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Abstract

We report an investigation on the effect of oxygen flow rate on the structural and optical
properties of zinc oxide thin films prepared by RF magnetron sputtering. The structural
measurements were carried using grazing incidence X-ray diffraction, atomic force micros-
copy and Raman spectroscopy. The role of oxygen partial pressure on the crystallinity, the
surface morphology and vibrational modes has been established. The optical properties of
the films were investigated using FR-Basic-VIS/NIR fitted with FR-Monitor software for
film thickness, refractive index and color determination. The film thickness is observed to
increase when oxygen is introduced at 4 sccm but eventual decrease with increase in the
flow rate an indication of initial increase in rate of deposition followed by reduction. Elabo-
rate explanations of these trends are provided.

Keywords Zinc oxide - Photo-luminescence - Thin films - Raman

1 Introduction

Zinc oxide (ZnO) is a semiconductor in the [I-VI group with ionicity at the borderline between
covalent and ionic semiconductors. The crystal structures shared by ZnO are wurtzite B4, zinc
blende B3, and rocksalt B1 (Ozgiir et al. 2005). It is believed to have a lot of promising device
applications due to its multiple excellent properties. Initially ZnO was considered as a sub-
strate for GaN and other related alloys (Janotti et al. 2009; Lupan et al. 2010). At ambient
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conditions, ZnO possesses thermodynamically stable phase of a Wurtzite structure similar to
GaN (Ozgiir et al. 2005; Karpina et al. 2004), a factor that makes it widely applicable in high-
performance optoelectronic devices. The increased research on zinc oxide as a semiconductor
material is majorly driven by its prospective use as a wide band gap semiconductor for light
emitting devices and for transparent or high temperature electronics (Nomura et al. 2003). It
has a direct and wide band gap of 3.37 eV (at 300 K) in the near-UV spectral region, a large
free-exciton binding energy (60 meV) such that excitonic emission processes can persist at or
even above room temperature (Thomas 1960; Chen et al. 1998; Reynolds et al. 1999), a strong
cohesive energy of 1.89 eV (Chuang et al. 2007), with a high optical gain (300 cm™") (Chen
et al. 1998). In addition it exhibits high mechanical strength, thermal stability, chemical stabil-
ity, ambient insensibility, and negative electron affinity (Wang et al. 2005) as well as high radi-
ation hardness (Look et al. 1999). These characteristics of ZnO as well as unique combination
of its physical properties—optical, electrical, magnetic, piezoelectric, and ferroelectric proper-
ties make it a promising candidate material for advanced devices applications. Different com-
mercial applications have also been reported such as integrated optics, antireflection coatings,
liquid crystal displays (Ozgiir et al. 2005), light emitting, laser diodes (Willander et al. 2009;
Pauporté et al. 2006), U-V range detecting devices (Lupan et al. 2008a, b, 2009a, b), chemical
sensors, solar cells (Lupan et al. 2008a, b, 2009a, b; Yoshida et al. 2009), photodegradation
and photocatalysis (Pauporte and Rathousky 2007), superhydrophobic and self-cleaning sur-
faces. According to (Badre et al. 2007), ZnO films possess superhydrophobic properties over
a wide pH range with excellent stability under high temperature and ambient long-term stor-
age conditions making it a strong candidate for high temperature electronic devices that can
reliably be operated in space and other harsh environments. There are several techniques of
attaining ZnO thin films such as Pulse Laser Deposition, chemical vapour deposition (CVD),
spray pyrolysis and magnetron sputtering. The latter is usually preferred due to various advan-
tages including: low substrate temperatures (down to room temperature), good adhesion of
films on substrates, high deposition rates (up to 12 um min~') (Kukla et al. 1990), very good
thickness uniformity and high density of the films, Good controllability and long-term stabil-
ity of the process, relatively cheap deposition method as well as ability to scale to large areas
(up to 3%x6 m?) (Szczyrbowski et al. 1989). Generally, the structure and optical properties of
sputtered films are strongly influenced by gas composition (Hong et al. 2005).

In order to obtain stoichiometric ZnO film, it is necessary to optimize sufficient amount
of oxygen with argon in the sputtering system. The ZnO thin films reported here were first
deposited with Ar flow rate of 13 sccm without oxygen then later introduced oxygen ambi-
ent at different flow rates to suppress the oxygen vacancies that act as annihilators of holes
during film deposition. Oxygen partial pressure or flow rate showed great influence on the
deposition rate of ZnO. It has been reported that addition of Oxygen during RF sputtering
process is important for obtaining a semiconducting ZnO film and that no oxygen or too much
oxygen can make the ZnO film either metallic or insulating (Chiu et al. 2011). An increase of
the oxygen flow rate in the working gas reduces the number of incident Ar atoms which can
transfer their high energy to the target. Therefore, the growth rate for ZnO films decreases with
increasing oxygen concentration.
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2 Experimental procedure
2.1 Thin films growth conditions

ZnO films were deposited by R.F. magnetron sputtering system using a cylindrical metallic
ZnO disc 76 mm diameter and 3—6 mm thick as the cathode (99.95% purity, from Semi-
conductor Wafer Inc.). Substrate used was a p-type silicon with (100) orientation. The sub-
strates were thoroughly cleaned with organic solvents and dried before loading in the sput-
tering system. The vacuum chamber was evacuated to a roughing pressure of 2x 10> mbar
before a further pump down to a base pressure of 1.8 10~ mbar. Magnetron sputtering
was carried out in an argon and oxygen gas atmosphere supplied into the chamber through
a constant precision leak valve at a flow rate of 13.0 sccm and a variable 0-15 sccm,
respectively.

2.2 Characterization techniques

The surface morphology and the root-mean-square (rms) surface roughness of the films
were characterized using a Di100 model atomic force microscope (AFM) in tapping mode.
The crystallographic properties of the ZnO films was carried out using GXRD Bruker D8
Discover, 40 kV, 40 mA using a 8.0 keV Cu-Ka radiation. The scanning range of 26 was
varied from 10° to 80° at a low scanning rate of 1.2°/min. The Raman bands and the struc-
tural order of all the films were examined using a Horiba LabRAM HR Raman spectrom-
eter equipped with an Ar ion laser (514.5 nm) and a laser power of <1 mW at the sam-
ple. Optical reflectance to attain thickness, refractive index, colour were analyzed using
FR-Basic-VIS/NIR fitted with FR-Monitor software for fittings. The calculation to obtain
thickness, refractive index and colour was performed through fitting of the experimental
reflectance spectrum by applying the ThetaMetrisis’s proprietary physical models that are
implemented through appropriate algorithms which in our case the Levenberg—Marquardt
was used.

3 Results and discussions
3.1 Surface topography of ZnO films by atomic force microscopy

Figure 1 shows the morphologies of the obtained ZnO thin films deposited with different
oxygen flow rates. It was clearly observed that all of the films exhibited a flat and uniform
surface topography. The grain size and roughness were also obtained from the AFM as
tabulated in Table 1. The film deposited without Oxygen in the chamber showed a rough-
ness of 17.8 nm and a grain size of 46.7 nm. These values slightly increased to 19.9 nm and
47.8 nm respectively at 4 sccm Oxygen flow rate. This is in agreement with the increase
in the deposition rate witnessed from the thickness measurements. At 8 sccm oxygen flow
rate and beyond, the grain size and roughness decreased giving variation in film colour as
shown in the top right corner of each AFM image and summarized in CIE colour diagram
of Fig. 1.

The introduction of the high-energy negative oxygen ions bombardments may be
responsible for the increase of the roughness since it degrades the surface quality of the
film (Table 1).

@ Springer
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Fig.1 AFM (tapping mode) image of films grown at different oxygen flow rate and CIE diagram

Table 1 Summary of tapping

fl R, k R i
mode AFM analysis for films O, flow rate rms (NM) Skewness (Ry) Gr'am
K . (sccm) height
deposited at different oxygen (nm)
flow rate with constant Ar flow
rate of 13 scem 0 17.8 0.605 467
19.9 0.470 47.9
8 18.3 0.558 46.4
12 15.1 0.512 42.2
15 16.2 0.724 40.1

Figure 1 also shows the Commission Internationale de 1’Eclairage (CIE) (Kumar et al.
2014) parameters, colour coordinate (x—y) calculated in an attempt to establish the change
in the photometric characteristics of the ZnO thin films deposited at the different oxygen
flow rates. The CIE chromaticity diagram was calculated using the FR-Basic-Vis/NIR fitted
with FR fitting tool with colour calculator software. It can be seen from the figure that the
CIE coordinates (x, y) of (0.292, 0.161) for thin film without Oxygen in the chamber. All
films had colour coordinates in close proximity to the locus of points following the line of
a black-body-radiator.

The elemental composition of the films shows that there was no external impurity dur-
ing the growth as well as at characterization stage as observed in the EDS in Fig. 2. This
lack of impurity phases was also confirmed by GIXRD peaks shown in Fig. 3.

@ Springer
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Spectrum 3
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Fig.2 EDS analysis of the ZnO thin film grown using RF sputtering on Si wafer substrate

Fig.3 GIXRD pattern of ZnO 800 T T T 5
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3.2 XRD analysis

The GIXRD patterns of the ZnO thin films deposited at different oxygen flow rate appear
in Fig. 3. All the peaks are indexed to the JCP2 card number 003-0888 with a hexagonal
wurtzite structure of the space group of P63mc and lattice constants, a=3.2489 A and
c=5.2062 A.

The peak intensity and full width at half maximum were also calculated from the (002)
peak and the results reported in Fig. 4. From analysis, the peak intensity is seen to increase
when oxygen is introduced at 4 sccm then assumes a reducing trend as the flow rate
increases. The FWHM on the other hand reduces when a flow rate of 4 sccm is used before
increasing with oxygen flow rate. Generally, the (002) diffraction peak shifted to lower
angle and broadened as oxygen flow rate increased suggesting that the film crystallization
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Fig. 4 Variation of the (002) FWHM and peak intensity with oxygen flow rate

deteriorated with impinging higher energy species as magnetron sputtering plasma sup-
pressed the sputtering efficiency.

We further carried out multi-peak fitting using Origin8 software (originLab corpora-
tion) such that the peak center positions could be calculated and used to derive the lattice
spacing using Bragg’s relation:

A = 2d,,,Sin6,,, (D)
where 0 is the Bragg’s angle (angle between normal to the diffracting plane and incident
X-ray), A is the X-ray wavelength which in our case was CuKa radiation with a wavelength

of 1.541 A (Table 2). The lattice parameters a and ¢ were obtained for the (002) peaks
using the expression for a hexagonal system (Igbal et al. 2015).

&2 3 2 +5 2

C

1 _ 4<h2+hk+12) 2

a

The dislocation density 8, defined as the length of dislocation lines per unit volume of
the crystal (Williamson and Smallman) and the strain present in thin film were investigated
using Eqs. 3 and 4 respectively (Otieno et al. 2017).

Table 2 Estimated peak center position, lattice parameters, dislocation density and strain from XRD data

Oxygen flow (002) Position FWHM (nm) a/(A) C/(A) 5 (10%%) £ (1073
rate (sccm)

0 34.56 0.696 2.99 5.19 6.99 2.90

4 34.47 0.681 3.00 5.20 6.69 2.83

8 34.43 0.686 3.01 5.21 6.79 2.85

12 3431 0.787 3.02 5.22 8.95 3.28

15 34.27 0.815 3.02 5.23 9.62 3.40
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_ 1
5_0_fh 3)

cos 6
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The strain in the films initially relaxes at 4 sccm probably an indication of less
defects in the lattice or reduction of grain boundary energy at the grain boundary. As
the oxygen concentration increases the strain increases such that there is an increase in
the interplanar spacing d variation leading to the increase in dislocation density. The
increasing strain and dislocation density together reduces the stoichiometry of the films,
which in turn causes the volumetric contraction of the thin films leading to a deteriora-
tion of films crystallinity as also ascertained by the FWHM results (Thanikaikarasan
et al. 2009).

3.3 Raman studies on oxygen variation

Figure 5 shows Raman measurements in the backscattering geometry used to identify
Raman active modes with variation in oxygen concentration at a constant Ar flow rate of
13 sccm. ZnO thin films grown by RF sputtering exhibit a wurtzite structure with four
atoms per unit cell giving rise to 12 phonons, 9 optical and 3 acoustic branches/modes
namely: longitudinal acoustic (LA), transverse-acoustic (TA), longitudinal-optical (LO),
and transverse-optical (LO) branch. Group theory predicts that near the center of the
Brillouin zone there is an optical phonon, I' = A; + 2B, + E, + 2E,. The Al and a doubly
degenerate E1 branches are Raman and infrared active, while the two double degenerate E,
branches (nonpolar) are Raman active only (Du et al. 2008). The E, low mode is associated
with the vibrations of the Zn sub-lattice, while the E, high mode is associated with the oxy-
gen atoms only (Youssef et al. 2008). The B branches are always inactive.

Fig.5 Raman spectroscopy of " T T Ao T u  —
ZnO thin films grown at different 7 si — Without 02 |
0, concentrations —— 4 Sccm
\ —— 8Sccm A
B1 (Silent
e ——12 Sccm
z | —— 15 Sccm
c
S E2(TO)
£
\(ﬁ/ -
= si
[2]
c
9 -
£
T T T T T T T T
200 400 600 800 1000

Wavenumber (cm™)
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The Ar flow was kept constant at 13 sccm while the O, flow was varied from 0O to
15 scem. At 0 scem O, flow, Raman shift peaks were observed at 272 em~!, 303 cm™!,
435 cm™!, 522 ecm™!, 581 cm™!, and a broad peak stretching from 941 to 992 cm~!,

Appearance of the peak near 272 cm™! could be attributed to the B1 silent inac-
tive mode while the peak near to 435 cm™! could be attributed to Raman active pho-
non mode E2 (TO). Another mode observed around 581 cm™! could be attributed to
E1 (LO) branch (Saravanakumar et al. 2011). These optical phonon modes confirm
that the RF magnetron sputtered polycrystalline thin films have the wurtzite hexago-
nal phase. According to Tzolov et al. (2001), the observation of bands near 272 and
581 cm™! are common in ZnO thin films and not seen in the Raman spectra of ZnO
single crystal and of ZnO polycrystalline material could be attributed to the pres-
ence of a depletion region within the crystallites in the ZnO thin films. Such depletion
region has an electric field usually formed by charge trapping of free carriers either
on defect interface states or on ionized adsorbates at the grain boundaries creating an
enhanced LO band and the silent mode. Increasing the Oxygen flow leads to enhance-
ment of these peak intensity. According to Levinson’s model (Levinson et al.1982),
charge mobility decreases with increasing oxygen flow rate. The mobility of charge
carriers is given by Eq. (5):

u' ="+ [uy, exp(—E, /KT)]™ 5)
where p,, is the mobility of a crystalline ZnO grain and p,, exp(—E,,/KT) is the contribu-
tion giving grain-boundary scattering. E,, is the barrier height and is proportional to sz /en,
N, being the density of traps in the grain boundary, ¢ is the ZnO the dielectric constant
while n is the density of mobile carriers in a grain.

When the oxygen flow rate increases, more oxygen is absorbed in the grain bounda-
ries, acting as deep trap states for free electrons. The relative grain boundary trap den-
sity can be estimated using equation (ii):

N2(@) = In [ Ho _ 1] ©)
Hx)

where N, is the density of traps in the grain boundary, x refers to oxygen flow rate, y,, is the

mobility in a crystalline ZnO grain approximately 200 cm?/Vs while y is the mobility in a

polycrystalline ZnO grain (Huang et al. 2014).

The Raman peaks at about 435 cm™! is assigned to the non-polar optical phonons E,
(high) modes of the ZnO thin films. This peak intensity reduces as Oxygen concentra-
tion increases and is red shifted. The vanishing is an indication that the oxygen-rich
environment playing a great role in reducing the defect states. On the other hand the
red shifting indicates a change in stress within the films.

The peaks at about 303, 522 and 960 cm™! are attributed to the optical phonon
modes of the silicon substrate. Silicon possesses the diamond structure OZ (Fd3m)
and therefore has only one first-order Raman-active phonon of symmetry I,5 which is
located at the Brillouin-zone center. The first order Raman (stokes) spectrum consists
of one strong peak at 522 cm™! arising from the creation of the triply degenerate, long
wavelength transverse optical phonon (TO) (Spizzirri et al. 2010). The second order
Raman (2TO mode) is observed around 941-992 cm™! and is attributed to the convolu-
tion of the second order Raman bands of the ZnO thin films with the silicon substrate.
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3.4 VIS/NIR analysis

Figure 6 shows reflectance measurements obtained from FR-Basic-Vis/NIR spectroscopy
over a wavelength range of 450-900 nm. Whenever electromagnetic wave such as light
crosses the interface between two different materials, the fraction of light is reflected by the
inner surface while some amount of electromagnetic wave is refracted through the inner
surface and finally transmitted (Sultan and Sultana 2015).

Figure 6 shows the optical reflectance spectra of ZnO films grown with different oxygen
flow rate into the RF chamber over spectral range 450-900 nm. The well-developed inter-
ference patterns are an indication that the films are specular to a great extent. Interference
fringes with minima and maxima as a result of interference fringes brought about by mul-
tiple reflections of light occurring between the lower surface in contact with the substrate
and the free surface of the layer are reported. The shifting of these minima and maxima is
indication of varying film thickness as reported by the peak fitting shown in Fig. 6. The fit-
ting was carried out using FR tool software with high accuracy (<0.2% error).

From the spectrum fitting shown in Fig. 7, the film thickness variation, an indication of
varying deposition rate at different Oxygen flow rate into the chamber was calculated and
results summarized in Fig. 8. It is further seen that the introduction of Oxygen changes the
refractive index within the visible region.

Thickness of the films deposited without Oxygen into the chamber was 193.8 nm. Upon
introduction of oxygen at a rate of 4 sccm, the thickness first increased to 223.5 nm based
on the simulation of the reflectance spectra. The optical density in the modelled optical
constants has decoupled from the film thickness using independent FESEM measurements.
The FESEM image of Fig. 9 has yielded an average film thickness of 230+ 10 nm. This
indication of increased deposition rate could be as a result of rapid oxidation of the tar-
get and since the oxides targets have a higher secondary electron yield compared to the
metal targets, this could have resulted into more ionization of the sputtering gas hence an
increase in the deposition rate (Valliyil Sasi et al. 2017). The oxidation reaction likely to
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—— 8 Sccm -
404 ———12 Sccm
S —— 15 Sccm .
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©
k3]
2 204
[0)
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0
T T T T T T T T
500 600 700 800 900
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Fig.6 Optical reflectance spectrum of ZnO thin film deposited using different oxygen flow rates into the RF
chamber
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Fig.7 Spectrum fitting to derive thickness of the film and refractive index
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Fig. 8 Film thickness variation with oxygen flow rate

take place at the substrate surface as described by equation: 2Zn+ O, =2Zn0O (Zhang et al.
2007). At this oxygen flow rate we observe highest peak intensity and minimum FWHM
implying highest film crystallinity, this is because at this point the species deposited on the
substrate are fully oxidized hence Zn:O ratio may be stoichiometric. At 8, 12 and 15 sccm
there was a general decrease in film thickness to 217.9 nm, 207.8, and 194.4 nm respec-
tively, an indication of declining rate of deposition. This reduction in the deposition rate
can be explained in two aspects. The first scenario is that the further increase in the oxygen
concentration forms a surface layer of adsorbed oxygen, which prevents the sputtering of
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Fig.9 Field emission scanning electron microscope image of ZnO thin film grown at oxygen flow rate of
4 sccm

the atoms and thus reduces the deposition rate. The second as reported by Li et al. (2013),
as the oxygen concentration increases in the chamber, the concentration of the heavier Ar
atoms decreases which could negatively affect the deposition rate. According to Tominaga
et al. (1982) oxygen in the RF plasma exist as negative ion, which contributes to neutraliza-
tion in plasma on the way to the anode (Nagata et al. 2004). This electron-negative species
nature of Oxygen may also lead to higher electron-temperature plasma (Jie et al. 2010).
The increase in the plasma neutralization with oxygen concentration results in decrease in
the amount of Ar ions hence decrease in the deposition rate.

4 Conclusion

ZnO thin films have been grown on Si (100) substrates using radio-frequency magnetron
from ZnO target. The effect of varied oxygen flow rate into RF sputtering chamber with
constant Ar flow of 13 sccm on the structural and optical properties has been investigated.
From the GIXRD analysis, the C-axis preferential orientation is sensitive to the oxygen
flow rate. From optical analysis, the film thickness first increased as a result of the ZnO
oxidization then assumes a decreasing trend. We have also shown that the growth ambient
has a strongly influence on the emission characteristics of ZnO films.
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