
Indian Journal of Pure & Applied Physics 
Vol. 60, March 2022, pp. 246-253 

Effect of RF Power on Physical and Electrical Properties of Al-doped ZnO  
Thin Films  

Vijay S Ranaa,b, Laxmi P Purohita*, Gaurav Sharmac, Satendra Pal Singhd & Sanjeev K Sharmac** 
aDepartment of Physics, Gurukula Kangri Vishwavidyalaya (Deemed to be University), Haridwar,  

Uttarakhand 249 404, India 
bDepartment of Physics, Govt. PG College, Lambagar, Tehri, Uttarakhand 249 001, India 

cBiomaterials and Sensors Laboratory, Department of Physics, Ch. Charan Singh University, Meerut Campus, 
Meerut, Uttar Pradesh 250 004, India 

dDepartment of Physics, SSV College (Affl. CCS University, Meerut), Hapur, Uttar Pradesh 245 101, India 

Received 3 December 2021; accepted 24 January 2022

We deposited Al-doped zinc oxide (AZO) thin films on PTFE flexible substrate by RF sputtering with respect to the 
power in the range 125-155 W. XRD-pattern showed the preferred c-axis (002) orientation regardless the rf-power, which 
confirmed the hexagonal wurtzite crystal structure. The dislocation density (δ), and strain (ε) of AZO thin films were 
determined to be 1.861015-0.741015 m-2, and 85.6×10-3-54.0×10-3, respectively. The AZO film deposited at 135 W showed 
the smooth and uniform microstructure, which is the highest intensity of XRD-pattern due to smaller grain size. The 
refractive index (n) increased from 2.24 to 2.34, while the bandgap (Eg), and urbach tail (Eu) decreased from 3.66 to 3.31 eV 
and 0.33 to 0.22 eV as the RF power increased from 125 to 155 W. The sheet resistance and figure of merit (FOM) of AZO 
thin films were observed to be the lowest 53.36 /cm and 5.17  10-10 -1 for the sample 135 W.  
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1 Introduction 
The fragile and brittle substrates (glasses, GaAs or Si) 

have limitations to deposit metal oxides (MOx) thin 
films, which can be overcome by using the flexible 
substrates for various applications1. Flexible substrates 
have been used for the contemporary devices due to 
light weight, low cost, more resistant to impact damage, 
superior flexibility, stretchability, unbreakable and easy 
transportable2-3. ZnO has been considered for devices 
and  paid the great attention to the scientific community 
for their huge potential of modern electronic and 
optoelectronic devices4-5, nanogenerators6, antibacterial7, 
photocatalyst8-9,  and dye-sensitized solar cells10-11 due 
 to its wide bandgap (3.37 eV) and largest excitonic 
binding energy (60 meV). ZnO thin films have shown 
the moderate Hall mobility (˃1 cm2/Vs) and good 
compatibility with flexible substrates12. Among dopant 
concentrations, various materials (Al, B, Y, Ag, Gd, In) 
have been doped in ZnO and deposited thin films to 
moderate the physical and chemical properties13-16.  

Compared with other dopants, Al-doped ZnO 
(AZO) thin films have shown the non-toxicity, the 

lowest resistivity and mechanical stability, which have 
relatively high transmission in the visible and near 
infrared (NIR) range for optoelectronics17-19. Lin et al. 
deposited AZO thin films on silicon and glass 
substrates by ALD technique and observed the 
resistivity of 6×10−4 Ω-cm at 300 C20. Anopchenko et 
al. have grown AZO thin films by using ALD for the 
development of ultra-compact and tunable metamaterial 
devices21. Li et al. deposited AZO thin films for the 
flexible transparent TFTs22. The chemical vapour 
deposition techniques have been used for the large 
scale production, while these techniques have some 
limitations because of high temperature process and 
high cost. The sol-gel/spray pyrolysis techniques have 
shown an alternate way to grow AZO thin films with a 
lower cost at low temperature23-24. Nevertheless, the 
sol-gel AZO thin films have indicated the lower quality 
and high resistivity. 

Senay et al. investigated the physical properties of 
AZO thin films deposited by RF magnetron sputtering25. 
Srinatha et al. deposited AZO thin films by the variation 
of rf-power of magnetron sputtering and tested them for 
the sensitivity of NO2 gas at 350 C26. Kuo et al. studied 
the growth parameters on the structural and optical 
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properties of AZO thin films deposited by RF 
magnetron sputtering27. Lately, Rana et al. studied the 
physical and electrical properties of AZO thin films 
grown on ITO coated polyethylene terephthalate (PET) 
substrates28. Xia et al. investigated the effect of RF 
sputtering and the substrate temperature on the 
morphology and optoelectronic performances of AZO 
thin films29. Despite the detailed study of RF-sputtered 
AZO thin films on the hard and flexible substrates, the 
effect of rf-power on physical and electrical properties of 
AZO/PTFE thin films are fewer studied. Therefore, the 
effect of RF sputtering power on the physical and 
electrical properties is an essential research field for the 
optimization of optoelectronic devices. In the present 
study, we investigated the effect of RF-power (125, 135, 
145, and 155 W) on the physical and electrical 
properties of AZO thin films deposited on PTFE 
substrates by the magnetron sputtering at room 
temperature. 

 

2 Experimental  
Al-doped ZnO (AZO) thin films were deposited on 

the flexible PTFE and glass substrates by RF 
magnetron sputtering. In order to prepare the AZO 
sputter target (2.5 inch), ZnO powder (loba chemical, 
99.99 % purity) and Al2O3 powder (Qualigens, 99.99 
% purity) were mixed (ZnO - 2.5 wt. % Al2O3) and 
then ball milled for 4 h in an acetone. After being 
dried AZO powder, the target was prepared with a 
compressed pressure of 10 ton in a specified die. The 
prepared target was sintered at 450 ºC for 5 h. Before 
placing the substrate in the sputtering chamber, all 
substrates were ultrasonically cleaned by acetone, 
methanol, deionized (DI) water and dried with 
compressed N2-gas. Then, the target was installed in 
the sputtering gun by keeping the target distance of  
45 mm from the substrate.  

First, the sputtering chamber was evacuated up to 
6.0×10-6 Torr and then maintained the deposition 
pressure of 4.0×10-2 Torr with the flow rate of  
70 sccm of argon (Ar) gas. Four types of AZO thin 
films were deposited on the flexible PTFE and glass 
substrates with respect to RF-powers of 125, 135, 145 
and 155 W for 60 min, respectively. Although, 
substrates were kept at room temperature, but the 
temperature of substrates was increased itself because 
of the kinetic energy flux during the deposition. 
Before AZO thin film samples were taken out from 
the deposition chamber, they were allowed to remain 
in vacuum (in sputter chamber) for at least 2 h after 
finishing deposition. This enabled natural cooling 

down of AZO thin films to the room temperature 
before exposure in the atmosphere.  

Micro-structural properties of AZO thin films were 
investigated by using X-ray diffractometer (D8 
Advance) with CuKα radition (k = 1.5406 Å) and 
scanning electron microscopy (SEM) (Hitachi-S-4700). 
The transmittance spectra of AZO thin film were 
recorded in the range of 300 - 800 nm by using a UV-
Vis spectrophotometer (Shimadzu - 3600). The optical 
bandgap (Eg) of AZO thin films was estimated from the 
Tauc’s plot and determined the refractive index (n) and 
Urbach energy (Eu). The sheet resistance (Rs) of AZO 
thin films was determined by using the Keithley 4200 
semiconductor characterization system.  

 
3 Results and discussion 
 
3.1 Microstructural analysis 

Fig. 1 (a) shows the XRD pattern of PTFE substrate, 
and AZO/PTFE thin films with respect to rf-power of 
125, 135, 145, and 155 W. All AZO films showed the 
preferred orientation along c-axis (002) plane, which 
confirmed the hexagonal wurtzite crystal structure 
augmented with JCPDS card no. 36-145130. Some 
additional peaks of bare PTFE substrates were observed, 

 
 

Fig. 1 − (a) XRD patterns of AZO thin films deposited on PTFE 
flexible substrate with the variation of rf-power of 125 W, 135 W, 
145 W and 155 W; (b) Variation of the strain and dislocation
density versus rf-power. 
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which are denoted by a symbol (brick). The position of 
(002) peak shifted towards the higher angle with 
increasing sputtering power (125 - 155 W) that 
represents the residual stress in AZO thin films or it 
might be expected due to Al atoms replace Zn of ZnO 
lattice because of ionic radii of Zn2+ is 72  pm and ionic 
radii of Al3+ is  53 pm26. The absence of Zn, Al or Al2O3 
peaks in XRD patterns suggests that Al atoms have 
replaced Zn atoms in ZnO lattice or Al ions occupying 
interstitial sites and segregating to non-crystalline 
regions in the grain boundary that formed Al-O bonds. 
The highest intensity of (002) plane of XRD was 
observed for the sample prepared at the rf-power of  
135 W. This shows that AZO thin films have 
preferentially oriented along the c-axis due to its low 
surface free energy. Consequently,  the improving the 
crystallinity of AZO thin film was investigated owing to 
increasing the sputtering power31. 

The full width at half maximum (FWHM) 
decreased from 0.358 to 0.226 as the rf-power 
increased from 125 to 155 W, which is associated 
with the grain size of films. The FWHM is decreased 
with increasing power due to smaller grain size. The 
crystallite size, D, of AZO thin films was determined 
from the Scherrer’s formula13, 32-33:  
 




cos

89.0 
D  ...(1) 

 

where, θ is the Bragg diffraction angle, β is FWHM, and 
λ is the X-ray wavelength (0.1541 nm). The D of AZO 
films increased with increasing the sputtering power due 
to the higher kinetic energy of sizzled atoms, which 
strengthen the crystallinity of the material. It might be 
occurred due to the improvement the crystallinity of 
AZO films. The residual stress (𝜎‖

ϐ୧୪୫) of thin films was 
calculated from the biaxial stress model31, 33:  
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where, c13=104.2×109 N/m2, c11=208.8×109 N/m2, 
c33=210.8×109 N/m2 and c12=119.7×109 N/m2, are 

elastic constants of single-crystal for ZnO. The Film
  

is the out of plane strain, which can be described as, 
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where, cbulk = 5.206 Å of standard card no. (JCPDS 
36-1451) and cfilm is a lattice parameter of thin film. The 
interplaner spacing is also calculated by using the 
Bragg’s law, and lattice parameter ‘c’ (calculated  
from 002) of AZO thin films was estimated from the 
following equation34: 
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where, d is the interplaner spacing of the plane (h k 
l), and ‘c’ and ‘a’ are lattice parameters and 
summarised in the Table 1. The lattice parameter ‘c’ 
of AZO thin films was observed to be greater than 
that of bulk ZnO, which indicates the compressive 
nature of in-plane stress. Defects in AZO films are 
quantified by the dislocation density (δ) and strain (ε) 
and calculated by using following equations, 
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Fig. 1 (b) shows the variation of ‘δ’ and ‘ε’ versus 
rf-power of AZO thin films. The dislocation density, δ 
and strain, ε decreased as the sputtering power 
increased which indicates the generation of defects  
in AZO thin films35. The structural parameter 
determined from XRD-peak profile analysis are 
summarised in Table 1. 

The residual stress of AZO thin films with respect to 
the rf-power of 125, 135, 145 and 155 were obtained  
to be 0.069×109, 0.349×109, 1.606×109 and 0.651×109 
N/m2, respectively. It is observed that the residual stress 

Table 1 — Structural parameters of AZO thin films determined from XRD-peak profile analysis. 

Sputtering 
power    (W) 

Peak position,  
(2θ)             

(deg.) 

FWHM  
(β) (deg.) 

Lattice  
parameter (c) (Å) 

Crystallite  
size D   (nm) 

d-spacing  
d (Å) 

-strain ×10-3  
(ε)  

Dislocation 
density  

(δ) × 1015 (m-2)     

125  34.17 0.358 5.208 23.2 2.621 85.6  1.86  
135  34.10 0.349 5.214 23.8 2.627 83.5  1.77  
145  34.53 0.307 5.242 27.0 2.595 73.5   1.37  
155  34.64 0.226 5.221 36.8 2.587 54  0.74  
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in AZO thin film increased with increasing the 
sputtering power. The residual stress was occurred in 
sputtered deposition due to extrinsic and intrinsic 
factors19. The extrinsic factors occurred due to the 
mismatch between lattice constants or the thermal 
expansion coefficients (TEC) of thin films and 
substrates, while intrinsic factors are, defect formation, 
phase transformation and energetic particle 
bombardment occurred during the growth of films31.  

Before the sputter of AZO films, the 2 inch target 
of AZO was prepared and installed in the sputtering 
gun as shown in Fig. 2 (a). Figs. 2 (b - e) show the 
superficial microstructure (SEM images) of sputtered 
AZO thin films with respect to rf-power of 125, 135, 
145, and 155 W, respectively. As per the analysis of 
surface microstructure of AZO thin films, nanoflacks 
types grains were observed, where the grain size 
increased with respect to the rf-power. The surface 
topographic parameters such as average roughness 
(Ra), rms roughness (Rrms), the skewness (RSk) and 
kurtosis (SKu) parameters were determined from 
atomic force microscopy (AFM). The quantitative 
values of Ra, Rrms, RSk, and SKu are summarised in 
Table 2.  

The Ra and Rrms of AZO thin films were increased 
from 16.21 nm to 30.91 nm and 21.90 nm to 38.53 nm, 
respectively as the sputtering power increased from 
125 W to 155 W due to increasing the excess carrier 
mobility and light scattering. While other parameters 

for example RSk and Sku were decreased with the 
asymmetric height distribution. The decreasing surface 
skewness is attributed to increasing the more peaks 
than valleys. The values of SKu was observed to be 
lower than 3 (SKu  3), which is indicated that the 
surface of thin films was observed to be flat25.  
 
3.2 Optical analysis  

In order to evaluate the optical properties of AZO 
thin films, we deposited AZO films on soda lime 
glass substrate with respect to RF power (125 - 155 
W). Fig. 3 (a) shows the transmittance spectra of AZO 
thin films with the variation of rf-power. The average 
transparency of all AZO thin films was calculated by 
using given formula36, 
 

n

T
Tav
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700

400 
 ...(7) 

 
where, Tλ is the transmittance measured at a step size 

of 0.5 nm in the range 400 - 700 nm (visible range)  
and n is the number of data points. The average 
transmittance of AZO thin films was observed to be 
65.42 - 83.81 %, which indicated the merit of the 
transparent conductor. The transmittance of AZO thin 
films decreased as the sputtering rf-power increased due 
to optical scattering of incident light on the thin films. 
The red-shift of the absorption edge was observed with 

 
 

Fig. 2 − (a) AZO nanopowder, target and deposition procedure. The surface microstructure (SEM images) deposited of AZO thin films on 
polytetrafluoroethylene (PTFE) with respect to rf-power (b) 125 W, (c) 135 W, (d) 145 W, (e) 155 W.   
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respect to the sputtering power. The optical bandgap, Eg, 
of AZO thin films was determined from Tauc’s plot by 
using the following equation 37. 
 

   g
n EhAh  

1
 ...(8) 

 

where, α is the absorption coefficient, Eg is the 
bandgap energy, A is the band edge constant, ν is the 
transition frequency and the exponent ‘n’ characterizes 
the nature of the band transition, which is dependent 
upon the nature of the material (crystalline or 
amorphous and the photon transition). The value of n 
is  related to the allowed transition, i.e. the direct, 
indirect, direct/indirect forbidden corresponding to 
1/2, 2, 3/2 and 3, respectively9. The Eg of AZO thin 
films were estimated from the slope of (αhν)2 versus 
hν by extrapolating linear region at (αhν)2 = 0 as 
shown in Fig. 3 (b)38. The Eg is decreased from  
3.65 eV to 3.30 eV as the RF-power increased from 
125 - 155 W, respectively. The optical parameters 
were observed to show similar trends as the reported 
ones, where the Eg decreased with respect to the RF-
power of AZO films27. The decreasing Eg of AZO thin 
films might be occurred due to the Burstein Mass 
effect that is increased carrier concentration with the 
addition of Al concentration in ZnO39. The 
disorderness of thin films can be obtained by the 
evaluation of the Urbach energy (Eu) from the 
following equation. The Eu was estimated from the 
slope of the straight line by plotting of lnα versus hν. 
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where, o is a constant, that is called a band tailing 
parameter. By taking the logarithmic of both sides of 
the Eq. (9), 
 

U
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It is observed that the Eu showed the opposite 
behaviour to that of Eg. The urbach’s tail appeared in 
the crystalline solid due to structural disorders 
because these materials have localized states. The 
decreasing Eu with respect to RF power is attributed to 
have lower disorder and fewer defect states presented 
in AZO films. The optical and electrical parameters 
for example, average transmittance, Eg, Eu, resistivity, 
conductivity and figure-of-merit are summarised in 
Table 3.  
 

The refractive index of AZO thin films was 
calculated by using the given equation 38, 40.  
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Fig. 3(c) shows the variation of the refractive index 
(n), optical bandgap (Eg), and urbach energy (Eu) versus 
RF power. The errors bars are indicated in the graph to 
be observed of approximately to be 5%. The refractive 

Table 2 — Surface parameters of AZO thin films deposited on PTFE substrate by RF magnetron sputtering with the variation of RF 
powers (125 W - 155 W). 

Sputtering power 
(Watt) 

Average  roughness  (Ra) 
(nm) 

rms roughness (Rrms) 
(nm)      

Surface skewness (RSk)  Kurtosis (Sku) 

125  16.21 21.90 0.755 2.86 
155  30.91 38.53 0.192 - 0.107 

 

 
 

Fig. 3 —  (a) UV-Vis transmittance spectra of AZO thin films deposited on glass substrates by RF sputtering power, (b) Tauc’s plot for 
determination of the optical bandgap, and (c) Variation of refractive index (n), bandgap (Eg), and Urbach energy (Eu) versus rf-power of 
125 - 155 W.  
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index of AZO thin films increased from 2.24 to 2.34 as 
the rf-power increased from 125 to 155 W, respectively. 
The increasing n by increasing rf-power is attributed to 
the enhancement of the interstitial defects. 
 
3.3 Electrical properties  

The dc electrical properties of AZO/PTFE thin 
films were measured the current-voltage (I-V) 
characteristics by two probe method. The electrical 
parameters such as electrical resistivity (ρ) and 
conductivity (σ) were calculated from the following 
equations19.  
 

I

Vt

2ln

.   ...(11) 

 

where, t is the thickness of thin films and π/ln 2 × 
(V/I) is the sheet resistance (Rs) of thin films at 5 V, 
and 
 


 1
  ...(12) 

 

The measured and calculated values of the resistivity 
and the conductivity of AZO thin films are summarised 
in Table 3. The n-type behaviour of AZO films attributes 
that electrons are contributed as the majority charge 
carriers in the conduction. The total conductivity of 
AZO thin films can be estimated using the following 
formula:  

 

elecion    ...(13) 
 

where, σion is the ionic conductivity and σelec  
is the electronic conductivity. The ionic conductivity 
is due to contribution from more than one defect 
mechanisms. Therefore, drift mobility of electrons 
have the limitation due to the scattering or defects. 
The high mobility of charge carriers could be 
attributed due to ionized impurities and increased the 
conductivity by increasing the sputtering power. The 
high conductivity of thin films is occurred due to high 
mobility of charge carriers. The enhancement in 

electrical conductivity was also occurred due to the 
improvement of the crystallinity and reduction in the 
grain boundaries. The reduction of grain boundaries 
have decreased the scattering of charge carriers at the 
grain boundary, consequently the electron mobility 
increased that reduced the resistivity of AZO thin 
films. The improvement in optical and electrical 
properties of AZO thin films makes it an excellent 
materials for transparent electrodes of solar cells as 
the window layers. For the evaluation of performance 
of transparent conducting oxide (TCO), the figure of 
merit (FOM) is an important parameter derived form 
the following formula36. 
 

Sh

av
TC R

T 10
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where, Tav is the average optical transmittance in 
the wavelength range 400 - 700 nm and RSh is the 
sheet resistance. The FOM of AZO thin films was 
increased from 3.19×10-9 to 97×10-9 as the rf-power 
increased as shown in Fig. 4.  

While the sheet resistance decreased and as the  
rf-power increased from 125 - 135 W, and further 
increased the sheet resistance as the power increased 
to 155 W (Fig. 4). It was found that the sheet 
resistance decreased and FOM increased by 
increasing the rf-power. The lowest sheet resistance 
and highest FOM were obtained for the AZO thin 
films deposited at the sputtering power of 155 W. It 
shows that the 155 W sputtering power is the optimal 
deposition power of the AZO thin films, which could 
be considered as the suitable materials for TCO.  

The structural, optical and electrical properties 
between films prepared and reported by two different 
methods: sol-gel and rf sputtering. Optical transmittance 
spectra of the AZO thin film exhibited transparency 
higher than about 90 % within the VIS region and the 
optical bandgap (Eg) of the films was decreased in 
sputtered film, probably due to the decreased of 
carrier concentration. The optical and electrical 
properties of sputtered AZO thin films deposited on 

Table 3 — Optical and electrical parameters of AZO thin films deposited by RF magnetron sputtering with the variation of RF power. 

Sputtering 
power (Watt) 

Average 
Transmittance 

(Tav) (%) 

Band gap 
(Eg)      (eV) 

Urbach energy 
(EU)             (eV) 

Refractive 
index (n) 

Conductivity 
(σ)         (S/m) 

Figure of merit 
(ϕTC)           (Ω-1) 

× 10-9 

125  83.81 3.64 0.32 2.24 0.18 3.19 
135  73.80 3.38 0.25 2.27 0.64 3.01 
145  70.03 3.33 0.24 2.31 11.20 31.46 
155  65.42 3.29 0.22 2.34 69.28 97 

 



INDIAN J PURE APPL PHYS, VOL. 60, MARCH 2022 
 
 

252

PTFE substrates have demonstrated that AZO/PTFE 
films can be utilized for the flexible electronics. The 
sputtered deposited AZO films have shown the lower 
sheet resistance than the reported AZO films prepared 
via sol-gel method41-42.  

 

4 Conclusion 
AZO thin films were successfully deposited on 

PTFE flexible substrates with respect to rf-sputtering 
power (125 - 155 W). The effect of rf-power on 
structural, morphological, optical and electrical 
properties of AZO thin films were determined. XRD-
pattern of AZO films showed the c-axis orientation of 
hexagonal wurtzite crystal structure regardless the 
deposition power. The structural parameters of AZO 
films confirmed that the residual stress, Ra and Rrms 
increased as the rf-power increased from 125 W to 
155 W. The red-shift absorption edge was observed in 
UV-Vis absorption spectra and decreased the Eg (3.65 
eV to 3.30 eV) and Eu (0.32 to 0.22 eV) with respect 
to rf-power. The electrical conductivity was observed 
to be increased as rf-power increased, where the 
highest conductivity (69.28 S/m) and the highest 
FOM (97×10-9) were observed for the AZO thin films 
deposited at rf-power of 155 W.  
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