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Abstract

The effects of annealing temperature and variation of sample thickness on the structural and optical
properties of zinc oxide thin films with aluminium contact (Al/ZnO) have been investigated. The
study involved the synthesis of a bilayer thin film of Al/ZnO with varied thicknesses on a glass slide
substrate by using radio frequency magnetron sputtering deposition technique. 99.99% pure ZnO and
aluminium were used as the sputtering target. The films were then annealed in vacuum at annealing
temperatures of 200 °C and 400 °C. The structural and optical properties of Al/ZnO thin films grown
were characterized by x-ray diffraction (XRD) and optical measurements respectively. The results
obtained from the XRD patterns showed that Al/ZnO films (both as-deposited and annealed), exhibits
acrystalline structure with (002) preferred orientation. The peak intensity of the preferred plane
increases as the annealing temperature increases. The optical studies of the Al/ZnO films showed a
maximum value of transmittance ranging from 82% to 91% depending on the condition of the films.
A decrease in transmittance as the thickness of the films increases was observed. The transmittance
also increased with increasing annealing temperature. The energy gaps (E,) were determined from the
transmittance data and found to be in the range 3.73—3.83 eV. The results obtained from the
experiment also show that the optical band gap increases as the thickness and annealing temperature
increase.

1. Introduction

ZnO is a very promising material for semiconductor device applications (Look 2001). It has a direct and wide
band gap energy ~3.3 eV, in the near-UV spectral region (Chen et al 1998, Haslinda 2009), and a large free-
exciton binding energy (60 meV) (Ogale 2005), so that excitonic emission processes can persist at or even above
room temperature. ZnO crystallizes in the wurtzite structure (Rolo et al 2007).

Aluminium doped ZnO thin films have high transmittance in the visible region, and the optical band gap can
be controlled by using different amount of Al doping. Accordingly they have got potential applications in solar
cells, antistatic coatings, solid-state display devices, optical coatings, heaters, defrosters, chemical sensors etc
(Jeong et al 2007).

Recently there is tremendous interest on the nanoscale semiconductor particles and thin films, due to novel
properties generated from quantum confinement effect. The quantum confinement effect changes the physical
and chemical properties of the materials (Brus 1984). In the case of [I-VI semiconductors, this reduction in size
from bulk to the nanoscale results in many size dependent properties such as varying band gap energy, optical
and electronic properties (Sravani and Andrew 2010).

Different methods have been employed to deposit ZnO films, these includes, sol-gel, spray pyrolysis
(Ivanova et al 2010), molecular beam epitaxy (Oh et al 2004), metal organic chemical vapour deposition (Wang
et al 2006), chemical bath deposition (Zhang and Kerr 2007), pulse laser deposition (Zhao et al 2006) and rf
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Table 1. Sputtering parameters for aluminium deposition.

Sputt. Gas
Thickness time Dep. rate flow rate Dep. press
(nm) (s) (sccm) (sccm) (Pa)
10 51 2.04 0.8 332 x 107°
5 32 1.25 0.8 3.46 x 107
2 5 2.05 0.8 3.06 x 1072

magnetron sputtering (Jeong et al 2005). Among these methods, rf magnetron sputtering has the advantages of
simplicity and working in desire temperature. However, it was reported that the quality of the as-sputtered ZnO
films is low and a post annealing process can improve the crystallinity of ZnO thin films (Ozgur et al 2005, Shan
etal 2005, Alivov et al 2006). Therefore, beside the sputtering conditions, the annealing factors such as
temperature, gas types and time are indeed important parameters for ZnO films deposition.

Hu et al (2006) studied the dependence of the Al thickness and annealing temperature on the structural,
optical and electrical properties of ZnO/Al multilayers. It was shown that Al thickness and annealing
temperature were the key factors to optimize transparency conducting property in ZnO/Al multilayered films.
Annealing at elevated temperatures improved the crystallinity and therefore enhanced the x-ray diffraction
(XRD) peak intensity. It was also discovered that the transmittance of all multilayers was improved by vacuum
annealing process (transmittance above 90% at Ta = 500 °C), which is ascribed to the increase of Al atoms
diffusing into ZnO layer or the formation of AlO,. It was noticed that the Eg increases with increasing annealing
temperature up to 400 °C (Hu et al 2006).

In this research, the effects of annealing temperature and thickness on the structural and optical properties of
Al/ZnO thin films prepared by rf sputtering method were investigated.

2. Experimental details

The Al/ZnO thin films used in this study were prepared on glass slide substrates using rf magnetron sputtering
system. Before use, the glass slides were cleaned in deionized water and then in an ultrasonic bath with methanol,
acetone and isopropyl alcohol for 10 min. After cleaning, the glass slides were set in a metal mask. The mask and
the glass slides was loaded into the chamber of an Edward FL400 model rf sputtering and rate thickness monitor
model Inficon AQM160 machine. ZnO films of thickness 100 nm were the first to be deposited on the glass
slides. The target used was ZnO with purity 0f 99.99%. 99.99% pure argon and oxygen gas mixture are used as
the sputtering gas. The flow rate of Ar/O, was 0.8 sccm. The base pressure and the target to substrate distance
used were 3.19 x 107> Paand 12 cm respectively. RF power was 100 W and the sputtering pressure was fixed on
4.65 x 10~ Pa. The deposition rate was about 1.2 sccm.

Following the same procedure, aluminium layer of varied thicknesses of 2, 5 and 10 nm were deposited on
the ZnO film. The target used was an aluminium with purity 99.99% with rf power at 500 W.

The detailed sputtering conditions are reported in table 1.

After deposition, the samples were cut into several pieces, each of 2.5 cm long for vacuum annealing and
characterization. Two samples each were annealed in vacuum using a Carbolite furnace, MTF/12/38 /400
model at 200 °C and 400 °C for a fixed time of 90 min. The crystal structure was characterized by XRD pattern
using PANalytical multipurpose diffractometer model X, Pert-Pro which utilizes monochromatic
Cuka = 1.5406 A radiation operated at 40 KV and 30 mA. The measurement was carried out in the 20 range
from 30.01° to 59.97°. The optical transmittance of the Al/ZnO thin films was measured by Avantes-SAI-
07086751 model UV spectrophotometer in conjecture with Avasoft 7.1 software.

3. Results and discussion

3.1. Structural characterization

Figure 1 show the XRD patterns for the as-deposited and annealed Al/ZnO at 200 °C and 400 °C. The dominant
(002) diffraction peaks corresponding to the as-deposited and the annealed Al/ZnO thin films are clearly
observed.

The XRD patterns indicate that the as-deposited and annealed Al/ZnO films are crystalline, indicative of a
(002) c-axis preferred orientations at 20 = 34.07°,34.14° and 34.43°, for as-prepared, 200 °C annealed and
400 °C annealed films respectively. Similar result has been observed by different authors according to literature
(Hu etal 2006, Chun et al 2010, Guillen and Herrero 2010). These values fit well with that of the hexagonal ZnO

2



10P Publishing

Mater. Res. Express 3 (2016) 096401 O Osanyinlusi et al

5000 4

4500 -

4000 - s 400°C
200°C
m—  as-deposited

w

«

o

o
L

3000

2500

2000

1500

Intensity (counts)

1000

500

30 35 40 45 50 55 60

20(degree)

Figure 1. X-ray diffraction patterns for 110 nm thick as deposited and annealed Al/ZnO thin films at different annealing
temperatures.

Table 2. Variation of the (002) plane crystallite size and full width at half max-
imum (FWHM) of Al/ZnO thin films with annealing temperature.

Annealing
temp. 20 Crystallite size FWHM
Sample (°C) (degree) (nm) (degree)
Al/ZnO As deposited 34.07 27.34 0.5304
Al/ZnO 200 34.14 29.63 0.4896
Al/ZnO 400 34.43 43.38 0.3346

thin films with the wurtzite structure (34.45), (according to the Joint Committee on Powder Diffraction
Standard). The (002) c-axis orientation occurs due to a minimization of the internal stress and surface energy
(Bao et al 1998). It could also result from an easy growth because of the high atomic density along (002) plane
(Amirhaghi et al 1994).

The figure shows that the diffraction angles of all the Al/ZnO thin films depart from 34.45° toward the lower
angles. This may be due to the doping of Al to Zn leading to an aberration in ZnO crystal lattice (Hong-ming
etal2007).

It was also revealed from the figure that the intensity of the peak representing the preferred plane was found
to increase with increase in the annealing temperature. This can be interpreted as due to (i) the relaxation of the
residual tensile strain and stresses that exist in the Al/ZnO thin films and (ii) an improvement of the crystallinity
of the films (Oh et al 2005, Hong-ming et al 2007).

The average grain size is calculated using Debye Scherer’s formula (Cullity 1978)

K\

D= e’ )

where K = 0.9, is the shape factor. A = 1.540 60 A, is the x-ray wavelength, 0 is the maximum of the Bragg
diffraction peak, and 3 s the full width at half maximum (FWHM) of the XRD peak. We observed that an
increase in the annealing temperature of the films introduces variations in the crystallite sizes and FWHM. These
variations are shown in table 2 for the (002) plane of the films with thickness 110 nm. Table 2 shows that
increasing the annealing temperature results in Al/ZnO films with higher crystallite size and lower width of the
diffraction peak (FWHM). Decrease in the width of the diffraction peaks suggests that annealing at higher
temperatures produces better quality crystal (Ezema and Nwankwo 2010, Oh et al 2011). Similar result has been
achieved by Ga-doped ZnO films prepared by radio frequency magnetron sputtering (Xuhu et al 2005).

3.2. Optical characterization

3.2.1. Effects of thickness of Al/ZnO thin films on optical properties

Figure 2 reveal the variation of transmittance with the incident wavelength in the visible region (300-800 nm)
for the as-deposited Al/ZnO thin films of various aluminium layer thicknesses. All films exhibits high
transmittance (above 82%) in the wavelength range 400—-550 nm. The high transmittance depicts an excellent
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Figure 2. Transmission spectra for as deposited Al/ZnO thin film at different thicknesses.

optical transparency of the films which plays an important role for potential applications in transparent
optoelectronic devices. The high transmittance is due to fairly smooth surface and relatively homogeneity of the
films (Yanfeng et al 2003).

The figure reveals that the transmittance of the as deposited films decreases with increasing thickness
(aluminium layer thickness of 2, 5 and 10 nm) within the visible range of wavelength. The transmittance
decreases from 89% to 83% when the thickness increases from 102 to 110 nm (i.e. aluminium thickness increase
from 2 to 10 nm). Similar transmittance changes in the visible range with increasing film thickness have been
observed and attributed to an increase in both reflection and absorption in the films. In addition, films structure
may lose its homogeneity with increasing film thickness due to accumulation of different types of structural
faults hence increasing the films absorption (Al-Ofi et al 2012). The decrease in transmittance as a result of an
increase in aluminium layer thickness from 2 to 10 nm may also be attributed to the formation of aluminium
cluster or discontinuous aluminium layer at the Al/ZnO interface, which in turn enhances reflection or
absorption of the visible light (Hu et al 2006). It can also be attributed to optical scattering arising from longer
optical paths and also to changes in the carrier concentration (Agashe et al 2003, Banerjee et al 2006).

The direct E, was determined from the equation (Blatt 1968)

o = (hv — Eg)'?, (2)

where o is the absorption coefficient, hv is the photon energy and Eg is the energy gap.
By squaring both sides of the equation we have

a* = hv — E,.

The values of the direct optical energy gap, E,, was obtained by extrapolating the linear portion of the plot of (a)?
versus () to a* = 0.

Figure 3 shows the relation (cv)* versus (hv) for as deposited films with different thicknesses.

The values of the optical E, from the plot are shown in table 3. The estimated values of the optical E, were
found to increase with increasing thickness of the films. This can be attributed to an improvement in the crystal,
in morphological changes of the films, in changes of atomic distances, grain size and structural defects in the
films (Al-Ofietal 2012).

3.2.2. Effects of annealing temperature on the optical properties of Al/ZnO thin films

Figures 4—6 shows the spectral behaviour of the transmittance, T'in wavelength range (300-800 nm) for Al/ZnO
thin films of thicknesses 110 nm, 105 nm and 102 nm, respectively at different annealing temperatures. It is clear
from the figures that the optical transmittance increases with increasing annealing temperature.

The increase in transmittance may be as a result of increase in the particle size and the number of voids
present in the films due to increasing annealing temperature which may lead to a decrease in optical scattering
(Hong-ming et al 2007).

The allowed direct optical energy gap, E, obtained by extrapolating the linear portion of the plots of ()’
versus (hv) to a = 0 for annealed 102 nm, 105 nm and 110 nm thick Al/ZnO thin films is shown in figures 7, 8
and 9, respectively. The obtained values of E, for all the films at different annealing temperatures are listed in
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Figure 3. Plot of (a)* versus (hv) for as deposited films with different thicknesses.
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Figure 4. Transmission spectra for 110 nm thick Al/ZnO thin film at different annealing temperature.
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table 4 where E, increases with increasing annealing temperature. This observation is similar to the result of Al-
Ofietal (2012) who suggested that the effect can be interpreted by assuming that during the annealing process
the films will have time for some atomic rearrangement to take place. So, some defects will be removed which
reduces the density of dangling bonds, redistributing atomic distances and bond angles and the optical gap will
then increase. It is generally believed that the Burstein—-Moss shift plays a key role in this phenomenon (Shan and
Yu 2004), it states that the Fermi level inside the conduction band moves upward, and hence the optical band gap
is widened, with increasing carrier concentration due to filling of the conduction band by increase of electron

carriers.
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Figure 5. Transmission spectra for 105 nm thick Al/ZnO thin film at different annealing temperature.

100 -

60 -

40 -

Transmittance(%)

m—— 400°C
=== 200°C
as deposited

300

400 500 600 700 800
Wavelength(nm)

Figure 6. Transmission spectra for 102 nm thick Al/ZnO thin film at different annealing temperature.
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Figure 7. Plot of o against hv for 110 nm thick Al/ZnO thin film at different annealing temperature.
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Figure 9. Plot of o against s for 102 nm thick Al/ZnO thin film at different annealing temperature.

Table 4. Values of E, for Al/ZnO thin films with different thick-
nesses at different annealing temperatures.

Thicknesses
Annealing temp. (°C) 102 nm 105 nm 110 nm
200 3.74 3.77 3.81
400 3.76 3.79 3.83

The energy band gap broadening (AE,) can be expressed in the following (Wang et al 2011):
AEg = h_222/3n2/3

sm*

e >

3

where h is Planck’s constant, m" is the electron effective mass in the conduction band and n. is carrier
concentration. The higher the carrier concentration the higher the band gap (Hao Chen et al 2009, Kumar Rajesh

and Rao Subba 2011).

4, Conclusion

Al/ZnO thin films were prepared on glass substrates by rf sputtering method, and the effects of thickness and
annealing on the films were studied by measuring structural and optical properties. The films showed a
crystalline structure with (002) preferred plane which have its peak intensity increased as the annealing
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temperature is increased. The increase in peak intensity is due to the relaxation of the residual tensile strain and
stresses that exist in the Al/ZnO thin films and an improvement in the crystallinity of the films. Increasing the
annealing temperature also results in Al/ZnO films with higher crystallite size and lower width of the diffraction
peak (FWHM). The optical transmittance of the thin films, both as deposited and annealed, was in the range of
82%—91%. The high transmittance depicts an excellent optical transparency of the films which plays an
important role for potential applications in transparent optoelectronic devices. It was also observed that the thin
films show a decrease in transmittance as the aluminium layer thicknesses of the films increases, but an increase
as the annealing temperature is increased. The decrease in transmittance with increasing aluminium thickness
may be attributed to the formation of aluminium cluster or discontinuous aluminium layer at the Al/ZnO
interface, which in turn enhances reflection or absorption of the visible light. The increase in transmittance with
increasing annealing temperature may be as a result of increase in the particle size and the number of voids
present in the films due to increasing annealing temperature which may lead to a decrease in optical scattering.
The optical E, increases as the thickness and annealing temperature increases. The range of the Eg is

3.73-3.80 eV when the thickness increases from 102 to 110 nm and 3.74—3.83 eV when the annealing
temperature increases from 200 °C to 400 °C depending on the thickness. The increase in Ey due to increasing
thickness can be attributed to an improvement in the crystal and changes in the morphology of the films. All the
samples investigated are characterized by wide band gaps which make them attractive for the fabrication of
higher efficient optoelectronic devices.

Reference

Agashe C, Kluth O, Schépe G, Siekmann H, Hiipkes J and Rech B 2003 Optimization of the electrical properties of magnetron sputtered
aluminium-doped zinc oxide films for optoelectronic applications Thin Solid Films 442 16772

AlivovY I, Bo X, Akarca-Biyikli S, Fan Q, Xie ], Zhu N, Biyikli K, Johnstone D and Morkoc H 2006 Effect of annealing on electrical properties
of radio-frequency-sputtered ZnO films J. Electron. Mater. 35 520—4

Al-Ofi HH, Abd el-Raheem M M, Al-Baradi A M and Atta A A 2012 Structural and optical properties of Al,ZnO, thin films deposited by dc
sputtering technique J. Non-Oxide Glasses 3 39-54

Amirhaghi S, Craciun V, Craciun D, Elders ] and Bord I W 1994 Low temperature growth of highly transparent c-axis oriented ZnO thin
films by pulsed laser deposition Microelectron. Eng. 25 3216

Banerjee AN, Ghosh CK, Chattopadhyay K K, Minoura H, Sarkar A K and Akiba A 2006 Low-temperature deposition of ZnO thin films on
PET and glass substrates by DC-sputtering technique Thin Solid Films 496 112—6

Bao D, GuH and Kuang A 1998 Sol-gel-derived c-axis oriented ZnO thin films Thin Solid Films 312 37-9

Blatt F ] 1968 Physics of Electrical Conduction in Solid (New York: McGraw-Hill) pp 335-50

Brus L E 1984 Electron electron and electron—hole interactions in small semiconductor crystallites—the size dependence of the lowest
excited electronic state J. Chem. Phys. 80 4403

ChenY, Bagnall DM, Koh HJ, Park K T, Hiraga K, Zhu Z and Yao T 1998 Plasma assisted molecular beam epitaxy of ZnO J. Appl. Phys.
843912

Chun B S, WuH C, Abid M, Chu I C, Serrano-Guisan S, Shvets I V and Choi S D 2010 The effect of deposition power on the electrical
properties of Al-doped zinc oxide thin films Appl. Phys. Lett. 97 1-3

Cullity B 1978 Elements of X-Ray Diffraction 2nd edn (Reading, MA: Addison-Wesley) p 102

Ezema F I and Nwankwo U O A 2010 Effect of annealing temperature on the structural and optical properties of zinc oxide (ZnO)
nanocrystals prepared by sol gel Dig. J. Nanomater. Biostruct. 59818

Guillen Cand Herrero ] 2010 Optical, electrical and structural characteristics of Al:ZnO thin films with various thicknesses deposited by DC
sputtering at room temperature and annealed in air or vacuum Appl. Phys. Lett. 84 924-9

Hao C, Hu-Jie ], Choon-Bae P and Hoang G C 2009 Influence of hydrogen on Al-doped ZnO thin films in the process of deposition and
annealing Trans. Electr. Electron. Mater. 10 1-24

Haslinda B A H 2009 Fabrication, structural and electrical characteristics of zinc oxide (ZnO) thin films by direct current sputtering PhD
Thesis Universiti Sains Malaysia

Hong-ming Z, Dan-qing Y, Zi-ming Y, Lai-rong X and Jian L 2007 Preparation of aluminium doped zinc oxide films and study of their
microstructure, electrical and optical properties Thin Solid Films 515 690914

HuYM, Lin CW and HuangJ C A 2006 Dependences of the Al thickness and annealing temperature on the structural, optical and electrical
properties in ZnO/Al multilayers Thin Solid Films 497 1304

Ivanova T, Harizanova A, Koutzarova T and Vertruyen B 2010 Study of ZnO sol-gel films: effect of annealing Mater. Lett. 64 1147-9

Jeong SH, Park BN, Lee S B and Boo J H 2005 Structural and optical properties of silver doped zinc oxide sputtered films Surf. Coat. Technol.
193 340

Jeong SH, Park BN, Yoo D G and Boo ] H2007 Al-ZnO thin films as transparent conducting oxides: synthesis, characterization and
application tests J. Korean Phys. Soc. 50 6225

Kumar Rajesh B and Rao Subba T 2011 Effect of substrate temperature on structural and optical properties of zinc aluminum oxide thin
films prepared by dc reactive magnetron sputtering technique J. Ovonic Res. 7 115-23

Look D C2001 Recent advances in ZnO materials and devices Mater. Sci. Eng. 80 383-7

Ogale S B 2005 Thin Films and Heterostructures for Oxide Electronics (New York: Springer) pp 1-5

OhBY,JeongM C,Kim D S, Lee W and Myonng ] M 2005 Post annealing of Al-doped ZnO films in hydrogen atmosphere J. Cryst. Growth
281475

Oh D C, Setiawan A, Kim J J, Ko H J, Makino H and Hanada T 2004 Characterization of N-doped ZnO layers grown on (00 0 1) GaN/A1203
substrates by molecular beam epitaxy Curr. Appl. Phys. 4 625-9

OhDH,NoYS,KimSY,ChoW/J,Kim]Y and Kim T W 2011 Thermal effects on the structural, electrical, and optical properties of Al-
doped ZnO films deposited on glass substrates J. Ceram. Process. Res. 12 488-91



http://dx.doi.org/10.1016/S0040-6090(03)00966-0
http://dx.doi.org/10.1016/S0040-6090(03)00966-0
http://dx.doi.org/10.1016/S0040-6090(03)00966-0
http://dx.doi.org/10.1007/s11664-006-0093-1
http://dx.doi.org/10.1007/s11664-006-0093-1
http://dx.doi.org/10.1007/s11664-006-0093-1
http://dx.doi.org/10.1016/0167-9317(94)90032-9
http://dx.doi.org/10.1016/0167-9317(94)90032-9
http://dx.doi.org/10.1016/0167-9317(94)90032-9
http://dx.doi.org/10.1016/j.tsf.2005.08.258
http://dx.doi.org/10.1016/j.tsf.2005.08.258
http://dx.doi.org/10.1016/j.tsf.2005.08.258
http://dx.doi.org/10.1016/S0040-6090(97)00302-7
http://dx.doi.org/10.1016/S0040-6090(97)00302-7
http://dx.doi.org/10.1016/S0040-6090(97)00302-7
http://dx.doi.org/10.1063/1.447218
http://dx.doi.org/10.1063/1.368595
http://dx.doi.org/10.1063/1.3483232
http://dx.doi.org/10.1063/1.3483232
http://dx.doi.org/10.1063/1.3483232
http://dx.doi.org/10.1016/j.vacuum.2009.12.015
http://dx.doi.org/10.1016/j.vacuum.2009.12.015
http://dx.doi.org/10.1016/j.vacuum.2009.12.015
http://dx.doi.org/10.1016/j.tsf.2007.01.041
http://dx.doi.org/10.1016/j.tsf.2007.01.041
http://dx.doi.org/10.1016/j.tsf.2007.01.041
http://dx.doi.org/10.1016/j.tsf.2005.10.058
http://dx.doi.org/10.1016/j.tsf.2005.10.058
http://dx.doi.org/10.1016/j.tsf.2005.10.058
http://dx.doi.org/10.1016/j.matlet.2010.02.033
http://dx.doi.org/10.1016/j.matlet.2010.02.033
http://dx.doi.org/10.1016/j.matlet.2010.02.033
http://dx.doi.org/10.1016/j.surfcoat.2004.08.112
http://dx.doi.org/10.3938/jkps.50.622
http://dx.doi.org/10.3938/jkps.50.622
http://dx.doi.org/10.3938/jkps.50.622
http://dx.doi.org/10.1016/S0921-5107(00)00604-8
http://dx.doi.org/10.1016/S0921-5107(00)00604-8
http://dx.doi.org/10.1016/S0921-5107(00)00604-8
http://dx.doi.org/10.1016/j.jcrysgro.2005.04.045
http://dx.doi.org/10.1016/j.cap.2004.01.035
http://dx.doi.org/10.1016/j.cap.2004.01.035
http://dx.doi.org/10.1016/j.cap.2004.01.035

10P Publishing

Mater. Res. Express 3 (2016) 096401 O Osanyinlusi et al

Ozgur U, Alivov Y L, Liu C, Teke A, Reshchikov M K, Dogan S, Ayrutin V, Cho S J and Morkoc H 2005 A comprehensive review of ZnO
materials and devices J. Appl. Phys. 98 041301

Rolo A G, de Campos]J A, Viseu T, de Lacerda-Aros O T and Cerqueira M F 2007 The annealing effect on structural and optical properties of
zno thin films produced by rf sputtering Superlattices Microstruct. 42 265-9

Shan FK, Liu GX, Lee W], Lee G H, Kim I S and Shin B C2005 Aging effect and origin of deep-level emission in ZnO thin film deposited by
pulsed laser deposition Appl. Phys. Lett. 86 221910

Shan FK and Yu S 2004 Bandgap energy of pure and Al-doped ZnO thin films J. Eur. Ceram. Soc. 24 1869

Sravani G and Andrew R B 2010 Optical properties of group II-VI semiconductor nanoparticles, Open Educational Resource

WangC, JiZ, XiJ, DuJand Ye Z 2006 Fabrication and characteristics of the low resistive p-type ZnO thin films by DC reactive magnetron
sputtering Mater. Lett. 60 912—4

Wang F-H, Chang H-P, Tseng C-C and Huang C-C 2011 Effects of H, plasma treatment on properties of ZnO:Al thin films prepared by RF
magnetron sputtering Surf. Coat. Technol. 205 526977

XuhuY, Jin M, FengJ, Yuheng W, Xijian Z and Honglei M 2005 Influence of annealing on the properties of ZnO.Ga films prepared by radio
frequency magnetron sputtering Thin Solid Films 483 296—300

Yanfeng G, Yoshitake M and Kunihito K 2003 Band gap energy of SrTiOj5 thin film prepared by the liquid phase deposition method J. Korean
Ceram. Soc. 40 2138

Zhang Rand Kerr I L2007 A simple method for systematically controlling ZnO crystal size and growth orientation J. Solid State Chem. 180
984-8

ZhaoL, Lian J, Liu Y and Jiang Q 2006 Structural and optical properties of ZnO thin films deposited on quartz glass by pulsed laser
deposition Appl. Surf. Sci. 252 84515



http://dx.doi.org/10.1063/1.1992666
http://dx.doi.org/10.1016/j.spmi.2007.04.069
http://dx.doi.org/10.1016/j.spmi.2007.04.069
http://dx.doi.org/10.1016/j.spmi.2007.04.069
http://dx.doi.org/10.1063/1.1939078
http://dx.doi.org/10.1016/S0955-2219(03)00490-4
http://dx.doi.org/10.1016/j.matlet.2005.10.057
http://dx.doi.org/10.1016/j.matlet.2005.10.057
http://dx.doi.org/10.1016/j.matlet.2005.10.057
http://dx.doi.org/10.1016/j.surfcoat.2011.05.033
http://dx.doi.org/10.1016/j.surfcoat.2011.05.033
http://dx.doi.org/10.1016/j.surfcoat.2011.05.033
http://dx.doi.org/10.1016/j.tsf.2005.01.013 
http://dx.doi.org/10.1016/j.tsf.2005.01.013 
http://dx.doi.org/10.1016/j.tsf.2005.01.013 
http://dx.doi.org/10.4191/KCERS.2003.40.3.213
http://dx.doi.org/10.4191/KCERS.2003.40.3.213
http://dx.doi.org/10.4191/KCERS.2003.40.3.213
http://dx.doi.org/10.1016/j.jssc.2006.12.026
http://dx.doi.org/10.1016/j.jssc.2006.12.026
http://dx.doi.org/10.1016/j.jssc.2006.12.026
http://dx.doi.org/10.1016/j.jssc.2006.12.026
http://dx.doi.org/10.1016/j.apsusc.2005.11.054
http://dx.doi.org/10.1016/j.apsusc.2005.11.054
http://dx.doi.org/10.1016/j.apsusc.2005.11.054

	1. Introduction
	2. Experimental details
	3. Results and discussion
	3.1. Structural characterization
	3.2. Optical characterization
	3.2.1. Effects of thickness of Al/ZnO thin films on optical properties
	3.2.2. Effects of annealing temperature on the optical properties of Al/ZnO thin films


	4. Conclusion
	Reference



