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Optical properties of aluminum-doped zinc oxide films deposited
by direct-current pulse magnetron reactive sputtering∗
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A series of 〈103〉-oriented aluminum-doped zinc oxide (AZO) films were deposited on glass substrates via direct-
current pulse magnetron reactive sputtering at different O2-to-Ar gas flow ratios (GFRs). The optical properties of the
films were characterized using the fitted optical constants in the general oscillator model (which contains two Psemi-Tri
oscillators) through the use of measured ellipsometric parameters. The refractive index dispersion data below the interband
absorption edge were analyzed using a single-oscillator model. The fitted optical energy gap obtained using the single-
oscillator model clearly shows a blue shift, followed by a red shift, as the GFR increases from 0.9/18 to 2.1/18. This shift
can be attributed to the change in the free electron concentration of the film, which is closely related to the film stress.
In addition, the fitted β value indicates that the AZO film falls under the ionic class. The photoluminescence spectrum
indicates a photoluminescence mechanism of the direct and wide energy gap semiconductor.
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1. Introduction
Aluminum-doped zinc oxide (AZO) is a wide and direct

energy gap semiconductor whose energy gap can be adjusted
between 2.8 and 4.2 eV.[1] The large exciton binding energy
(60 meV), prominent piezoelectricity, and stability in hydro-
gen plasma environment[2] make AZO films have a potential
application in photovoltaic and piezoelectric devices, as well
as in gas and piezo sensors.[3–5] As previously reported, a va-
riety of physical and chemical methods can be used to synthe-
size AZO thin films, including magnetron sputtering, evapora-
tion, chemical vapor deposition, sol–gel technique, and pulsed
laser deposition. Of these, magnetron sputtering produces uni-
form and large-sized films with a high deposition rate. Kluth
et al.[6] adopted different sputtering techniques (direct-current
(DC), radio, and middle-frequency) to prepare AZO films us-
ing a ceramic target (ZnO/Al2O3) and an alloy target (Zn:Al).
The results show that the electricity and structure of AZO
films are closely related to pressure and the substrate tempera-
ture. Zhang et al.[7] prepared polycrystalline ZnO films via ra-
dio frequency (RF) sputtering and studied their photoresponse
and structural change. Kim et al.[8] obtained c-axis oriented
AZO films of hexagonal crystalline structure with a ceramic
target (ZnO/Al2O3) via RF sputtering, with the lowest resis-
tivity of 4.7× 10−4 Ω·cm. Agura et al.[9] used a pulsed laser
deposition method to obtain an AZO film with a resistivity
of 8.54× 10−5 Ω·cm by controlling the laser energy density.
In addition, Gao et al.[10] reported that substrate temperature
strongly affects the electrical and optical properties of AZO

films deposited via direct-current pulse (DCP) magnetron re-
active sputtering. Compared with DC and DCP sputtering, the
high-power RF sputtering system costs higher and is harmful
to human health because of its radiation injury, thus it is rarely
applied in industry.

Spectroscopic ellipsometry (SE) is an effective method
of measuring the dielectric constants based on the appropriate
system model. However, the relationship between the dielec-
tric constants and the structural and optical properties is diffi-
cult to establish via spectroscopic ellipsometry alone. In this
article, the dielectric constants of an AZO film deposited via
DCP sputtering at different O2-to-Ar gas flow ratios (GFRs)
were fitted in terms of the general oscillator model (a pa-
rameterized semiconductor oscillator model combined with
two Psemi-Tri oscillators[11]) using the measured ellipsomet-
ric spectra to investigate the interband transitions. The refrac-
tive index dispersion data below the interband absorption edge
of the film were analyzed using a single-oscillator model. The
photoluminescence (PL) spectrum of the film was also ob-
tained to verify the results of spectroscopic ellipsometry.

2. Experimental procedure
A series of AZO films were deposited on a glass sub-

strate via DCP sputtering using GFR ranging from 0.9/18 to
2.1/18 at a substrate temperature of 250 ◦C. The DCP sput-
tering system used a 40-kHz DCP signal with an 80% volt-
age duty circle. A high-purity (> 99.99%) Zn–Al alloy plate
(220 mm×80 mm×5 mm) with an Al content of 3.0 wt% was
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used as the sputtering target. The sputtering power was 125 W,
the electrode distance was 35 mm, and the working pressure
was maintained at 0.5 Pa. The glass substrate was first pre-
treated and then sequentially rinsed with acetone and alcohol
in an ultrasonic bath for 15 min to remove grease and other sol-
uble organics on the surface. The substrate was then placed in
an ultrahigh vacuum chamber previously evacuated to a base
pressure below 1.0×10−3 Pa and heated to 250 ◦C to obtain a
clean substrate surface.

The film microstructure was measured using an X-ray
diffractometer (XRD, Philips PANAlytical X’pert), and cold-
field scanning electron microscope (JSM-6700F). A Cu Kα

(λ = 0.1540598 nm) was used as the X-ray source, and the
XRD spectra was measured with a grazing angle of 5◦. The
optical constants of the film were fitted in the general oscilla-
tor model using the measured SE spectra from a variable-angle
spectroscopic ellipsometry (VASE, J. A. woollam Company).
The refractive index dispersion data below the interband ab-
sorption edge were analyzed using a single-oscillator model.
Additionally, the PL spectrum of the film was measured by a
PL spectrum tester (FluoroMax-4 type) with a xenon lamp as
irradiation source.

3. Results and discussion
3.1. Structural properties

The XRD patterns of the deposited AZO films in this
work have been reported elsewhere.[12] The as-deposited
AZO films are polycrystalline and preferentially oriented in
the 〈103〉 direction rather than the usual 〈002〉 orientation
reported.[13] The lattice constant c of the film is determined
as c = 2d(002) based on the spacing of the (002) crystalline
face. The peak position of the ZnO (002) diffraction peak
clearly deviates slightly from the standard value of the ZnO
(002) diffraction peak. This deviation is attributed to the film
stress (σ ), which can be expressed using the dual-axis stress
model, as follows:[14]

σ = [2C2
13−C33(C11 +C12)]ε/(2C13), (1)

ε = (dfilm−dZnO)/dZnO, (2)

where ε is the film strain along the 〈002〉 orientation, dfilm

and dZnO are the d-spacing of the (002) plane of the AZO and
pure ZnO films, respectively, Ci j is the elastic modulus of the
bulk ZnO films,[15] and C11 = 208.8 GPa, C12 = 119.7 GPa,
C13 = 104.2 GPa, and C33 = 213.8 GPa. Figure 1 shows the
d-spacing of the (002) crystalline face and the film stress (σ )
of the AZO films as a function of GFR. The compressive stress
initially increases to the maximum value, and then gradually
decreases as the GFR value increases. The transition from
compressive to tensile stress occurs with GFR increasing. The
change of the stress with the GFR value may be inherently
related to that of the crystalline structure.
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Fig. 1. (color online) d-spacing of the (002) crystalline face and the film
stress of the AZO films as a function of GFR.

3.2. Optical properties

In the SE analysis, the modeling parameters of interest,
i.e., the dielectric constants and layer thickness, are varied to
achieve the best fit between the calculated and experimental
SE parameters (Ψ and ∆ ). The film mass thickness (df) is de-
fined as[16]

df = db +0.5ds, (3)

where db and ds are the thicknesses of the film and surface
roughness layers, respectively. Table 1 shows the fitted df

and the parameters used in the general oscillator model for
the AZO films, with the mean-square error under 10. Here, Ec

and Br are oscillator center energy and broadening parameter,
respectively, WL and WR denote endpoint positions relative
to the center energy; AL and AR denote relative magnitude
of the left and right control points compared to the amplitude
(i.e., Amp). Figure 2 shows the measured and fitted Ψ and ∆

of the AZO film deposited at GFR = 1.5/18. The fitted Ψ and
∆ values are clearly in accordance with the measured values.
The extracted refractive index n and extinctive coefficient k of
the deposited AZO films at different GFR values are shown in
Fig. 3. An evident abnormal dispersion occurs as the photon
energy surpasses a threshold value of approximately 3.34 eV,
whereas the extinctive coefficient sharply increases above the
threshold value. This result indicates that an interband absorp-
tion occurs around the threshold value.
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Fig. 2. (color online) Measured and fitted ellipsometric parameters Ψ

and ∆ of the AZO film deposited at the GFR = 1.5/18. Solid line denotes
the measurement values.
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Table 1. Fitted film mass thickness (df) and parameters used in the general oscillator model for the AZO films.

GFR Osc. No. Amp Ec/eV Br/eV WL/eV WR/eV AL AR df/nm

0.9/18
1 0.8852 3.565 0.1 0.44762 3.7895 0.08920 0.97877

698
2 0.9165 13.608 0.1 11.299 25.269 0.43299 0.26872

1.2/18
1 0.7174 3.4208 0.1 0.25903 2.1279 0.14202 0.999

685
2 1.0368 9.5603 0.1 6.9593 30.668 0.41918 0.51622

1.5/18
1 1.3031 3.6533 0.1 1.7299 8.164 0.00590 0.72566

632
2 0.2361 13.223 0.1 71.226 3.7805 0.25721 0.52233

1.8/18
1 1.3072 3.7067 0.1 1.9038 8.2263 0.001 0.71197

588
2 0.3859 14.159 0.1 68.534 2.827 0.27154 0.3509

2.1/18
1 0.9776 3.6118 0.1 1.5289 5.5144 0.001 0.80728

516
2 0.8561 13.44 0.1 12.082 10.391 0.17699 0.56725
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Fig. 3. (color online) Fitted refractive index and extinctive coefficient
spectra of the deposited AZO films at different GFRs.

A single-oscillator model suggested by Wemple and
DiDomenico was used to estimate the energy band structure
of the AZO film and describe the hidden optical origin and
mechanism by defining the dispersion-energy parameter Ed.
For the single-oscillator model, the dispersion function in the

visible region was formalized as[17]

n2−1 = EoEd/(Eo2−E2), (4)

where n is the refractive index, E is the photon energy, and
Eo and Ed are the single oscillator and dispersive energies,
respectively, Eo and Ed are significantly correlated with the
crystalline structure and the ionicity of ionic or covalent ox-
ide materials. Figure 4 shows the plot of the refractive index
factor 1/(n2−1) versus E2 for the deposited AZO films at dif-
ferent GFRs. The refractive index data were obtained from the
SE fitting. The resulting straight line then yields values of Eo

and Ed. For large groups of crystals containing a single anion
species, Ed is empirically described as[17,18]

Ed = βNcZaNe, (5)

where β always takes the ionic value of (0.26± 0.04) eV
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Fig. 4. (color online) Plot of refractive index factor 1/(n2− 1) versus 1/E2 for the AZO films deposited at GFR of (a) 0.9/18, (b) 1.2/18, (c) 1.5/18, (d)
1.8/18, and (e) 2.1/18.
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for halides and most oxides; Nc is the coordination number of
the cations nearest the anion; Za is the formal chemical valency
of the anion; and Ne is the efficient number of valence elec-
trons per anion (usually equal to 8). For ZnO (taking Ne = 8,
Nc = 4, Za = 2), the calculated values of β with the increase of
GFR value are 0.2297, 0.2445, 0.2502, 0.2466, 0.2444, which
indicates that the AZO falls under the ionic class.

In terms of the single-oscillator model, the band gap
Ea introduced by Hopfield[19] provides the link between the
single-oscillator parameters (Eo, Ed) and the Phillips static-
dielectric constant parameters (Eg, hωp), as follows:

EoEa = E2
g , (6)

EaEd = (hωp)
2, (7)

where Eg and hωp are the optical energy gap and plasma os-
cillator energies, respectively, and Eo obeys an empirical rela-
tionship (Eo ≈ 2Eg

[18,20]). The calculated Eg and hωp (Fig. 5)
show similar change tendencies as the GFR value increases. A
blueshift in Eg initially occurs as the GFR increases to 1.5/18,
followed by a redshift. To confirm the fitted Eg in terms of
Eqs. (6) and (7), the PL spectrum of the AZO film deposited
at GFR = 1.2/18 was obtained and is shown in Fig. 6. The
excitation wavelength was 300 nm. The PL peak centered at
approximately 3.147 eV almost coincides with the fitted direct
interband transition value, indicating a direct-energy gap PL
mechanism for the AZO film.
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Fig. 5. (color online) Calculated optical energy gap Eg and plasma os-
cillator energy hωp of the AZO films as a function of GFR.
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Fig. 6. (color online) Photoluminescence spectrum of the AZO film
deposited at the GFR = 1.2/18.

The shift in the absorption edge of an n-type semiconduc-
tor is expressed in the following equation:[21]

∆EBM = h2(3π
2Ne)

2/3/(2m∗vee), (8)

where m∗ve is the reduced effective mass, Ne is the free electron
concentration, and e is the electronic charge. A slight blueshift
in the absorption edge may be attributed to the increased free
electron concentration, known as the Burstein Moss effect;[22]

however, the mechanism for a slight redshift remains to be
agreed on. Some researchers suggest that the redshift in Eg is
associated with the relaxation of the compressive stress along
the direction of the dislocation and grain,[23] whereas others
argue that the defects around the surface may also contribute
to the redshift in the optical band gap. According to our re-
sult, the change in Eg is similar to the transition from com-
pressive to tensile stress as GFR increases, indicating that the
shift in the absorption edge of the AZO films may be attributed
to the transition of the film stress, and that the free electron
concentration is closely related to the film stress. The GFR
value affects the crystalline structure which affects the film
stress and the free electron concentration. A modulated strain
could be introduced to achieve a quantum confinement of the
carriers.[23]

4. Conclusions
The AZO films deposited via DCP sputtering at differ-

ent GFR values are 〈103〉 preferentially oriented. The optical
constants of the AZO film were obtained by fitting the SE data
in the general oscillator model. An evident abnormal disper-
sion occurs at a photon energy above 3.34 eV. Analysis of the
refractive index dispersion relation using the single-oscillator
model shows that the AZO film falls under the ionic class. A
blueshift in Eg initially takes place as the GFR value increases
to 1.5/18, followed by a redshift. The blueshift in the absorp-
tion edge is attributed to the increased free electron concentra-
tion, whereas the redshift is attributed to the transition of the
film stress from compressive to tensile stress.
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