Fig. 4, the

diffraction peaks of the ZnO film has strong intensity in

Fig. 1 Schematic diagram of

piezoelectric transducer

Fig. 2 Simulated impedances at various thicknesses of ZnO films

Table 1 ZnO thickness and corresponding resonant frequency

d (lm) 10 15 20 25 30 35

fr (MHz) 307.05 204.7 153.52 122.82 102.35 87.73

Fig. 3 Fabrication process of piezoelectric transducer
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c-axis orientation at a diffraction angle of 34.4� which is

close to the corresponding value for ZnO bulk (JCPDS No.

36-1451). Apparently, it is observed in Fig. 4 that the

diffraction intensity of the ZnO(002) peak is more than five

times higher than those of the other peaks. That means the

piezoelectric characteristics must be clear. On the other

hand, the average thickness about 3 lm is obtained in

sputtering time of 4 h, thus we may suppose that the

average sputtering rate is 0.75 lm/h. This is still a draw-

back of sputtering process of thick ZnO films that needs to

be improved.

In the second experiment, we expect to find an appro-

priate substrate temperature to obtain a high c-axis orien-

tation of ZnO films. Indeed, in this experiment, ZnO films

were deposited at substrate temperature of 380, 500, 600,

and 800 �C for that purpose. Actually, the deposition per-

iod was divided into four stages, every stage lasts 2 h with

the same temperature as mentioned, and an idle time

between each two deposition stages is 2 h. However, the

ZnO films were flaked off the wafer at temperature of

800 �C. That is probably because of the different thermal

expansion coefficient between the ZnO film and substrate

in the idle stage. Therefore, Fig. 5 presents the XRD pat-

terns of ZnO films deposited at substrate temperature of

380, 500, and 600 �C, respectively. Besides, it can be seen

that the intensity of the ZnO(002) peak increases and

subsequently decreases along with deposition time, and the

highest ZnO(002) peak appears after the second 2-h stages

for all substrate temperature. That means, the intensity of

ZnO(002) peak rises as ZnO film thickness increases due to

a larger size of polycrystallinity in the second stage.

However, the intensity decreases after a certain thickness

of ZnO film. It is presumed that, after the polycrystallinity

becomes larger as the ZnO film thickness increases in the

second stage, it gradually decreases and is main cause of

reduction of the intensity of ZnO(002) peak after the sec-

ond 2-h stages.

As known that, a stable substrate temperature in each

stage of ZnO film deposition process will not increase the

diffraction intensity of the ZnO(002) peak when the depo-

sition time was increased. Hence, we consider three cases of

temperature change when depositing the ZnO films in this

experiment. In which, 2 h are still spent for every stage of the

deposition. The change of the temperature was varied in

three cases, which include increasing the substrate

Fig. 4 X-ray diffraction pattern for ZnO film with deposition time of

4 h

Fig. 5 XRD patterns of the ZnO films deposited at different substrate

temperatures of a 380 �C, b 500 �C, and c 600 �C
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temperature at 380 �C with an increment of 20 and 40 �C for

each stage, and lowering the substrate temperature at 440 �C

with a decrement of 20 �C for each stage, respectively.

Figure 6 illustrates the XRD patterns of the ZnO films

deposited at three cases of temperature change as above-

mentioned. Shown in Fig. 6c, the diffraction intensity of

the ZnO(002) peak becomes increasingly weaker in every

stage. The same problem is still revealed in Fig. 6b. That

is, in comparison with the diffraction intensity of the other

orientation peak, the ZnO(002) peak does not become

relatively stronger. Besides, Fig. 6a is clearly observed that

the diffraction intensity of the ZnO(002) peak becomes

relatively stronger as compared with other orientation peak

when the deposition time was increased. Especially, in

stage 4, the diffraction intensity of the ZnO(002) peak is

over 22 times higher than that of the second-highest peak.

Moreover, the FWHM value of ZnO(002) peak is smaller

in every stage. The results shown in Fig. 6a and b have a

good agreement with the conclusion of increasing the

deposition rate and polycrystallinity of ZnO film when the

substrate temperature was increased [20, 21]. That means

the c-axis orientation of crystallite increases as the sub-

strate temperature was increased and vice versa. However,

the results illustrated in Fig. 6c and stage 2 in Fig. 6b are

not right for the consideration which is mentioned above,

because the c-axis preferred orientation of ZnO films

depends on many factors in the fabrication process such as

preferential nucleation, preferential crystallization, stick-

ing, etc. [20]. Therefore, ZnO films deposited adopts the

substrate temperature of the first case to execute following

characteristics measurements.

Basing on the XRD results of ZnO films deposited under

the RF powers of 120, 150 and 178 W, respectively, to

determine the most appropriate power. The XRD patterns

of these ZnO films (illustrated in Fig. 7) showed the

highest diffraction intensity in c-axis orientation with a RF

power of 178 W. That is, high RF power leads to high

energy of particles to impact on the film surface, increase

atom intensity and tend towards fine columnar grain

structure [22, 23], this means a preferred ZnO film is

obtained. Similarly, the most appropriate gas flow ratio of

50% for the c-axis ZnO(002) orientation of ZnO film

growth was determined, that is demonstrated through the

XRD results shown in Fig. 8. That is, more O2 gas reduces

the deposition rate because of a higher collision between

Ar and O atoms [22], this may cause a reduction of energy

of particles, reduce the adhesion of particles on the film

surface and effect on the c-axis crystallographic direction.

After determining the most appropriate sputtering con-

ditions for our purpose including substrate temperature, RF

power and gas flow ratio of Ar:O2, different thicknesses of

ZnO films were deposited to produce several piezoelectric

transducers working at different resonant frequencies. The

(002) orientation of ZnO films which is one of the most

important factors helping determine an appropriate set of

deposition parameters for the piezoelectric transducer of

ultrasonic ejector application, was considered first. And

then, another parameter of ZnO thin films needs to be

characterized is the impedance measurement of ZnO films.

For this purpose, a top electrode was deposited on the film

Fig. 6 XRD patterns of the ZnO films deposited at various substrate

temperature changing cases: a 380 ? 400 ? 420 ? 440 �C,

b 440 ? 420 ? 400 ? 380 �C, and c 380 ? 420 ? 460 ?
500 �C
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to complete the ZnO transducer structure and an impedance

measurement was set up. The measurement was performed

by using the Agilent 4395A impedance analyzer to observe

the resonant frequency. To evaluate the relation between

film thickness, impedance and resonant frequency, it is

necessary to take the measurement with different thick-

nesses of ZnO film of the transducer. Thicknesses of

deposited ZnO films are 15.28, 20.92, and 26.72 lm cor-

responding to the deposition time of 8, 10, and 12 h,

respectively. The impedance of different thicknesses as

mentioned above were measured and the results are shown

in Fig. 9.

Further, the resonance and anti-resonance frequencies of

simulation and measurement are listed in Table 2. The

measurement results indicate that the frequencies of ZnO

films were decreased when their thicknesses were

increased. In comparison with the simulated values, the

differences between these two results are about 7–10%.

That can be explained the thicknesses of ZnO films are

measured at the border the films. These thicknesses are

thinner than those at the center of ZnO films. Hence, the

measured resonance frequencies are lower than the values

of simulation. Besides, this is presumably because the mass

loading effects caused by the electrodes on ZnO film

leading the actual resonant frequency becomes lower than

the simulation result which is mentioned above. Further,

the influences of other factors as room temperature,

humidity, measured fixture, etc. on the results of mea-

surement are also related. In addition, the fabrication of the

ultrasonic focusing lens, which will be integrated with the

piezoelectric transducer to produce an ultrasonic ejector, is

carrying out and improving. A setup of experiment, which

is to see the performance of that ultrasonic ejector, is under

consideration.

5 Conclusions

ZnO films of the piezoelectric transducer for ultrasonic

ejector application were deposited by RF magnetron

Fig. 7 XRD patterns of ZnO films fabricated under the RF powers of

120, 150 and 178 W, respectively

Fig. 8 XRD patterns of ZnO films fabricated under a 20%, b 40%

and c 50%, of oxygen of the sputtering gas, respectively

Fig. 9 Impedances of ZnO films deposited with different thicknesses:

a 15.28 lm, b 20.92 lm, and c 26.72 lm
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sputtering and the influences of fabrication parameters on

the properties of ZnO films have been investigated and

discussed in detail through some experiment processes.

The high c-axis orientation was observed in each experi-

mental conditions, however, the drawback were also

revealed and needed to be solved. A low deposition rate in

the first experiment (Al/ZnO/Al/Si structure) is a trouble

when sputtering a thick ZnO film for high frequency pie-

zoelectric transducer. The structure of piezoelectric trans-

ducer Al/ZnO/Pt/Ti/SiO2/Si, in the second experiment,

offers advantages due to the properties of bottom electrode

Pt/Ti are more stable than the conventional Al electrode.

An appropriate substrate temperature is found to obtain

high c-axis oriented ZnO films. That is, the temperature is

started increasing at 380 �C with an increment of 20 �C for

each 2 h stage of the deposition. A feasible fabrication of

the piezoelectric transducer was proposed and justified

through analyzing the influences of the deposition condi-

tions on the properties of ZnO films. Under the conditions

with the RF power of 178 W, the substrate temperature of

380 �C, deposition pressure of 1.3 Pa and the Ar:O2 gas

ratio of 50%, ZnO films were successfully deposited on

Pt/Ti/SiO2/Si substrate. These films show high c-axis ori-

entations which is an essential condition that satisfies the

requirements of piezoelectricity for a high-frequency pie-

zoelectric transducer of an ultrasonic ejector application.

Impedance analysis shows that the mass loading effects of

the electrodes on the ZnO film are significant. That is, we

need to consider these effects when designing and fabri-

cating a device that works at a specific resonant frequency.
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