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Abstract: ZnO and ZnO:Al are wide-bandgap semiconductors which have 
many applications, mainly as transparent conducting films. Thin films of 
these compounds were deposited onto glass and silicon substrates by RF 
magnetron sputtering for the investigation of structural and optical 
characteristics. The XRD results show that the films present wurtzite 
structure. The formation of a polycrystalline film having a preferential 
crystallographic orientation in the plane (002) is observed in the doped 
samples. The Al incorporated films exhibited optical transmittance above 
80% in the visible spectrum and a clear absorption band in the infrared due 
to free carriers. Additionally, the optical band gap around 3.48 eV is 
significantly above the values for the intrinsic ZnO (3.25 eV). 
Photoluminescence (PL) measurements showed a broad emission band in 
the visible region. In addition, PL emission lines at 3.32 and 3.37 eV 
showed up in Al incorporated films, and were related to excitonic 
emissions. The results show that the Burstein-Moss effect plays a central 
role in determining the optical characteristics of the doped material. 
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Introduction 

Films produced from doped metal oxides can have an 
excellent combination of optical transparency and 
electrical conductivity. These materials, called 
Transparent Conducting Oxides (TCOs), are funda-
mental components in different optoelectronic devices 
due to the ability to couple an optical transmittance of 
around 80% in the visible region and low electrical 
resistivity around 10−3 to 10−4 Ω.cm (da Silva et al., 2014). 
Recently, the TCOs films have attracted scientific and 
technological interest because of their potential application 
in illuminated panels, solar cells (Park et al., 2001; Alia et 
al., 2005); optical windows in residential, automotive 
(Sundaram and Khan, 1997) and gas sensors (Sahu and 
Huang, 2006). From a commercial standpoint, the most 
widely used has been indium tin oxide (In2O3:Sn), 
commonly known as ITO, especially in applications of 
various types of Liquid Crystal Displays (LCD) (Minami, 
2008). However, due to the scarcity of indium, ITO 
generates a high production cost (Klingshirn, 2007). ZnO is 
one of the most promising candidates to replace ITO 
because of its low toxicity, availability and low production 
cost. It can also be produced on a large scale and presents 
high stability in the hydrogen plasma and thermal cycles 

used in the production device (Sahu and Huang, 2006; Das 
and Ray, 2003; Lin et al., 2011; Tohsophon et al., 2011). 

There are several articles reporting advances in the 
synthesis and application of semiconductor thin films 
based on ZnO with great potential for the replacement of 
ITO, in addition to optoelectronics applications (Pla et al., 
2003; Ong et al., 2005), such as Organic Light Emitting 
Diodes (OLED), transistors, solar cells and non-volatile 
memories (Song et al., 2013). In particular, as solar cells, 
it has grown into application areas that need low-power, 
for example, those related to telecommunications, 
maritime signaling and land, rural electrification, etc. 
(Lunas, 2009). The quality of the solar cells strongly 
depends on the quality of the TCO films, requiring rough 
surfaces and resistivity in the range of 1-5×10−4 Ω.cm 
and good optical properties (Tohsophon et al., 2011). Other 
applications include ZnO acoustic wave devices (Melloch 
and Wagers, 1983), heat reflectors (Das and Ray, 2003) and 
gas sensors (Ushio et al., 1994). In the ultraviolet spectral 
range, ZnO has also been used as an emitting material in the 
blue band in the visible (Bixia et al., 2001). 

To reduce the electrical resistivity of this material 
different types of dopants have been used in Groups III 
and IV, such as B, Ge, Ti, Al, Ga, In, rare earth (Ferreira, 
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2008). The Al3+ ions (0.54 Å) and Ga3+ (0.62 Å) are 
considered the best dopants because they have ionic radii 
close to the radius of the ion Zn2+ (0.74 Å) (Ferreira, 
2008). The doping of ZnO by Al atoms occurs by 
substitution of an Al atom by a Zn atom in its hexagonal 
lattice. It can also be done by migration of Al to a non-
crystalline region of the grain boundaries, forming links 
between Al-O. Most of these atoms can replace Zn2+ by 
ionizing to Al3+. Thus, the aluminum atoms play 
important role in the crystal lattice, acting as substitutes 
ions. Consequently, a free electron is likely to be present 
for each substitutional of Al atom (Yu et al., 2005). 

As a conductive transparent oxide, ZnO doped with 
Al [also found in the literature as AZO (Al-doped ZnO)] 
shows great promise for applications such as emitters in 
the range UV/blue, photodetectors, and transparent 
electronics (Bixia et al., 2001). Applications such as 
solar cells had already been reported in the 90's using 
zinc oxide doped with aluminum with properties 
superior to zinc oxide doped with indium in terms of 
resistivity and transparency (Harding et al., 1991; 
Martínez et al., 1997). Later, its chemical (Yoo et al., 
2005) and thermal stability differential during processing 
(Mosbah and Aida, 2012) was also reported. Other 
features, which promote its use, are its constituents Zn 
and Al, which are more abundant and less toxic than the 
constituents of ITO (Klingshirn, 2007). 

In the present investigation the main objective was to 
compare the structural and optical properties of 
transparent and conductive films of ZnO and ZnO:Al. 
This study also sought to identify the conse-quences of 
the Burstein-Moss effect in the analyzed TCOs, in 
particular in relation to optical bandgap. 

Materials and Methods 

The synthesis of ZnO and ZnO:Al thin films used 
disc-shaped Zn and ZnAl metallic targets, 99.99% 
purity, with diameters of 75 mm and 2 mm thickness. 
The deposition system consists of a cylindrical 304 
stainless steel chamber of 270 mm diameter and 200 mm 
in height. The partial pressure of oxygen and argon were 
set at a ratio of 1:10. The total pressure was kept at 10 
mTorr, and the depositions lasted 20 minutes. Films 
were deposited on 1mm-thick glass substrates by RF 
magnetron sputtering with the plasma source maintained 
at a frequency of 13.56 MHz (RF) and power of 100 W. 
A substrate tem-perature of 373K was maintained during 
the growth. In order to produce ZnO:Al, the target 
composition consisted of 98 wt.% zinc and 2 wt.% 
aluminum. The choice of 2 wt.% Al doping of ZnO was 
due to studies reported by other authors (Das and Ray, 
2003; Mosbah and Aida, 2012; Kwak, 2004; Dao et al., 
2009), regarding this composition as the best condition 
for a low resistivity (ρ ~ 10−4 Ω.cm) for this type of film. 
Glass (25×40 mm) and (001) silicon (100 mm2) 

substrates were cleaned using detergent (Det Limp S32), 
deionized water and isopropyl alcohol in ultrasound 
baths before loading onto the sample holder.  

The measurements of X-Ray Diffraction (XRD) were 
performed employing an X-ray diffractometer 
(PanalyticalX'Pert Powder) with CuKα radiation 
wavelength equals 1.5405 Å, allowing the identification 
of the structure, the crystal orientation and average 
crystallite size. The geometry used was 2 theta (grazing 
angle) and a scanning speed of 0.01o s−1 at an incident 
angle of 2° and the scanning range was 20-90°. By using 
the XRD data, one can estimate the values of the 
crystallite size by the Scherrer equation (Jiang et al., 
2009; Chaves et al., 2013): 
 

0.9

cos

λ
χ

β θ
=  

 
where, λ, θ and β are respectively the wavelength of the 
X-ray Bragg angle related to study diffraction peak and 
the half width of this peak.  

Optical transmittance and reflectance technique UV-
Vis-NIR was used in the optical characterization. The 
optical transmittance spectra were measured in a Perkin 
Elmer Lambda 1050 spectrophotometer. The 
investigated range was 250 to 2500 nm with a resolution 
of 0.05 nm in the visible region and 0.2 nm in the 
infrared region. The transmittance and reflectance 
spectra data were treated in a computational routine 
based on Cisneros method (Cisneros, 1998), which 
allowed the calculations of sample thickness, refractive 
index, extinction and absorption coefficients. The optical 
band gap of the materials was used by the following 
recurrent expression for direct band gap semiconductors 
(Pankove, 1971; Yu and Cardona, 2010): 
  

1\2( )
g

ahv A hv E= −  

 
Where: 
a = The absorption coefficient 
hv = The photon energy 
Eg = The bandgap  
A = A constant 
 

A is related to the effective masses of electrons 
and holes, but in practice also reflects the 
crystallographic quality of the material (Pankove, 
1971; Yu and Cardona, 2010).  

Photoluminescence (PL) spectroscopy was carried 
out at 10K, by using a cold finger cryostat cooled by 
helium flow. The excitation source of the samples was 
provided by the 325 nm line of a Kimmon Helium-
Cadmium laser. A Spex 1780 monocromator (controlled 
by a PC) with a diffraction grating of 600 gr/mm and 
blaze of 1.0 µm was used to collect the PL signal. A 
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Peltier cooled RCA GaAs photo-multiplier mounted at the 
exit slit of the monochromator detected the signal after 
optical dispersion. A digital Keithley 617 electrometer 
was used to read the signal and to send it to a PC. The 
laser line was focalized in the sample´s surfaces and the 
PL emission was collected by a lens and focalized at the 
entrance slit of the monochromator. 

Results and Discussion 

At room temperature ZnO is found in the wurtzite 
structure, which is thermodynamically more stable 
(Peres, 2007). The unit cell has two external lattice 
parameters: the basal plane (a) and uniaxial plane (c) and 
an internal parameter u, which describes the cation and 
anion positions relative to the z axis (Jaffe and Hess, 
1993; Marana et al., 2008). The ZnO wurtzite structure 
belongs to the space group P63mc with a Bravais lattice 
(a = 3.250 Å and c = 5.207 Å and internal coordinate u = 
0.382) (Decremps et al., 2003) and can be depicted as a 
zinc atom surrounded by four oxygen atoms with sp3-
hybridization in a tetrahedron configuration along the c-
axis. In the ZnO this value is close to a hexagonal cell 
with a notional value of the c/a ratio of 1.633 (Morkoç 
and Özgür, 2009). 

The samples showed the formation of a 
polycrystalline film having a preferential 
crystallographic orientation in the plane (002), shown in 
Fig. 1. This indicates that the orientation film grows 
along c-axis, the direction [001] and perpendicular to the 
substrate surface (Zhang et al., 2002; Kuchiyama et al., 
2011; Tang et al., 2013). 

This growth characteristic along the c-axis is 
associated with the lowest free energy referred to the 
plan (002) (Fujimura et al., 1993). In the first stage of 
growth of the film, certain grains with particular 
orientation start growing; coalescence and 
thermodynamic orientation of the c-axis are achieved 
(Park et al., 1997).  

The ZnO and ZnO:Al films in addition to presenting 
a preferential peak in the plane (002) also exhibit the 
presence of the planes (100), (101), (102), (110) and 
(103), indicating that there was little formation of 
crystalline structure in other crystallographic directions of 
ZnO. The XRD results show that Al doped ZnO does not 
alter the structural characteristics, since the most intense 
peaks of the doped sample show up in positions very close 
to the ones noticed in undoped samples. The Bragg angles, 
intensities, full width at half maximum (FWHM) and 
crystallite size estimated using Scherrer´s formula for the 
(002) planes of the samples are listed in Table 1. 

The results of the Table 1 show that there is a 
variation ~ 0.8° at the peak position (002) between the 

pure sample and the doped sample with Al, a consequence 
of decrease in the lattice parameter c, This change in 
position is due to the difference between the ionic radius of 
Zn2+ (0.74 Å) and Al3+ (0.54 Å), causing tensions that 
consequently change the lattice parameters, indicating that 
the Al atoms replace Zn sites (Jiang et al., 2009; Park et al., 
1997; Ellmer et al., 2007; Lin et al., 2010). 

It is observed in doped sample with Al that the peak 
is more intense and the FWHM has a lower value when 
compared to the pure sample. Therefore, this indicates an 
improved crystallinity and, for the same preparation 
conditions, the crystallite size of the ZnO: Al is bigger 
than that of ZnO (Ma et al., 1996). The FWHM of the 
peak (002) was used to estimate the average size of 
crystallite along the c-axis by the Scherrer equ-ation. The 
results show that there is an increase in crystallite size 
when comparing doped (~14 nm) with the undoped 
sample (~10 nm). The value of stresses is calculated 
using equation based on the lattice parameter and is 
negative because are tensile in a direction of the c-axis. 
The increase in stress is expected in doped films since 
the presence of dopant atoms causes an increase in 
crystal lattice disorder. During the growth of the film this 
disorder is also generated due to defects, known with 
intrinsic stress. These deformations increase the energy gap 
in the case of compressions (Dimova-Malinovska et al., 
2008). We observed that there is an increase in the size of 
the crystallite accompanied by an increase in stress under 
the same growth conditions, but because it is two 
samples, further investigation is necessary. 

The dependence of spectral transmittance and refletance 
of the ZnO and ZnO:Al deposited on a glass substrate is 
shown in Fig. 2. Firstly, the values of the thickness and 
refractive index for the samples were calculated from the 
transmittance and reflectance data for λ = 550 nm by the 
Cisneros method (Cisneros, 1998). The results are shown in 
Table 2. The obtained values of thickness show that the 
films presented nanometric character. There is no 
significant correlation between the refractive index of the 
doped and pure sample. 

A transmittance above 80% can be observed in the 
visible spectral region for all films. 

In the range below the wavelength around 400 nm 
corresponds to energies greater than or equal to the 
energy value of the band gap. The strong absorption 
observed in the near ultraviolet region is typical of 
interband transition (valence-conduction) in broadband 
semiconductors. In the visible range, the high transmittance 
is related to the lack of allowed interband transitions and to 
frequencies much higher than the plasma frequency of the 
free carriers. However, a gradual decrease in transmittance 
can   be  observed  in the  infrared  region, which is related 
to   the  metallic   character  of   the   free   electrons  in  
the    conduction   band   (Nsimama   and   Samiji,  2012). 
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Fig. 1. XRD patterns of the ZnO and ZnO:Al films deposited 

onto glass substrates 
 

 
 
Fig. 2. Optical transmittance (a) and reflectance (b) of glass 

substrate and films obtained 

 
Table 1. Measurements of the peak (002) angle, intensity, FWHM, and 

crystallite size 
 Peak Intensity FWHM Crystallite Lattice Stress 
 (002) (002) (002) Size Parameter σ 
Sample 2θ (o) (cps)  (o) (nm) c (nm) (GPa) 

ZnO Undoped 34.1948 1587 0.8118 10.2 0.5240 -1.47 
ZnO:Al 34.0814 2943 0.5877 14.13 0.5256 -2.19 
JCPDS 36-1451 34.42    0.5207 

 
Table 2. Values of the thickness and refractive index for the 

samples, calculated from the transmit-tance and 
reflectance data for λ = 550 nm by the Cisneros 
method (Cisneros, 1998) 

 Substract refractive Film refractive Thickness 
Sample index (u.a.) index (u.a.) (nm) 
ZnO 1.58 2.02 454 
ZnO:Al 1.54 1.93 367 

 
 
Fig. 3. Absorption edges of ZnO and ZnO:Al samples, 

calculated using the procedure for direct bandgap 
materials.  

 
The classical free electron Drude model can be used, 
together with the spectral response, to estimate the 
carrier concentration on the conduction band. In the 
context of this model, the plasma frequency (ωp) divides 
the spectrum in highly reflecting and low transmitting 
(frequencies smaller than ωp) and low reflecting and 
transparent (frequencies bigger than ωp). In the Drude 
model ωp is proportional to the square root of the carrier 
concentration (Rahmane et al., 2015), so it can explain 
the increase in T at higher frequencies if the carrier 
concentration is sufficiently low. In quantum mechanical 
terms, the electronic oscillations provided described by 
the classical model are equivalent to intraband transitions 
of electrons in the conduction band. So, the 
transmittance window in the visible range is limited by 
interband transitions at higher energies and intraband 
transitions at lower energies.  

The effect of conduction band filling by free 
electrons can be noted on the absorption edge. Fig. 3 
shows the bandgap determination plots for the undoped 
and Al doped films, where bandgap shift due to doping 
is clear. The absorption coefficients were calculated 
using the transmittance of the films and substrates and 
the Cisneros procedure method for thin films onto 
weakly absorbing substrates.  

For ZnO films doped with aluminum, values of the 
optical band gaps in the 3.50 eV energy range were 
obtained above the intrinsic ZnO ones. The displacement 
of the energy of the optical gap is associated with the 
Burstein-Moss effect presented by Burstein (1954) 
(Burstein, 1954). According to the literature (Lu and 
Fujita, 2007), in heavily doped n-type semiconductors 
electrons occupy states at the bottom of the conduction 
band and Fermi energy moves into the conduction band. 
Due to the excursion of Fermi level, optical interband 
transitions can only occur to photons that can make 
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vertical transitions from the valence band to a state 
above the Fermi energy in the conduction band (Lu and 
Fujita, 2007). Therefore, the optical absorption edge 
shifts to higher energy and the optical energy gap 
increases. In the infrared region, the doped sample 
showed a high extinction coefficient in relation the pure 
sample, this indicates that there is a greater quantity of 
carriers present in the conduction band influenced by the 
presence of Al in films, and hence, promoting the 
occurrence of the Burstein-Moss effect.  

The fringes of low energy interference in the curve of 
the absorption coefficient for the doped film may be 
related to defects created by the presence of aluminum 
and investigated by photoluminescence. The 
photoluminescence spectra of the ZnO and ZnO:Al films 
measured at 10 K are displayed in Fig. 4. In the pure 
compound, a broad visible band with a weak tail to UV 
is observed. The PL emission related to the Al 
incorporated sample display a slightly different line 
shape in the visible, and a clear pair of narrow bands in 
the UV (Fig. 4, red curve). 

Generally, ZnO emission bands can be separated 
into two parts: (i) UV exciton bands and (ii) visible 
defect bands. The exact origin of the defect emission 
band in ZnO is not well understood and has been the 
subject of various interpretations, such as oxygen 
vacancies, zinc interstices, Zn antisites, extrinsic 
impurities and complex defects (Bixia et al., 2001; 
Martins, 2012; Das and Mondal, 2014). Previous reports 
indicate that the radiative lifetime of ex-citons pure ZnO 
is in the nanosecond range, while in the visible range the 
lifetime of the emission is longer, i.e., in the range of 
microseconds, so this justifies the emission is stronger in 
the visible (Das and Mondal, 2014). However, the 
complex dependence of UV and visible emission 
intensities is still subject of controversy in the literature 
(Mohanta, 2014; Manzano et al., 2011; Khan et al., 2013). 

The UV band emission is dominated by excitonic 
transitions (Bixia et al., 2001; Das and Mondal, 2014). 
According to Das and Mondal (2014) the appearance of 
the band around 3.35 eV is related to exciton emission or 
emission qua-si-band, that is, the photo-excited electrons 
recombine with holes in the valence band or traps near 
the valence band, considering that this is a value below 
the gap for pure ZnO. 

In the UV range the emission lines showed the 
highest intensity around 3.32 eV and 3.37 eV (Fig. 4). 
The emission line at 3.32 eV occurs in a spectral region 
where the appearance is expected emissions related to 
Two Electrons Satellites (TES) exciton bound donors 
(Djurisic and Leung, 2006; Meyer et al., 2004). The 
emission line in the range of 3.37 to 3.35 eV is 
correlated emissions bounded excitons (Klingshirn, 
2007) and by restricting the range of 3.37 to 3.36 eV 
these excitons  are  linked  to  donor  atoms  (D+X, D0X). 

 
 
Fig. 4. Photoluminescence of ZnO and ZnO:Al samples 

deposited on the silicon substrate, at tem-perature 10K 
with excitation source λ = 325 nm 

 

 
 
Fig. 5. Variation of the extinction coefficient versus 

wavelength measurements of ZnO and ZnO: Al 
 
The chemical identification of these donors is still 
unclear (Djurisic and Leung, 2006). Both emission lines 
present in the PL spectra of our samples; 3.32 eV  
(Meyer et al., 2004) and 3.37 eV (Peres, 2007) suggest a 
correlation with the effect of doping Al; since they are 
not present in the pure sample spectrum.  
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Concerning the visible PL emission, Lin et al. (2001) 
observed the green emission centered at 2.38 eV of the 
ZnO film deposited on silicon substrates and suggest that 
the green emission should correspond to the passage of 
electrons from the bottom of the conduction band for the 
level of antisite defects. Recently, ZnO spectrum was 
characterized by a green emission band that was 
associated with a defect level of oxygen vacancy 
(Mohanta, 2014). Also according to Wang et al. 
(2011) ZnO displays two bands centered at 510-540 
nm (green emission) and 600-640 nm (yellow 
emission), assigned to oxygen vacancy (Vo) and 
interstitial oxygen (Oi), respectively. 

According to Das and Mondal (2014), the visible PL 
emissions from pure ZnO films prepared by magnetron 
sputtering, correspond to a broadband coming from a 
convolution of different transitions that are related to the 
oxygen vacancy states, Zn interstitial, doubly ionized Zn 
vacancy and oxygen antisite.Due to the different 
assignments found to the sub-bands of the visible PL 
emission, it was not possible to attribute a single set of 
contributions to the observed signal. The difficulty in 
identifying the origins of emissions-related defects is due 
to the complexity of microscopic details involved (Das 
and Mondal, 2014). So, we would rather let them 
generically attributed to the different kinds of defects, 
while the narrow UV bands were attributed to Two 
Electrons Satellites (TES) and excitons are linked to 
donor atoms (D+

X, D0
X). 

To complement the results, Fig. 5 shows the 
extinction coefficient values for the deposited films. 

It is observed that the extinction coefficient for the 
doped and the undoped samples no more than 0.05 to the 
visible spectrum, with typical extinction coefficients of 
transparent films. In the infrared region, the doped 
sample showed a high extinction coefficient before the 
pure sample, which maintains a value around zero in this 
range, this indicates that there is a greater quantity of 
carriers present in the conduction band influenced by the 
presence of Al in films, and hence, promoting the 
occurrence of the Burstein-Moss effect. 

Conclusion  

Polycrystalline ZnO and ZnO:Al films were 
produced (20 min deposition) by RF reactive sputtering 
using Zn and ZnAl targets and Ar and O2 gas mixtures. 
The crystallites presented wurtzite structure and a high 
degree of orientation texture, being the crystallites c-axis 
preferentially oriented perpendicular to the surfaces of 
the substrates. The Al incorporation (2 wt.%) has 
produced significant increases in orientation texture and 
crystallite sizes. The optical band gap values of the Al 
incorporated samples are in the range 3.48 eV that are 

above the values obtained for ZnO intrinsic (3.25 eV). The 
Al incorporation results in two clear PL excitonic bands in 
the UV and are in qualitative agreement with the results 
obtained in the optical absorption coefficient. The 
extinction coefficient showed a high absorption in the 
infrared region doped samples compared to the undoped 
sample, and therefore, confirmed the increased carrier 
density by doping presence. The optical results show 
Burstein-Moss as the dominant effect related to Al 
incorporation in the films. 
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