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Abstract— We optimized radio-frequency (RF) sputtering
parameters for depositing low-thickness
(ca 100 nm)
aluminum-doped zinc oxide (AZO) for solar cell applications
aimed at reducing optical losses commonly associated with
transparent conducting oxides (TCO), which causes a
significant reduction in the efficiency. X-ray diffraction (XRD)
analysis and high-resolution scanning electron microscopy (HRSEM) aided in studying the variations in the structure and
morphology with deposition parameters and temperature. The
optical characterizations using UV-Vis spectral measurements
showed above 90% transmittance, with resistivity
characterizations using four-point probe and Hall
measurements. We defined a quality factor (QF) to characterize
the performance of TCO layers, considering equally the
resistivity and transmittance as they play vital roles in their
TCO applications. The reported parameters produced films
with lower resistivities and high QF for TCO applications with
no use for post-deposition temperature treatments.
Keywords— quality factor (QF), aluminum-doped zinc oxide
(AZO), rf sputtering, Transparent conducting oxide (TCO)

I. INTRODUCTION
The suitability for transparent conducting oxide (TCO)
materials for photovoltaic applications depend on the
bandgaps (~3.3 eV), high lateral conductance, and high carrier
mobility, which allow for the transference of photo-generated
current to the electrical contacts without significant losses
[1,2].
The use of aluminum-doped zinc oxide (AZO) thin films
as an alternative TCO layer to commonly used ITO depend on
the comparable electrical and optical properties, with the
choice of doping ZnO with aluminum among the other group
III elements (Al, Ga, and In) primarily due to its low raw
material cost [3–5]. The reported resistivity values of AZO
films for TCO solar cell applications range between 1×10−4 to
10 Ω cm, and doping with Al (optimal between 1 and 3 at%
[6]) modifies the defect density influencing the resistivity,
optical, morphological, and lattice properties of the ZnO
structure. The lower resistivity values attained with some postdeposition treatment, usually by annealing at elevated
temperatures up to 500oC [6–8], may cause some detrimental
effects during device fabrications (e.g., the diffusion of Al into
the absorber layer) in the substrate configuration. The optimal
deposition techniques and parameters [6,8–12] affect the
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properties of the deposited films, which in turn influences the
efficiency of the solar cell device [13,14].
The regular use of radio-frequency (RF) deposition
method as the preferred choice for AZO deposition is due to
the potential for low-temperature growth, industrial
applicability, relatively excellent uniformity,
and
reproducibility independent of deposition temperature
[13,14].
Previous studies with thick AZO layers to reduce the
resistivity of the layer show detrimental effects to the
transmittance property of the layer. However, recent reports
on high-efficiency solar cells show that low-thickness AZO
layers can also provide excellent efficiency [12]. Furthermore,
with recent studies aimed at developing ultra-thin devices
[15–17], the deposition of ultra-thin AZO layers is of vital
significance to the efficiency. Considering the resistivity and
transmittance of the TCO layers, which possess equal
importance for device fabrication, the evaluation of
quantitative performance using a quality factor (QF) provides
a tool for evaluating performance. We define the QF (similar
to the figure of merit (FOM defined by [18]) as:
QF

=transmittance
x
= transmittance/sheet

sheet
conductance
resistance
(1)

A sufficiently thin layer is required to achieve a high
transmittance, which inversely causes a higher sheet
resistance in the thin films. Thus, the above inverse relation
puts a limit on the QF value.
This study aims at optimizing the RF sputtering
parameters for depositing ultra-thin AZO films (~100 nm)
with higher transmittance and comparatively low sheet
resistances at moderate temperatures (< 200 oC) with no need
further post-deposition treatment. We have no knowledge of
any available prior literature on low thickness deposition of
AZO at relatively low temperatures with the deposition
parameters, as reported in this work.

II. EXPERIMENTS
A. Materials
The 10x10 cm2 glass substrates (pre-cleaned plain Micro
slides, Corning No 2947), Extran solution, sodium hydroxide
pellets (NaOH, assay ≥ 98%), and hydrochloric acid (HCl)
(ACS reagent, 37% assay) were all purchased from Sigma
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Contrary to the observations during sputtering at lower
pressures mainly for single elemental materials (e.g., Mo)
[19,21,22], materials that require some doping tend to require
some higher pressures to allow for incorporation of the dopant
in the crystal structure.
C. Deposition at optimized power and temperature effects
Adopting an optimal sputtering power (125 W) and
pressure (20 mTorr), we increased the deposition time (150
minutes) to improve on the thickness of the thin-film. The
average thickness of the AZO thin films is 97 nm.
III. ANALYSIS OF RESULTS
A. Structural characterization
The X-ray diffractogram of the AZO films (Fig. 1) showed
characteristic peaks of a hexagonal wurtzite structure (ICCD
00-036-1451), with preferred orientation and peak intensities
varying with deposition parameters and temperature effects.
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The reduction in resistivity could be due to improved
doping of the ZnO lattice with Al ions. Attempts at depositions
with lower sputtering power (50 W or lesser) and higher
pressure (≥15 mTorr) produces no measurable thickness and
very high resistivity beyond the scale of our equipment. The
poor deposition may be due to high entropy and less kinetic
energy. We ignored a further increase in sputtering power
(beyond 135 W) to accommodate the limits of the maximum
power density of the target (20 W/inch2).
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At a constant sputtering power of 125 W, increasing the
working pressure results in lesser thickness. We observed,
however, that the resistivity of thin films tends to decrease
with increasing pressure. Further increase in working pressure
beyond 25 mTorr may present detrimental effects on the films,
as evident on the very low deposition rates commonly
associated with RF sputtering [14].
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The optimization results on thickness and resistivity
characterizations for AZO films (Table I) deposited for 90
minutes at ambient temperatures showed variations with the
working pressure and sputtering power. Increasing the
sputtering power at a constant pressure value of 15 mTorr
showed an accompanying reduction in resistivity and
increased thickness.
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The changes in sputtering power and pressure affect the
kinetic energy and mean free path of the sputtered atomic
species. Increasing the sputtering power at constant pressure
increases the kinetic energy of the sputtering Ar ion, and thus
the kinetic energy of the ejected ions, which results in
increased deposition rates and thicker films. Alternatively,
increasing the sputtering pressures causes reduced thickness
due to increased collision of the sputtered atomic species and
decreased mean free path.
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B. Optimizing deposition parameters and results
The RF depositions with an operating frequency between
50-60 Hz, has the target-to-substrate distance was adjusted to
about 6.0 cm and tilted to about 55° to the horizontal as these
conditions affect physical deposition techniques [20]. The
base pressure for all film depositions was approximately 5.0 ×
10−6 Torr to avoid contamination from any residue gas in the
sputtering chamber. Ambient depositions had the
temperatures rise to ~43 oC due to non-intentional heating. A
substrate rotation of about 0.05 rpm was maintained in
depositions to ensure the uniformity of the film over larger
surface areas and reflected power of less than 3 W for all
depositions.
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Aldrich and cleaned using the method described in [19]. We
bought zinc oxide with Alumina target (ZnO/Al2O3, 98/2
wt%; 3.00” (76.2 mm) diameter and 0.250” (6.35 mm)
thickness with 99.999% pure part) from Kurt J. Lesner. We
purchase Argon (Ar, 99.99%) and nitrogen (N2) gas cylinders
from Infra group-Mexico (Industrial line standards).

THICKNESS AND RESISTIVITY FOR VARYING SPUTTERING
POWERS AND PRESSURES
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Fig. 1. XRD pattern of the AZO films deposited at (a) different pressures
and the same power and (b) different temperatures

We observed the (002) peak position previously lacking in
depositions with lower working pressure (5 mTorr) (Fig. 1a)
as the pressure increased (20 mTorr), which could be due to
the greater incorporation of Al within the crystal lattice. At a
constant power of 125 W and 20 mTorr working pressure, the
increase in substrate temperature (Fig. 1b) seemed to increase
the relative peak intensity and induce a change in the preferred
orientation from (101) to (002) at a substrate temperature of
200 oC, consistent with an increase in the atomic ratio of Al
[8,11,23]. This inclusion of Al also reflects in the shift of the
diffraction angle to a higher 2θ value and a marginal increase
in the bond length, L (Table II).

200 nm

TABLE II.
LATTICE PARAMETERS OF AZO FILMS DEPOSITED AT 125
W AND 20 MTORR AT DIFFERENT TEMPERATURES: AMBIENT, 100OC AND
200OC
FWHM D
(β)
(nm)

Temp.
(oC)

2θ
(o)

a
(Å)

c
(Å)

c/a

L
(Å)

Ambient

35.76

0.472

18.5

3.253

5.295
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1.990
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13.8

3.273

5.270

1.610

1.995

200

36.12

0.394
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3.261

5.305

1.627

1.994
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Fig. 2. Surface micrograph using FE-SEM for films deposited using 125 W
and 20 mTorr at (a) ambient (b) 100 oC and (c) 200 oC

Elemental analysis for the percentage compositions in the
AZO thin films using energy-dispersive spectroscopy (EDS)
(Table III) shows that the composition of Al in the thin films
increases with temperature.
TABLE III.

B. Morphological analysis
The surface morphology of the AZO films (Fig. 2) showed
the presence of randomly oriented grains, which appears to
increase with the effects of temperature. The application of
temperature gradient causes a reduction in the surface energy
of ZnO [24] and allows for more incorporation of Al [25]. The
increase in grain sizes offer better compactness and helps to
decrease optical scattering [12].
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The increased Al content can also account for a potential
increased conductivity of the films and a possible shift in the
band-edge of the films.
C. Electrical measurements
The measured sheet resistance and calculated resistivity of
the thin films decrease as the working pressure increases [26]
at constant deposition power (Table IV). The decrease could
be due to the higher inclusion of Al, causes the improvement
in the electrical property and the changes in the structure and
morphology of the thin film reported in the previous sections.
The increase in resistivity as the pressure increases from 20
mTorr to 25 mTorr could be due to poor crystallization and
very little thickness deposited.

200 nm
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TABLE IV.
AVERAGE THICKNESS AND ELECTRICAL PARAMETERS
FILMS DEPOSITED IN AMBIENT USING FOUR-POINT PROBE MEASUREMENT
Power
(W)

Pressure
(mTorr)

Average
thickness
(nm)

Sheet
Resistance
(102 Ω/□)

Resistivity
(10-3 Ω cm)

125

5
10
15
20
25

367
246
155
97.9
68.5

569.6
6.412
7.672
4.276
6.518

2091
15.75
11.93
4.186
4.463

The characterization of thin films deposited at a constant
power of 125 W and a pressure of 20 mTorr (Fig. 3) shows a
variation in the resistivity values with the effects of
temperature.
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TABLE V.

QF FOR THE FILMS DEPOSITED AT 125 W, 20 MTORR AT
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Fig. 3. Variation of sheet resistance (ρs) and resistivity (ρ) at different
temperatures (with constant 125 W and 20 mTorr depositions)

With the application of temperature, we measured a
decrease in sheet resistance and the calculated resistivity at
from ambient to 100 oC depositions (Fig. 3). The increase in
the resistivity at depositions with 200 oC substrate
temperature could be due to a change in the crystal orientation
and distortions in the lattice parameters with increased
temperature [14].
D. Optical characterizations
The optical transmittance for TCO layers, desirable > 85
%, typically decreases with increasing thickness [27,28].
Since the resistivity of the thin films decreases with increasing
thickness, there is a vital requirement to optimize the optical
and electrical properties to minimize parasitic light
absorption. The transmittance of the deposited AZO (Fig. 4)
film showed relatively high values for all depositions. The
deposition at a low pressure of 5 mTorr, which posses a higher
thickness, as can be seen from the interference pattern, has a
lower transmittance compared with the depositions with a
lesser thickness (i.e., 20 mTorr).
The values of transmittance measured at 550 nm show that
all the films deposited with the optimal condition (125 W and
20 mTorr), independent of the temperature, is above 90%.
125 W, 5 mTorr at ambient temp
125 W, 20 mTorr at ambient temp

o
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100

Transmittance (%)

E. Quality factor (QF) calculation
The resistivity of a TCO is a relevant parameter, and the
sheet resistance depends on the resistivity and thickness,
which also affects the optical transmittance of each film.
Therefore, all these parameters are interrelated. Then, there is
a need to decide the best deposition conditions for the
application of the TCO to solar cells. Using Eqn 1, the better
conditions should be those who give the highest value of QF.
Using the mentioned equation (1), we calculated the quality
factor for the AZO films.
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Several indications, taking into account the measurements
made, points to the best deposition temperature being 200 oC:
table 1 showing larger crystallite size and reduced dislocation
density, and larger grain sizes from the SEM micrographs.
However, the QF mentioned above and (Table V) shows that
the better condition for deposition is at 100 oC, confirming that
this is the best deposition temperature for solar cell
applications.
IV. DISCUSSION OF THE SIGNIFICANCE OF THE WORK
The results in this study present an optimized sputtering
condition for the fabrication of ultra-thin AZO layer (approx.
100 nm) thickness with high optical transmittance and
excellent QF for TCO application. The proposed method is
easily scalable for uniform film deposition and applicable to
ultra-thin device fabrications.
V. SUMMARY
We successfully optimized conditions for low thickness
AZO thin films with no further high-temperature postdeposition treatment, providing explanations to the changes
observed with the application of substrate temperatures.
Structural characterizations of films obtained with the
optimized deposition conditions using XRD confirmed a
successful deposition of hexagonal wurtzite structure, with
bond length L of 1.995 Å, accounted for by the successful
doping of ZnO lattice by Al ions. The morphological studies
showed the effects of temperature in the grain sizes and
distribution with EDS analysis showing the percentage
inclusion of Al as the temperature is varied. With a high
transmittance of 94% and resistivity of 2.851 x 10-3 Ω cm, the
QF for the AZO films was 3.575 10-3 Ω-1.
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