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Al-doped ZnO thin films were deposited from two different targets. Ceramic targets were used in RF magnetron sputtering,
whereas pulsed magnetron sputtering was used to grow films from powder targets. ZnO:Al films with different thicknesses were
sputtered directly on soda-lime glass substrates. The film thickness was in the 0.04–2.0 μm range. The microstructure, such as
the grain size and the texture, of the two differently grown ZnO:Al transparent conductive oxide films of different thickness, was
studied using X-ray diffraction θ/2θ scans. The optical properties, such as the transmittance and reflectance, were measured using
a UV-Vis-NIR spectrometer. Further, the sheet resistance, resistivity, carrier concentration, and Hall mobility of these ZnO:Al thin
films were measured as a function of film thickness. These results obtained from the two different deposition techniques were com-
pared and contrasted.

1. Introduction

Recently, zinc oxide (ZnO) thin films have received increas-
ing attention as an alternative window material for photo-
voltaic cell applications where low-resistance and transparent
films are required. Aluminum-doped ZnO (ZnO:Al) thin-
film transparent conductive oxides (TCOs) are excellent can-
didates for a transparent front contact for solar cells. Further,
TCO films have found extensive applications in optoelec-
tronic devices (e.g., solar cells, liquid-crystal displays, heat
mirrors, and multiplayer photothermal conversion systems).
Zinc oxide has attracted attention as a TCO because of its
(i) large bandgap (3.3 eV), (ii) high conductivity, (iii) ease
in doping, (iv) thermal stability when doped with group III
elements, and (v) abundance in nature and nontoxicity. In
addition to potential use as a TCO in optoelectronic devices,
ZnO thin films also find application as gas sensors because of
their high electrical resistivity. The optoelectronic properties
of ZnO thin films depend on the deposition and postdepo-
sition treatment conditions because these properties change
significantly with the (i) nature of chosen doping element,
(ii) adsorption of oxygen that occurs during film deposition,
(iii) film deposition temperature, and (iv) desorption during
annealing treatment in a reducing atmosphere.

Several deposition techniques are used to grow ZnO:Al
thin films, including chemical vapor deposition (CVD) [1],
spray pyrolysis [2, 3], pulsed laser deposition (PLD) [4], and
magnetron sputtering [5–7]. Compared to other techniques,
magnetron sputtering has many advantages, such as (i)
sputter cleaning of the substrate in vacuum prior to film
deposition can be done; (ii) the composition of the films
grown is quite close to that of the target; (iii) the surface
of the films is very smooth; (iv) film thickness is easily con-
trolled by fixing the operating parameters and simply adjus-
ting the deposition time; (v) it can easily be scaled to obtain
large-area films for practical applications.

The aim of this paper is to show the effect of the different
targets, ceramic and powder, used with magnetron sput-
tering techniques, on the properties of the grown films. Films
with different thicknesses of ZnO:Al were prepared and ana-
lyzed for their structural, transmittance, and electrical prop-
erties.

2. Experimental Procedure

2.1. Growth. ZnO:Al films were deposited from two different
targets. Ceramic targets were used in RF magnetron sputter-
ing, whereas pulsed magnetron sputtering was used to grow
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films from powder targets. ZnO:Al films with different thick-
nesses were sputtered directly on soda-lime glass substrates.
The film thickness was in the 0.04–2.0 μm range.

2.1.1. RF Sputtering from Ceramic Targets. Conductive ZnO
films were deposited directly on soda-lime glass substrates by
RF sputtering from a compound ZnO:Al2O3 target with 2%
Al2O3 by weight. The film thicknesses were 0.04, 0.1, 1.0, and
2.0 μm. Table 1 shows the sputtering conditions in detail. The
substrate temperature was difficult to maintain at a constant
level during the deposition, due to gradual increase from
room temperature to about 400 K (the nature of sputtering
operation required bombardment with high-energetic elec-
tron which bound to increase the substrate temperature).

2.1.2. Pulsed Magnetron Sputtering from Powder Targets. The
ZnO:Al films were deposited in a system specifically designed
for powder target use [8]. A single 180 mm-diameter high-
field-strength unbalanced magnetron was installed in the
base plate of the chamber in the “sputter-up” configuration.
The substrate holder was positioned directly above the
magnetron, at a separation of 120 mm. The substrate holder
could be RF biased (Advanced Energy RFX600), if required.
A 1 kW radiant heater was also installed in the rig, which
could be positioned, after deposition, to face the coated sub-
strate. This allowed annealing of the coatings to occur in
controlled atmospheres at substrate temperatures of up to
500◦C. Finally, a dummy magnetron was installed in the
chamber roof vertically opposed to the magnetron. This
dummy device only included an outer ring of magnets and
was installed to produce a closed magnetic field across the
chamber. The intention here was to enhance film structure
and properties by maximizing the ion-to-atom ratio incident
at the substrate [9, 10].

The powder blends were made by mixing appropriate
quantities of 99.99% pure zinc oxide and aluminum oxide
powders in a rotating drum for several hours. For each mate-
rial, the particles were typically a few micrometers in diam-
eter. Initially, batches were produced with a dopant concen-
tration of 4 wt% alumina. Following blending, about 60 g of
powder were evenly distributed across the surface of a cop-
per backing plate on the magnetron to form a target. The
backing plate was recessed to a depth of 2 mm to allow a
reasonable target thickness to be produced. The powder was
lightly tamped to produce a uniform thickness and surface to
target distance. No further processes were involved in target
production.

The ZnO films were deposited onto soda-lime silicate
glass microscope slides. The substrates were precleaned using
a proprietary glass cleaner (“Windolene”) before loading into
the chamber and RF being sputter-cleaned at 250 W for
30 min prior to deposition. The magnetron driver was a
10 kW Advanced Energy Pinnacle Plus supply, operated in
current-regulation mode (target current = 2 A) at a pulse fre-
quency of 350 kHz (62% duty). During sputtering, the argon
flow rate was fixed at 30 sccm. Oxygen was also introduced
into the chamber at a flow rate of 2.4 sccm, to maintain the
required coating stoichiometry. The coating pressure was

Table 1: RF sputtering conditions for deposition of ZnO films from
ceramic targets.

Deposition parameter Conditions

R.F. power (WAr) 200 W

Presputtering 5 min before each deposition

Base pressure 5 × 10−6 torr

Argon pressure (PAr) 5 mtorr

Substrate temperature Unheated and no control

Target-to-substrate distance 11.5 cm

0.4 Pa. Run times varied from 1 to 4 h, depending on the
coating thickness required. Following deposition, the coat-
ings received no further treatment.

2.2. Characterization. The microstructure, such as the grain
size and the texture, of the two differently grown ZnO:Al
TCO thin films was studied. We examined the texture of
the ZnO:Al samples of different thickness using the X-ray
diffraction θ/2θ technique. Also, we calculated the grain size
of the ZnO:Al films by using Peak Fit V3.0 software and by
measuring the broadening of the diffraction lines measured
at half-maximum intensity. The grain size can be calculated
by using Scherrer’s equation [11], given by

t = 0.9λ
[
β cos(θ)

] , (1)

where t is the diameter of the crystallite in the direction
perpendicular to the planes that generate the diffraction lines
at the Bragg angle 2θ. β is the broadening of the diffraction
line measured at half-maximum intensity in radians and
given by

β2 = β2
M + β2

S , (2)

where βS is the measured breadth at half-maximum intensity
of the line from a standard and βM is the measured breadth
at half-maximum intensity of the line from the ZnO:Al thin
film. LiB6 powder (from NIST) was used as a standard
material.

The optical properties, such as the transmittance and ref-
lectance, were measured using a UV-vis-NIR spectrometer.
Measurements were also done for the electrical properties,
such as resistivity, mobility, and carrier concentration, using
a Bio-Rad Hall measurement system.

The transmittance and the reflectance curves were mea-
sured using a UV-vis-NIR spectrometer at NREL. The absor-
bance was calculated using the following equation:

A = 100− R− T , (3)

where A is the percent absorbance, T is the percent transmit-
tance, and R is the percent reflectance. From the slope of the
absorption curve near the band edge in the Tauc equation
[12],

(αhν)2 = B
(
hν− Eg

)
. (4)
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Figure 1: θ/2θ XRD scans of ZnO:Al films with different thick-
nesses, grown from ceramic targets.

It is possible to determine the energy gap (Eg) by plotting
(αhν)2 versus photon energy (hν) then taking a straight-line
relationship at high absorption data (α > 104 cm−1). The zero
intercept at α = 0 gives the energy gap for direct transition.

One important optical characterization of TCOs is that
they have a transmission window between wavelengths of
about 0.4 and 1.5 μm. At wavelengths shorter than 0.4 μm,
absorption occurs due to the fundamental bandgap; thus,
light cannot be transmitted due to a quantum phenomenon.
At longer wavelengths, reflection occurs because of the
plasma edge, and light cannot be transmitted due to a clas-
sical phenomenon. The wavelengths at which these transi-
tions occur are determined by a number of fundamental
characteristics, as well as by the concentration of free elec-
trons.

3. Results and Discussion

3.1. RF Sputtering from Ceramic Targets

3.1.1. Structural Properties. X-ray θ/2θ diffraction patterns
revealed that all ZnO:Al films exhibit a strong 〈002〉 texture
parallel to the growth direction (absent or weak diffraction
from other planes). Figure 1 shows the X-ray diffraction
pattern corresponding to (002) planes for the three ZnO:Al
films of different thickness, as indicated in the figure. A small
shift is observed in the center of the peak upon going from
the thinnest to the thickest film. By calculating the “c” lattice
constant for the (002) plane, we found that this lattice cons-
tant was 5.252 Å for the 0.1 μm-thick film, whereas it was
5.206 Å for the 2 μm-thick film. This result could be due to
either a residual stress difference with thickness or the higher
incorporation of Al in the thicker films as indicated by the
higher carrier concentration.
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Figure 2: Calculated grain size for the ZnO:Al films grown from
ceramic target.

By measuring the width at half maximum of the above
diffraction lines for (002) planes shown in Figure 1, as well
as for the diffraction lines corresponding to the powder
standard sample, we could calculate the diameter of the crys-
tallites. Figure 2 shows the grain diameter (in Å) versus the
ZnO:Al film thickness. The grain size is 15 nm for the 0.1 μm
film thickness, then increases up to 22 nm with increasing
film thickness. This means that a disorder of the grain size is
elevated, and this will lead to a polycrystalline film structure.

For a randomly oriented powder ZnO sample [12], the
“c” lattice constant is 5.2066 Å. The slightly higher measured
lattice constant indicates that the films are under compressive
stress, which may be due either to (i) lattice expansion in
the growing films induced by energetic incorporated working
Ar gas that bombards the growing ZnO:Al films by atomic
peening action [13], or (ii) another mechanism related to Al
incorporation mentioned above. Also, a decrease in grain size
correlates well with the increase in strength and hardness
[11].

3.1.2. Optical and Electrical Properties. Figure 3 shows the
transmittance and reflectance of the four films with different
thickness, and Figure 4 shows the corresponding absorbance
curves. Some features in these graphs are worth noting.
First, there is a sharp increase in the transmittance as the
wavelength of light increases above 350–400 nm, with a cor-
responding dramatic decrease in the absorption, as shown in
Figure 4. This is due to the absorption at the optical bandgap,
where for the ZnO direct semiconductor, the minimum
energy gap is 3.2 eV (388 nm) at room temperature [14].
Second, a slow decrease can be noticed in the transmit-
tance starting at 1000 nm for the two thicker samples, with
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Figure 3: (a) Transmittance and (b) reflectance data for the ZnO:Al2O3 films of different thickness.
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Figure 4: Absorbance data for the ZnO:Al2O3 films of different
thickness.

a gradual increase in the absorbance. Third, the region of
transparency is reduced on the long-wavelength side for
the films with higher carrier concentration (see Table 1).
Sernelius et al. [15] discussed such a shift and asserted that
the optical bandgap of a heavily doped semiconductor can be
larger or smaller than that of the undoped host crystal. The
former is due to the Burstein-Moss effect. The latter can
also happen, which may be due to the effects of strain or
stress and other types of imperfections. We believe that our
observations are related to the latter effect. The XRD results
of this work indicate that the films are under more com-
pressive stress with increasing the thickness. Many TCOs
exhibit such a shift in optical bandgap [16].

Table 2 shows the sheet resistance, resistivity, carrier con-
centration, and Hall mobility of ZnO:Al thin films as a func-
tion of film thickness. As the latter increases, the electrical

Table 2: Measured electrical properties for ZnO:Al2O3 films grown
from ceramic targets.

Thickness
(μm)

Sheet
resistance

(Ω/�)

Resistivity
(Ω·cm)

Mobility
(cm2/V·s)

Carrier con-
centration

(1/cm3)

0.04 3.75 × 105 1.49 0.4 −1.05 × 1019

0.1 5.71 × 103 0.0571 1.5 −7.30 × 1019

1.0 24.4 0.00244 5.46 −4.69 × 1020

2.0 7.15 0.00143 10.3 −4.25 × 1020

characteristics become more pronounced favorably for TCO.
The resistivity is proportional to the reciprocal of the product
of the carrier concentration (N) and the mobility (μ). There-
fore, the change in resistivity is ascribed to the change in N
and/or μ, which are characteristic parameters reflecting the
film stoichiometry and/or the impurity contents. As we men-
tioned before when the thicknesses of films increased the
grain size increased which caused that mobility and carrier
concentration increased.

3.2. Pulsed Magnetron Sputtering from Powder Targets

3.2.1. Structural Properties. The coatings grown from pow-
der source were also subjected to structural and composition
tests. Electron probe microanalysis (EPMA) indicated that
the coatings contained about 2 wt% aluminum compared to
4 wt% aluminum in the target. The same technique is not
able to determine the stoichiometry of the films, as it does
not quantitatively measure oxygen. Table 3 shows the rela-
tionship between the aluminum concentration in the target
(Al2O3) and Al in the coatings for three different film thick-
nesses.

In an earlier publication on these films [17], scanning
electron microscopy (SEM) images of a fractured section of



Advances in Condensed Matter Physics 5

Table 3: EPMA analysis of composition of Al in coatings compared
to that in powder target.

Film thickness
(μm)

Powder blend
(wt% Al2O3)

Al in the film
(wt%)

0.1 2 0.5

1.0 4 1.5

2.0 4 2.5

30

80

130

180

230

280

330

20 30 40 50 60 70 80

In
te

n
si

ty
 a

rb
it

ra
ry

 (
c/

s)

(002)
(100)

0.04 μm
0.1 μm

1 μm
2 μm

2θ (deg)

Figure 5: XRD θ/2θ scans for ZnO:Al films grown from powder
source with different thickness.

a typical film showed dense columnar structure and appeared
to be free of voids. The X-ray θ/2θ diffraction patterns re-
vealed that these ZnO:Al films exhibit a strong 〈002〉 texture.
Weak 〈100〉 diffraction is observed with thinner samples.
Figure 5 shows the X-ray diffraction pattern for three ZnO:Al
films of different thicknesses. A small shift occurs in the cen-
ter of the peak from the thinnest to the thickest film.

We calculated the diameter of the crystallites by measur-
ing the width at half maximum of the above diffraction lines
for (002) planes shown in Figure 5, as well as for the diffrac-
tion lines corresponding to the powder standard sample.
Figure 6 shows the grain diameter (in Å) versus the ZnO:Al
film thickness. The grain size is 4.5 nm for the 0.04-μm film
thickness, then increases up to 18.5 nm for the 2-μm film.

3.2.2. Optical and Electrical Properties. The transmittance
and reflectance of the four films with different thicknesses
were shown in Figure 7, while Figure 8 shows the corre-
sponding absorbance curves. The following features in these
graphs are worth noting. In the wavelength regime above
350–400 nm, there is a marked increase in the transmittance,
with a corresponding dramatic decrease in the absorption, as
shown in Figure 8. These observations are attributed to the
absorption at the optical bandgap, where for the ZnO direct
semiconductor, the minimum energy gap is 3.2 eV (388 nm)
at room temperature [14]. Furthermore, a slow decrease
can be noticed in the transmittance starting at 1000 nm for

Table 4: Measured electrical properties for ZnO:Al2O3 films grown
from powder source.

Thickness
(μm)

Sheet
resistance

(Ω/�)

Resistivity
(Ω·cm)

Mobility μ
(cm2/V·s)

Carrier con-
centration N

(1/cm3)

1.0 135 0.0135 7.56 6.12 × 1019

2.0 48.4 0.00967 3 −2.15 × 1020

0

20

40

60

80

100

120

140

160

180

200

0 0.5 1 1.5 2 2.5

Film thickness (μm)

G
ra

in
 s

iz
e 

in
 (

Å
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Figure 6: Calculated grain size for the ZnO:Al films grown from
powder target.

the two thicker samples, with a gradual increase in the absor-
bance. Third, the region of transparency is reduced on the
long-wavelength side for the higher carrier concentration.

Table 4 shows the sheet resistance, resistivity, carrier con-
centration, and Hall mobility of ZnO:Al thin films grown
from a powder target as a function of thickness. When the
thicknesses of films decreased from 2.0 to 1.0 μm the type of
carrier changed from n- to p-type. No meaningful readings
were obtained for thinner coatings (0.04 and 0.1 μm).

4. Summary and Comparison

4.1. Structural Characteristics. Aluminum-doped zinc oxide
films were grown from two different targets: ceramic targets
were used in RF magnetron sputtering, whereas pulsed mag-
netron sputtering was used to grow films from powder tar-
gets. Films with different thicknesses were directly sputtered
on soda-lime glass substrates.

Grazing angle X-ray diffraction was used to investigate
the structural properties of these films. The angle was varied
from 0.2 to 5.0 degrees, while all other parameters were kept
constant. A film thickness of 1 μm was used in theses studies.
The X-ray scans revealed that all ZnO:Al films exhibit a
strong 〈002〉 texture. Figures 9(a) and 9(b) show the X-ray
diffraction patterns at different angles (film depth) for 1.0-
μm films deposited by the two techniques. Both show a clear
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Figure 7: Transmittance and reflectance data for the ZnO:Al2O3 films grown from powder targets at different thickness.
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Figure 8: Absorption coefficient calculated data for the above
ZnO:Al2O3 films.

〈103〉 pattern close to the surface that decreases as the X-ray
penetrates deeper into the bulk of the film. It is clear that
closer to the film surface, the 〈103〉 texture is more dominant
in the films from ceramic targets than those of the powder
targets. In all cases, small shifts in the position of the peaks
are observed from the thinnest to the thickest films.

4.2. Optical Characteristics. Figure 10 shows the transmit-
tance of four films, two of each growth technique but with
different film thicknesses. Some features in these graphs are
worth noting. The films show typical optical characteristics
of TCOs, whereas they have a transmission window in the
0.4–1.5 μm wavelength range. The average transmittance for

films deposited by both techniques decreased as the film
thickness was increased from 1.0 μm to 2.0 μm. However,
there is a sharp increase in the transmittance as the wave-
length of light increases between 350 and 400 nm for the
1.0 μm film grown from the ceramic target by RF sputtering,
and a rapid decrease in transmittance of the 2.0 μm film
grown by the same technique. The latter occurs at longer
wavelengths because of the plasma edge, and light cannot be
transmitted due to a classical phenomenon.

Figure 11 shows optical transmission (300–500 nm) as a
function of wavelength for ZnO films of two different thick-
nesses prepared by the two different magnetron sputtering
techniques. The shift in absorption edge is likely to be
due residual compressive stress in the films. This change in
absorption edge (small bandgap narrowing) is important in
window-layer coating because it can help prevent unwanted
absorption in the luminous spectra range.

Figure 12 shows the variation of the direct energy gap
(Eg) of ZnO films grown from ceramic and powder targets
with different thicknesses. It is observed that Eg of ZnO
films is decreased by about 0.6 eV as the thickness increases
from 40 nm to 2000 nm for both growth methods. A possible
interpretation of this decrease may be an increase in the loca-
lized density of states within the energy gap. This causes a
shift to lower energy gap, that is, higher wavelength. An im-
portant observation is that the value and trend of Eg for both
growth methods are almost the same.

4.3. Electrical Characteristics. All transparent conducting
ZnO films have n-type conductivity. The high conductivity
of these films results mainly from stoichiometric deviation.
The conduction electrons in these films are supplied from
donor sites associated with oxygen vacancies or excess metal
ions. These donor sites can be easily created by chemical
reduction or intentional doping. Electrons generated from O
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Figure 9: Grazing angle θ/2θ XRD scans taken at different angles for thin films grown from (a) ceramic targets. Film thickness is 1.0 μm (b)
powder targets. Film thickness is 1.0 μm.
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Figure 10: Transmittance for the ZnO:Al2O3 films of four different
thicknesses grown by two different techniques.

vacancies and Zn interstitial atoms primarily dominate the
conduction characteristics of ZnO. The electrical conductiv-
ity in ZnO:Al films is higher than that of pure ZnO film, due
to the contribution from Al ions on substitution sites of Zn
ions and Al interstitial atoms, as well as from O vacancies and
Zn interstitial atoms. Coutts et al. [18] have demonstrated
that the conductivity of a TCO may be increased without
compromising the optical properties by increasing the mobi-
lity, rather than the free-carrier concentration. This demon-
strates that RF sputtering from a ceramic target is better
suited for photovoltaic devices, rather than other techniques.
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Figure 11: Optical transmission for the ZnO:Al2O3 films of two
different thicknesses grown by two different techniques.

Despite similar carrier concentration in films of 1.0 and
2.0 μm thickness for both growth techniques, some difference
may be noted in mobility: 10.3 cm2/V·s for the RF sputtered
from ceramic targets and 3.0 cm2/V·s for the pulsed mag-
netron sputtering films grown from powder targets. Collec-
tively (from Tables 2 and 4), the films grown from the cera-
mic targets using RF magnetron sputtering exhibited much
preferable electrical characteristics, whereas lower sheet
resistance and resistivity and higher mobility and carrier
concentration have a constant trend with increased thick-
nesses.
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