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Physicochemical Analysis of Mo Films Deposited by RF
Magnetron Sputtering at Various Oxygen Ratios

Joon-Hyung Bihn

Department of Chemistry, Graduate School,

Pukyong National University

Abstract

The results of deposition and physicochemical characterization of
molybdenum thin films are-described in—this_thesis. The physical and
chemical properties of Mo oxide films were examined with X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) techniques. The obtained
Mo films- at the oxygen ratio of 0% showed crystallinity of cubic Mo(110)
phase. After the oxygen ratio increased more than 5% in the sputter gas, the
Mo oxide films were formed as an amorphous phase. The thickness ofithe thin
film was drastically decreased from 1000 to ca 70 nm after introduction of
oxygen in the sputter gas confirmed by spectroscopic ellipsometry (SE) and
scanning electron, spectroscopy (SEM). The calculated band gap of the film
increased from 3.17 to 3.63 eV by addition of oxygen in the sputter gas. XPS
results revealed that the ratio of metallic Mo species_in the Mo oxide films
decreased but the contents of Mo®" species ‘increased as the ratio of oxygen
increased in the sputter gas and fully oxidized at low content of oxygen in the

Sputter gas.



CHAPTER 1. Theories

1.1. X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS), as known as
Electron Spectroscopy for Chemical Analysis (ESCA), is
analytical technique for the surfaces of solid materials used to
obtain chemical information. Both composition and the oxidation
state of surface constituents can be determined by XPS after peak
deconvolution process association of spin-orbit splitting parameter.
Insulators and conductors can easily be analyzed in surface areas

from a few microns to a few millimeters across with this technique.

XPS technique i1s based on Einstein’s idea @ about
photoelectric effect, this concept developed around 1905. The
concept of photons-was used to describe the-ejection of electrons
from a surface element when photons were impinged upon it. In
principle, XP spectra of detected signals are well defined in term
of the binding energy of electronic states of atoms. Photons with
enough energy to eject the core electron of an element transferred

their energies to electrons and electron received the energy is



ejected from the atom becoming a photoelectron. These procedures
are schematically shown in Figure 1. The incident x-rays cause
the ejection of core-level electrons from sample atoms. The energy
of a photo emitted core electron is a function of its binding energy
and is characteristic of the element from which it was emitted.
Energy analysis of the emitted photoelectrons is the data used for
XPS. When the core electron is ejected by the incident x-ray, an
outer electron fills the core hole. The energy of this transition is
balanced by the emission of an Auger electron or-a characteristic
x-ray. Analysis of Auger electrons can be used in XPS, in addition

to emitted photoelectrons.

The photoelectrons and Auger electrons’ energies are
determined as a function of their velocity entering the detector. By
counting the number of photoelectrons and Auger ¢lectrons as a
function of their energy, a spectrum-representing the surface
composition is obtained. The energy corresponding to each peak is
characteristic of an element present in the sampled volume. The

area under a peak in the spectrum is a measure of the relative



amount of the element represented by that peak. The peak shape

and precise position indicates the chemical state for the element.

Figure 1 shows brief mechanism of production of

photoelectron. The incident photon ejects the electron bound in

core level of atoms.

Photoelectron

Figure 1. Process of photoelectron generation.
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Figure 2. Energy relationship of B-E, K-E, hv.and work function.

The binding energy of an electron in a certain element is
unique. From the relationship of binding energy (B-E), kinetic

energy of photoelectron (K'E), work function (¢) of the sample,



and the photon energy shown in Figure 2, we can identify the
element on the interested surface. This is the main concept of

XPS analysis.




1.2. Sputtering Deposition

One of the main methods used for deposition of thin films
onto substrates is sputtering deposition. This technique is used for
the coating of a wvariety of materials such as metals,
semiconductors and insulators, both in an industrial and research
level. A wvariation of this technique, the magnetron-sputter
deposition, can provide better sputtering rates and higher yield by
effectively utilizing-and combining strong electric and magnetic
fields during the sputter process. When a solid material surface is
being bombarded with energetic particles (e.g. accelerated ions), a
cascade of collisions takes place, causing a number of surface
atoms ' to eject from the target material and follow random

trajectories. This simple phenomenon is called sputtering,.

Aside from the ejected atoms, the emission of secondary
electrons from the target material also takes place. These
secondary electrons are necessary in order to sustain the plasma
(glow discharge phenomenon) and maintain the deposition process.

Many of the techniques developed for depositing thin films take



advantage of the sputter phenomenon. The main system used by
these techniques consists of a pair of planar electrodes, the anode
where the substrate (e.g. silicon wafer) is placed, and the cathode
(target) that is made up of the material that will be used for the thin

film deposition onto the substrate. The two electrodes are located

inside the low pressure vacuum deposition chamber (5% 107 Torr
of base pressure). This is a chamber filled with the sputtering gas,

usually an inert gas such as argon (Ar).

Once negative voltage is applied to the target surface, any
existing’ Ar positive ions will accelerate towards the cathode and
after falling on it, a small stream of atoms or clusters of atoms will
eject from the cathode material. A small portion of them will
impact on the anode's wafer, leading to the formation of a thin film
onto the substrate. In order to keep the processigoing, constant gas
ionizations are necessary and-this-is-achieved with the aid of the
secondary electrons that collide with neutral atoms and generate

new 1ons.

The sputter yield, S, is provided by the following equation:



__ number of atoms removed
number of incident ions

And the sputter yield is highly dependent on the:

e incident ion's energy,
e target material,
e incident angle and

o target structure.

In order to increase performance, variations on the basic
principle’ have been developed. 'One of the many variations
involves the use of a magnetic field close to the cathode's plane.
The secondary electrons generated during the sputter process are
trapped’ by this field and stay close to the cathode 'surface.
Following helical paths around'the magnetic field lines, these
electrons are forced to travel longer distances inside the chamber
and thus induce more ionizations and finally increase the sputter

yield, S, in a significant degree.



The use of this variation has certain advantages. It allows for
an increased sputter rate, higher plasma density, and the ability to
sustain plasma at lower pressure, meaning that less gas is needed

in the vacuum chamber.

By modifying various parameters, it is possible to deposit
almost all kinds of materials. The use of DC power supply is
suitable for metal targets, while the use of RF or pulsed DC supply
enables to sputter semiconductors and insulators as targets as well.
Also, the use of a reactive gas instead of an inert.gas (called
reactive sputtering), enables the chemical reaction between the gas
and the target material and thus the deposition of a compound thin

film onto the substrate.

These “controllable variables, make the .magnetron-sputter
technique very efficient compared to other -deposition methods and

suitable for almost every target material.

-10 -
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Figure 3. Schematic diagram of RF=sputtering system used in

this research.
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CHAPTER II. Physicochemical analysis of Mo films
deposited by RF magnetron sputtering at various
oxygen ratio

2.1. Introduction

Molybdenum oxides (MoOyx) have many advantages in a
wide variety of physical and chemical applications. These
applications are well known as transparent conducting light-
trapping oxides (TCLOs) [1], catalysis{2,3], back contact material
in solar cell application of Cu(InGa)Se, (CIGS) [4,5], gas sensors
[6], and electrochromic— devices [7,8].  Because of these
applications, many researchers have studied this material system
intensively. Comini et al. reported the feasibility of
molybdenum(VI) oxide nanorods on gas sensing especially for CO.
They reported that.the guaranteed stable phase of molybdenum
oxide was in a crystal phase rather than in an amorphous phase.
Meng et al. reported molybdenum doped in complex metal
increased the ability of electron mobility in indium oxide film
(IMO) [9].

Molybdenum(VI) oxide thin films have been synthesized

-12 -



with various methods including DC reactive magnetron sputtering
[10,11], laser-assisted deposition [12], spray pyrolysis [13],
electron beam evaporation [14,15], thermal evaporation [16-18],
and sol-gel process [19]. Controlling the band gap and the
crystallinity of the films are critical for a wide range of
applications including gas sensing, TCLOs, CIGS, and display
devices.

In this work, molybdenum oxide and/or oxyhydroxide was
fabricated by applying the RF reactive sputtering method at
various oxygen gas ratios in the sputtering gas to manipulate the
electronic and physical structure of the molybdenum oxide and/or
oxyhydroxide films. The effectjof oxygen ratio in the sputtering
gas on the morphology, crystallinity, and roughness /of the
molybdenum films was examined. Also the detailed oxidation
states of Mo 3d and O-1s.and direct band-gap energies of the Mo

films were investigated as well.

-13-



2.2. Experimental Section

Molybdenum (99.95%, Tasco) target with 5 mm of
thickness and 50 mm of diameter was used in radio frequency (RF)
magnetron sputtering for Mo films. High purity argon (99.99%)
and oxygen (99.99%) gases were used for sputtering and reactive
gas, respectively. The p-type Si(100) wafer was used as a
substrate after cleaning with 2% HF solution and drying with
nitrogen gas bythe known cleaning method [20]. ~The deposition
chamber was evacuated to the base pressure of 1.0 x.10” Torr
using a roughing pump and a turbo molecular pump. The flow
rates of argon and oxygen were adjusted by mass flow controllers
separately.  The molybdenum target was pre-sputtered for 1 hr at
the power of 30 W for cleaning and stabilizing the plasma with the
blended sputtering. gases- while the target was shieclded. Then
molybdenum was sputtered on the substrate at room temperature
after pre-sputtering treatment with various oxygen ratios (O, / O, +
Ar) to form Mo thin films. In this work, the total sputtering gas

flow rate was kept at 20 sccm and the working pressure of the

-14 -



sputtering chamber during the RF sputtering process was

maintained at 481 mTorr measured with a convectron gauge.

Field emission scanning electron microscopy (FESEM,
JEOL JSM-6700F, Japan) images were taken with the high voltage
of 15 kV and the beam current of 9 ~ 10 mA to verify the
thickness of molybdenum films. The obtained Mo films were
mounted on a sample holder after coating with OsO4The surface
morphology of the Mo films was analyzed. by atomic force
microscopy  (AFM,  Veeco Multimode Digital Instruments
Nanoscope Ila, USA) applying contact: mode. The scan rate and
the tip velocity applied in this work were 1.97 Hz and 7.88 um/s,
respectively. - AFM images of the films were collected in the area
of 2 x 2 um? and the roughness of the film was determined in root
mean square (RMS) values. The crystal structure of the films
was examined with X-ray-diffraction (XRD, PHILIPS X’Pert-
MPD, Netherland) system applying a grazing mode with Cu Ka (4

= 1.5406 A) radiation with 0.02° step size.

-15 -



The optical parameters such as the refractive index and the
extinction coefficient of Mo films were measured by spectroscopic
ellipsometry (SE, J.A.-Woollam M-2000D, USA). The D, and
quartz tungsten halogen lamps were used as the source of
ellipsometer in the wavelength range from 193 to 1000 nm. The
beam size and incident angle were 2 mm and 75°, respectively.
Generation oscillation method using Gaussian model was applied

to calculate the thickness of Mo oxide films.

The compositional analyses of Mo films were carried with
X-ray photoelectron spectroscopy (XPS, VG MultiLab 2000, UK),
using a monochromatic Al Ka (1486.6 eV) X-ray source. The
base pressure in the XPS chamber was kept at 1x107° Torr. The
X-ray source was created. at the power of 24 kW and the beam
current was 16.5 mA. The survey XP spectra were collected with
a concentric hemispherical analyzer (CHA) in constant analyzer
energy (CAE) mode with the pass energy of 50 eV, a dwell time of
50 ms, and an energy step size of 0.5 eV. The binding energy

(BE) scale was corrected by referring to the aliphatic C 1s at 284.6

-16 -



eV for consistency. [21] High resolution XP spectra (Mo 3d, O
Is, and valence band) were obtained at the pass energy of 20 eV,
an energy step size of 0.02 eV, and other factors were kept the
same as those applied in the survey scan. The detailed

parameters are described elsewhere. [21,22]

-17 -



2.3. Results and Discussion

2.3.1. XPS analysis

The chemical nature of the Mo films deposited at different
O, ratios was studied with X-ray photoelectron spectroscopy
(XPS). The high resolution Mo 3d XP spectra of the Mo films
are shown in Figure 4. The doublet Mo 3d feature in the XP
spectra of MoO-0 was ill-defined and shifted to higher binding
energy after increasing the O ratio. In order to get more detailed
information about the oxidation state of Mo, deconvolution of Mo
3d peaks was performed with the XPSPEAK program with spin-
orbit splitting (SOS) constant of 3.15 eV. The deconvoluted
peaks of Mo 3d range of MoO-0, MoO-5,.and - MoO-40 are shown
in Figure 4 b), ¢), and d), respectively:
Four different oxidation states of Mo were assigned in MoO-0
after deconvolution and only Mo(VI) state was detected in MoO-5

and MoO-40 films. The assigned binding energies of different

- 18 -



Mo 3ds;, in MoO-0 are centered at 228.3, 228.9, 231.8, and 232.9
eV for Mo(0), Mo(IV), Mo(V), and Mo(VI), respectively. These
assigned binding energies are consistent with the reported values
[23-25]. Although oxygen was not supplied during the RF
sputtering, partially and fully oxidized Mo species were mixed

with Mo(0) species in MoO-0 film shown in Figure 4 b).

-19-



d) MoO-40, X1 Mo 3d,,
Mo 3d,,
2 |c) Mo0-5, X1 Mo(Vi w
Q ) o(v) Mo(0) o
K L
> Mo(IV) -
o =
= Mo(V) =
f= c
o [}
2 2
£ - £
b) Mo0-0, X2 i
raw. /
238 236 234 232 230 228 238 236 234 232 230 228 226

Binding Energy (eV) Binding Energy (eV)

Figure 4. XP spectra of Mo 3d region of Mo films obtained at
different oxygen ratios in a) and representative deconvoluted Mo
3d XP spectra of MoO-0, MoO-5, and MoO-401in b), ¢), and d),

respectively. Note the relative intensities of b), ¢),and d). In the
figure b) - d), Shirley background was adapted and curly lines
represent raw data and the solid lines overlapped with the curly

line are sum of the deconvoluted peaks.
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This may be explained through the residual oxygen
moieties, such as water and hydroxyl group, in the sputtering
chamber which participated on the formation of molybdenum
oxide and/or molybdenum oxyhydoxides (MoO(OH),, Mo(OH).4
for Mo(IV) and MoO(OH); , MoO,(OH), for Mo(VI) etc.).
When the O, ratio was increased to 5% in the sputtering gas, only
the Mo(VI) species was detected and the other states were not
observed (Figure 4 ¢). This implies that Mo_species were fully
oxidized even at low content of oxygen. To verify the gradual
oxidation process of Mo as a function of O, ratio, more prudent
control of the ratio of O, gas is crucial. Unfortunately, the RF
deposition chamber used in this work was not equipped with a
high precision mass flow-controller.  Further increase of O, ratio
did not affect. the ‘oxidation state of Mo_shown in Figure 4 d),
which is added for clear comparison with- MoO-5.

In high resolution XP spectra of O 1s (Figure 5a) of Mo
films, apparent peak shift, about 0.27 eV, was observed by
increasing O, ratio. After the deconvolution process of the O 1s

region, three oxygen species were assigned as 0>, OH’, and H,O

-21 -



centered at 530.9, 531.5, and 532.8 eV [26], respectively. The
surface oxygen, denoted as H,O in the figure, existed at almost
constant level by increasing the O, ratio. The ratio of OH to O*
was converted from 1.63 of MoO-0 to 0.38 of M0oO-40 after Mo
species were oxidized to Mo(VI). The fact that Mo species were
oxidized was confirmed in Mo 3d XP result. A plausible
oxidation mechanism of Mo species based on the Mo 3d and O 1s

XPS results could be proposed as followings.

-22 -
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Figure 5. XP spectra of O 1s region of Mo films obtained at
different oxygen ratios 1n.a) and representative deconvoluted O 1s
XP spectra of MoO-0, MoO-5, and MoO-40-in b), c), and d),
respectively. In the figure b) - d), Shirley background was adapted
and curly lines represent raw data-and the solid lines overlapped

with the curly line are sum of the deconvoluted peaks.
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The Mo(IV) species (MoO,, MoO(OH),, Mo(OH)4) and Mo(V)
species (M020s, MoO(OH)3;, MoO»(OH)) were oxidized to MoOs
by increasing O, content. Therefore the intensity of O increased
and that of OH™ decreased by the oxidation of Mo from Mo(IV,V)
to Mo(VI) moiety.

The valence band spectra of MoO-0 evolved by Mo 4d
and O 2p centered at ~ 2 and ~ 7 eV [27] below Fermi level,
respectively, are shown in Figure 6. When the O ratio increased,
the density of state (DOS) of Mo _4d vanished and that of O 2p
increased. The total DOS was reduced by diminishing the DOS
of Mo 4d after oxygen was introduced. This implies that metallic
Mo was oxidized by adding O, which is consistent with the XPS
results of Mo 3d and O 1s. The valence band maxima'(VBM) of
Mo films were calculated-by extrapolating the line obtained by the
linear square method with the linear portion near Fermi level to the
constant photoemission line. The VBM of MoO-0 was -0.44 eV
then shifted to higher binding energy at 3.07 £ 0.09 eV after

introducing O,. This result shows agreement with the propensity

-4 .



of band gap energy shifting observed in SE measurement. The

VBM values for each Mo oxide films are presented in Table 1.

-25-
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Figure 6. XP spectra of molybdenum films at valence band

region. The vertical dotted lines were added for clear comparison.
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2.3.2. XRD analysis of Mo films

MoSi,, Mo,Si

MoC(122)

Intensity (a.u.)

MoO-0

35 36 37 38 39 40 41 42 43 44 45
2 Theta (degrees)

Figure 7. Representative XRD patterns of molybdenum films;
MoO-0 and MoO-40.

The XRD patterns of Mo films deposited at 0 and 40%
oxygen ratio in the sputtering gas are shown in Figure 7. The Mo
film obtained at 40% O, is denoted as MoO-40. Molybdenum

films deposited at more than 5% of O, had the same crystallinity

-27 -



as that was confirmed in MoO-40. The peak detected at 36.5°
was contributed by molybdenum silicon (MosSi3(002) or
MosSi(200)). [28] The peak with low intensity at 43.6° was
assigned to Mo0,C(122) which may be formed from the residual
carbon as contaminants in the RF sputtering chamber during
deposition of Mo. The MoO-0 showed c-Mo(110) phase with the
average size of 5.37 nm. The size of metallic Mo crystal in

MoO-0, L, was calculated by using Scherrer’s equation [29] given

as L=(al)/(Hcos@), where a is 0.9 as-the Scherrer’s

constant, A is the wavelength ofithe X-ray (1.5406 A), H is the
full width at half maximum of c-Mo(110) peak, and 6 is the
Bragg' angle. In comparison XRD data of MoO-0 with XPS
results, “most Mo species formed as Mo oxide which was
amorphous phase. As the oxygen ratio increased, metallic cubic
molybdenum phase-disappeared because of the formation of
molybdenum oxide and/or molybdenum oxyhydroxide in

amorphous phase without any crystallinities.

-28 -



2.3.3. AFM and SEM Study

a) MoO-0,1 pm b) MoO—40, 71 nm

PKNU SEl 150KV X50000 100nm WD 10.1mm SEI 150KV X50,000 100nm WD 9.6mm

MoO-0 : A MoO-40
Roughness: 3.52 [~ Roughness:0.31
Z:30.00nm Z:1.00nm

Figure 8. Sectional- SEM views of MoO-0.and MoO-40 in a)
and b), respectively-and-3D-AEM images of those in ¢) and d),

respectively. Note the z-scale in AFM images.

The thickness and roughness of the Mo films were

examined by FESEM and AFM, respectively. Sectional FESEM

-29.



images of the MoO-0 and MoO-40 films are shown in Figure 8 a)
and b), respectively. The film thickness, which was determined
by the Motic Image analysis program, dramatically decreased from
1000 to 71 nm after 40% of oxygen introduced. The decreasing
phenomenon of the film thickness by increasing the O, ratio agrees
with the previous results of Anderle’s group. [30] They have
reported that the ratio of Ar in the sputtering gas controlled the
sputter yield of the target. Argon acted as a sputter gas and
oxygen acted as‘a reactive gas in the plasma. The-higher the ratio
of O, in the sputtering gas, the smaller the sputter yield was
observed.  Therefore this makes thinner molybdenum oxide
and/or oxyhydroxide films deposited at higher O, ratio. Figure 8
¢) and d) show 3-D. AFM images of MoO-0 and MoO-40,
respectively. Note the z-scale of each image. .. The roughness of
the film after inereasing-oxygen ratio.decreased more than ten
times comparing to that of MoO-0. When the film was rough, the
oxygen could easily diffuse into the film and formed molybdenum
oxide/oxyhydroxide. After the diffusion of oxygen, the

roughness of the film became smaller. The roughness of the

-30-



obtained Mo films is summarized in Table 1.

2.3.4. SE investigation of Mo films

To confirm the thickness of the Mo films, spectroscopic
ellipsometry (SE) was performed and the thicknesses of the films
obtained at various oxygen ratio are depicted in Figure 9. After
the formation of Mo oxide (MoOy) and/or oxyhydroxide
(MoOy(OH),), the thickness of the film was fairly constant at the

average thickness of 67.8 + 2.8 nm. This is consistent with the

results of FESEM within the experimental error range.
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Figure 9. Thickness of the molybdenum films obtained from SE
data by applying generation oscillation method using Gaussian
model. Thickness was measured several times for each film.

Direct band gap of the Mo films were calculatedfrom the obtained
SE parameters. ~Notably, the absorption coefficient (a) was

calculated from the extinction coefficient (k) at 1.24 ~ 6.48 eV of

the photon energy by the following equation, o =(47k)/A

[31,32]. The resulted absorption coefficient was used to calculate

the band gap of molybdenum films deposited at different O, gas
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ratio using the following relationship, ahv = A(hv -E, )m , where

A is a constant obtained from the function of refractive index of
the materials, reduced mass, and speed of light, Av is photon
energy, and E, is a band gap energy. The direct or indirect
transition was determined by m value, 1/2 or 2, respectively
[31,32]. In this study, the direct band gap energy (m = 1/2) was
obtained from the intersection of the extrapolating line of the

linear portion in the range of 3.9 ~ 4.9 eV_and the axis of the
photon energy in the plots of photon energy vs. (ahv)2. The

extrapolating line was obtained by the least square method and
represented as dotted lines in the Figure 10. After increasing the
O ratio to 80%, the E, increased to 3.63 from 3.17 eV of MoO-0.
Elangovan et al. reported that the band gap of Mo doped indium
ranged from 3:75 (without O,) to 3.90-eV (3.5% 0O,) during RF
sputtering depending on sputtering time and power [33]. Patil et
al. reported that the band gap of MoO; lied in the range of 2.64 ~
2.83 eV depending upon annealing condition and deposition time

of the film [34].
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Figure 10. Direct band gap energies, E,, of the molybdenum films.

The band gap obtained in this work lies in between Patil’s
and Elangovan’s results. For clarity, the band gap energies of
other films are summarized in Table 1 instead of showing in the
figure. As we noticed, the direct band-gap energy increased from

3.17 eV of MoO-0 to 3.68 £ 0.05 ¢V of Mo films deposited at

more than 5% O, and stayed at almost constant level. This

propensity of band gap energy increasing is consistent with the
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results that the resistance of metal oxide films increased by the

presence of oxidizing gases. [35]

0, (%) 0 5 10 20 | 40 80
VBM (eV) |-0.44] 3.06 | 2.97 | 3.22 | 3.12 | 2.98
E, (eV) 317 | 3.68 | 3.63 | 3.74 | 3.73 | 3.63
Roughness | 5 o | 018 | 0.18 | 0.43 | 031 | 0.20
(nm)

Table 1. Valence band maximum (VBM), direct band gap
energy (E;), and the root mean square (RMS) roughness of the

molybdenum films.
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2.4. Conclusions

Molybdenum films were deposited at various oxygen ratios
in the sputtering gas on p-type Si(100) wafer by RF magnetron
sputtering method using a metallic Mo target (purity 99.95%)
successfully. The XRD study revealed that only MoO-0 showed
crystallinity of cubic Mo(110) phase. After the oxygen ratio
increased more than 5% in the sputtering gas, the molybdenum
oxide and/or -oxyhydroxide films were formed-.as amorphous
phase. The thickness of the thin film decreased from. ca. 1000
nm of MoO-0 to 67.8 + 2.8 nm of the Mo films obtained after
introduction of oxygen in the sputtering gas confirmed by SE and
SEM. | The direct band gap energy of the film changed from 3.17
to 3.68 £0.05 eV because VBM increased afterradding oxygen in
the sputtering gas.  XPS results revealed that the ratio of metallic
Mo species in the film decreased but the contents of Mo(VI)
species increased as the ratio of oxygen increased in the

sputtering gas.
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