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Abstract 
Aluminum doped ZnO thin films were grown using chemical spray pyrolysis. The doped films 
showed only blue and UV photoluminescence at room temperature. The position of the near band 
edge emission was found to agree with the theoretical value of ZnO nanocrystal band gap. The full 
width at half maximum for the near band edge emission at room temperature was found to be ~ 
100 meV, which indicated films to be of very good device quality. The presence of a weak photo-
luminescence at 3.08 ± 0.02 eV in the films was assigned to defect related emission. We had shown 
in this report that it was possible to increase the efficiency of the photoluminescence by increasing 
the substrate temperature used for film growth. The optimized films showed resistivity of 1.5 × 
10−2 Ω∙cm. 
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1. Introduction 
The past decade has witnessed a significant improvement in the quality of zinc oxide (ZnO) single-crystal sub-
strates and epitaxial films as result of revival and rapid expansion of research on ZnO as a semiconductor [1]-[5]. 
The high electron mobility, high thermal conductivity, wide and direct band gap and large exciton binding 
energy make ZnO ideal for a wide range of device applications like transparent thin-film transistors, photode-
tectors, light-emitting diodes and laser diodes that operate in the blue and ultraviolet region of the spectrum 
[6]-[12]. The free-exciton binding energy in ZnO is 60 meV [11] [12]. This large exciton binding energy indi-
cates that efficient exciton emission in ZnO can persist at room temperature and higher [11] [12]. Since the os-
cillator strength of excitons is typically much larger than that of direct electron-hole transitions in direct gap 
semiconductors, the large exciton binding energy makes ZnO a promising material for optical devices that are 
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based on exciton effects [13]. Due to a strong luminescence in the green-white region of the spectrum, ZnO is 
also a suitable material for phosphor applications. The emission spectrum has a peak at 495 nm and a very broad 
half-width of 0.4 eV [14]. The origin of the luminescence center and the luminescence mechanism are not really 
understood, being frequently attributed to oxygen vacancies or zinc interstitials, without any clear evidence [14]. 

Most of the current technological applications of ZnO, such as varistors, transparent conductive electrodes for 
solar cells, piezoelectric devices and gas sensors, have made use of polycrystalline films that are grown by a va-
riety of deposition techniques, mostly on glass substrates [15]. These techniques include chemical spray pyroly-
sis, screen painting, electrochemical deposition, sol-gel synthesis and oxidation of Zn films, which are characte-
rized by requiring relatively low temperatures for film growth [5] [8]-[14]. However, for electronic and optoe-
lectronic applications, high-quality single-crystal epitaxial films with minimal concentrations of native defects 
and controlled impurity incorporation are required [16]. For these, optimized growth and processing environ-
ments (partial pressures and temperature) are necessary. Current techniques that are recognized for this level of 
control include pulsed laser deposition (PLD), chemicalvapor deposition (CVD), metal-organic CVD (MOCVD) 
and molecular-beam epitaxy (MBE), and to a lesser extentsputtering [17]-[22]. Magnetron sputtering is recog-
nized to be the most scalable technique, at the expense of lower crystalline quality, often resulting in columnar 
structures [15]. 

We have been optimizing Chemical Spray Pyrolysis (CSP) technique for the growth of different binary and 
ternary semiconductor thin films for solar cell applications [23] [24]. The (002) plane in ZnO is considered to be 
the most ideal growth plane for opto-electronic device fabrication [25]. In the present work, we report on the ef-
fect of optimizing the substrate temperature, while maintaining the doping concentration and the spray rate to 
grow ZnO thin films with preferential orientation along the (002) plane using this technique. The optimized 
doping concentration is obtained through a detailed investigation reported earlier by us [5]. In the present work, 
we report on how we are able to improve the efficiency of near band edge (NBE) PL emission at room tempera-
tureon optimally doped ZnO thin films. The full width at half maximum of the PL spectra gives characteristic 
information, which can be used to judge the sample quality [24]. Our results prove that CSP technique can be 
used to grow device quality ZnO films. 

2. Experimental 
ZnO thin films were prepared by spraying a solution containing a mixture of zinc acetate (99.9%) dissolved in 
distilled water, propanol and acetic acid in the ratio 50:47.5:2.5 on to glass substrates maintained at a suitable 
temperature. All chemicals used were from Sigma Aldrich of AR grade. In our previous report we had con-
cluded that Al doped ZnO thin films can be grown using CSP technique with preferential orientation along (002) 
plane when the spray rate was maintained at 1 ml/min and the doping concentration was 1% [5]. There, however, 
the films were of poor crystalline quality. The spray rate of 1 ml/min was hence used for injecting the precursor 
solution onto the substrate for all trials reported in this report. Doping of ZnO films was carried out by mixing 
suitable quantity of Al (NO3)3∙9H2O (99.90%) solution to the spray precursor solution. Al (NO3)3∙9H2O solution 
was prepared in the same molarity as the spray precursor solution and 1% volumetric doping of the spray pre-
cursor solution was carried out for preparing all of the samples. Chemical Spray Pyrolysis was carried out using 
a unit developed in-house. The details of the experimental set up have been reported in detail by us [5] [24]. In 
each trail a sample was loaded with a mask so as to obtain a step profile. Then the thickness of the films was 
measuresd using a stylus surface profilometer (Dektak 6 M). 

Structural analysis was done using X-ray diffraction (XRD) with a Rigaku (D.Max.C) X-ray diffractometer, 
having Cu Kα (λ = 1.5405 Å) radiation and Ni filter operated at 30 kV and 20 mA. Optical absorption and 
transmission studies were carried out using UV-Vis-NIR spectrophotometer (Hitachi U-3410 Model). Photolu-
minescence studies were performed in an in-house assembled PL scanning system, by exciting the samples with 
325 nm line of a He-Cd laser (Kimmon) and the emission spectrum was recorded using a USB2000 spectropho-
tometer. Details of the PL system were reported by us [26]-[28]. Electrical measurements were carried out using 
silver contacts separated by a distance of 1 cm. In this study, the sheet resistivity is calculated by the following 
equation: 

sR dρ =                                      (1) 

where ρ is the resistivity, Rs is the sheet resistance (Ω/sq) and d is the sample thickness. 
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3. Results and Discussion 
Figure 1 shows the X-ray diffraction (XRD) spectra for samples prepared by varying the substrate temperature 
from 723 K to 873 K. The peaks of the XRD pattern correspond to those of the theoretical ZnO patterns from 
the JCPDS data file, with a hexagonal wurtzite structure of the bulk and lattice constants: a = 3.24982 Å, c = 
5.20661 Å [20]. The analytical method was used to calculate the lattice constants (a = 3.00 Å, c = 5.20 Å) for 
the films [29]. The full width at half maximum (FWHM) of the (002) peak varied from 0.236˚ to 0.265˚ for the 
films. Another major orientation present is (101) with comparatively lower intensity. Therefore, we could con-
clude that the crystallites are highly oriented with their c-axes perpendicular to the plane of the substrate. 

The volume of the spray solution was varied for each case so as to obtain thin films of the same thickness. 
The thickness of the samples was between 850 ± 100 nm. As the substrate temperature was increased it was ob-
served that the films deposited exhibited improved growth along the (002) and (101) plane. It was observed that 
the preferential growth along the (002) plane for the films occurred in all cases as temperature was raised up to 
848 K. Beyond this temperature the growth along this plane was not preferred. We assume that as the substrate 
temperature is increased lesser amount of oxygen is accommodated into the lattice which result in decrease in 
growth along the (002) plane. The grain size of the films from the XRD data was calculated using the Debye- 
Scherrer formula [29]: 

0.9
cos

d λ
β θ

=                                       (2) 

where “d” is the grain size, λ = 1.5405 Å, β is the broadening of diffraction line measured at the half of its 
maximum intensity in radians and θ is the angle of diffraction. Table 1 summarizes the effect of variation in 
substrate temperature on the grain size of the ZnO thin films. It is observed that films grown at 848 K have the 
smallest grain size. 

 

 
Figure 1. XRD spectra for samples prepared by maintaining the substrate temperature at 723 K, 823 K, 848 K and 873 K.    
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Table 1. The variation in grain size, texture coefficient, thickness, theoretical band gap and band gap based on Tauc plot are 
tabulated with respect to the substrate temperature.                                                              

Substrate Temperature (K) Grain Size from XRD (nm) TC (002) Thickness (nm) 
Band Gap Energy (eV) 

Theoretical Estimation* Tauc Plot 

723 31.6 1.11 762 3.19 3.16 

823 32.2 1.83 759 3.19 3.17 

848 28.7 2.84 898 3.19 3.15 

873 28.9 1.21 854 3.19 3.2 

 
The texture coefficient (TC) represents the texture of a particular plane, whose deviation from unity implies 

the preferred growth. Quantitative information concerning the preferential crystallite orientation was obtained 
from another texture coefficient TC(hkl) defined as: 

( )

( )
( )
( )
( )

1
O

O

I hkl
I hkl

TC hkl
I hkl

n I hkl

=
 
 
 
∑

                               (3) 

where I(hkl) is the measured relative intensity of a plane (hkl) and I0(hkl) is the standard intensity of the plane 
(hkl) taken from the JCPDS data [30]. The value TC(hkl) = 1 represents films with randomly oriented crystallites, 
while higher values indicate the abundance of grains oriented in a given (hkl) direction. The variation of TC for 
the peaks of the wurzite lattice is presented in Table 1. It can be seen that the highest TC was in the (002) plane 
for ZnO thin film grown on substrate maintained at 848 K. 

Figure 2 shows the transmission spectrum for the samples. Good surface quality and homogeneity of the 
films were confirmed from the appearance of interference fringes in the transmission spectra. Interference 
fringes occur when the film surface is highly reflecting, without much scattering/absorption in the bulk of the 
film. It is well established that in transparent metal oxides, metal to oxygen ratio decides the percentage of 
transmittance [31]. Optical constants were evaluated using the “envelope method” originally developed by Ma-
nifacier et al. [32]. If we assume that the film absorbs weakly and the substrate is completely transparent, then 
using the envelope method the refractive index (n) of the film on a transparent substrate can be evaluated from 
the transmission spectra. The refractive indices n at various wavelengths were calculated using the envelope curve 
for Tmax (TM) and Tmin (Tm) in the transmission spectra [32]. The expression for the refractive index is given by: 

( )
1 21 22 2

sn N N n = + −  
                                  (4) 

where 
2 1

2
2
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s

m M

T T nN n
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 − +
= + 

 
                                (5) 

and ns is the refractive index of the substrate (ns = 1.52 for glass). Figure 3 shows the variation of the refractive 
index n in the range 300 - 2000 nm for the film prepared at 848 K. The thickness of the film was calculated us-
ing the equation: 

( )
1 2

1 2 2 12
t

n n
λ λ

λ λ
=

−
                                     (6) 

where n1 and n2 are the refractive indices corresponding to the wavelengths λ1 and λ2 respectively [32]. The 
thicknesses of the films are given in Table 1. 

The PL of the ZnO thin films was measured at room temperature (Figure 4). There is an improvement in the 
radiative efficiency of the UV emission as substrate temperature is increased up to 848 K as evident in Figure 4. 
The high energy sides of the spectra are steep while the low energy side tail slowly. The emission spectra of all  
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Figure 2. Transmission spectra for samples prepared by maintaining the substrate tempera-
ture at 823 K, 848 K and 873 K.                                                  

 

 
Figure 3. Plot of simulated values of refractive index n versus wavelength.                  

 
samples have full width at half maximum ~100 meV at 300 K. The emission ranges from 3.27 to 2.96 eV for the 
samples indicating them to be unresolved UV emission. The emission for all samples could be fitted well with 
two peaks located at 3.20 ± 0.02 eV and 3.08 ± 0.02 eV. The emission at 3.20 ± 0.02 eV could be assigned to the 
near band edge emission (NBE). The FWHM of the NBE emission in our films are of the same order as that in 
ZnO nanocrystals and quantum dots grown using magnetron sputtering and MBE [33]-[35]. The mechanism of 
NBE emission at low temperature is well understood owing to the sharp and intense emission peaks [36]. Broa-
dening of the NBE peak at higher temperature make it difficult to identify the emission mechanism. In majority 
of the published works, NBE emission has been attributed to free-exciton annihilation from the position of peak 
energy [37] [38]. When the exciton dissociates it creates a free electron and a free hole. Recombination of the 
electron-hole pair results in emission of photon with energy: 
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Figure 4. PL spectra for samples prepared by maintaining the substrate temperature at 723 
K, 823 K, 848 K and 873 K.                                                       

 

g exh Eν ε= −                                  (7) 

where Eg is the band gap and εex is the exciton binding energy. The band gap is calculated using Equation (7) 
and is shown in Table 2 along with the substrate temperature and the position of the NBE emission. A level at 
3.06 eV below the conduction band was identified corresponding to the acceptor level VZn [38]. So we assume 
that the emission at 3.08 ± 0.02 eV might be due to the transition from the conduction band to the level due to 
VZn. Appearance of the emission at 3.08 ± 0.02 eV was observed only in optimally Al doped ZnO [5]. Hence the 
possibility of formation of a defect level due to zinc vacancy was more due to Al doping.  

The emission by the nanocrystalline structure will have quantum size effect similar to that of quantum dots 
and can be described by the following equation [39]: 

2 2
nanocrystal bulk *
gap gap 2

π 1 1 0.248
2 Ry

e h

E E E
m mr

 
= + + − 

 

                  (8) 

The bulk band gap bulk
gapE  is taken as 3.2 eV, and the bulk exciton binding energy *

RyE  can be taken as 60 

meV [40] [41]. The electron and hole effective masses are taken as *
00.24em m=  and *

02.31hm m= , respect- 
tively [42]. Additionally, h is Planck’s constant and R is the radius of ZnO nanocrystals. Figure 5 shows a plot 
of the nanocrystal band gap nanocrystal

gapE versus the nanocrystal radius R. The solid curve is the theoretical fit of 
Equation (8), while the symbols are the grain sizes estimated from XRD result (Table 1) and their correspond-
ing optical band gaps determined by applying the Tauc model [43]. The band gap does not show much variation 
with the crystallite size, which corresponds to various growth temperatures. This is mainly because the crystal-
lite size is not small enough to show a distinct variation of the band gap. The inset in Figure 5 relates the NBE 
emission for the samples and the respective substrate temperature at which the films were grown. From Figure 5 
and the inset, it can be seen that the position of the NBE emission in PL agrees with the theoretical curve. Hence 
we conclude that the PL measurement demonstrates that the emission comes from ZnO nanocrystals.  

Table 2 shows the variation in resistivity of the samples prepared. Resistivity was observed to be the least for 
sample prepared at 848 K. The decrease in resistivity might be naturally due to the donor action of Aluminum. 
Since in all cases we used the same doping concentration we assume that on increasing substrate temperature, 
zinc might be progressively replaced by Al atom and since it belonged to group III, it could supply an additional 
electron contributing to the conductivity. Also Al could occupy interstitial position, again promoting conductiv-
ity. Generally it is expected that resistivity may increase due to the decrease in grain size and also due to the in- 
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Figure 5. Theoretical simulation on the effect of grain size on band gap for ZnO. Inset shows variation in 
position of the NBE emission with substrate temperature.                                            

 
Table 2. The variation in resistivity of the samples, the position of the NBE emission and band gap calculated based on PL 
as a function of substrate temperature are tabulated.                                                                 

Substrate Temperature (K) Position of NBE Emission (eV) Band Gap Eg from PL (Ev) Resistivity ×10−2 (Ωcm) 

723 3.20 3.26 18 

823 3.19 3.25 8 

848 3.17 3.23 1.5 

873 3.19 3.25 4.8 

 
crease in the grain boundary scattering. Since there was no appreciable decrease in grain size with Al doping the 
grain-boundary scattering effect might be less prominent in our results. We conclude that 848 K is the optimum 
temperature for 1% Al doping of ZnO when the spray rate is maintained at 1 ml/min.  

4. Conclusion 
In conclusion, we have demonstrated the improvement in efficiency of UV emitting, ZnO thin films using 
chemical spray pyrolysis technique. Defects are compensated to a high degree in Al doped ZnO thin films 
grown by this method. These doped films exhibit UV emission when excited with above band gap energy pho-
tons. It is possible to improve the radiative efficiency of the UV emission by optimizing substrate temperature. 
Energy of the near band edge emission agrees well with the theoretical band gap estimated for nanocrystals. 
Under optimized conditions, we can develop thin films with resistivity of 1.5 × 10−2 Ωcm. The samples prepared 
at optimum condition show UV emission with FWHM of ~100 m eV at room temperature confirming their de-
vice quality comparable to films grown using MBE and sputtering. Based on our results we conclude that chem-
ical spray pyrolysis is an economic and user friendly technique for the growth of device quality thin films. 
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