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The influence of the reactive magnetron sputtering deposition power on determining the stoichiometry
and structure of cobalt oxide polycrystalline films is investigated using experimental and simulated
data. Direct current discharges with powers in the 80�240 W range are tested using a metallic Co
target and an Ar þ O2 plasma. X-ray diffraction results show that lower deposition powers favor the
spinel Co3O4 phase, while higher powers produce films presenting the rocksalt CoO phase. Computer
simulations indicate that lower power processes occur in the poisoned target regime, while higher
power depositions favor the metallic target regime. Consistent with the simulations, oxygen optical
emissions (OI ¼ 777:3 m) from the plasma show a significant decrease while the cobalt emissions
(e.g., the CoI ¼ 340:5 nm line) are significantly increased when the deposition power is increased.
The results show that the film stoichiometry and structure are directly related to the deposition power,
at constant O2 flow. Published by the AVS. https://doi.org/10.1116/1.5046952

I. INTRODUCTION

The cobalt oxides have demonstrated applications in solar
cells,1 photocatalysis,2 solar water splitting cells,3 and gas
sensors,4 which are used to generate electric power, hydro-
gen gas, and to treat water effluents using the sunlight. These
applications have the potential to significantly favor the
cleaning of the environment, so the search for new alterna-
tive ways to produce the cobalt oxides in large area panels is
assuming bold interest. Besides, the applications of these
oxides extend also to electrodes for lithium-ion batteries5

and device memristors.6

The main phases of the cobalt oxides are the cubic spinel
Co3O4 and the rocksalt CoO, each having different applica-
tions. Films of these phases have been obtained by pulsed
laser deposition (PLD),7 molecular beam epitaxy (MBE),8

and sputtering.9,10 The latter has the potential to produce
homogeneous films over large areas,11 but generally presents
poorer control on stoichiometry, defects, and film structure
than MBE or PLD.

Achieving better control and understanding of the reactive
sputtering deposition process can contribute to the develop-
ment of the large area applications of these oxides.
Nevertheless, the physics and chemistry involved in reactive
sputtering are complex and highly nonlinear. Some models
have been developed with the purpose of explaining how dif-
ferent parameters affect the reactive sputtering. Berg’s
model12 explains the influence of the main deposition param-
eters on the reactive sputtering processes. It considers the
formation of compounds on the target’s surfaces due to
chemisorption reactions between the target and reactive gas.
Depla’s model13 includes implantation of the reactive gas on
the target during the process. Based on these models, it is

possible to predict the main features of the sputtering deposi-
tion regimes. The metallic regime is characterized by low
compound formation on the target and low partial pressure
of the reactive gas, while in the poisoned regime the reactive
gas partial pressure increases and the target is covered by
compounds.14 The outputs of these models are important to
properly choose the deposition conditions and then gain
control onto the composition and other important parameters
of the deposited films by reactive sputtering.

This investigation focuses on cobalt oxide thin films
deposited onto fused silica (a-SiO2) substrates by reactive
direct current (DC) magnetron sputtering using different dis-
charge powers. The aim is to control the phase of the deposited
films by changing only the deposition power. Computational
simulations are used to assist the choices of the deposition
parameters and to analyze the experimental results.

II. EXPERIMENTAL AND SIMULATIONS DETAILS

Cobalt oxide films were deposited by DC reactive magne-
tron sputtering. A 99:95% purity metallic cobalt target,
75 mm diameter, 70 mm away from the grounded substrate
was used. The DC deposition power was varied from 80 to
240 W. Experiments were performed by an Advanced
Energy MDX500DC power generator. The target erosion
track (due to the magnetron system) presented an internal
diameter of 17 mm and an external diameter of 25 mm. The
base pressure in a vacuum chamber was lower than
8� 10�5 Pa. The flows of the 6N purity argon and oxygen
gases were set to 40.0 and 5:0 sccm, respectively, for all
depositions. The working pressure was kept at 0:67 Pa. The
main deposition parameters are shown in Table I. The
samples were deposited onto fused silica (a-SiO2) substrates.
This amorphous substrate was preferred in order to minimize
the effects of substrate and emphasize the effects of thea)Electronic mail: jose.humberto@unesp.br
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discharge on the film structure and composition. The sub-
strate temperature, 200 �C, was monitored during and after
depositions using a thin K-type thermocouple wire placed in
a position equivalent to the deposited film. The thicknesses
of the films were measured after depositions with the help of
a Veeco DekTak 150 profilometer. The average deposition
rates were determined using the measured thickness and the
deposition times, while the instant deposition rates were
measured in situ using an Inficon FTS 2400 quartz crystal
monitor. The different instant rates were measured in the
same experiment by the sequential variation of the deposi-
tion power. The stabilization time after each power change
was 5 min. The material density (6:44 g=cm3), acoustic
impedance (Z ¼ 2:144� 106 g cm�2 s�1), and Z-factor to
quartz (0.412) of CoO were used when performing all the
growth rate measurements.

The ion flux [ion/(cm2 s)] impinging on the target surface
is defined as14

JI ¼ I

e(1þ γe)At
, (1)

where I is the measured discharge current, e is the elemen-
tary charge, γe is the electron yield, and At is the track area
(10 cm2).

The structural analysis of the films by x-ray diffraction
(XRD) is performed in a PANalytical Empyrean with CuKα
(λ ¼ 1:54060 �A) radiation, using θ�2θ goniometer configu-
ration in the 15� to 80� range with 0:01� step size. The crys-
tallite sizes are estimated using Scherrer’s formula.15

Computer simulations are performed to give insights about
the deposition process. Using different softwares, the energy
of the species arriving to the substrate and the characteristics
of the reactive process are estimated.

The deposition regime and the target condition were ana-
lyzed using the Reactive Sputter Deposition Software,
RSD2013.16 The simulation is based on reactive sputtering
models developed by Berg and Nyberg12 and Depla et al.16

The simulations were performed using the steady state
method. Different sets of parameters are chosen to represent
the experimental conditions in the RSD simulations. For each

deposition power, the target area (At ¼ 10 cm2), substrate
area (As ¼ 550 cm2), pump speed (S ¼ 160 L=s), Ar pres-
sure (PAr ¼ 0:43 Pa), temperature (300 K), and sticking
coefficients (αt ¼ 0:6, αs ¼ 0:8) are kept constant, while
the discharge current and sputtering yields are changed. The
discharge current is taken directly from the experiment,
while the sputtering yields as a function of the target compo-
sition and discharge voltage are established using the pub-
lished experimental data (pure Co) and simulated values
using the Transport of Ions in Matter (TRIM)17 software
(oxides), as explained in the sequence.

In order to follow the experimental variations of the depo-
sition power, the discharge current and the sputtering yields
of the metal and compound are supplied to the RSD program.
The change in the target potential in the different discharge
powers has an indirect effect, due to changes in the sputter-
ing yields. The calculation of the sputtering yields is not
simple to perform accurately,18,19 especially for the metallic
oxides.20–22 For this reason, we have used the measured
value of sputtering yield of the pure Co, corresponding to
normal incidence 300 eV Arþ ions, reported by Laegreid
and Wehner23 (YCo ¼ 0:81). This is very close to the condi-
tions we have (a cathode voltage of 310 eV).

Concerning the sputtering yields of the oxides, as the
experimental results of the cobalt oxides are not found for
this energy range, we have used the SRIM simulations. These
were performed by inserting the corresponding values of the
binding energies for Co and O, which were calculated
according to the simple model proposed by Malherbe et al.21

based on Pauling formalism. This procedure is expected to
give more accurate values of the sputtering yields20 than the
regular calculation proposed in the TRIM program using just
the binding energies of bulk Co and of the O2 molecule.
However, it is important to bear in mind that this is just an
estimation so just the qualitative features of the results
obtained from the RSD software should be considered in the
present case.

A rough estimation of the kinetic energy of particles arriv-
ing to the substrate was performed using the TRIM (Refs. 17
and 24) program. This was made in order to get an insight
about the physical processes occurring during the deposi-
tions. The calculations were performed in three steps. In the
first step, the collisions of the ions with the target are ana-
lyzed. The kinetic energy of the Arþ ion collision with the
target was set with the potential energy originated from the
full target voltage. Concerning the O2 collisions, we have
assumed molecule dissociation during impacts with the
target, so half of the energy target potential was attributed to
atomic oxygen collisions. This step was performed using the
“Surface Sputtering” method of the TRIM program and resulted
in the estimation of the energies of the species emerging from
the target. In the second step, using the “Quick Calculation of
Damage,” the energies of Ar, O, and Co emerging from the
target were used as input parameters in the transport through
the gas in order to estimate the energy particles arriving to the
substrate. Finally, the collisions of energetic species with the
growing film surface are analyzed using the “Kinchen Pease”
routine in TRIM.

TABLE I. Discharge power, voltage, total current, and ionic flux on
depositions of cobalt oxide films using DC magnetron reactive sputtering.
The resulting film thicknesses and the mean deposition rate were also
included.

Discharge
power
(W)

Bias
voltage
(V)

Current
(mA)

Ion flux
[ion/

(cm2 s)] × 1017

Film
thickness
(nm)

Mean
deposition
rate (Å/s)

80 309 258 1.48 260 ± 20 0.6
120 317 375 2.15 740 ± 70 2.7
160 358 444 2.54 1740 ± 40 9.0
170 344 490 2.80 820 ± 40 9.1
180 351 509 2.91 440 ± 50 10.5
200 366 542 3.10 438 ± 40 14.6
240 358 665 3.81 590 ± 20 19.6
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The optical emissions from the plasma are acquired using
an Avantes ULS2048, 3 channel spectrometer System, with
optical fiber attachment, in the 260�1010 nm range. The
emission lines were identified using the USA National
Institute of Standards (NIST) atomic spectra database.25

III. RESULTS AND DISCUSSION

In order to analyze the role of the deposition power in the
growth of cobalt oxide films, characterizations using x-ray
diffraction and optical emission from the plasma species
during growth are presented in the sequence. The results are
then discussed with the help of computer simulations.

A. X-ray diffraction

The crystalline phases present in cobalt oxide films depos-
ited onto silica glass at different sputtering powers were ana-
lyzed using XRD. Figure 1(a) shows the diffraction pattern
characteristics of polycrystalline films for all samples studied
in this work.

The diffraction patterns from samples grown using low
discharge powers (80, 120, and 160 W) show only cubic
spinel Co3O4 phase related peaks—space group Fd-3m
( JCPDS No. 42-1467). On the other hand, the patterns from
the samples grown at higher discharge powers (180, 200,
and 240 W) show only rocksalt CoO diffraction peaks—
space group Fm-3m ( JCPDS No. 48-1719). In between, the
diffraction pattern from the sample grown at 170 W shows
predominant Co3O4 phase peaks and some lower intensity
peaks associated with the CoO phase, evidencing a phase
mixing.

The 2θ plots around the Co3O4 (311) and CoO (111)
peaks are shown in Fig. 1(b). These peaks, according to
JCPDS No. 42-1467 and JCPDS No. 48-1719, are expected
to occur at 2θ ¼ 36:853� and 2θ ¼ 36:492�, respectively, as
indicated with dashed vertical lines. From this plot, it is pos-
sible to notice the influence of the phase change on these
nearby peaks.

Back to Fig. 1(a), the relative intensities of the observed
diffraction peaks, when compared to those reported for
the randomly orientated powders ( JCPDS Nos. 42-1467

FIG. 1. (a) θ�2θ diffraction pattern from cobalt oxide films deposited onto fused silica (a-SiO2) substrate corresponding to different deposition powers. The
labels of the peaks related to CoO are placed on the top (red labels) and marked with dashed red lines ( JCPDF #42-1467), while the peaks related to Co3O4

are placed in the middle (blue labels) and marked with blue dotted lines ( JCPDF #48-1719); (b) detail of the diffraction peaks related to Co3O4 (311) and
CoO (111) planes.
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and 48-1719), clearly indicate the presence of strong crys-
talline texture of both Co3O4 and CoO phases. It is possi-
ble to note that the peak intensities of the {220} planes of
the tetraoxide are much weaker in the studied films than
expected. A similar trend is observed for both {200} and
{220} in the monoxide. These facts, besides the θ�2θ
geometry used in the experiment, evidence that the prefer-
ential orientation of crystallites in which the [111] and
[311] axes are perpendicular to the surface of the substrates
on both cases (Co3O4 and CoO phases). Yamamoto et al.9

reported that the [111] orientation texture tendency is also
observed in Co3O4 films deposited by sputtering of a
Co3O4 target when the substrate temperatures are above
300 �C and especially for temperatures in the 600 �C
range. The tendency to this orientation of crystallites for
such different deposition conditions on the amorphous
silica substrates suggests that some dominant physical
reason as the higher packing density of the (111) planes in
the cubic lattice, associated with the small Si�O bonding
distance of the silica glass substrate, or a higher velocity of
growth in one direction (caused, for example, by surface
energy minimization) may occur in this case. This is an
interesting question for future experimental and theoretical
investigations about this material.

In addition to the texture effects, most of the diffrac-
tion peaks observed in Fig. 1(a) occur in lower 2θ values
when compared to the respective JCPDS data file.
Consequently, the studied films hold large positive strains
when deposited using powers lower or equal to 170 W,
and small strains when prepared at 180 W and higher, as
shown in Table II. Several studies show that ionic
bombardment can be associated with phase changes,
texture effects, and strain in the lattice in films produced
by sputtering.26,27 The effects of ionic bombardment will
be analyzed later in this section using computational
simulations.

B. Simulations of the deposition regime

The RSD2013 software was used to simulate the character-
istics of the reactive discharge. The oxygen partial pressures
were simulated for each discharge power, while the O2

supply was varied from 0 to 8 sccm, as shown in Fig. 2(a).
Focusing on the oxygen flow effectively used in the deposi-
tions (5:0 sccm), marked as a dashed vertical line, it can be
observed that lower powers favor higher oxygen partial pres-
sure, in a regime where a linear dependence is observed
between oxygen pressure and oxygen flow. This linear
dependence is a clear characteristic of the poisoned growth
regime, in which the target and chamber surfaces are
completely contaminated by oxygen, leading to the forma-
tion of an oxide layer onto them, i.e., the target surface is
mainly composed by cobalt oxide. On the other hand, the
increase of the discharge power produces a significant and
continuous decrease of the O2 partial pressure and a shift of
the curves to a nonlinear regime at 5 sccm. This behavior is
a characteristic of the transition regime (poisoned to the
metallic regime), where a mixture of pure metallic Co and
Co oxide composes the target surface.

The simulation of the metal fraction in the target shows
that the composition of the target surface also has a

TABLE II. Measured d-spacing, strain, full-width at half-maximum (FWHM),
and the estimated crystallite size of the Co3O4 and CoO phases
corresponding to the (111) diffraction peaks. The strain was determined
taking the data from JCPDF #42-1467 and JCPDF #48-1719 as references
for the unstrained lattices. The lattice parameters of the unstrained Co3O4

(a ¼ 0:8083 nm) and CoO (a ¼ 0:4261 nm) can also be found on these
JCPDF data files. The lattice parameters and crystallite sizes are estimated
using Scherrer’s formula (Ref. 15).

Discharge
power
(W)

Predominant
phase

Lattice
constant
(nm)

(111)
spacing
(Å)

Strain
(%)

(111)
FWHM
(deg)

Estimated
crystallite

size
(nm)

80 Co3O4 0.8132 4.695 0.60 0.181 48.9
120 Co3O4 0.8123 4.690 0.51 0.148 73.4
160 Co3O4 0.8125 4.691 0.52 0.251 36.7
170 Mix 0.8132 4.695 0.60 0.271 36.7
180 CoO 0.4259 2.459 −0.04 0.262 30.5
200 CoO 0.4264 2.462 0.10 0.226 38.1
240 CoO 0.4263 2.461 0.06 0.307 30.4

FIG. 2. (a) Oxygen partial pressure in the deposition process as a function of
the oxygen gas flow into the chamber as simulated by RSD program. In this
diagram, θ represents the fraction of the target covered by the compound
and 1� θ represents the metallic fraction remaining on the target; (b) metal
fraction, or oxide-free fraction, of the target surface. Calculations are per-
formed for each value of the discharge power. The dotted vertical lines cor-
respond to the oxygen flow used in the present experiment (5 sccm).
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significant influence on the discharge power [Fig. 2(b)]. The
simulated results of the metal fractions in the target for the
different discharge powers used in this work are shown in
Fig. 2(b). It is clear that, for 5 sccm oxygen flow, higher dis-
charge powers result in higher steady state metal fractions,
tending to the metallic deposition regime.

For example, for DC power equal or above 200 W, it is
expected that at least 80% of the target surface area is com-
posed of metallic Co. This condition results in stronger
optical emissions from cobalt as measured during sputtering
and shown in Fig. 3(a). However, at lower discharge powers,
the metallic target fraction decreases, and thus the deposition
processes tend to the poisoned regime.

The effects of the discharge power on the main optical
emissions lines of the plasma are shown in Fig. 3(a).
The plasma emission line at 777:3 nm (triangles), asso-
ciated with oxygen 3p 5P ! 3s 5S transitions,25,28 is related
to the dissociative excitation of the oxygen molecules
(e� þ O2 ! OI þ Oþ e�).28 A weaker line at 844:6 nm,
related to OI[3p 3P ! 3s 3S] emissions28 (not shown), is
present in the emission spectra. The intensities associated
with this line are 0:14+ 0:03 of those corresponding to the

777:3 nm line, in the analyzed power range. The intensities
of the oxygen emissions follow a trend similar to the ArI line
at 826:3 nm. The decrease in the intensities of both emis-
sions starting at 160 W and becoming more intense at higher
powers is related to an increase of the Co emissions. Now
looking to Co emissions [Fig. 3(a)], the increase in the dis-
charge power leads to a strong increase of optical emission
intensity associated with the cobalt 4p (4Fo) ! 4 (4F) transi-
tions at 340:5 nm (Ref. 25) evidencing the metallic regime
for discharge powers above 180 W. Consequently, the chem-
ical getter effect of the Co is likely to increase and cause the
O depletion with the increase of the discharge power. While
the decrease in the intensity of O is probably related to this
depletion of OI, the decrease in the Ar emissions is likely to
be due to the competition for the energetic electrons in the
plasma.

The dependence of the deposition rate on the discharge
power is shown in Fig. 3(b). Different curves correspond to
the mean deposition rates, determined from the thicknesses
measured after the depositions (black squares), and to the
instant deposition rates, obtained from deposition tests by
using a quartz crystal microbalance. The latter were mea-
sured in two situations: increasing (triangles) and decreasing
(circles) the deposition power using the same deposition
parameters as in the films. At low deposition power (80 W),
the measured rate is �0:6 �A=s while at the highest power
(240 W) the rate increases considerably up to �20 �A=s.
Even though the samples grown using DC power between
160 and 180 W are believed to reside in the transition
target regime (poisoned to metallic), no significant hysteresis
effect could be noticed on the growth rate as a function of
the deposition power, while the other parameters are fixed.
The smoother variation of the mean film growth rate,
determined after the growth, as compared to the instant rate
measurements, determined with the quartz crystal microbal-
ance, can be due to a combination of factors. Among these,
we can mention the possibility of unstable plasma conditions
in the transition region from metallic to poisoned modes,
averaging effects during the long term growth, and the
bigger target-substrate distance, the larger size of the sub-
strate holder, and the higher substrate temperature during the
regular growth.

The increase in the deposition rate observed in Fig. 3(b)
could be expected, since higher deposition powers provide
(i) an increase in the number of collisions of ions against the
target surface, as confirmed by the increase of ion flux; (ii)
an increase in the energy of the ion-target collisions, due to
the increase of the target potential; and (iii) an important
reduction in the fraction of oxide on the target surface (tran-
sition to metallic regime).

In order to support point (iii) discussed above, it is
important to quantify that the sputtering yield of cobalt
oxide is �0:34 atoms=Arþ ion, as estimated by TRIM calcula-
tions when considering Arþ ions accelerated by the target
voltage, while the cobalt sputtering yield is about
�0:81 atoms=Arþ ion (at 300 eV), as measured by Laegreid
and Wehner.23 Besides, and since the reactive oxygen is
abundant especially at low powers as depicted in Fig. 2(a),

FIG. 3. Optical emission line intensities (a) from CoI (340:5 nm),
OI (777:3 nm), and ArI (826:3 nm) for different powers in a DC plasma.
The corresponding total pressure is 0:67 Pa. The constant O2=Ar flows are
5:0 and 40 sccm, respectively. (b) Deposition rates measured with a quartz
crystal balance with increasing (triangle) and decreasing (green circle) DC
power during a test experiment. The average value of the growth rate for the
films analyzed here (black squares), measured after growth with the help of
a profile meter. The ion flux, Eq. (1), estimated using the deposition parame-
ters is also shown (red squares).
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the film formation is expected to be governed by the arrival
of Co atoms to the substrate. In this way, the O ejected from
the target is not important from the growth point of view,
and the losses of ions and energy to provide its ejection will
also hamper the film growth rate, mainly for the low deposi-
tion powers. The resemblance of the behavior of the Co
emission, Fig. 3(a), with the growth rate, Fig. 3(b), confirms
that the presence of Co is the main determinant of the film
growth.

Summarizing the simulation results in the reactive sputter-
ing process, there are strong indications that the samples
grown using low discharge power occur in the poisoned
target regime, where high oxygen partial pressure and low
Co offering are established. This condition could be crucial
to the formation of the Co3O4 phase observed in XRD for
samples grown using DC powers above 170 W. Whereas the
growth of the cubic CoO phase could be directly related to
the high Co offer and relatively low oxygen pressure
obtained for lower discharge power (,170 W), configuring
the transition to the metallic target regime.

C. Calculation of the kinetic energies of species hitting
the substrate

Besides the information gathered above about the offer of
Co and O during the film growth process, it is also important
to have information about the kinetic energies involved in
depositions. The TRIM routine of the SRIM software17 was
used to perform simulations of the collision processes of
ions with the target and the substrate.

Considering first the collisions of Arþ and Oþ with the
target, it is worth to recall that the average energies of the
incident ions on the target depend on the target voltage in
the plasma. As the mean free path of the ions in the working
gas is of the order of centimeters, so much larger than the
estimated cathode sheath, the measured target voltage was
used as the acceleration potential for the collisions of Arþ

impinging on the target. When considering the Oþ
2 ions, due

to impact dissociation, the energy of the individual O colli-
sions with the target was set as the target voltage divided by
two.29 The collision process of Arþ and Oþ ions with the
cobalt target results in the ejection of Co atoms (sputtered)
and backscattered Ar and O. Due to the formation of com-
pounds in the target, in low discharge powers the collisions
of Arþ and Oþ were performed considering a CoO target.

The average kinetic energies hKi of the particles leaving
the target corresponding to depositions at 120 and 240 W
show a clear increase of the ion kinetic energies due to the
increase of discharge power. The energy of backscattered
oxygen ion from the target is in the 22�30 eV range. Due
to the electron attachment process, backscattered and sput-
tered oxygen can form O� at the target surface. These nega-
tive ions are expected to be accelerated by the electric field
and to collide with the forming thin film on the substrate
with relatively high energies.29 After particles leave the
target, they cross the plasma region and reach the substrate.
In this stage of the simulation, the kinetic energy of the parti-
cles that arrive on the substrate after crossing the plasma

region is calculated. The results show a decrease in the
kinetic energy of the considered neutral atoms (Ar, Co,
and O) and of the negatively charged oxygen after crossing
plasma, as could be expected due to the losses produced by
the collisions with the gas species. Simulation of the colli-
sions of negative oxygen ions (330 eV) on the surface of the
Co3O4 film reveals that these ions can create damage at
Co and O sites.

Analyzing the optical emissions from OI [Fig. 3(a)] and
the simulations of the reactive process (Fig. 2), we can see
that both indicate higher O2 partial pressures in conditions
related to the poisoned target regime, i.e., in lower powers.
Under these conditions, one can expect also that the amount
of O� present in the plasma30 should be much higher and, as
shown in the collision simulations, produce subsurface
implantation in the forming film. In this way, the O� colli-
sions can be correlated to the high tensile strains noticed in
the films, since the higher strains occur at lower deposition
powers [P , 170 W, Fig. 1(b)]. As the strain forming mech-
anisms directly influence some properties of films, especially
those produced using plasmas, let us analyze this possibility
in more detail.

According to literature reports, O� ions can be produced
in the plasma by low energy electron impact dissociation of
the O2 molecule,30–32 by collisions of plasma ions with the
poisoned target,33 and by electron transfer in the reflections
of Oþ and Oþ

2 colliding with the target.29

Considering the electron impact dissociation of O2,
31 the

formation cross sections of O, OI (1S), and O� are

e�(20�50 eV)þ O2 ! Oþ Oþ e�

σ ¼ 54+ 10� 10�18 cm2,
(2)

e�(20�50 eV)þ O2 ! Oþ OI þ e�

σ ¼ 1:9+ 10� 0:1�18 cm2,
(3)

e�(5:5�50 eV)þ O2 ! Oþ O�

σ ¼ 1:1+ 0:2� 10�18 cm2,
(4)

so, considering exclusively the electron impacts, it is possi-
ble to estimate the proportion [O�]=[OI]�0:6 and also the
proportion of the negatively ionized to the ground state O,
[O�]=[O]�0:02.

The produced O� ions are driven toward the substrates
placed in the anode by the electric fields of the discharge,
and can eventually produce defects and O interstitials in the
films. Recalling that under the present conditions the mean
free path for oxygen in the argon plasma (22 mm) is about
one third of the target-substrate distance (70 mm), and
setting the initial kinetic energies of O� as 330 eV, equiva-
lent to the full target potential, the simulations of O� ions
colliding with the Co3O4 film give a penetration range of the
order of 10 �A, and approximately six vacancies can be pro-
duced by each incident ion. According to the detailed ion
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energy analysis of the Ar=O2 plasmas in sputtering by
Welzel and Ellemer,29 most O� ions will have the full target
potential when arriving to the substrate, and the present sim-
ulation shows that this is enough to produce subsurface
damage with a considerable range. The estimated range of the
implanted O is expected to be larger than the lattice parameter
of the spinel Co3O4 lattice (a ¼ 0:8083 nm). This indicates
that subsurface implanted ions become entrapped during the
film growth, and also the considerable number of vacancies
produced by the energetic O may be responsible for the crea-
tion of Frenkel defects.34,35 These two could be responsible for
the high positive strain (high swelling of the lattice) observed
in the low power depositions. Counter-intuitively, this effect is
not observed at higher powers. This apparent contradiction is
attributed to the smaller O2 pressure and the metallic target
condition, which make the O� production less likely at higher
powers, so a much smaller positive strain and even slightly
negative strain (lattice contraction) are observed.

One question that may arise is if the small quantity of O�

ions can be responsible for the observed strain. So, we
discuss this in the sequence.

If we consider 0:1% of the O2 available in the deposition
chamber will produce one negatively charged O, this will
correspond to a partial pressure of 2:7� 10�5 Pa and to an
O� impingement flux of 7:4� 1013 (ions=cm2 s). This esti-
mation is for a random movement of the O�, so it is likely to
underestimate the preferential drive of ions by electric field
heading ions to the substrate. These numbers correspond to
the film deposited at 170 W, which is the one with the
lowest O2 partial pressure [extracted from Fig. 2(a), at
5 sccm]. We are using underestimated quantities because we
are trying to establish a minimum amount of O� collisions
due to the present plasma conditions. In the 900 s deposition
time of the film with the 0:91 nm=s deposition rate (expected
to be the one with lower implantation/collision dose
among the samples with higher strains), the film will
have 6:6� 1016 incident ions=cm2. Considering the volume
per square centimeter related to the film thickness
(8:20� 10�5 cm3), the implanted ion density should be
8:1� 1020 ions=cm3 and this will correspond roughly to
1:6 at:% of implanted O in the film. Also, if the estimates
made using SRIM are reasonable, each incident ion with the
target potential energy could cause a few vacancies
(�6=ion). Consequently, the damage produced by O� colli-
sions is expected to be large enough to produce the 0:6%
strain observed, even if considerably less than 0:1% of the
O2 gas is ionized as O�.

Another point is to consider if there are another factors
that can produce strain. One of these is the polycrystalline
nature of the films. The presence of crystallites and their
boundaries shall produce microstrains in the films due to
intergrain forces. Nevertheless, these microstrains are
expected to be compensated in the film volume averaging
zero in the long range. They can produce diffraction peak
broadening but no effective shift of the peaks.15 So, we shall
seek for other long range factors.

Another source of long range strain could be the thermal
stress. This is due to the different thermal expansion

coefficients of the Co3O4 film (6� 10�6 K�1) and silica
glass substrate (5:5� 10�7 K�1) and the difference between
the deposition and room temperatures (175 K). This will cor-
respond to a tensile (positive) strain of �0:1%, but this is
parallel to the substrate surface. Considering the elastic
regime, this shall correspond to compressive (negative) strain
perpendicular to the substrate, which is the one observable in
the θ�2θ configuration of our diffractograms. In this way,
we can rule out this as the possible source of strain in the
films, reinforcing the argument in favor of the O� collisions
in producing the lattice swelling of the Co3O4.

Although these latter results are just indications and need
further confirmation by more direct experimental evidence,
they suggest an important issue related to the power of the
sputtering discharge: low powers, favoring a higher concen-
tration of oxygen species in the plasma, shall also be respon-
sible for the strain in the films. This also suggests that higher
substrate temperatures and higher total pressures should
lower the strains in the films without changing the formed
phase (Co3O4). TRIM simulations related to the collisions of
neutral species also suggest that the collisions of Ar, Co, and
uncharged O produced in the discharge with the substrates
have much lower energies than O� and will probably cause
much weaker damage effects in the growing film surfaces.
The corresponding energies are expected to be big enough to
activate chemical reactions and produce surface rearrange-
ment of particles.

IV. CONCLUSIONS

During the growth of cobalt oxide films by DC reactive
magnetron sputtering, the discharge powers play a major role
in determining the phase. While all deposition parameters
are kept constant, especially the oxygen flow rate, the
increase on the applied DC power is responsible for a phase
change from the spinel Co3O4, at lower powers (80 to 160
W), to the rocksalt CoO at higher powers (180 to 240 W).
The tetraoxide and the monoxide phases coexist on the films
only on depositions at 170 W. The computer simulations
suggest, and the optical emissions from the plasma confirm,
that at lower powers the reactive gas partial pressure is
higher and the metallic target is poisoned by the reactive gas.
In contrast, when depositing at higher powers, the poisoned
fraction of the target and the oxygen partial pressure
decrease. These effects are caused by the higher sputtering
rate of the metallic target at higher powers and the associated
stronger chemical getter of the sputtered Co atoms on the
reactive gas. No significant hysteresis behavior with the dep-
osition power variation is noticed on the optical emissions or
in the deposition rate for the set of parameters used.

It is proposed that the tensile strains observed in films,
when deposited at relatively low powers, may be mainly
attributed to the subsurface implantation of energetic O�

ions and to the creation of Frankel defects during film
growth. An attenuation of these effects is expected for depo-
sitions at higher working pressures.

Being the reactive sputtering especially suited to the dep-
osition of films over large substrate areas, the results attest
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once more the potential of the technique in getting functional
materials with reliable phase control and suited for different
applications.
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