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a b s t r a c t

Al-doped ZnO (AZO) thin films were deposited at room temperature on glass substrates by rf magnetron
sputtering with simultaneous dc bias through an external inductor coil. The deposition rates of AZO films
deposited using simultaneous rf and dc power along with an inductor coil were 20% higher than those
deposited using only rf power. The effects of simultaneous rf and dc bias voltage during the deposition of
AZO films were investigated in terms of their resistivity and compressive stress. It was observed that the
AZO films deposited at 120 W rf power with 600 mH inductor coil exhibit the lowest resistivity of
6.71 � 10�4 U,cm.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conductive oxide (TCO) films, as front electrodes,
find applications in a wide range of devices, such as liquid crys-
tal displays (LCDs) [1], light emitting diodes [2], and thin film
solar cells [3e5], because of their excellent electrical conductivity
and high optical transparency in the visible wavelengths
(400e800 nm). Indium Tin Oxide (ITO) has been, so far, the
dominant TCO material studied and used extensively in the devices
due to its good electrical and optical properties [6]. However, these
ITO films face some severe problems such as high cost, toxicity and
limited resources. In contrast, the ZnO-based films are relatively
inexpensive, nontoxic and abundant compared to ITO films and are
considered to be emerging alternative TCO materials [7].

Recently, the devices on flexible substrates received consider-
able attention due to the very advantage of flexibility. However, due
to the poor thermal endurance of these flexible substrates, the
devices on these substrates need to be deposited at low substrate
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temperature. This leads to a compromise on the crystalline quality
of the deposited films. Hence, it has been a major challenge for the
researchers to deposit high quality crystalline films on flexible
substrates. In this regard the advantages of rf magnetron sputter-
ing, over other techniques, are exploited in depositing the films of
high crystalline quality with required resistance and the trans-
parency at temperatures less than 100 �C, often without additional
heat treatment [8]. If, in addition, a negative dc bias is applied to the
substrate during rf-sputtering, cations in the plasma are attracted
towards the substrate and bombard the growing film on the
substrate. Such a bombardment gives additional energy to the
molecules and clusters condensed on substrate and re-sputter
those which are weakly bonded. Danson et al. reported that this
bombardment was beneficial to the films crystallinity and was
equivalent to the energy provided by a higher substrate tempera-
ture to achieve better crystallinity [9]. In this work, we report on the
growth of high quality crystalline AZO films with low specific
resistivity by tuning the applied dc bias voltage during the rf
magnetron sputtering. We present the data on the influence of
plasma parameters, in pure Argon plasmawith different target-bias
voltages, on the resistivity and deposition rate of AZO films.
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Fig. 1. Schematic of the experimental setup: The external inductor coil installed between the chamber and matching box.
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2. Experimental

The schematic diagram of the deposition system is shown in
Fig. 1. The cathode was excited simultaneously by a RF generator
and dc bias voltage with an inductor coil. The inductor coil also
helps avoiding the short circuiting of the rf voltage. The RF power
was coupled capacitive via a matching network, which was tuned
for minimum reflected power. The target-bias voltage was
controlled by varying inductance in an inductor coil. AZO films
were deposited on corning glass by a 13.56 MHz RF magnetron
sputtering system using a 2 inch Al-doped ZnO (AZO) target of
purity 99.99%. The sputtering chamber was evacuated to a base
pressure of about 1 � 10�6 Torr using a turbo molecular pump.
Working pressure was maintained at 5 mTorr under high-purity Ar
(99.999%) gas. The glass substrates were ultrasonically cleaned in
acetone, methanol, ethanol, and distilled water, sequentially, and
finally dried with nitrogen gas. The AZO films were deposited on
clean glass substrates for 10 min at room temperature (RT) with
varied RF power from 50 to 130 W under pure Ar plasma.

The structural and surface morphological characterization were
carried out using X-ray diffraction (XRD, Bruker D8) and atomic
force microscope (AFM, Vecco DM 3100), respectively. The growth
rate and the thickness of the films were determined by a reflec-
tometer (ST2000-DLXn, K-MAC). The electrical properties such as
the resistivity, carrier concentration and hall mobility were
measured through hall-effect- measurement in van der Pauw
geometry (HMS-3000, ECOPIA).

3. Result and discussion

Table 1 summarize the thicknesses of the deposited AZO films
under various combinations of the simultaneous rf and dc bias
voltages with varied inductance from 0 to 600 mH. Target-bias
voltage was measured through monitoring system attached to rf
Table 1
The dc bias voltage and thickness of the AZO films deposited with simultaneous rf
and dc power with inductance of 0, 300, and 600 mH.

Rf power (W) Dc bias voltage (V) Thickness (nm)

0 mH 300 mH 600 mH 0 mH 300 mH 600 mH

50 �160 �180 �190 150 160 200
60 �180 �190 �200 170 180 250
80 �230 �240 �250 280 330 350
100 �260 �270 �280 350 423 446
120 �290 �300 �310 450 509 550
130 �300 �310 �320 450 520 600
generator. The rf power with an external inductor coil helps in
achieving higher target-bias voltage by a factor of 20e30 V,
compared to the case of only rf power with no inductance. The
film thickness increases with the increase in the simultaneous dc
and rf powers, as expected. The maximum thickness of the film
achieved, for the 130 W rf power and fixed 10 min deposition,
increases from 450 nm to 520 nm and then to 600 nm for increase
in inductance value from 0 to 300 mH and then to 600 mH,
respectively.

Fig. 2 shows the deposition beam flux as a function of the rf
power for films deposited with simultaneous rf and dc power
through external inductor coil (0, 300 and 600 mH). The observed
deposition rate of the AZO films increases linearly from 17 nm/min
for 50 W of rf power to 51 nm/min for 130 W of rf power. For the
films deposited with rf power and an inductor coil (600 mH), the
deposition rate increases by about 20% higher compared to those
with no inductor coil. The increase of target-bias voltage, at
constant rf power, just by adding an inductor coil increases the
deposition rate of AZO films. The increase could be attributed to the
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Fig. 2. Deposition beam flux as a function of discharge power with inductor coil (0,
300 and 600 mH) for AZO films.
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Arþ bombardment due to the accelerating voltage between plasma
potential and floating potential, which enhances the surface
migration on the growing film.

Fig. 3 shows the XRD patterns of the AZO films deposited at
various rf powers with inductance of 0, 300 and 600 mH. It is clear
from the figures that all deposited films are polycrystalline with
a hexagonal structure. The (002) peak, observed at around
2Q¼ 34.40�, is very close to that of JCPDS value for bulk ZnO crystal
(34.47�). The smaller peak located at 2Q ¼ 72.5� correspond to the
(004) diffraction. The intensities of XRD peaks are normalized with
the measured film thickness. For films deposited with zero induc-
tance, as shown in Fig. 3(a), the intensity of (002) peak slightly
decreases with increase of rf power until 100 W and there after it
increases. However, for the films deposited with inductance of
300 mH (Fig. 3(b)) and 600 mH (Fig. 3(c)), there is no such variation
observed in the intensity of the (002) peak. From the above figures,
it is also evident that the position of (002) peak shifts slightly
towards the higher 2Q side with the increase in rf power. This
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Fig. 3. XRD patterns for AZO films deposited at various simultaneous rf and d
suggests that the c- lattice parameter decreases with rf power and
can be correlated to the induced residual stress in the film.

The residual stress in the deposited filmwas calculated based on
biaxial strain model using the peak position of the (002) peak [10].
The strain ε ¼ (Cfilm�Cbulk/Cbulk) along the c-axis, i.e., perpendicular
to the film surface, was estimated using the lattice parameters
calculated from the XRD patterns. To derive the film stress sfilm
parallel to the film surface, the following formula was used, which
is valid for a hexagonal lattice:

sXRDfilm ¼ 2c213 � c33ðc11 þ c12Þ
2c12

$
cfilm � cbulk

cbulk
(1)

For elastic constants, Cij, data of single crystalline ZnO were used;
C11¼208.8,C33¼ 213.8,C12¼119.7,C13¼104.2GPa [11]. This yields the
following numerical relation for the stress derived from XRD :
sfilm ¼ �233ε [GPa]. Fig. 4 shows the induced residual stress in the
depositedAZOfilmsasa functionof thebiasvoltage.As thebiasvoltage
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Fig. 4. Compressive stress of AZO films as a function of Arþ ion energy estimated by
thermalization model.

Table 2
The initial energy of sputtered Zn and O atoms and the number of sputtered atom
per incident ion.

(mH) DC bias (V) Atom/Ion eV/Atom (eV)

Zn O Zn O

0 160 0.78 0.40 9.31 7.21
230 1.05 0.58 7.50 6.51
290 1.29 0.66 9.95 8.20

300 180 0.86 0.45 8.18 7.11
240 1.16 0.62 8.76 7.05
300 1.33 0.67 10.60 8.19

600 190 0.93 0.48 8.78 6.59
250 1.14 0.58 8.20 7.68
310 1.32 0.66 9.58 7.74

Table 3
The input parameters used for the calculation of energy distribution.

Zn O

Atomic mass M2 65.39 g/mole 15.99 g/mole
Atomic radius 1.53 Å 0.65 Å
cross section s 1.82 � 10�19 m2 7.35 � 10�20 m2

Gas parameter; Ar
TG ¼ 300 K Pressure ¼ 5 mTorr
M1 ¼ 39.9 g/mole
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increases, in the films deposited with rf power and inductance of 300
and 600 mH, the stress decreases from a negative value and then
saturates to a minimum value nearing zero. Effects of the bombard-
mentnear the substratewereneglected, becauseof thefluxof reflected
gas atoms much lower than that of sputtered atoms.

Fig. 5 shows the estimated average final energy of the sputtered
Zn and O atoms as a function of dc bias voltage. The average final
energies were estimated through the calculations of transport of
the sputtered atoms from source to substrate. First the energy of
atoms emitted from the source was simulated using the transport
of ion in matter (SRIM) [12] code. Table 2 summarizes the initial
energy of sputtered Zn and O atoms and the number of sputtered
atom per incident ion. The energy loss of sputtered atom as it
passes through the Ar sputtering gas can be estimated from

EF ¼ ðE0 � kBTGÞexp
h
nln

�
Ei=Ef

�i
þ kBTG; (2)

where E0 is the energy of the sputtered particle as it leaves the
target (out-put file from trim code in Table 2, TG is the sputtering
gas temperature, Ei/Ef is the ratio of energies before and after
a collision, and n is the number of collisions that take place in the
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Fig. 5. The average final energy of the sputtered Zn and O atoms as a function of dc
bias voltage.
gas. The number of collisions is given by n ¼ dps=kBTG where d is
the distance travelled, p is the sputtering gas pressure, and s is the
collision cross section assuming hard core interactions. Table 3 lists
the input parameters used in our calculation. As the bias voltage
increases from 50 to 400 V, the final average energies of Zn
observed increases from 2.01 to 2.94 eV, smoothly. In the curve of
the finals average energies of O, it increases from 3.71 eV to 5.50 eV.
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Fig. 6. The resistivity of AZO films deposited with simultaneous rf and dc power
through an inductor coil of; (a) 0 mH (b) 300 mH (c) 600 mH.
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It may be due to the collisions number of O were 50% smaller than
that of Zn.

Fig. 6 shows the resistivity of the AZO films deposited with
simultaneous rf and dc power through an inductor coil (0, 300 and
600 mH). It can be seen from the figure that, for films deposited with
rf power only, the resistivity increases with bias voltage, reaches
a maximum in the resistivity of 1.81 �10�3 Ucm at 230 V and then
decreases in resistivity, w8.12 � 10�4 Ucm, continuously. For the
films deposited with rf power and inductor coil (300 mH),
a minimum in resistivity of 9.82 � 10�4 Ucm occurred at 310 V, as
shown in Fig. 6(b). For the films deposited with rf power and
inductor coil (600 mH), a minimum in resistivity of 6.71 �10�4 Ucm
occurred at 320 V, as shown in Fig. 6(c). Therefore, the resistivity
decreases continuously with the increase of bias voltage and
showing a tendency of increase at the fag end of the voltages. This
can be due to the stress relaxation induced by the effective increase
in the sputtering power. Further, with the increase of the induc-
tance from 300 to 600 mH, there is a constant decrease in the
resistivity at all the voltages. These findings confirms reported
results of interrelation between intrinsic stress and electrical
parameters of reactively sputtered ZnO:Al films [8,13]. Since the
average final energy at surface is same as surface diffusion energy
that drives the grain growth processes in the AZO thin films, it
seems reasonable that formation by sputtered Zn and O atoms (and
ions) likely drives film crystallization and reduces the film stress.
According to Ellmer et al., the formation energies of the oxide,
related to on metal atom, are 3.6 eV (ZnO) explaining the ther-
modynamic stability of the zinc oxide [14]. Moreover, we know that
the average finale energy (3.6 eV, Zn) in the bias voltage range of
230 V is consistent with a lower compressive stress and resistivity.

4. Conclusion

In conclusion, ZnO:Al films were deposited on glass substrate by rf
magnetron sputtering with simultaneous dc bias through an inductor
coil. The obtained films were polycrystalline with the hexagonal
structure and preferred orientation along the c-axis. The effective
increase of the bias voltage leads to decrease in the compressive stress
of thefilms. Also the resistivity tendency is in goodagreementwith the
variation of compressive stress. The film with lowest resistivity, r w
6.71�10�4U cm,andsimultaneously lowerstresswereobtainedat the
averagefinal energyof 2.74 (Znatom)and4.95 (Oatom)eV.We further
conclude that formation by lower energy (3e5 eV) sputtered Zinc and
oxygen species at the growing film surface was likely responsible for
the dependence of AZO resistivity and stress.
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