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ABSTRACT 

Al-doping of 1.5% by weight, in ZnO (Al:ZnO), thin films are deposited on glass substrates at temperature 400 °C and varying 
oxygen gas pressure (PO2) from 1.33 Pa to 5.32 Pa via Pulsed Laser Deposition (PLD) technique. The single crystalline nature 
of the thin films is confirmed from the X-ray diffraction (XRD) pattern. The evaluated crystallite size is found to be <15 nm. 
Atomic Force Microscopy (AFM) study reveals the columnar grain formation in the thin films, with low surface roughness. The 
surface morphology of the grown thin films is significantly affected by PO2. Optical measurements depict that the thin films are 
highly transparent in the visible region with transmittance up to 80%. The optical band gap calculated from Tauc’s plot evinced 
that Al-doping results in band edge bending in Al:ZnO thin films, a red shift in the band gap is observed with increase in PO2 
that is due to the contributing electrons from oxygen ions. Photoluminescence (PL) spectra of films indicate the visible emission 
peaks originating from defect states. Optical properties of the thin films confirm their applicability for optoelectronic devices. 
The room temperature, current-voltage (I-V) plots indicate low resistivity in the thin films ~ 10

-2 
(Ω-cm). Copyright © 2015 

VBRI Press.  
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Introduction  

Nanostructured thin films have emerged as one of the most 
promising source to fabricate various devices with 
significantly enhanced performance characteristics. The 
quantum phenomena occurring in these materials cause a 
ballistic jump in their performance and the resulting device 

finds industrial applications [1]. Transparent conducting 
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oxides (TCO) are widely used in optoelectronic devices, 
thin film solar cells and transparent electrodes in display 

[2]. ZnO is n-type semiconductor with a direct band gap of 
3.37 eV and a high exciton binding energy of ~ 60 meV 

[3]. The large band gap energy of ZnO materials would 
allow for stable high-yield excitonic luminescence from 

even at room temperature [4]. ZnO is considered as most 
promising material as it is thermally and chemically stable, 

non toxic and has a low cost [5]. To improve the electrical 
conductivity and transparency of ZnO it is doped with 

trivalent metal cations such as Al, In, Ga [5]. Among the 
various dopants, Al is considered as an efficient n-type 
dopant for realizing high quality samples with enhanced 
band gap, higher conductivity, ultraviolet/blue light 

emission and good optical transmittance [6]. The utmost 
factors like the electronic-structure, dopant concentration, 
energy-levels of dopant and d-electronic configuration of 
the ions that could affect the properties of the resulting 

compound [7]. Al-doped ZnO show good optoelectronic 
properties, and finds applications in devices such as solar 

cells and organic light emitting diodes [8, 2]. Al:ZnO is 
also an attractive candidate for ultraviolet (UV) 

photoconductive sensor applications [6]. The optical 
properties of the grown films depend upon their crystalline 

nature [8]. To employ Al:ZnO thin films  for optoelectronic 
applications with good performance, we have to deposit 
thin films with good crystalline nature. The crystallinity of 
the thin films depends upon the optimized deposition 
parameters such as temperature and pressure and the 
technique employed. There are various chemical and 
physical deposition techniques to grow oxide thin films; 
Pulsed Laser Deposition (PLD) stands out as it retains the 

stoichiometric nature of multi-component system [2].  
In this paper we have focused on the effect of oxygen 

gas pressure (PO2) on the growth, structural, optical and 
electrical properties of Pulsed Laser Deposited, single 
crystalline Al:ZnO films. The promising 
photoluminescence (PL) properties are discussed in detail 
and emphasized on the practical applications of the 
deposited Al:ZnO thin films. 

 

Experimental 

Deposition of the thin films 

Al:ZnO thin films are deposited on Soda lime glass 
substrates in the presence of oxygen gas, using Pulsed 
Laser Deposition technique (Excel Instruments). The 
stainless steel vacuum chamber is first evacuated to 10

-5
 Pa 

the base pressure using a turbo molecular pump backed up 
with a rotary vacuum pump. We have chosen 1.5% Al-
doping by weight in ZnO. The target of Al:ZnO is prepared 
by the solid state reaction method, via mixing Al2O3 
(99.998%, Sigma Aldrich) and ZnO (99.998%, Sigma 
Aldrich) powders in stoichiometric ratios. These 
homogeneous powders are pressed to form a pallet of 
diameter 20 mm and thickness of about 5 mm, by applying 
20 tons force with a hydraulic press. This pallet is sintered 
at 1200 °C for 2 hours in a furnace to form the PLD target 
of Al:ZnO. The chemical reaction of Al2O3 and ZnO allows 
formation of spinel phase ZnAl2O4 (Al:ZnO). The target is 
ablated using an Nd-YAG laser operating at wavelength 
355 nm, the third harmonic of the laser. The glass 

substrates are ultrasonically cleaned with acetone and then 
mounted on the substrate holder provided with a heating 
stage. The laser operated in the UV energy region is used to 
ablate the target atoms, and a plasma-plume is formed by 
the ejected materials containing highly excited and 
energetic species. The plasma-plume expands isothermally 
away from the target surface and interacts with the chamber 
atmosphere and results in the deposition of thin film on the 
substrate. The most advantageous feature of depositing thin 
film by PLD is that the laser is used as an external energy 
source the deposition can occur in both inert and reactive 
background gases. The deposition rate and the thickness of 
the deposited thin film are controlled by the laser repetition 
frequency and the deposition time. We have deposited four 
thin film samples of thickness 300 nm and keeping the 
substrate temperature at 400 °C and oxygen gas pressure 
(PO2) is varied from 1.33 to 5.32 Pa in steps of 1.33 Pa. 
The optimized parameters for the growth of Al:ZnO thin 

films are listed in Table 1. To improve the crystallinity of 
thin films we have done in-situ post deposition annealing 
for 20 minutes in a vacuum. 
 

Table 1. Optimized deposition parameters for the growth of Al:ZnO thin 
films. 
 

Optimized deposition parameters for Al:ZnO thin films

Laser Used Nd-YAG Laser

Laser Wavelength 355 nm

Laser Energy 150 mJ/pulse

Pulse Repetition Rate 10 Hz

No. of Laser Shots 6,000

Target Used Al:ZnO target

Gas Used Oxygen (99.9% purity)

Gas Pressure 1.33 to 5.32 Pa, in steps of 1.33 Pa

Substrate Glass

Substrate Temperature 400 °C

Target to Substrate Distance 35 mm
 

 
Thin films characterizations 

The crystal structural characterizations of the deposited thin 
films are examined by X-ray diffractometer model Bruker 
AXS D8 Advanced in θ-2θ mode, with CuKα radiation (λ = 
0.154 nm). The surface morphology and the roughness of 
the deposited thin films is examined by Atomic Force 
Microscopy (NT-MDT: Model NTEGRA), in semi-contact 
mode provided with a Silicon Nitride tip of radius 10 nm. 
Optical characterizations of these thin films are done by 
JASCO Model V-650 spectrophotometer. The band gap of 
thin films is calculated from Tauc’s plot. The 
Photoluminescence (PL) of the thin films is observed by 
Spectrofluorophotometer model SHIMADZU-RF-5301PC. 
The current-voltage (I–V) characteristics from 0-4 V are 
observed at room temperature using Keithley 2636A dual 
channel Source major unit sealed in the Black Box and 
provided with a proper arrangement.  
 

Results and discussion 

 Structural and morphological properties 

Fig. 1 reveals the room temperature XRD patterns of 
Al:ZnO films grown on glass substrates. The as-deposited 
Al:ZnO has a diffraction peak at Bragg angle, 2θ = 34.37°. 
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The XRD peak is indexed as (002) by comparing the data 
with JCPDS card file no. 77-0191. The XRD pattern shows 
a single peak of high intensity for all thin films which 
implies highly oriented and single crystalline nature of the 
thin films. The thin films are grown along c-axis with 
hexagonal wurtzite crystal structure and space group 
Fm3m(225). The intensity of the XRD peak describes the 
crystalline quality of the thin films, better is the crystallinity 
for more intense peak. The interplanar distance, d is 
calculated using Bragg’s law equation: 2d sin(θ) = nλ. For 
hexagonal system, lattice spacing d is given by the 

following mathematical equation [9]: 
 

 2 2 2

2 2 2

1 4
...............(1)

3

h hk k l

d a c

  
  

   
 
 

 

Fig. 1. The XRD patterns of the Al:ZnO thin films indicating (002) plane 
growth. 

 
Where h, k, l are the Miller indices of the plane. The 

lattice constant, c is calculated using the values of d in 
equation 1.  The Crystallite size (l) of the grown films is 

estimated by using Debye-Scherrer formula relation [10]: 
 

 0.9
.......................(2)l

cos



 

 
  
   

 
Where λ is the wavelength of X-rays used = 0.154 nm, θ 

is the Bragg diffraction angle and β is the width at the half 
maxima of the XRD peak (002). Crystallite size means the 
dimension of the coherent diffracting domain. The 
calculated values of interplanar distance (d), lattice constant 
(c) and crystallite size of the grown films are listed in 

Table 2.  
The smaller is the FWHM better would be the 

crystallinity. The increase in lattice constant c, as compare 
with ZnO (0.5209 nm), is due to incorporation of Al

3+
 ions 

at interstitial position. The dislocation density (δ), defined 
as the length of dislocation lines per unit volume, is 

estimated using the equation [11]: 
 

 
2

1
..........................(3)

l
 

 
 
The strain (ε) of the thin films can be computed using 

the following relation: 
 

cos
...............(4)

4

 
 

 

The obtained values of dislocation density (δ) and the 

strain (ε) are listed in Table 2. 
 

Table 2. Interplanar distance, lattice constant, crystallite size, dislocation 
density and strain calculated from XRD data analysis. 
 

Sample

Interplana

r

distance,

d (nm)

Lattice

constant,

c (nm)

FWHM

(β)

Crystallit

e size

(nm)

Dislocatio

n density,

δ (nm-2)

Strain,

ε

1.33 Pa 0.2619 0.5238 0.5722° 14.362 48.48×10-4 24.13×10-4

2.66 Pa 0.2614 0.5228 0.5914° 13.899 51.76×10-4 24.93×10-4

3.99 Pa 0.261 0.522 0.6217° 13.223 57.19×10-4 26.21×10-4

5.32 Pa 0.2607 0.5214 0.6843° 12.015 69.27×10-4 28.84×10-4
 

 
 

Fig. 2 shows the 3-dimensional grain formation of the 
thin films obtained from AFM analysis. The AFM images 
depict the uniform grain distribution and the smooth 
surface. The thin films exhibit dense and continuous 
morphologies with crystalline nano-structures. The z-
dimension shows the particle heights. AFM analysis 
verifies that the products have well-defined shape, uniform 
size and good dispersion. The grown microstructures of the 
films are distinctly affected by the process controlling the 
deposition rate.  

 

 Fig. 2. 3-D AFM images of the deposited thin films describing the grain 
distribution and the particle height from the z-dimension. 

 
The calculated parameters, grain size and roughness 

values obtained from AFM analysis is listed in Table 3. 
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The nucleation and growth process of the thin films involve 

nuclei formation, growth and coalescence [12]. For the as 
grown thin film grains are not completely formed, thus 
annealing is required for the crystallinity and the 
homogeneous grain growth. The as-grown films are having 
a good adhesion to the glass substrates. The surface 
roughness histograms of the deposited thin films are 

described by Fig. 3. Low surface roughness enhances the 
optical properties by lowering the surface scattering. 

 
Table 3. The geometrical parameters calculated from AFM analysis of the 
deposited thin films. 
 

Sample

Mean 

height of 

Grain, h 

(nm)

Mean 

diameter of 

grain, D 

(nm)

Aspect 

ratio D/h

Average 

Grain size     

(nm) 

Particle density 

= No. of grains/ 

Area  (μm-2)

Surface Coverage 

= (Area of 1grain ×

No. of grains ×

100)/ Total area  

Roughness (nm)

Average Rms

1.33 Pa 3.84 41 10.68 3.43 169.5 63.80% 0.641 0.804

2.66 Pa 5.67 55 9.7 5.35 73.5 56.75% 0.898 1.132

3.99 Pa 5.75 31 5.39 5.31 115 53% 0.985 1.252

5.32 Pa 10.07 32 3.18 9.44 86.75 47.35% 1.698 2.198

 
 

 

Fig. 3. The roughness histogram of the thin films obtained from AFM 
analysis. 
 

Optical measurements and band gap 

The optical transmittance versus wavelength spectra of the 

deposited thin films is described by Fig. 4. From the 
transmission spectra it is clearly observed that all the thin 
films exhibit good transparency over 60-80% in the visible 
region and a sharp UV absorption cut-off at wavelength 
<400 nm. High optical transparency and electrical 
conductivity of Al:ZnO thin films are applicable for 
transparent conducting oxide (TCO) layer of heterojunction 
solar cells. Al:ZnO thin films may be considered as a better 
replacement over TCO Indium tin oxide (ITO) films. 

The transmittance curves show a well defined 
interference fringe pattern, indicating the good optical 
quality of the films. For the thin films deposited on glass 
substrates, transmittance minimum (Tmin) in the fringe 
pattern, is related to the refractive index (n) by the 

following mathematical relation [13]: 

 2

min 4 2

6
.................(5)

3.35 2.25

n
T

n n


   

 
 

Fig. 4. Optical transmittance versus wavelength curves showing a well 
defined fringe pattern. 

 

Refractive index (n) is related to fringe order (h) and 
film thickness (t) as: 

 

min

max

2 .....................(6)

1
2 ..........(7)

2

nt h

nt h







 
  
 

 

 
From equation 5, 6 and 7 we have calculated values of 

film thickness (t) and refractive index (n). O2 is used as a 
reactive gas for deposition. The reaction rate increases with 
PO2. It enhances the probability of oxygen atoms to react 
with the Zn

+2
 ions, implies more thick films at high 

pressure. The calculated values of film thickness, t and 

refractive index, n are listed in Table 4. 
The optical absorbance and reflection versus 

wavelength spectra are shown in Fig. 5 (a and b). The thin 
films show strong absorption at wavelength 398, 403, 414, 
428 nm respectively for 1.33, 2.66, 3.99 and 5.32 Pa 
samples respectively. Deposited Al:ZnO thin films show 
low optical reflection, values < 20%, that is good for device 
applications. The absorption coefficient α is calculated 

using Lambert’s formula [14]: 
 

1 1
ln

t T


 
  

 
 ……….……(8) 

 
where, t is the thickness of thin film and T is the 

transmittance values. 
 

 

Fig. 5. (a) Optical Absorbance and (b) reflectance versus wavelength 
spectra of the as-grown Al:ZnO thin films. 
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The optical band gap is calculated from Tauc’s model 

and the Davis and Mott model given by the equation [8, 

14]: 

( )n

gh D h E     ……….… (9) 

 
Where hυ is the photon energy, Eg is the optical band 

gap, and D is the constant, n=1/2 for direct band gap 
semiconductors. Band gap can be calculated from the 
Tauc’s plot (αhυ)

2
 versus hυ, and by extrapolating the 

linear portion of the absorption edge to find the intercept 

with energy axis, Fig. 6. These thin films have a lower band 
gap as compared with the ZnO (3.37 eV) thin films, due to 

band edge bending by Al-doping [2]. In Al:ZnO, Al
3+

 ion 
replaces one Zn

2+
 and one excess electron is produced. 

These excess electrons form a band below the conduction 
band which results in band edge bending. The further 
decrease in the band gap with an increase in oxygen gas 
pressure is due to the contributing electrons from oxygen 
ions. Formation of localized energy states below the 
conduction band, leads to the formation of a band tail, 
thereby resulting in the band gap lowering. The calculated 
values of the band gap of the thin films are 3.16, 3.12, 3.01, 
3.0 eV for 1.33 to 5.32 Pa oxygen gas pressure 
respectively. The lowering in band gap also results from 
reduction of crystallite size due to quantum size effects 

(QSE) [9]. The density of states is modified by the particle 
size of the nano grains, which engineered the band gap. 
Decrease in band gap is also attributed to electron-electron 

and electron-impurity scattering [8]. UV absorption enables 
Al:ZnO thin for energy conversion applications. 

 

 

Fig. 6. Optical band gap obtained using Tauc’s plot. 
 

Photoluminescence (PL) measurements 

Photoluminescence (PL) is a good study to characterize 

optical quality of semiconductors. Fig. 7 depicts the room 
temperature PL spectra of the deposited thin films at 
excitation wavelength λex = 320 nm. All the thin films show 
a sharp emission peak at wavelength ~ 390 nm (3.17 eV), 
the UV emission. This emission peak corresponds to the 
band gap of the Al:ZnO and is the characteristic emission 
peak. The UV emission peak is therefore considered to 

originate from the band-edge exciton emission. There are 
visible emission peaks which are originating due to 
transitions from shallow energy levels. These shallow 
energy levels correspond to various defect states such as 
Oxygen (O), Zinc (Zn) vacancies and interstitials or surface 
states. ZnO is a n-type semiconductor, therefore Zinc 
interstitials (Zni) and oxygen vacancies act as main donor 
impurities whereas Zn vacancies and oxygen interstitial act 

as main acceptor impurities [9]. Zinc interstitial (Zni) 
produces a shallow donor level at 0.5 eV below the bottom 
of the conduction band. Shallow acceptor levels are created 
at 0.3 eV and 0.4 eV above the top of the valence band 
(VB) due to zinc vacancy (VZn) and oxygen interstitial (Oi), 

respectively [15]. Photons emitting due to transitions from 
these shallow energy levels give visible emission peaks at 
wavelength 470 and 495 nm respectively. These visible 
emission peaks correspond to blue light. Blue emission 
peaks are assigned to electron transition from Zni level to 
top of the valence band. There are small peaks detected at 
wavelength 510 and 520 nm, correspond to green emission. 
Green emission peak results from the recombination of a 
photo generated hole with a singly ionized oxygen vacancy 

[16]. The very low intensity of this emission peak is the 
clear indication of low concentration of oxygen vacancies 
in the films. These emission peaks in the visible region 
enables Al: ZnO thin films for application as a light 
emitting diodes (LED) and laser diodes (LD). PL emission 
peaks are strongly dependent on the crystalline nature of 
the films. Various optoelectronic and photovoltaic devices 

rely on PL emission peaks of Al:ZnO thin films [17]. 
 

 

Fig. 7. Photoluminescence spectra of thin films at λex = 320 nm. 
 

Electrical properties 

The room temperature I-V plots of the thin films are 

described in Fig. 8. The thin films exhibit ohmic 
conduction behavior. The electron donor states are 
provided by the native defects such as zinc interstitials 
(Zni). The decrease in resistivity with the increase in gas 
pressure is observed, which is attributed to a reduction in 
oxygen vacancies that can act as centers for electron traps. 
The abrupt terminations on the surface of the 
semiconductor cause distruption of potential function 
would create discrete energy states within the band gap 
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which were called surface states and could trap the free 

carriers [18]. Reduced resistivity of the Al-doped ZnO 
films is attributed to the increased free carrier 
concentrations, which originated from desorption of the 
negatively charged oxygen species from the grain boundary 

surfaces [19]. The preferred c-axis orientation of the thin 
films suggests that the crystal orientation plays an important 

role in the conductivity [20]. The probability of scattering 
of carriers is low for highly oriented thin films. The 
calculated value for resistivity of these thin films is given 

by this relation [21]: 
 

.....................(10)
ln 2

t V

I




 
  

 
 

 
where, V is the voltage measured across the inner 

probes, I is the current applied between the outer probes, 
and t is the thickness of the thin film. The calculated values 

of resistivity are listed in Table 4. The obtained sheet 
resistance of the thin films is <100 Ω/sq. This low 
resistivity Al:ZnO thin films found applicability in ZnO 
based unipolar devices such as a Schottky barrier diode, 
thin film transistor, and metal–insulator-semiconductor 

(MIS) diodes [22-25]. 
 

 

Fig. 8. The electrical properties (I-V plots) examined by Four Probe 
method. 
 

Table 4. Thickness (t), Refractive index (n) and Band gap calculated 
from Optical data and Resistivity (ρ) calculated from room temperature I-

V characteristics. 
 

Sample Tmin

Refractive

Index, n

Thickness, t

(nm)

Band

Gap, Eg

(eV)

Resistivity,

ρ (Ω-cm)

1.33 Pa 0.7234 2.133 300.72 3.06 14.37×10-2

2.66 Pa 0.7735 1.984 303.97 3 3.88×10-2

3.99 Pa 0.7541 2.041 308.33 2.94 1.57×10-2

5.32 Pa 0.6269 2.438 313.98 2.9 0.65×10-2
 

 

Conclusion 

Al:ZnO thin films are successfully deposited on glass 
substrates using PLD. XRD analysis confirms that the films 

are oriented along (002) plane with hexagonal wurtzite 
crystal structure. The AFM results indicate homogeneous 
grain growth along c-axis, parallel to the substrate. The 
observed crystallographic property and surface morphology 
of deposited Al:ZnO thin films are found to be affected 
considerably by PO2. The surface morphology and 
crystallinity of the Al:ZnO thin films are very important for 
their optical applications. The thin films exhibit significant 
optical properties with high optical transmittance in the 
visible region and a sharp UV absorption. Band edge 
bending is observed due to Al-doping in ZnO. Room 
temperature photoluminescence indicates strong UV and 
visible emission peaks. Visible emission peaks correspond 
to defect related emissions, which make these thin films 
important for optoelectronic applications. The I-V 
properties confirms the electronic device applications of the 
Al:ZnO thin films. Doping-effects have resulted in an 
enhanced electrical conductivity of Al:ZnO thin films. The 
deposited thin films exhibit the essential properties of a 
TCO with good transmittance in the visible and near 
infrared (NIR) region, low resistivity, and textured surface 
with excellent light-scattering.  
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