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Abstract 

The wide band gap zinc oxide is a potential metal oxide that has been widely used in optoelectronic 
applications. The zinc oxide thin films demonstrates excellent conductivity and transparency enabling 
them for transparent electrode applications. The aluminium doping is an efficient route in further 
improving the conductivity without compromising the transparency and scalable spray pyrolysis is an 
effective approach in realizing high quality thin films. Our current study focuses on the effects of distance 
between the substrate and spray nozzle on the structural, morphological, optical, and electrical properties 
of aluminium doped zinc oxide. Our results suggests that this spray parameter has appreciable impact on 
the thin film properties and can be optimized for tuning properties. We explain this in detail backed by the 
characterization of thin films by X-ray diffraction, Atomic Force Microscopy, UV-Vis-NIR spectroscopy, 
Photoluminescence and Hall effect measurements. 
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1. Introduction 

Zinc oxide (ZnO) is a direct and wide bandgap (~3.37 eV at room temperature) 

semiconductor which has gained considerable attention as an important technological material 

having short wavelength optoelectronic applications such as LEDs[1], photodetectors[2] and 

laser diodes[3,4]. Interestingly ZnO is  conductive despite its transparency to visible light which 

can be further enhanced by doping with suitable elements[5–7]. The intrinsic n-type 

characteristics can be improved upon doping with group III elements such as In, Ga, B and Al as 

well as F and H[4]. Particularly, Al doping has shown to be highly suitable considering their 

ionic radii, inexpensive and easy to handle dopant sources and AZO (Al-doped ZnO) thin films 

had enhanced transmittance in addition to the increased carrier concentration and 
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conductivity[6]. Highly efficient Al doped ZnO based Solar cells[6], LEDs [8], Transistors [9] 

etc. have been realized. Especially, AZO films have comparable optoelectronic properties as that 

of widely used TiO2 layer which suffers from degradation under UV-irradiation and low electron 

mobilities[10,11].  

AZO thin films can be fabricated through various deposition techniques like rf magnetron 

sputtering [12], chemical vapour deposition [13], molecular beam epitaxy [14], pulsed laser 

deposition [15], sol-gel [16], electrodeposition [17] and chemical spray pyrolysis (CSP). Among 

these widely reported techniques, spray pyrolysis is a versatile method that offers a wide range of 

parameter space which can be interplayed in extending the range of photophysical properties of 

thin films. Moreover, it is a truly scalable technique  that can be modified for cost-effective large 

area deposition in the industrial production of optoelectronic devices [18]. 

The  properties of the thin films developed by spray pyrolysis  are affected by several factors like 

substrate temperature, solution flow rate,  deposition time, atomization pressure,  source-

substrate distance, size and distribution of the droplets, solvent properties, nature of substrate 

surface and precursor composition. By controlling these factors one can tailor various properties 

of  the deposited film for specific applications[6]. Therefore, detailed studies are required in 

understanding the effects of all these parameters and their correlation for further optimization 

and application. 

In the chemical spray pyrolysis technique, the droplets created by breaking the precursor solution 

at the nozzle using compressed air are carried to the heated substrate surface where it spread and 

react to initiate nucleation and further crystallization. During the droplet transport in aerosol, it 

undergoes interactions with the spray atmosphere and the solvent vapor as well as among 

themselves by the exchange of heat and energy. This may lead to spreading, receding or 

amalgamation of droplets [19]. There are different models like the Langmuir-Knudsen 

formulations or the evaporation of water droplets containing dissolved or suspended solids, that 

can explain the volatilization process during the droplet flight [20,21]. These models suggests 

that the momentum transfer between the droplet and carrier gas is a function of drag force and 

the energy exchange is through a convective heat transfer. Further, various forces coming into 

play during the transport are gravitational, thermophoretic, stokes and electric forces. In the case 

of large droplets (>2 μm), the thermophoretic force is developed due to the temperature gradient 

which will push the droplets away from the substrate surface[22]. At the same time, the droplets 



moving down through this temperature gradient can undergo evaporation in flight which may 

lead to a concentration gradient resulting in surface precipitation upon exceeding the solubility 

limit. Consequently, the thin films obtained will be powdery and will have high roughness.  

All these processes involved during droplet transport is related to precursor concentration, 

droplet size, spray rate and most importantly, the nozzle to substrate distance. In fact, the nozzle 

to substrate distance is so important that it determines the length of droplet interactions before 

reaching the substrate surface. Hence, we examine the influence of distance between the spray 

nozzle and the substrate surface (source-substrate distance) on the structural, morphological, 

electrical, and optical properties of Al doped ZnO films developed by CSP technique. 

 
2.  Experimental details 
Al-doped ZnO (AZO) thin films were deposited on soda-lime glass substrates using CSP 

technique. Initially, the substrates were cleaned using soap solution, chromic acid for 2 hours and 

then ultrasonically cleaned in distilled water and acetone. The 0.2 M precursor solution was 

prepared by dissolving zinc acetate (Zn (CH3COO)2.2H2O, Sigma-Aldrich, 99.5%) and 

aluminium chloride (AlCl3, MERCK, ≥ 98 %), the host material and dopant source, respectively, 

in the solvent mixture of  propanol and deionized water (7:3). Molarity of the spray solution was 

fixed at  with an aluminium concentration of 2 at.%. 3ml acetic acid was added to the aqueous 

solution to prevent the formation of hydroxides. Pressure of the gas fed into the nozzle has to be 

measured using the mechanical gauge and the pressure was fixed at 1bar. The prepared solution 

was sprayed for 10 minutes at a spray rate of 6 ml/minute, onto the glass substrate kept at a 

temperature of 450 ℃. The source-substrate distance (SSD) was changed from 7 cm to 16 cm in 

steps of 3 cm. After deposition, the films were removed immediately from the hot plate to a 

wooden surface. Through this arrangement it was possible to have consistency in the results as 

well as large area deposition. The samples were named as AZO7, AZO10, AZO13 and AZO16 

for source substrate distances of 7, 10, 13 and 16 cm, respectively. 

The structural, morphological, electrical, and optical properties of the samples were carried out 

in detail to analyze the quality of films. Structural properties of the samples were examined by 

X-ray diffractometer (Bruker D8 Advance) using CuKα radiation (λ = 0.15406 nm). Surface 

morphology was measured using atomic force microscopy (AFM, XE-100, Park Systems) 

operating in air whereas scanning electron microscopy (JEOL JSM-6390) is used to probe the 

topography. Hall effect measurements were done using Ecopia HMS-5000, to measure the 



conductivity of the samples. Photo luminescence was recorded using Horiba Scientific 

FluoroMax-4 spectrofluorometer. UV-Vis-NIR spectroscopy (SCHIMADZU) was used to 

evaluate the transmittance properties.  

3. Results and Discussion 

3.1. Structural Analysis 

X-Ray diffraction measurements were carried out to analyze the main crystalline phases of the 

prepared thin films. The diffraction patterns were recorded from 20⁰-80⁰ for all the samples 

prepared at various source-substrate distances and are shown in Figure 1. XRD pattern of the 

samples indicates single phase of ZnO with hexagonal wurtzite structure having peaks in 

agreement with JCPDS file number 089-0510. All samples show preferential growth along (002) 

plane, except AZO7. The intensity of (002) peak is observed to be maximum at a source 

substrate distance of 10 cm. It is observed that, for the sample prepared at the source substrate 

distance of 7 cm, the growth along (002) plane is too feeble to be noticed. The increased 

intensity of (002) peak shows the improved crystallinity of the samples along c-axis. 



 

Figure 1. X-ray diffraction patterns of AZO thin films deposited at different source-substrate distances 
(SSD). 

Mean crystallite size was calculated for the samples using Scherrer formula (1)[23]. 

𝐷 = 0.9𝜆𝛽𝐶𝑜𝑠𝜃                                                                                 (1) 

Where λ is the wavelength of X-ray (Cu kα = 1.5406 Å), β is the full width at half maximum and 

θ is the Bragg’s angle. Grain size shows a variation from 22.74 nm to 48.64 nm when the source-

substrate distance changes. At a shorter SSD of 7 cm, amount of solution reaching the substrate 

is larger and the heat absorbed by the solvent molecules in the droplet is not enough to vaporize 

them completely. Since the droplet has some residual solvent, it spreads over the substrate, as a 

thin layer which reduces the substrate temperature drastically, leading to a reaction resulting in 

the formation of film of lesser quality. As the SSD increases, the amount of solution reaching the 

substrate decreases and effective evaporation of solvent results in homogeneous decomposition 



of solute to form good quality films. At a larger SSD of 16 cm smaller droplets may be formed 

which will produce powdery particles and clusters on the substrate resulting in the degradation of 

film crystallinity. The lattice constants ‘a’ and ‘c’, the average uniform strain εzz, the stress 

developed in the sample film were calculated. The lattice parameters of the hexagonal structured 

ZnO were calculated using relation(2) [24]. 

 1𝑑ℎ𝑘𝑙2 =  43 (ℎ2 + ℎ𝑘 + 𝑘2𝑎2 ) + 𝑙2𝑐2                                                           (2) 

 

Where, dhkl, (hkl), ‘a’ and ‘c’ represents the inter planar distance, Miller indices and lattice 

parameters, respectively. The observed ‘c’ and ‘a’ value agree with the standard values. The 

calculated ‘c’ value for all the samples are found to be less than that for bulk ZnO and this  

confirms the presence of residual strain in the films due to the substitution of Al3+ ions with 

shorter ionic radius (Zn2+ = 0.072 nm, Al3+ = 0.053 nm). The average uniform strain εzz, 

developed in the sample was calculated from the lattice parameters using formula(3)[24]. 

 𝜀𝑧𝑧 = 𝑐𝑓𝑖𝑙𝑚   − 𝑐𝑏𝑢𝑙𝑘𝑐𝑏𝑢𝑙𝑘                                                               (3) 

 
Where cbulk refers to unstrained lattice parameter for bulk ZnO  with value  5.205 Å and cfilm is 

the calculated lattice parameter of thin films. Stress in the films (σfilm) were calculated using 

equation (4)[24]. 𝜎𝑓𝑖𝑙𝑚 =  2𝐶132 − 𝐶33(𝐶11 − 𝐶12)𝐶13 . 𝜀𝑧𝑧                                                (4) 

 
 C11 = 208.8, C12 = 119.7, C13 = 104.2 and C33 = 213.8 GPa, are the elastic stiffness constants of 

bulk ZnO. The quality of the preferred orientation of a thin film can be quantified by the texture 

coefficient (TC) which is calculated from the XRD of (hkl) plane using  relation (5)[25]. 

 𝑇𝐶ℎ𝑘𝑙 = 𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄1 𝑁⁄ . ∑ 𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄                                                   (5) 

 
 I(hkl) is the intensity of (hkl) peak in AZO film, I0(hkl) is the intensity of (hkl) peak in bulk 

ZnO and ‘N’ is the number of diffraction peaks considered. TChkl is calculated for different 

orientations such as (100), (002) and (101). The value of texture coefficient implies that 



preferred orientation of film growth in the deposited thin films is along [002]. Table 1 gives 

information on the variation of crystallite size, stress, strain, and TC002 as a function of source-

substrate distance. Besides, a graphical illustration of their variations with SSD can be seen in 

Figure 2. 

Table 1. Various structural properties obtained from the X-ray diffraction patterns of thin films at 
different SSD. 

Sample Crystallite 
Size (nm) 

Lattice 
parameters 

(Å) 

Strain 
(×10-3) 

 

Stress 
(GPa) 

 

TC 
(002) 

a b 
AZO7 22.74 3.245 5.185 -3.8 1.742 0.672 

AZO10 48.64 3.252 5.202 -0.76 0.349 2.96 

AZO13 35.59 
 

3.251 5.192 -2.9 1.307 2.965 

AZO16 30.20 3.256 5.189 -3.1 1.394 2.745 

 
Figure 2. (a) Variation of crystallite size and stress as well as (b) TC002 with source-substrate distance 

(SSD). 

3.2. Morphological Analysis 

The AFM images of the prepared AZO films are presented in Figure 3(a), Figure 3(b), Figure 

3(c) and Figure 3(d). The root mean square (rms) roughness (Rq) parameter, indicating the 

standard deviation of the surface heights values within a given area, was measured using  the 

WSxM software[26]. Table 2 presents the variation rms values of surface roughness calculated 

from AFM images.  



 
Figure 3. Images from the atomic force microscopy of the (a) AZO7 (b) AZO10 (c) AZO13 and (d) 
AZO16 samples. 

Table 2. The rms roughness values of the different samples as calculated from the AFM images. 

Sample rms roughness (nm) 
AZO7 39.5 
AZO10 20.9 
AZO13 21.3 
AZO16 22.9 

 



 

Figure 4. SEM image of the AZO10 thin film deposited at a source-substrate distance of 10 cm. 

The scanning electron microscopy was used to identify the uniformly distributed particles on the 

surface of the thin film deposited at a source substrate distance of 10 cm. The surface has smaller 

particles in the range of 80-120 nm as well as bigger agglomerated particles in the range of 300-

480 nm.  

3.3. Electrical Studies 

To understand the transport properties and to estimate the conductivity of the thin films we 

employed Hall effect measurements. Table 3 lists the variation of electrical properties with 

source-substrate distance. Changes in carrier concentration as well as the mobility lead to 

conductivity variations in the prepared samples. The increase in carrier concentration may be due 

to the formation of metal rich oxide films. When the electrical resistivity of AZO films as a 

function of source-substrate distance (SSD) was analyzed, it was found that resistivity decreases 

with decrease in SSD from 16 cm, reaches the minimum value of 3.628× 10-3 Ωcm for AZO10. 

This decrease is due to the increase of  free carrier concentration as a result of the donor Al3+ 

ions incorporated as substitutional ions in Zn2+ cation sites or in interstitial positions[27]. 

However, after reaching the minimum value, the resistivity shows an increase for AZO7. This 

may be due to the decrease in carrier concentration. All samples reveal the intrinsic n-type 

characteristic of ZnO which was further enhanced by the doping of donor Al3+
 cations. 

Table 3. The electrical properties of various AZO thin films from the Hall effect measurements. 

Sample Carrier concentration  (cm−3) Resistivity 
(Ω.cm) 

Conductivity 
(S/cm) 

Mobility 
( cm2 V−1 s−1) 

AZO7 7.189 × 1018 2.782× 10-1 3.5945 3.121 



AZO10 4.065× 1020 3.628× 10-3 275.63 4.233 
AZO13 1.141 × 1020 2.955× 10-2 33.84 1.851 
AZO16 5.995 × 1019 2.568× 10-1 3.89 0.4054 

 
3.4. Optical Analysis 

 
Figure 5. Photoluminescence spectra of AZO samples deposited at different source-substrate distances. 

Figure 5 depicts the photoluminescence spectra of the spray deposited AZO samples. Intense 

emission around 397 nm exhibited by the sample AZO16 appears with lower intensities in 

AZO10 and AZO13. However, such emission is not notable in the case of AZO7 sample due to 

the prominent defect level emissions. The different defect levels in ZnO and the emissions 

observed in the PL spectra are compared through an energy level diagram in Figure 6. The 

energy corresponding to this emission is comparable with the band gaps observed and can be 

attributed to the near band edge emissions such as zinc interstitials (Zni) to valance band (VB) 

transition. Here, the zinc rich conditions might have resulted in more density of Zni in the 

samples [28]. Furthermore, emissions around 436 nm, 449 nm, 466 nm, 480 and 562 nm were 

observed in the case of all the spray deposited AZO thin films. The weak blue PL emission at 

about 436 nm is attributed to the recombination of carriers trapped at Zni (electrons) and zinc 

vacancies (VZn) (holes)[29]. The emission peak around 449 nm and 466 nm are caused by 



various extended Zni levels[30] as illustrated in Figure 6. The peak at 562 nm correspond to 

transitions to doubly charged oxygen vacancies (Vo
+2) in the grain-boundary-induced depletion 

regions[31]. In addition, a feeble emission around 480 nm is associated to the energy level of 

neutral oxygen vacancy VO (2.57 eV above the valence band)[32][33].  

 

Figure 6. Energy band diagram of AZO samples illustrating the possible defect levels. 

Figure 7(a) and Figure 7(b) shows the transmission and absorbance spectra of AZO thin films in 

the range of 350-1000 nm. An average transmission of 85 % was shown by the sample AZO10 in 

the visible region. The (hν) Vs (αhν)2 plot as per the tauc relation (6) was used to determine the 

band gap (Eg) of the thin films and is presented in the Figure 7(c).  𝛼ℎ𝜗 = 𝐵(ℎ𝜗 − 𝐸𝑔)𝑛                                                                      (6) 

Where B is the band tailing factor, h is the planks constant, ν is the frequency, n is 1/2 for direct 

allowed transition and α is the absorption coefficient which can be calculated by, 𝛼 = 1𝑡 × 𝑙𝑛 (1𝑇)                                                                                    (7) 

Where, t is the thickness and T is transmission of the deposited AZO thin films. 

At the smallest SSD in the study (7 cm), the observed band gap is 3.22 eV. The lowest band gap 

of 3.17 eV was calculated for AZO10 which was deposited at a source-substrate distance of 10 

cm. At further distances of 13 cm and 16 cm, the band gap was observed to be increasing to 3.25 

eV and 3.27 eV, respectively. The small band gap of the AZO10 is due to the better charge 

carrier transport properties as a consequence of excellent crystallinity.  



 

Figure 7. (a)Transmission spectra (b) absorbance spectra and (c) tauc plots revealing optical band gaps of 
the AZO samples. 

4. Conclusions 

In conclusion, the source-substrate distance (SSD) have been identified as an important 

parameter during the spray deposition of aluminium doped ZnO thin films, an established 

transparent electrode in optoelectronic devices. Our studies suggests that SSD has significant 

effects on the quality of the spray deposited thin films affecting their structural, morphological, 

electrical, and optical properties. While all other deposition parameters were kept unchanged, a 

highly crystalline sample with improved conductivity and transmittance was obtained for a 

source-substrate distance of 10 cm (AZO10). The resistivity of this sample was measured to be 

3.628×10-3 Ωcm with appreciable transmission in the visible region. Through these investigations 

the authors strongly encourage the optimization of source-substrate distance while fabricating 

thin films by the chemical spray pyrolysis method which is technologically important as a truly 

scalable technique for optoelectronic device fabrication.  
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Figures

Figure 1

X-ray diffraction patterns of AZO thin �lms deposited at different source-substrate distances (SSD).



Figure 2

(a) Variation of crystallite size and stress as well as (b) TC002 with source-substrate distance (SSD).



Figure 3

Images from the atomic force microscopy of the (a) AZO7 (b) AZO10 (c) AZO13 and (d) AZO16 samples.



Figure 4

SEM image of the AZO10 thin �lm deposited at a source-substrate distance of 10 cm. The scanning
electron microscopy was used to identify the uniformly distributed particles on the surface of the thin �lm
deposited at a source substrate distance of 10 cm. The surface has smaller particles in the range of 80-
120 nm as well as bigger agglomerated particles in the range of 300-480 nm.



Figure 5

Photoluminescence spectra of AZO samples deposited at different source-substrate distances.



Figure 6

Energy band diagram of AZO samples illustrating the possible defect levels.

Figure 7



(a)Transmission spectra (b) absorbance spectra and (c) tauc plots revealing optical band gaps of the
AZO samples.


