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ABSTRACT

Zinc oxide (ZnO) thin films were deposited onto glass substrates by reactive radiofrequency (RF) magnetron sputtering
using a metallic zinc target. Optical emission spectroscopy (OES) was used to monitor and control the Zn sputtering
rate for the deposition of the ZnO films. Film thicknesses ranged from 350 to 750 nm. Optical transmittances greater
than 80% were observed in the wavelength interval from 450 nm to 650 nm. The energy gap of the films remained
constant at (3.28 + 0.01) eV. The surface morphology was found to be homogeneous with well-distributed structures.
Surface roughness was dependent on the Zn sputtering rate, indicating that greater densities of Zn atoms increase the
surface diffusion. X-ray diffraction (XRD) analysis showed that the ZnO films were polycrystalline with a hexagonal

wurtzite structure and preferential growth along the (002) plane.
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1. Introduction

Thin films of transparent conductive oxides, known as
TCOs (Transparent Conducting Oxides), have several
applications in optoelectronic devices. These thin films
can be applied especially in organic light emitting diodes
(OLEDs), heat mirrors, solar cells and thin film transis-
tors (TFTs) [1]. One of the most studied and industrially
used TCOs is tin-doped indium oxide (ITO) [2]. Associ-
ated with a recent increase in consumption by the opto-
electronic devices industry, however, the element indium
has become scarce and more costly. A highly promising
candidate to replace ITO is zinc oxide (ZnO) [1,2] due to
its advantages such as low cost, non-toxicity and good
chemical stability in plasma processing [1,2].

Several techniques have been used for the synthesis of
the ZnO thin films such as thermal evaporation [3], laser
ablation [4], metal organic chemical vapor deposition
(MOCVD) [5], molecular beam epitaxy [6] and magne-
tron sputtering [7]. Radiofrequency magnetron sputtering
is especially interesting because it produces high quality
polycrystalline films, allows synthesis at low tempera-
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tures (including room temperature), and permits cover-
age of large substrates. In this work, ZnO thin films were
deposited by reactive RF magnetron sputtering, and the
rate of sputtering of atoms of Zn was controlled using
optical emission spectroscopic monitoring of the plasma
environment. The surface texture, optical and structural
properties were systematically investigated as a function
of the zinc sputtering rate.

2. Experimental Details

Films were deposited onto glass substrates with dimen-
sions of 10 x 30 mm” and a thickness of 1 mm. The sub-
strates were cleaned according to the following proce-
dure. First they were immersed in an ultrasonic bath (Ul-
trasonic Clear CBU-100) in a beaker of distilled water
with powder detergent (det limp S32). Then they were
given a bath with distilled water in the ultrasonic vat.
Finally, they were immersed in an ultrasonic bath of iso-
propyl alcohol, and were blown dry in a warm air stream.
For the deposition of thin films of ZnO a system consist-
ing of a cylindrical stainless steel chamber of 270 mm
diameter and height 200 mm, equipped with two parallel
electrodes of 100 mm diameter and separated by a dis-
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tance of 40 mm, was used. To control the gas flow needle
valves (Edwards, model LV-10K) and mass flowmeters
(MKS 1179A) were used. The chamber pressure was
monitored by a Pirani pressure sensor (KJL 945). The
deposition chamber was evacuated using a rotary vane
pump (Leybold D25B). For the excitation of the plasma
an RF source (13.56 MHz, maximum power 300 W) was
coupled to the target holder. The parameters used for the
synthesis of thin ZnO films were a flow rate of 0.08 sccm
of oxygen and a total pressure of 1.4 Pa. The sample
holder was heated to a temperature of 100°C and the
deposition time was 60 min. A target of metallic zinc
(99.995% purity) with 76.2 mm diameter and 3 mm in
thickness was employed.

The sputtering rate of Zn was investigated using Opti-
cal Emission Spectroscopy (OES) employing a SD 4000
model spectrometer (Ocean Optics, USA). Thus, we
monitored the intensities of the emission lines at 481 nm
and 420 nm to determine the concentration of metallic
zinc (Zn) and argon (Ar) species, respectively, in the
plasma environment. In turn, control of the rate of sput-
tering was carried out by varying the RF power coupled
to the plasma around 70 W.

The morphological properties of the films were invest-
tigated using an XE-100 Atomic Force Microscope (Park
Systems, USA). Thickness measurements were made
using a Dektak profilometer from Veeco Instruments
(Model 150). Optical properties were determined from
the transmission spectra obtained using an Ultravio-
let-visible near infrared spectrometer, model 750 (from
Perkin-Elmer, USA). The X-ray diffraction (XRD) meas-
urements were performed employing an X-ray diffract-
tometer (model D/MAX-2100DC Rigaku, Japan) using
CaK, radiation, whose wavelength (1) corresponds to
1.5405 A. This approach allows the identification of the
film structure, crystal orientation and the average grain
size.

3. Results and Discussions

Table 1 shows a summary of the results of the deposition
rate, thickness, surface roughness, and band gap, as a

function of the ratio of the intensities of spectral emission
lines of Zn (481 nm) and Ar (420 nm), ie, 1, /I, , of
the plasma.

During the plasma discharge, the relative concentra-
tion of a particular species in the fundamental state can
be estimated by measuring the intensities of the spectral
lines of the species with known concentration and spe-
cies with unknown concentration [8]. In this case, the
concentration of zinc atoms [Zn] may be estimated from
the ratio between the intensities of the emission lines of
Zn and Ar as shown by Equation (1):

[Zn]zk[jz"][Ar], 1

Ar

where I, and I, are the emission intensities of the zinc
and argon species, respectively, [47] is the argon concen-
tration and k is a constant. As illustrated in Figure 1(a),
which shows a typical emission spectrum obtained in this
work, we used the 481 nm spectral line of Zn and the 420
nm of argon (Ar) to calculate the relative concentration
of zinc atoms.

Moreover, in the case of sputtering of metal targets it
is expected that the concentration of atoms in the plasma
phase is proportional to the sputtering target area. Also,
in the case of the deposition of oxide films the growth
rate (Rg) should be proportional to the sputtering rate, if
there is enough oxygen for the formation of a stoi-
chiometric film. Accordingly, Figure 1(b) shows a graph
of the growth rate of ZnO as a function of the ratio
1,,/1, . Note that the thickness increases linearly with
the ratio 7, /1, to 0.37. Considering the linear de-
pendence

R, - a[%}ﬂa, ®)

Ar

the linear fit of the experimental data imply a = 25 £ 1
nm/min e b = 3.4 = 0.3 nm/min, with R* = 0.988 in the
range up I, /I, = 0.37. This reinforces the proposi-
tion of proportionality between the ratio I/l and the
sputtering rate.

Table 1. Measurements of the growth rate, thickness, surface roughness and optical band gap as a function of the ratio

I,,/15 intheplasma.

Ratio

Sample 1/l Rate deposition (nm/min) Thickness (nm) ROUQTQ%S RMS Band gap (eV)
Zn Ar
1 0.10 5.8 350 9.8 3.27+0.01
2 0.14 6.9 415 9.9 3.27+0.01
3 0.24 9.8 590 13.5 3.28£0.01
4 0.37 12.5 750 13.4 3.27+0.01
5 0.43 12.5 750 14 3.28+0.01
6 0.54 12 720 24 3.28+£0.01
7 0.65 9.6 580 15.6 3.29+0.01
Open Access MSA
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Figure 1. (&) Optical emission spectrum of the plasma. The lines of Zn and Ar employed for calculating the ratio 1,,/1,,
and controlling the rate of sputtering are shown. (b) Graph the growth rate of ZnO asafunction of theratio 1,,/I,, .

For values of the ratio 7, /I, above 0.43, the
growth rate of ZnO gradually decreases. This behavior is
due to the increased concentration of Zn atoms above the
stoichiometric value for the formation of zinc oxide films.
In this case, the zinc in excess reduces the concentration
of oxygen available for forming the film, causing the
observed fall in growth rate. The same effect was re-
ported by Wallendorf et al. [9]. In particular, they show
an approximately linear increase in thickness with in-
creasing sputtering rate followed by a decrease in film
thickness due to desorption of Zn atoms. However, the
thickness increases again when the sputtering rate be-
comes higher than the desorption rate. For these values,
the film formed on the surface of the substrate is practi-
cally all zinc, resulting in a metal film.

Figure 2(a) shows the optical transmission spectra for
the films of ZnO. The films exhibited optical transmit-
tances above 80% for wavelength between 450 and 650
nm. The energy value of the optical gap of the films was
around (3.28 = 0.01) eV. This value is in agreement with
data reported in the literature [10]. The absorption edge,
however, became greater at greater sputtering rates. It is
observed that the transmittance near the absorption band

tends to decrease with the value of the ratio 7, /1, [9].

For values above 450 nm, however, the transmittance
curves are the same for all values of 1,,/1,, .

The optical behavior is mainly due to incorporation of
interstitial zinc atoms in the ZnO matrix. Figure 2(b)
shows a diagram of the electronic energy transitions
theoretically calculated for various types of defects in a
matrix of zinc oxide [11]. From this diagram, it can be
seen that the presence of the interstitial Zn atoms pro-
motes a state energy of 2.9 eV, which corresponds to a
wavelength of 427 nm. Therefore, it is expected that with
the increase of the sputtering rate for zinc above the
stoichiometric value, there will be a reduction in the
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Figure 2. (a) Transmittance of ZnO films grown at different
ratios of zinc sputtering on glass substrates. (b) Energy
transition diagram of ZnO [11].

growth rate as well as the formation of Zn defects in the
ZnO matrix. Consequently, the absorption band is
broader for values around 2.9 eV.

The surface morphology of the films was investigated
using atomic force microscopy (AFM). Figure 3 shows
AFM images of square regions of side length 2 um for
the samples described in Table 1.
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Figure 3. AFM images of ZnO. (a) Glass substrate, (b) 1,,/1, =0.10,(c) 1,,/1, =014,(d) I,/1, =024,(e) 1,./1,
= 0371 (f) IZn/l Ar = 0431 (g) IZn/I Ar = 054e(h) IZn/l Ar = 065

It is observed in the AFM images, that all the ZnO
films exhibit a very homogeneous distribution of grains.
In the AFM images of Figures 3(b) to 3(d), it can be
seen that the films have a surface morphology with grain
structures of essentially spherical geometry, when depos-
ited in stoichiometric conditions. From Figures 3(€) to
3(h), or when there is excess Zn, a slight change in shape
of the grains, passing from spherical to irregular, is ob-
served.

Figure 4(a) shows XRD spectra of the ZnO samples
deposited from plasmas with different 7,,/7, values.
The spectra show a peak, indicating a preferred crystal-
lographic orientation in the (002) plane. This peak cor-
responds to the hexagonal wurtzite structure of ZnO,
which grows along the c-axis and perpendicular to the
substrate surface [12]. The identification of the crystal-
line phase was made using data from the standard JCPDS

(Joint Committee on Powder Diffraction Standards) table.

The average crystallite size (7 ) was determined using
Scherrer’s formula, shown in Equation (3) [12], employ-
ing the value of the full width at half maximum (FWHM)
of the peak X-ray diffraction of the (002) plane (which

Open Access

has the greatest intensity).

s KA
pcosb

©)

where K represents a form factor, A is the X-ray wave-
length, S is the value of the FWHM and € is the
Bragg angle. Typically, the form factor has a value of 0.9
[12]. The values of grain size calculated using Scherrer’s
formula, and shown in Table 2 do not change signify-
cantly with increasing 1,,/1,, .

The RMS roughness of ZnO thin films was calculated
from the AFM images, shown in Figure 3. Table 1
shows the values calculated for each sample. Initially, no
correlation with the value of the ratio 7,,/1, was ob-
served. The surface roughness, however, also evolves
with film thickness [13]. Figure 4(b) shows the decrease
in the ratio of the roughness/thickness with increasing
growth rate. This behavior indicates that the morpho-
logical evolution of the films is faster for lower growth
rates and the ratio 7, /I, < 0.10. Rosa et al. [13]
studied the morphological evolution of ZnO and reported
a growth exponent of f = 0.76 for films with a growth
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Table 2. Measurements of the peak (002) angle, FWHM,
intensity and grain size.

Ratio Peak (002) FWHM Intensity  Grainsize
Lo/ Vae 20(") ) (002) (nm)
0.10 34.19 0.81 1340.64 10.2
0.14 34.04 091 880.53 9.1
0.24 34.09 0.89 2385.32 9.3
0.37 34.04 0.92 2509.91 9.0
0.43 34.03 0.76 3786.80 10.7
0.54 34.05 0.78 4359.06 10.6
0.65 33.99 0.71 3586.30 11.6
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Figure 4. (a) XRD spectra of ZnO films deposited in plas-
mas with different intensity ratios 1,,/1, . (b) Graph of

the ratio between the surface roughness and thickness as a
function of the growth rate of the oxidized region.

rate of 5 nm/min. In our study, for the film with intensity
1,,/1, =0.10, with a growth rate of ~ 5 nm/min, the
same exponent £ as that found previously [13] was ob-
tained. Thus, for the films with intensities 7,,/1, >
0.10, we observe that the exponent § < 0.76.

Open Access

4. Conclusion

In this study we investigated the effect of the rate of sput-
tering on ZnO thin films. The films were deposited onto
glass substrates by RF magnetron sputtering. The results
show that the films have an optical transmittance greater
than 80% for wavelengths between 450 and 650 nm.
However, with the increase in the sputtering rate, the
absorption edge became greater than 427 nm. The optical
gap of ZnO was (3.28 = 0.01) eV. All the films were
polycrystalline with a hexagonal wurtzite ZnO structure
and grew preferentially along the c-axis of the crystal
lattice. For the stoichiometric deposition zone, the mor-
phological evolution of the films became slower for
1,,/1, of more than 0.10. For the film deposited at
1,,/1, =0.10, the growth exponent = 0.76. For films
grown at higher intensity ratios, the surface texture
evolved later. This indicates that the greater density of
Zn atoms promotes surface diffusion during film growth.
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