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ABSTRACT  
 
In this work, the properties of aluminium doped ZnO thin films grown by spray pyrolysis are presented.  The 
structural properties of the grown thin films were characterized by X-ray diffraction (XRD). The optical properties 
of the grown thin films were studied using UV-visible absorption and transmission spectroscopy. The crystalline 
quality of the grown thin films gets degraded as the Al doping is increased. With increase in Al atomic percentage in 
the spray solution from 0 to about 5 %, an increase in optical transmittance along with blue-shift of the absorption 
edge were observed for these Al doped ZnO thin films. With increasing the Al atomic percentage above 5 %, shows 
a decreasing trend in the optical transmittance.  The improvement in transmittance may be due to the presence of 
Al2O3 or other Zn-O-Al phase in the thin films [1]. The decrease in transmittance for films grown from high atomic 
percentage of Al may be due to the degradation in the crystallinity of the thin films. Further, Al doping did not show 
any noticeable change in the carrier concentration in the ZnO films indicating that Al is not acting as a dopant in 
the grown thin films.  
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INTRODUCTION 
 

Zinc oxide (ZnO) is a II-VI direct band gap semiconductor with a room temperature band gap of 3.37 eV with large 
exciton binding energy of the order of 60 meV [2]. It has attracted considerable attention for applications in light 
emitters and detectors in UV and visible wavelength range, as a transparent conducting oxides and surface acoustic 
wave devices.  ZnO is relatively cheap and abundant compared to the commonly used indium tin oxide (ITO) 
transparent conducting films. Even though ZnO shows high transparency in the visible wavelength region, the 
electrical properties of undoped ZnO thin films are not good enough for them to replace ITO [3]. To enhance the 
electrical properties of ZnO thin films, the elements in group III of the periodic table, such as Al, Ga, and In, are 
used as dopants into ZnO thin films. Among the above mentioned dopants, Al is very promising dopant for the 
enhancement of electrical properties of ZnO thin films. Furthermore, it has been observed that the band gap of the 
Al-doped ZnO thin films increases beyond the undoped ZnO band gap of 3.37 eV and this is advantageous for 
optical applications in the visible range. Various techniques such as molecular beam epitaxy (MBE), pulse laser 
deposition (PLD), magnetron sputtering, chemical vapor deposition (CVD), atomic layer deposition, electron beam 
evaporation, spray pyrolysis, and sol-gel process have been used to grow ZnO based thin films [4-10]. Among these 
methods, spray pyrolysis is simple and cheap method. In this study we attempt to grow Al doped ZnO thin films by 
spray pyrolysis. The grown thin films were characterized by XRD and UV-visible optical absorption techniques. 

 
MATERIALS AND METHODS 

 
Experimental 
The ZnO and Al doped ZnO films were deposited by spray pyrolysis technique on glass substrates. The glass 
substrates were ultrasonically cleaned in acetone and methanol and double distilled water before the film deposition. 
The spray solution was prepared from a 0.1M solution of zinc acetate hexahydrate dissolved in mixture of 3:1 
isopropyl alcohol and de-ionised water. A small amount of acetic acid was added to increase the solubility of zinc 
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acetate. The films were deposited by spraying 50 ml of the solution through a glass nozzle onto heated glass 
substrate kept at about 430º C. A PID temperature controller controlled planar heater was used to heat the glass 
substrates. Compressed air was used to spray the solution and the spray rate of solution was maintained at 
5ml/minute. Results of three sets of samples are presented in this work. The first set of ZnO thin films were grown 
with 0, 1, 2, 3, 4, and 5 atomic percent of Al in the spray solution. The second set of ZnO thin films were grown 
with 0, 1, 2, 3, 3.5, 4 , 5 and 6 atomic percent of Al in the spray solution. The third set of ZnO thin films were grown 
with 0, 2, 4, 6, 10, 15 and 20 atomic percent of Al in the spray solution. The absorption and transmittance of the 
films were measured with a Shimadzu UV-1800 spectrophotometer. The film thicknesses were measured with an 
ellipsometer (Holmarc opto mechatronics, India) using DPSS laser (532 nm) beam. The structural characterization 
of the films was carried out using Rigaku MiniFlex 600 X-ray diffractometer using Cu-Kα. The van der Pauw 
geometry is used to measure resistivity and Hall measurement on the Al doped ZnO thin films. Silver paste was used 
to make electrical contacts to the films.  Resistivity and Hall measurements were carried out using a Keithley 2400 
source measure system and Keithley 2000 multimeter. 
 

RESULTS AND DISCUSSION 
 

Structural properties: 
The crystalline quality of the grown ZnO films was investigated by powder XRD. Fig.1-3 shows the XRD pattern of 
the three set of samples with different Al concentrations. The XRD spectra of the samples are in good agreement 
with diffraction standard (JCPDS) data belonging to hexagonal ZnO structure. The peaks corresponding to ZnO 
reflection planes (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0) and (1 0 3) are shown both in Fig. 1, 2, and 3. Apart from 
the ZnO characteristic peaks, a peak at ~25o (indicates as X1 in the XRD plot) is observed in all the samples. In 
addition to this, two more XRD peaks at about 38o (X2 in the XRD plot) and 44o (X3 in the XRD plot) were observed 
in some of the samples. The additional peaks, other than corresponding to ZnO, may be due Al2O3 or other Zn-O-Al 
phases in the grown films [1, 11]. The appearance of (0 0 2) peak with maximum intensity in undoped and Al-doped 
ZnO films indicates that the preferred orientation of the thin films is along the c-axis. The degradation in the 
crystalline quality of thin films was observed with increasing Al content, as shown Fig. 1, 2 and 3.  
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Fig. 1 XRD pattern of first set of ZnO and Al doped ZnO thin films. 
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Fig. 2 XRD pattern of second set of ZnO and Al doped ZnO thin films. 
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Fig. 3 XRD pattern of third set of ZnO and Al doped ZnO thin films. 
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Fig. 4 Absorption spectra of first set of ZnO and Al doped ZnO thin films. 
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Fig. 5 Absorption spectra of second set of ZnO and Al doped ZnO thin films. 
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Fig. 6 Absorption spectra of third set of ZnO and Al doped ZnO thin films. 
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Fig. 7 Transmittance spectra of first set of ZnO and Al doped ZnO thin films. 
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Fig. 8 Transmittance spectra of second set of ZnO and Al doped ZnO thin films. 
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Fig. 9 Transmittance spectra of third set of ZnO and Al doped ZnO thin films. 

 
Optical properties: 
The UV-visible absorption spectra of the Al doped ZnO thin films are shown in Fig. 4 – 6 and transmittance spectra 
are shown in Fig. 7 - 9.  A blue shift in the optical band edge was observed both in optical absorption as well as in 
transmittance spectra, with Al doping.  As shown in Fig 7- 9, the optical transmittance of the films initially increases 
with increasing Al doping up to 4-5 at% and transmittance increases more than 80 % in the visible region. Further 
increase in Al doping leads to decrease in transmittance. The improvement of transmittance and blue shift in the 
optical spectra of Al doped ZnO thin films may be due to the presence of Al2O3 and Zn-O-Al phases in the thin 
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films, and/or formation of nano-structured films due to Al doping [1]. The decrease in transmittance of the films 
grown from high atomic percentage of Al may be due to the degradation in the crystallinity of the thin films. 

 
Electrical properties: 
 

Table.1 Resistivity and carrier concentration values of first set of samples. 
 

Sample 
Resistivity 

(Ω-cm) 
Carrier concentration 

n (cm-3) 
ZnO 0.1602 1.01×1017 

ZnO:Al 1% 0.1793 1.38×1018 
ZnO:Al 2% 0.1560 6.58×1017 
ZnO:Al 3% 0.1764 1.44×1017 
ZnO:Al 4% 0.1728 1.06×1017 
ZnO:Al 5% 0.2115 7.57×1017 

 
Table. 2 Resistivity and carrier concentration values of second set of samples. 

 

Sample 
Resistivity 
( Ω- cm) 

Carrier  
concentration  

n (cm-3) 
ZnO 0.5306 0.77×1017 

ZnO: Al1% 0.6478 1.02 ×1017 
ZnO:Al 2% 0.6412 0.80 ×1017 
ZnO:Al 3% 0.6217 1.11 ×1017 

ZnO:Al 3.5% 0.4258 1.01 ×1017 
ZnO:Al 4% 0.4145 1.28 ×1017 
ZnO:Al 5% 0.3160 1.80 ×1017 
ZnO:Al 6% 0.3520 0.26 ×1017 

 
Table. 3 Resistivity and carrier concentration values of third set of samples. 

 

Sample 
Resistivity 
( Ω- cm) 

Carrier concentration  
n (cm-3) 

ZnO 0.5306 0.77×1017 

ZnO: 2 % Al 0.4582 2.52×1017 

ZnO: 4% Al 0.5538 3.69×1017 

ZnO: 6% Al 0.4086 1.46 ×1017 
ZnO: 10 % Al 0.4436 0.49 ×1017 
ZnO: 15 % Al 0.3729 0.50×1017 

ZnO: 20 % Al 0.5003 0.12 ×1017 

 
The van der Pauw geometry was used for resistivity and Hall measurements [12, 13] on the Al doped ZnO thin 
films. Silver paste was used to make electrical contacts to the films. The van der Pauw method involves applying 
current and measuring voltages (V1 to V8) using four small contacts on the circumference of thin film. Once all the 
voltage measurements are taken, resistivity ρa and ρb are derived as follows: 
 

           1 2 3 4

ln 2 4a a

V V V V
f t

I

πρ − + − =  
 

   and   5 6 7 8

ln 2 4b b

V V V V
f t

I

πρ − + − =  
 

 

   
where ‘t’ is the thickness of the thin film in cm, the values of ‘fa and fb ’ can be found from the standard plot of fa 
verses (R1234/R2341)  and fb versus (R5678/R6781) [13]. 
 
 The resistivity ρ in ohm.cm is given by  

                                                                               
2

a bρ ρρ + =  
 

 

 
From the Hall voltage measurements, the average Hall coefficient RH can be calculated as follows: 
 

4 2 2 4 2 4 4 2

4HC

V V V V
R t

BI
− + − + − − − −− + − =  

 
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3 1 1 3 1 3 3 1

4HD

V V V V
R t

BI
− + − + − − − −− + − =  

 
 

2
HC HD

H

R R
R

+ =  
 

 

 
where RHC and RHD  are hall coefficients in cm3/C, ‘t’ is the thickness in cm, ‘I’ is the current through the sample in 
amperes, B is the magnetic flux in Vs/ cm2 (1 Vs/ cm2=108 gauss). The value of carrier concentration ‘n’ can be 
calculated using the equation 
 

1

H

n
R q

 
=  
 

 

where ‘q’ is the electron charge. 
 
Table 1, 2 and 3 shows the resistivity and carrier concentration of the Al doped ZnO thin films. No noticeable 
change in resistivity and carrier concentrations with Al doping of ZnO thin films was observed. The electrical data 
indicates that Al3+ ions did not get substituted into Zn2+ sites in the films, the Al atoms may be segregated into grain 
boundaries. These segregated Al atoms did not act as dopant, therefore, no changes in electrical properties were 
observed.  

CONCLUSION 
 

Aluminium doped ZnO thin films with hexagonal wurtzite type polycrystalline structure and good optical quality 
have been prepared on glass substrates by spray pyrolysis.  The crystalline quality of the grown thin films gets 
degraded as the Al doping is increased. The transmittance of the films prepared from spray solutions with Al atomic 
percentage up to around 5% was improved from that of undoped ZnO films.  The improvement of transmittance and 
blue shift in the optical spectra of Al doped ZnO thin films were due to the presence of Al2O3 and Zn-O-Al phases in 
the thin films, and/or formation of nano-structured films due to Al doping.  
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