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ABSTRACT

Zinc oxide (ZnO) thin films were deposited on glass substrates by radio frequency magnetron sputtering using pure
zinc oxide target. The effect of substrate temperature on the structural and morphological characterization of ZnO
films were systematically investigated by X-ray diffraction, scanning electron microscopy with energy dispersive
spectroscopy and atomic force microscopy. The micro structural parameters, such as the lattice constant, crystallite
size, stress and strain were calculated. All these films exhibited strong (002) diffraction peaks corresponding to
hexagonal wurtzite structure. Atomic force microscopy studies showed that these films were very smooth with root
mean square roughness of 3.64 nm. The ZnO films formed at substrate temperature of 473K exhibited lowest stress
and dislocation density.

KEYWORDS: Zinc oxide; RF magnetron sputtering; substrate temperature; structural and morphological
properties.

INTRODUCTION

Zinc oxide (ZnO) is a wide band gap direct semiconductor having band gap of 3.37 eV at room temperature. It also
possess large exciton-binding energy of 60 meV. ZnO is an attractive semiconductor due to its low cost, nontoxicity,
high stability and high transparency in the visible wavelength. It is a promising material for many applications in
toxic gas sensors [1] , solar cell windows[2], blue and ultraviolet (UV) light emitting devices[3], transparent
conductors[4], surface acoustic devices[5], photovoltaic devices[6], etc.

In recent years a wide range of preparation methods such as RF magnetron sputtering [7], reactive thermal
evaporation [8], spray pyrolysis [9], chemical vapor deposition (CVD)[10], molecular beam epitaxy (MBE)[11],
pulsed laser deposition (PLD)[12], sol-gel process[13], electro-deposition[14], etc., have been employed for the
preparation of ZnO thin films. Among the above mentioned techniques radio frequency (RF) magnetron sputtering
has been found to be more effective for the deposition over large area with uniform thickness, better reproducibility,
good adhesion to the substrate, good stoichiometry, high deposition rates and easy control of the composition of the
films. In this technique there is a wide scope in varying the deposition parameters such as substrate temperature,
partial pressure of oxygen, sputtering power, sputtering pressure in the chamber, substrate bias voltage and thickness
of the film. These parameters have profound influence on the physical properties of ZnO thin films.

In the present investigation, an attempt has been made to prepare zinc oxide thin films using RF reactive magnetron
sputtering technique and to investigate the effect of substrate temperature on the structural and morphological
properties.
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MATERIALS AND METHODS

ZnO thin film deposition

ZnO thin films were deposited on ultrasonically cleaned slides of glass substrates using RF magnetron sputtering.
Pure zinc oxide of 99.99% purity with 2 inch diameter and 3 mm thickness was used as a target. The deposition
equipment and its construction details are discussed elsewhere [15].The zinc oxide target mounted on top of the
sputter chamber so that the sputtering can be performed by sputter down configuration. The deposition chamber was
maintained at a vacuum of 5 x 10 mbar before introduction of the Argon gas into the deposition chamber. Pure
argon was used as sputter gas. Mass flow controllers of MKS make was used to measure the flow rates of argon gas.
The zinc oxide sputtering target was pre-sputtered for 15 min. to remove any contamination on the surface of the
target. During the process of film deposition sputtering power and sputtering pressure was maintained constant with
varying substrate temperature. The operating conditions in the sputtering process were tabulated in Table (1).
Characterization

The crystallinity of the films was investigated by X-ray diffraction measurements technique (Philips X'Pert X-Ray
Diffractometer ) in the 20 range of 20°- 80° using CuK, radiation of wavelength A=1.5406 A at room temperature.
X-ray tube was operated at a voltage of 40 kV and current of 30 mA with scanning speed of 0.5 degree per minute.
The surface morphology was studied by Atomic Force Microscope and scanning electron microscope (SEM) of
model EVO 18 manufactured by Carl Zeiss, for which an EDS is attached of model INCA,X-act manufactured by
Oxford Instruments was used for composition analysis. Quartz crystal thickness monitor was used for the
measurement of thickness of the deposited films. In this work the thickness of the deposited films was maintained a
constant value of 200 nm.

Subheading

RESULTS AND DISCUSSION

Deposition rate

Fig.1. shows the dependence of deposition rate as a function of substrate temperature. The deposition rate of the
films was decreased from 2.9 A/s to 0.9 A/s as substrate temperature increased from room temperature to 673K. At
lower substrate temperature, the deposition rate was high due to the lower adatom mobility on the substrate surface.
The decrease in deposition rate with substrate temperature may be due to the balance between the number of atoms
arriving on the substrate surface and the atoms leaving from the substrate surface by re-evaporation [16].
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Fig.1. Variation of deposition rate as a function of substrate temperature.
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Table 1: Deposition parameters maintained during the deposition of ZnO films by RF
magnetron sputtering technique at various substrate temperatures.

Sputtering target Zn0 (99.99%)
2-inch diameter and 3 mm thickness
Target to substrate distance 70 mm
Substrate glass
Ultimate pressure 5 x 10°® mbar
Sputtering pressure 3 x 102 mbar
Substrate temperature RT to 673K
Sputtering power 100 W

Structural properties

Fig.2. Shows the XRD pattern of ZnO thin films grown at different substrate temperatures. The crystal structure of
the films deposited at various substrate temperatures was identified to be polycrystalline nature with wurtzite
structure. The position of (0 0 2) peak shifts monotonically from 34.04° for the film deposited at room temperature
to 34.25° for the film deposited at 673K. The c-axis (0 0 2 ) peak orientation and the crystallinity were poor for the
film grown at room temperature and it improved as the substrate temperature was increased upto the temperature of
673K. The films deposited on unheated substrate has low atomic mobility and tends to form preferred crystallite
structure, on increasing the substrate temperature, adsorbed atoms gain extra thermal energy and have the motivity
to move to another preferred sites [17].
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Fig.2. X-ray diffraction patterns of ZnO thin films deposited at different substrate temperatures.
(a) RT (b) 373K (c) 473K (d) 573K (e) 673K.
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The intensity of (0 0 2) peak decreases while the intensity of (1 0 1) increases when the substrate temperature was at
673K. The development of a (1 0 1) texture at higher substrate temperatures has also been observed by F. Wu et al.
[18] for ZnO:Ga thin films.
For cubic structure, lattice parameter ‘a’ was determined by the relation [19, 20]

a=d,., (h*+k*+1?)"? (1)

where ‘dnk ‘is interplanar spacing for planes with Miller indices (hkl).

Table 2: Structural information of RF magnetron sputtered ZnO thin films at various
substrate temperatures.

Substrate 20 FWHM Lattice Grain Stress Dislocation
temperature parameter size density

(K) (degree) (degree)  (nm) (nm) (GPa) (10%® lines/m?)
Room temp.  34.04 0.666 0.5238 1247 -2.696 6.426

373 34.16 0.628 05227 1324 -1.739 5,702

473 34.28 0.506 0.5212 16.42 -0.434 3.305

573 34.28 0.546 0.5219 15.22  -1.043 4,314

673 34.25 0.550 0.5221 15.10 -1.217 4.384

The lattice parameter of the films was also influenced by the substrate temperature. The lattice parameter of the
films increased from 0.5238 nm to 0.5212 nm with increasing the substrate temperature from RT to 473K then
decreases continuously with substrate temperature for (002) peak. The present obtained lattice parameter value of
0.5212 nm at 473K was close to the standard value of 0.5207 nm. The variation in the lattice parameter with
substrate temperature was due to the stresses developed in the films [21].

The crystalline size of the films was calculated for (2 0 0) peak by using Scherrer’s formula [22]:

_0.94x2
S Cosé @

where ‘K’ is the shape factor of a value having 0.94, A is the wavelength of X-ray, B is full width at half maxima
(FWHM) in radians and 6 is the Bragg’s diffraction angle.

The crystallite size of the films increased from 12.47 nm to 16.42 nm with increase of substrate temperature from
RT to 473K, thereafter it decreased to 15.10 nm at 673K. The increase in the crystallite size with substrate
temperature may be due to increase in the crystallinity of (002) peak.

The internal stress (o) developed in the films was estimated from the X-ray diffraction data using the biaxial strain

model [23]:
C,+C a—a
o-[ac, -GG, las]

13 0

©)

where ‘Cjj’ are the elastic stiffness constants (C11 = 2.1 x 10 N/m? , Cgs = 2.1x 10"N/m?, C1, = 1.2 x 10 N/m?,
and Cy3 = 1.05 x 10 N/m?) and ‘a’ is the lattice parameter of the bulk material (0.5207 nm) and ‘ag’is the measured
lattice parameter. The stress developed in the films was obtained by the shift in the interplanar spacing hence change
in the lattice parameter. The negative sign indicates that the films were in a state of compressive stress. The stress in
the films decreased from 2.69 to 0.43 GPa with increasing substrate temperature from RT to 473K for (002) peak.
The stress developed in the films was due to the existence of microscopic voids incorporated during condensation
[24].
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The dislocation density (3) is evaluated from the crystalline size by the relation [25]
1
5 - —2
D (4)

It has been observed that with an increase in substrate temperature the crystallite size of the films increases, in other
words, dislocation density decreases. This decrease in dislocation density may be the cause for the increase in
mobility with substrate temperature. The lattice parameter, grain size and stress of the ZnO films as a function of
substrate temperature given in Table (2).

Surface morphology

Fig.3. indicates the scanning electron microscopy (SEM) images of the ZnO thin films grown under different
substrate temperatures. The SEM images clearly indicate that the sputtered ZnO films deposited at room temperature
were found to be very smooth, uniform and crack free surfaces and fine grains were appeared at substrate
temperatures of 473K. The grain size decreased when the films deposited beyond this substrate temperature.
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Fig.3. Scanning Electron Microscopy (SEM) images of ZnO films deposited at different
substrate temperatures . (a) RT (b) 373K (c) 473K (d) 573K (e) 673K.
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Fig.4. EDAX images of ZnO films deposited at different substrate temperatures.
(@) RT (b) 373K (c) 473K (d) 573K (e) 673K.

The chemical composition of the ZnO films grown under different substrate temperatures were determined by
Energy dispersive analysis of X-rays (EDAX) and images were shown in Fig.4. EDAX analysis was given in Table
(3), it revealed that all the deposited films consists of Zinc and Oxygen and the composition of the Zinc was
gradually increased with substrate temperature.

The Atomic Force Microscopy (AFM) images of ZnO films grown at substrate temperature of 473K were shown in
Fig.5. The root mean square (RMS) values of surface roughness for the films grown at substrate temperature of
473K was found to be 3.64 nm.
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Table 3: Compositional analysis of RF magnetron sputtered ZnO films by Energy
dispersive analysis of X-rays (EDAX) at different substrate temperatures.

Substrate Element  Weight%  Atomic % Zn/O ratio
temperature
(K)
RT OK 27.62 74.23 0.34
Zn K 72.38 25.77
373 OK 24.65 59.12 0.69
Zn K 75.35 40.88
473 OK 19.68 48.98 1.04
Zn K 80.32 51.02
573 OK 18.94 46.14 1.16
Zn K 81.06 53.86
673 OK 16.51 44,75 1.23
Zn K 83.49 55.25
m 131023 opograptydls

Fig.5. Atomic Force Microscopy (AFM) images of ZnO films deposited at substrate
temperature of 473K.
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CONCLUSION

The ZnO thin films were successfully deposited by RF magnetron sputtering at different substrate temperatures. The
structural and morphological properties of the films were highly influenced by the substrate temperature. Stress free
and nearly stoichiometric films with average crystalline size of 16.42 nm were obtained at substrate temperature of
473K.

ACKNOWLEDGEMENTS

The authors thank the Head, Department of physics, Osmania University, Hyderabad for providing necessary
experimental facilities. One of the authors (GAK) thank UGC, New Delhi for awarding the SRF under the UGC
scheme of RFSMS.

REFERENCES

[1] Mitra, A.P. Chatterjee, H.S. Maiti, “ZnO thin film sensor”, Mater. Lett. 35 (1998) 33-38.

[2] W.J. Jeong, S.K. Kim, G.C. Park, “Preparation and characteristic of ZnO thin film ... for an application of solar
cell”, Thin Solid Films 180 (2006) 506.

[3] D.M. Bagall, Y.F. Chen, Z. Zhu, T. Yao, S. Koyama, M.Y. Shen, T. Goto, “Optically pumped lasing of ZnO at
room temperature” Appl. Phys. Lett. 70 (1997) 2230.

[4] V. Srikant, S. Valter, R. David, “Films on Sapphire: Effect of Substrate Orientation”, J. Am. Ceram. Soc. 78
(1995) 1931.

[5]1 Amlouk, F. Touhari, S. Belgacem, N. Kamoun, D. Barjon, R. Bennaceur, “Structural and Acoustic Properties of
ZnO Thin Films Prepared by Spray”, Phys. Stat. Sol. (A) 163(1997) 73-80.

[6] T. Pauporte, D. Lincot, “ Electrodeposition of Semiconductors for Optoelectronic Devices: Results on Zinc
Oxide”,Electrochim. Acta 45 (2000) 3345.

[7]1 D.R. Sahu, “Studies on the properties of sputter-deposited Ag-doped ZnO films”, Microelectron. J. 38 (2007)
1252.

[8] J.H. Morgan, D.E. Brodie, “The Preparation and Some Properties of Transparent Conducting ZnO for use in
Solar Cells”, Can. J. Phys. 60 (1982) 1387.

[9] F. Paraguay, D.W. Estrada, L.D.R. Acosta, N.E. Andrade, M.Miki-Youshida, “Growth, structure and optical
characterization of high quality ZnO thin films obtained by spray pyrolysis”, Thin Solid Films 350, 192 (1999).

[10] Y.G. Cui, G.T. Du, Y.T. Zhang, H.C. Zhu, B.L. Zhang, “ Growth of ZnO(0 0 2) and (1 0 0) films on GaAs
substrates by MOCVD” J. Crystt. Growth 282,389 (2005).

[11] Y.W. Heo, D.P. Norton, S.J. Pearton, “Zinc Oxide Bulk, Thin Films and nanostructures”, J. Appl. Phys. 98
(2006) 073502.

[12] X.W. Sun, H.S. Kwok, “Optical properties of epitaxially grown zinc oxide films on sapphire by pulsed laser

deposition”, J. Appl. Phys. 86 (1999) 408.

[13] S. Mridha, D. Basak, “Effect of thickness on the structural,electrical and optical properties of ZnO films”,
Mater.Res. Bull. 42 (2007) 875.

[14] M. Fahoume, O. Maghfoul, M. Aggour, B. Hartiti, F. Chraibi, A. Ennaoni, “Growth and characterization of

ZnO thin films prepared by electrodeposition technique”, Sol. Energy Mater. Sol. Cells 90(2006) 1437-1444.

[15] G.Anil Kumar, M.V.Ramana Reddy and Katta Narasimha Reddy, “Effect of annealing on ZnO thin films

grown on quartz substrate by RF magnetron sputtering”, Journal of Physics Conference Series 365 (2012)
012031.

[16] S.Senthinathan, G.K.Muralidhar and G.Mohan Rao, “Study of the processes occurring when sputtering
YBaCuO in pure oxygen”,Vacuum, 49 (1998) 221.

[17] H.L.Chen,Y.M.Lu and W.S.Hwang, “Effect of film thickness on structural and optical properties of sputtered
NiO thin films”, Surf. Coat. Technol.,198 (2005) 138.

[18] F. Wu, L. Fanga,Y.J. Pan, K. Zhou, Q.L. Huang, C.Y. Kong, “Effect of substrate temperature on the structural,
electrical and optical properties of ZnO:Ga thin films prepared by RF magnetron sputtering”,Physica E 43
(2010) 228-234.

[19] S.O. Pillai, Solid State Physics. “Structure & Electron Related Properties”, 1st Edition, Wiley Eastern Limited,
1994,

[20] V. Khranovskyy, U. Grossner, O. Nilsen, V. Lazorenko, G.V. Lashkarev, B.G. Svensson, R. Yakimova,

http: // www.ijesrt.com© International Journal of Engineering Sciences & Research Technology
(8]


http://www.ijesrt.com/

% THOMSON REUTERS

[Anil Kumar* et al., 5(8): August, 2016] ISSN: 2277-9655

IC™ Value: 3.00 Impact Factor: 4.116
“Structural and morphological properties of ZnO:Ga thin films”, Thin Solid Films 515 (2006) 472.

[21] Ch.Sujatha,G.Mohan Rao and S.Uthanna, “Characteristics of indium tin oxide films deposited by bias
magnetron sputtering”, Mater. Sci. Eng.B, 94 (2002) 106.

[22] M. Adamik, P. B. Barna, I. Tomov and D. Biro, “Problems of Structure Evolution in Polycrystalline Films.
Correlation between Grain Morphology and Texture Formation Mechanisms™ , phys.status solidi a,
145[1994]275-281.

[23] S. Maniv, W.D. Westwood, E. Colombini, “CdSel—x O y films prepared by reactive planar magnetron
sputtering”, J. Vac. Sci. Technol. 20 (1982)1-2.

[24] G.K.Williamson and R.E.Smallman, “Dislocation densities in some annealed and cold-worked metals from

measurements on the X-ray debye-scherrer spectrum”, Phil. Mag. 1(1956)34.

[25] K.Gurumurugan,D.Mangalaraj ,Sa.K.Narayandass, “Structural characterization of cadmium oxide thin films

deposited by spray pyrolysis”, Journal of Crystal Growth 147 (1995) 355-360.

http: // www.ijesrt.com© International Journal of Engineering Sciences & Research Technology
(o]


http://www.ijesrt.com/
http://www.sciencedirect.com/science/article/pii/S0040609005025952

