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Abstract In the present work, we report the deposi-

tion of high resistivity c-axis oriented ZnO films by RF

magnetron sputtering. The deposition parameters such

as RF power, target-to-substrate spacing, substrate

temperature, and sputtering gas composition affect the

crystallographic properties of ZnO films, which were

evaluated using XRD analysis. The self-heating of the

substrate in plasma during film deposition was inves-

tigated and we report that highly ‘‘c-axis oriented’’

ZnO thin films can be prepared on different substrates

without any external heating under optimized deposi-

tion parameters. The post-deposition annealing of the

film at 900 �C for 1 h in air ambient increases the

intensity of (002) peak corresponding to c-axis orien-

tation in addition with the decrease in full width at half

maxima (FWHM). Bond formation of ZnO was

confirmed by FTIR analysis. Grains distribution and

surface roughness have been analyzed using SEM and

AFM. The DC resistivity of the films prepared under

different deposition conditions was measured using

MIS/MIM structures and was found to be in the range

of 1011–1012 W cm at low electric field of 104 V/cm. The

ZnO film of 1 lm thickness has transmittance of over

85% in the visible region. Applications of these films in

MEMS devices are discussed.

Introduction

In the recent years, extensive research has been carried

out on zinc oxide (ZnO) thin films because of their

applications in surface acoustic wave (SAW) devices,

bulk acoustic wave (BAW) resonators, optical wave-

guides, transparent conducting coatings, light emitting

diodes (LED), photodetectors and electroluminescence

devices [1–7]. These films can also be used in Micro

Electro Mechanical Systems (MEMS) as a sensing

material because of their piezoelectric properties [8]

and as sacrificial layer in surface micromachining [9].

Various techniques are reported for the deposition

of ZnO thin films, such as sputtering [10], evaporation

[11], chemical vapor deposition [12], sol-gel [13], spray

pyrolysis [14], pulsed laser deposition [15], atomic layer

deposition [16], vacuum arc deposition [17] and

molecular beam epitaxy [18]. Among these techniques,

sputtering is the preferred method as oriented and

uniform films can be obtained even at relatively low

substrate temperatures [10].

For applications of ZnO films based on its piezoelec-

tric properties, it is a requirement that the films should

be ‘‘c-axis oriented’’ and have high resistivity. For SAW

and other devices using ZnO, films up to several micron

thickness are required on various substrates [19].

Furthermore, ZnO films deposition at comparatively

low temperature is of great interest for realization of

MEMS in post-CMOS processing procedures. The aim

of the present investigation is to obtain high deposition

rates for preparing high resistivity and c-axis oriented

ZnO films at low deposition temperatures. Most of the

research papers published earlier describe the deposi-

tion of low resistivity (~0.1 W cm) c-axis oriented ZnO
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thin films at 200–500 �C substrate temperature [20, 21].

A few recent publications have reported the preparation

of c-axis oriented ZnO thin films below 200 �C [22, 23].

In the present work, high resistivity ‘‘c-axis ori-

ented’’ ZnO thin films have been prepared on different

substrates by RF magnetron sputtering. The effect of

substrate temperature, RF power, target-to-substrate

spacing, and sputtering gas composition has been

investigated on the structural properties of the films.

We report in this paper that self-heating of the

substrate during sputtering process is sufficient to

prepare c-axis oriented ZnO thin films. The structural,

electrical and optical properties of these films have also

been investigated.

Experimental work

ZnO thin films were deposited on glass, Si (100), SiO2

(1 lm)/Si, p+(4 lm)-Si, Au(250 nm)/Cr(50 nm)/SiO2

(1 lm)/Si, Cu(300 nm)/Si, Al(400 nm)/Si and Pt

(150 nm)/Ti(30 nm)/SiO2(1 lm)/Si substrates by RF

magnetron sputtering in ‘‘sputter-up configuration’’

using a 75 mm diameter and 5 mm thick ZnO target

(99.99% purity). The diameter and the thickness of the

silicon wafers used were 2 in and 280 lm, respectively.

The glass substrate was 1 mm thick in square shape

(1† · 1†). Before deposition, the substrates were thor-

oughly cleaned using standard cleaning processes for

different materials. In order to investigate the effect of

target to substrate spacing, sputtering gas, RF power,

deposition temperature and post-deposition annealing

on crystallographic orientation of ZnO, a number of

films were prepared on Si (100) substrates under

different deposition conditions. The chamber was

evacuated to 1 · 10–5 Torr pressure before introducing

the sputtering gas. Sputtering was carried out in (i)

pure argon and (ii) mixture of oxygen and argon (1:1)

by supplying 100–200 W RF power at a frequency of

13.56 MHz. The flow rates of both the argon and

oxygen were controlled by rotameters. The sputtering

pressure was maintained at 10 mTorr for all the

depositions. The distance between the target and the

substrate was varied between 40 mm and 60 mm. The

substrates could be heated (if required) up to 300 �C

by a 500 W halogen lamp mounted in the substrate

holder. The temperature was monitored and controlled

using a thermocouple attached to the substrate. The

substrate holder was designed to minimize the heat loss

to the chamber. This enabled the substrate tempera-

ture to rise during sputtering process even when no

external heating was used. The sputtering parameters

used for preparing ZnO thin films are summarized in

Table 1.

In order to investigate the crystallographic properties

of the ZnO thin films, X-ray diffraction (XRD) analysis

was carried out on PW 3040 Philips X’Pert X-ray

diffractometer using CuKa (k = 1.5405 Å) radiation.

The infrared spectra were recorded by a Perkin-Elmer

FTIR spectrometer in the range 400–4,000 cm-1 using a

bare silicon wafer as a reference. The surface morphol-

ogy and the root-mean-square (rms) surface roughness

of the films were characterized using scanning electron

microscope (SEM) and atomic force microscope

(AFM). The thickness of the films was determined

using surface profiler (Tencor Instruments). The step

was formed by lithography and etching of the film in 1%

HCl solution. For the measurement of resistivity of the

films, aluminum electrodes of area 0.442 mm2 were

formed by thermal evaporation using a sheet metal

mask. The dc resistivity was measured using a computer

interfaced Keithley 2410, source meter. For optical/UV

transmission spectra, films were deposited on glass

substrates. The spectra were obtained using a Perkin-

Elmer Lambda 900 UV-VIS-NIR spectrophotometer.

Results and discussion

The substrate temperature during the sputter-deposi-

tion process is known to have a pronounced effect on

crystallographic properties of ZnO [10, 21]. It is well

known that, during the sputtering process, the sub-

strate temperature rises [24]. We have investigated

whether this self-heating phenomenon can be exploited

to obtain c-axis oriented ZnO growth. Figure 1 shows

the change in substrate temperature with time during

the sputtering (RF power: 100 W, target-substrate

distance: 40 mm, 50 mm, and 60 mm) when no exter-

nal heating was provided. The temperature rises

Table 1 Sputtering conditions used for the preparation of ZnO
films

Deposition
parameter

Conditions

RF power 100 W, 150 W, and 200 W
Sputtering gas Ar and Ar–O2 mixture (1:1)
Sputtering pressure 10 m Torr
Target-to-substrate

distance
40 mm, 50 mm, and 60 mm

Substrate
temperature

(i) External heating (up to 300 �C)
(ii) Pre-heating to 110 �C, heater switched

off before starting sputtering.
(iii) No external heating, only

self-heating by plasma
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gradually and stabilizes in about 50 min time. The

maximum substrate temperature is a function of target-

to-substrate spacing. For the 40 mm, 50 mm and

60 mm spacing, its value is 138 �C, 110 �C, and 90 �C,

respectively.

Figure 2 shows the XRD pattern of ZnO thin films

(thickness ~ 1 lm) deposited on silicon substrate with

no external heating in (i) pure argon and (ii) mixture of

argon and oxygen (1:1). The target-to-substrate spacing

was 50 mm. In both the cases, (002) peaks are

predominant indicating c-axis oriented film growth.

However, the film prepared in pure argon shows

additional low intensity peaks whereas for the films

formed in Ar-O2, only (002) peak is present. The

corresponding 2h values (34.131� and 34.283�, respec-

tively) are somewhat lower compared to the value for

the bulk ZnO (34.44�) [25], indicating the presence of

tensile stress. It is noteworthy that the addition of

oxygen during sputtering process eliminates other

unwanted peaks from the XRD spectrum. As ex-

pected, the deposition rate is slightly reduced in Ar–O2

mixture as compared to that of sputtering in pure

argon. It is postulated that the films formed in pure

argon have oxygen deficiency resulting in distortion in

the lattice structure and appearance of undesired peaks

in the XRD spectra. The addition of oxygen in the

sputtering gas restores the stoichiometry of the depos-

ited film and improves the c-axis orientation.

In order to investigate the effect of target to

substrate spacing on deposition rate, uniformity and

crystallographic orientation, ZnO films were prepared

at different target to substrate spacing. Figure 3 shows

the deposition rate at different target-to-substrate

spacing as a function of distance from the center on

2-in silicon wafer. The Ar–O2 (1:1) mixture was used

during the sputtering. The deposition rate decreases by

increasing the target to substrate spacing whereas the

thickness uniformity increases across a 2-in wafer.

Figure 4 shows the XRD pattern of ZnO thin films

prepared at different target-to-substrate spacings

(100 W, Ar–O2 1:1). In this case, the thickness of the

films was kept constant (~1 lm). It reveals that the

orientation of ZnO depends weakly on the target-to-

substrate spacing. The XRD for the film deposited at

50 mm separation shows the (002) plane only. On the

other hand, the films deposited at 40 mm and 60 mm

separations have additional peaks as well. The intensity

of (002) peak reduces significantly as the spacing

increases from 50 mm to 60 mm. This is due to the

effect of reduction in the substrate temperature from
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Fig. 2 XRD pattern of ZnO thin films deposited in (a) pure
argon and (b) mixture of argon and oxygen (1:1)
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100 W). No external heating was provided
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110 �C to 90 �C, which may not be sufficient for the

preferential c-axis (002) growth of the film. The full

width at half maximum (FWHM) values of (002) peak

were found to be almost identical for 40 mm (0.48�)

and 50 mm (0.49�) spacing. For the 60 mm spacing,

somewhat higher value of FWHM (0.59�) was ob-

served. However, these values are still well within the

limit of 7� required for large effective coupling factor

[10]. From the above results, it can be concluded that

the film deposited at 50 mm separation is the best as

far as the c-axis (002) orientation is concerned. The

film deposited at 40 mm separation is also c-axis

oriented but two additional minor peaks are also

observed. The film deposited at 60 mm spacing is

weakly c-axis oriented. It may also be emphasized that

the deposition rate for the 40 mm spacing (~277 Å/

min) is substantially higher compared to that of 50-mm

spacing (~167 Å/min) and 60-mm spacing (~95 Å/min).

For applications requiring larger thickness of the ZnO

film, this may be a significant consideration [19].

The orientation of ZnO film was investigated as a

function of deposition temperature and post-deposi-

tion annealing. For this study, the films were deposited

at 100 W power in Ar–O2 (1:1) ambient and the target-

to-substrate spacing was fixed at 50 mm. The deposi-

tion time was 60 min for all the films. The films were

prepared at four different substrate temperatures

namely: (a) no external heating, the substrate temper-

ature rises gradually to 110 �C (in plasma) as shown in

Fig. 1, (b) preheating at 110 �C and the heater

switched off during deposition process, (c) 200 �C

and (d) 300 �C. The corresponding XRD patterns of

these samples are shown in Fig. 5(a–d). The results are

summarized in Table 2. It is evident that a single strong

(002) peak corresponding to c-axis orientation ap-

peared at 2h = 34.282� for the film prepared without

external heating of the substrate (Fig. 5a). The FWHM

value was found to be 0.492�. For the pre-heated

substrate (Fig. 5b), although the intensity of (002) peak

was somewhat higher but other unwanted peaks also

appeared. On further increasing the deposition tem-

perature to 200� and 300�, the intensity of (002) peak

further decreased and other unwanted peaks also

appeared. Figure 5(e) shows the XRD of a film

prepared without external substrate heating and sub-

sequently annealed in air at 900 �C for 1 h. The peak
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Fig. 4 XRD pattern of ZnO thin films prepared at (a) 40 mm,
(b) 50 mm and (c) 60 mm, target to substrate spacing

Table 2 Crystallographic properties of ZnO films prepared under different sputtering conditions

Sputtering gas Target-to-substrate
spacing (mm)

RF
power
(W)

Substrate
temperature
during deposition

Average
deposition
rate (Å/min)

(002) peak
position, 2h
(�)

FWHM
(�)

Additional planes
[other than (002)]

Pure Ar 50 100 No external heating 185 34.131 0.64 (100), (101), (102), (110)
and 1 unidentified
plane

Ar + O2 (1:1) 50 100 No external heating 167 34.282 0.492 Nil
Ar + O2 (1:1) 40 100 No external heating 277 34.29 0.48 (102) and 1 unidentified

plane
Ar + O2 (1:1) 60 100 No external heating 95 34.253 0.59 (101), (102) and 1

unidentified plane
Ar + O2 (1:1) 50 150 No external heating 283 34.374 1.181 (100), (101), (102) and 1

unidentified plane
Ar + O2 (1:1) 50 200 No external heating 455 34.276 0.59 (101), (102) and 1

unidentified plane
Ar + O2 (1:1) 50 100 Pre-heating at 110 �C 167 34.254 0.541 2 unidentified planes
Ar + O2 (1:1) 50 100 200 �C 167 34.308 0.64 1 unidentified plane
Ar + O2 (1:1) 50 100 300 �C 167 34.325 0.852 (100), (101), (102) and 1

unidentified plane
Ar + O2 (1:1) 50 100 No external heatinga 167 34.49 0.236 Nil

a The sample was subjected to post-deposition annealing at 900 �C for 1 h in air
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height increases dramatically and the FWHM of (002)

peak decreases from 0.492� to 0.236� after annealing

which indicates significant improvement in the crystal-

linity of the film. Furthermore, the 2h value of (002)

peak shifted from 34.282� to 34.49�, which is closer to

the value corresponding to the bulk ZnO (34.44�)

although the stress also changes from tensile to

compressive after annealing. It may be emphasized

that the ZnO film subjected to post-deposition anneal-

ing shows the best possible characteristics in terms of

XRD peak (002) position, intensity and FWHM

amongst all the samples investigated.

Figure 6 shows the XRD pattern of ZnO films

prepared at different RF powers in argon–oxygen

mixture without external substrate heating. The target

to substrate separation was 50 mm in all the cases. It is

confirmed from the figure that c-axis oriented ZnO film

was formed at 100 W RF power. The deposition rate

and intensity of (002) peak increased by increasing the

RF power but other unwanted peaks also appeared. The

FWHM values for the 100 W, 150 W, and 200 W

powers are: 0.492�, 1.181�, and 0.591�, respectively.

From these results, it can be inferred that the ZnO film

prepared in Ar + O2 (1:1) without external substrate

heating at 100 W RF power and 50 mm target-substrate

spacing is highly c-axis oriented. However, the deposi-

tion rate at 200 W power (455 Å/min) is substantially

higher compared to that of 100 W power (167 Å/min).

The FWHM (0.59�) value is well within the requirement

of highly oriented films. For applications requiring

thicker films, these deposition parameters may be

advantageously used.

Figure 7 shows the XRD pattern of ZnO films

prepared on a variety of substrates such as glass, Si

(100), SiO2/Si, p+-Si (heavily boron diffused), Au/Cr/

SiO2/Si, Cu/Si, Al/Si and Pt/Ti/SiO2/Si. These films

were prepared using optimized sputtering parameters

(100 W RF power, 50 mm target to substrate spacing,

10 mtorr sputtering pressure, mixture of argon–oxygen

1:1, no external substrate heating). The results are

summarized in Table 3. It can be seen that the strong

(002) peak corresponding to c-axis orientation

appeared for all films. All the additional peaks were

identified to be from the substrate. The intensities of
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Fig. 6 XRD pattern of ZnO films prepared at (a) 100 W, (b)
150 W and (c) 200 W, RF powers
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Fig. 7 XRD pattern of ZnO films prepared using optimized
sputtering parameters on various substrates: (a) glass, (b) Si
(100), (c) SiO2/Si, (d) p+-Si, (e) Au/Cr/SiO2/Si, (f) Cu/Si, (g) Al/
Si, and (h) Pt/Ti/SiO2/Si
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Fig. 5 XRD pattern of ZnO films prepared at different substrate
temperatures: (a) without external heating, (b) pre-heating at
110 �C and the heater switched off during sputtering process, (c)
external heating to maintain 200 �C and (d) external heating to
maintain 300 �C, (e) the film prepared without external substrate
heating followed by furnace annealing at 900 �C for 1 h
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the (002) peaks were not much different for these films.

However, the FWHM varied from 0.3� to 0.72� and

were minimum (~0.3�) in the case of glass, Cu/Si and

Pt/Ti/SiO2/Si substrates. The 2h values of (002) peak of

the films prepared on Cu/Si and Pt/Ti/SiO2/Si sub-

strates were found to be 34.391� and 34.407�, respec-

tively, which are closer to the value corresponding to

the bulk ZnO (34.44�). This indicates that these films

have lower tensile stress than the films prepared on

other substrates. Very recently Kang et al. [23]

reported that only Al and Au coated silicon substrates

enhance the growth of c-axis orientation in ZnO films

and they did not observe any preferential c-axis growth

in the case of Cu/Si and Si substrates. However, some

other authors reported the preferential c-axis growth of

ZnO films on Si, SiO2/Si substrates either with or

without substrate heating [21, 26]. From our results it

can be concluded that all substrates used in the present

study support the preferential c-axis growth of ZnO

films without external substrate heating. This signifi-

cantly enhances the choice of the substrates for varied

applications requiring piezoelectric ZnO films.

FTIR measurement was performed in order to

verify the bond structure of ZnO film prepared using

optimized parameters. Figure 8 shows the infrared

absorption spectra of bare silicon, as deposited ZnO/

silicon and annealed ZnO/silicon in the 4,000–400 cm-1

wave-number range. Both as-deposited and annealed

ZnO/silicon samples exhibit an absorption peak at

415 cm-1. This matches with the reported value corre-

sponding to Zn–O stretching vibration for a tetrahedral

surrounding of zinc atoms for powder sample of ZnO

[27]. The other absorption peaks are from silicon

substrate. The intensity of Si–O peak was found to

increase after annealing, which is due to some oxide

growth on the back side of silicon wafer during

annealing at 900 �C in air.

The surface morphology was investigated for the

as-deposited and annealed ZnO films, which were

prepared using optimized sputtering parameters for

c-axis orientation. Figure 9 shows the plan view SEM

images of these films. It appears from the figure that

the grains of the as-deposited film are uniformly

distributed with nearly uniform size. This is further

confirmed by AFM, shown in Fig. 10. The average

grain size calculated from AFM was found to be

147 nm and 411 nm for as-deposited and annealed

films, respectively. Although the average grain size

increased after annealing, the non-uniformity in the

grain size also increased. The rms roughness was found

to be 4.865 nm and 9.679 nm for as-deposited and

annealed films, respectively. These studies confirm that

smooth ZnO films with uniform grain distribution can

be prepared without external substrate heating. The

annealing at 900 �C for 1 h enhances the grain size of

the film.

Figure 11 shows the I–V characteristics of ZnO films

prepared under different deposition conditions namely:

(i) without external substrate heating on Si substrate,

(ii) with pre-heating of the substrate at 110 �C on Si

substrate, (iii) without external substrate heating on

silicon substrate and annealed at 900 �C for 1 h in air,

and (iv) without external substrate heating on Al/Si

substrate. The first three measurements were done on

metal insulator semiconductor (MIS) structures and

the last one was done on metal insulator metal (MIM)

structure. In the case (i), (ii) and (iv), it is observed that

the current follows ohmic behavior (I � V) at low

fields and square-law (I � V2) dependence in the

higher field region. On further increasing the voltage,

Table 3 The (002) peak positions and FWHM of ZnO films prepared on different substrates using optimized deposition parameters

Substrate Glass Si (100) SiO2 /Si p+-Si
(heavily boron
diffused)

Au/Cr/SiO2/Si Cu/Si Al/Si Pt/Ti/SiO2/Si

(002) peak position, 2h (�) 34.275 34.283 34.337 34.252 34.296 34.391 34.268 34.407
FWHM (�) 0.312 0.492 0.541 0.612 0.66 0.315 0.72 0.306
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Fig. 8 FTIR absorption spectrums of (a) bare silicon, (b) as
deposited and (c) annealed at 900 �C for 1 h. The ZnO films
were prepared on silicon at 100 W without external substrate
heating in Ar + O2
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a region of I � Vn, with n upto 5 was also observed.

This nature of log (I) vs. log (V) plots is the charac-

teristic of materials having single-carrier space charge

limited (SCL) injection current flow mechanism con-

trolled by shallow trap levels which are distributed in

energy, as described by Kao and Hwang [28]. However,

in the case of annealed film, the ohmic region extends

upto much higher fields and the square-law region was

absent. Further increase in the field causes the current

to increase very rapidly. Kao and Hwang suggested

that higher concentration of traps increases the field at

which the transition from ohmic to SCL conduction

occurs. In our samples, the annealing results in increase

in grain size, which presumably increases the trap

density. This is responsible for shift in ohmic region

towards higher fields. In addition, absence of square-

law region in the annealed film indicates that the SCL

current is controlled by deep trap levels rather than

shallow traps [28]. The DC resistivity of the films,

calculated from I–V measurements, was found to be in

the range of 1011–1012 W cm at low electric fields

(~10 kV/cm). This is much higher than the reported

values [29, 30].

The wavelength dependence of optical transmit-

tance spectra of the ZnO film prepared at optimized

sputtering parameters is shown in Fig. 12(a). The film

having one-micron thickness showed a maximum

transmittance of over 85% in the visible region from

450 nm to 650 nm which is better in comparison to

other published results [26]. The optical absorption

coefficient (a) was evaluated from the transmittance

data. The optical band gap values are obtained by

extrapolating the linear portion of the plots of (ahm)2

versus hm to a = 0 as shown in Fig. 12(b). The optical

band gap energy is found to be 3.34 eV, which closely

matches with the values reported by others [31].

Fig. 10 3-D AFM of (a) as deposited and (b) annealed at 900 �C
for 1 h. The ZnO films were prepared at 100 W without external
substrate heating in Ar + O2

Fig. 9 Plan view SEM of (a) as deposited and (b) annealed at
900 �C for 1 h. The ZnO films were prepared at 100 W without
external substrate heating in Ar + O2
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Conclusion

We have investigated the deposition of ZnO films by

RF magnetron sputtering. The orientation and crystal-

linity of ZnO thin films depend on RF power, target to

substrate spacing, sputtering gas and substrate temper-

ature. Highly c-axis orientated ZnO thin films were

prepared on various substrates without external sub-

strate heating at 100 W RF power, 50 mm target to

substrate spacing, 10 mtorr sputtering pressure in the

mixture of argon–oxygen (1:1). The intensity of (002)

peak corresponding to c-axis orientation increases and

the FWHM decreases after the post-annealing of the

film at 900 �C for 1 h. SEM and AFM images reveal

the uniform grain distribution of smooth ZnO films.

The film has transmittance of over 85% in the visible

region from 450 nm to 650 nm. The films prepared

under different deposition parameters exhibit high

resistivity in the range of 1011–1012 W cm at low electric

field of 104 V/cm.

The preparation of highly c-axis oriented films

without external substrate heating is advantageous in

terms of simpler system design and higher throughput.

Furthermore, it has been demonstrated that these films

can be formed at substantially higher deposition rates

under optimized deposition parameters. This is of

particular interest in applications requiring relatively

thicker films. These films can be advantageously used in

piezoelectric based MEMS devices, e.g., SAW devices,

BAW resonators, pressure sensors, vibration sensors,

etc. For these applications, the resistivity of the film

plays a critical role and high resistivity films are desired.

In addition, for SAW devices and BAW resonators,

highly c-axis oriented ZnO films on different substrates

are required. Therefore, the ZnO films prepared in the

present study are suitable for the above applications.
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