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Abstract

Cobalt oxide thin films with different thicknesses were synthesized by atomic layer deposition. After a thermal reduction process, under a
controlled atmosphere of hydrogen, it was possible to convert cobalt oxide to metallic cobalt. The different thicknesses were obtained con-
sidering from 500 to 2000 cycles of CoCpo/03. The thin films were characterized by x-ray diffraction, scanning electron microscopy, energy-
dispersive x-ray microanalysis, and by magneto-optical Kerr effect measurements. The indirect synthesis process allows us to obtain cobalt

oxide and cobalt thin films with controlled thicknesses and extraordinary magnetic properties, with coercivities above 500 Oe.

Introduction

Ferromagnetic materials are of great interest not only as bulk
materials but also in the format of thin films. As a function of
their coercivity and remanence they can be used in magnetic
recording systems of high density and in magnetic sensors.[' !
Among the different ferromagnetic materials available, cobalt
has been intensively investigated due to its interesting magnetic
properties,[®”) being proposed to be used as a contact mate-
rial,’® in spintronic applications,' in giant magnetoresistance
sensors,!'”! and in random access magnetic memories."

Cobalt thin films must be very uniform so they can be used
in potential applications. However, it is well known that the
synthesis method used influences its structural, electrical and
magnetic properties. To date, cobalt thin films have been syn-
thesized by sputtering,!'* laser pulse deposition,!'*! CVD
(chemical vapor deposition)!'*! and atomic layer deposition
(ALD).'" 1t is well known that the latter technique allows pre-
cise control of the thickness of films with excellent conformal
coverage.'®!

In addition, the synthesis of cobalt thin films has been
reported directly (without an additional thermal reduction pro-
cess) using plasma-enhanced ALD from different cobalt pre-
cursors in the presence of hydrogen, NH3, and H,/N,, among
others.l"” ") One of the major drawbacks of plasma deposi-
tions is that it can damage substrates giving a non-uniform cov-
erage in high aspect ratio structures due to the recombination of
hydrogen atoms on the substrate surface.””®! In addition, most
of these methods obtain carbon-contaminated cobalt films,

and the use of additional equipments increases the cost of the
synthesis process.*!! Recently, Kerrigan et al.??! synthesized
metallic cobalt films by ALD at low temperature using bis
(1,4-di-tert-butyl-1,3-diazadienyl)cobalt and formic acid as
precursors. However, they obtained that the growth on a ther-
mal SiO, substrate is saturated at ~35 nm thick layers after
>500 cycles. In addition, they propose that this film is cobalt
(II) formate, based upon its water solubility, insulating nature,
and infrared spectrum.

On the other hand, the process of dewetting in thin films is a
promising way to synthesize nanoparticles or antidots.
Bhattacharyya et al.[**) investigated the dewetting phenomenon
produced by ion beam irradiation of thin Co/CoO films depos-
ited on SiO,(111) substrates by sputtering. They found that the
thickness and temperature of the film affect the size and unifor-
mity of cobalt nanoparticles formed from the dewetting pro-
cess. However, to date there is no systematic study of the
dewetting process in cobalt thin films synthesized by ALD
with a subsequent thermal reduction treatment.

In this work, we have synthesized thin films of cobalt oxide
by ALD using cobaltocene and ozone as precursors. These
films are thermally reduced under a hydrogen atmosphere in
order to extract the oxygen and obtain thin films of metallic
cobalt. The morphology and elemental analysis of cobalt
oxide and cobalt thin films were characterized by scanning
electron microscopy (SEM) and energy dispersive x-ray micro-
analysis (EDX). In addition, the crystalline phases were inves-
tigated by x-ray diffraction (XRD) and the thickness of the
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films was obtained before and after the thermal reduction pro-
cess by ellipsometry. Finally, their magnetic properties were
investigated using a NanoMOKES3 as a function of the thick-
ness of the thin films.

Experimental details

Cobalt oxide was deposited at 250 °C in stop/exposure-mode
alternating cobaltocene (CoCp,) and ozone (Os) as precursors
on Si(100) wafers with 210 nm of thermally grown SiO,
using a Savannah S100 ALD equipment from Ultratech. The
cobaltocene was held in a stainless-steel bottle heated to 90 °
C to ensure sufficient vapor pressure, while an Ozone Lab gen-
erator OI80W/FM 100 V was used to provide ozone with a vol-
ume concentration of about 10%. A flow of 20 sccm of nitrogen
was maintained throughout the process.

As in this case, we have used the stop/exposure-mode, each
ALD cycle considers pulse, exposure, and purge times for each
of the precursors. Thus, the pulse times of cobaltocene and
ozone in the CoCp,/O3 cycle were 4 and 0.2 s, respectively,
while the exposure and purge times were 10 and 30 s, respec-
tively. The different thicknesses of the cobalt oxide thin films
were obtained by considering 500, 1000, 1500, and 2000
cycles. It is interesting to note that the samples exhibit a
color change as a function of the film thickness, from brown,
for 500 cycles, to green, for 2000 cycles [see Figs. 1(a)—(d)].

Subsequently, cobalt oxide thin films (antiferromagnetic)
were subjected to a thermal reduction process to obtain cobalt
films (metallic and ferromagnetic). For this, the samples were
placed into a furnace GSL-1100X from MTI Corporation,
which has a controlled atmosphere of hydrogen (4%) balanced
with argon (96%), which is at an overpressure of 0.04 MPa with
a temperature of 430 °C for 4 h.** After the reduction process,
we observe that the color of the thin films changes again, as
seen in Figs. 1(e)—(h). The change is much more noticeable

for films synthesized with a smaller number of cycles (related
to a smaller thickness of the samples), which is related to the
appearance of magnetic nanoparticles, as we will see later.

The morphology and chemical composition of the cobalt
thin films were studied by SEM (EVO MAI10 from Zeiss)
and EDX, while XRD measurements were performed using a
Bruker D8 system with Cu Ka radiation (1 =0.15406 nm), in
a range between 10° and 90° in 26, at a step rate of 0.02°
s~ '. The thickness of the thin films was determined using an
alpha-SE ellipsometer from J. A. Wollam, while their magnetic
properties were measured with a NanoMOKE3 from Quantum
Design with the magnetic field applied parallel to the substrate
plane.

Results and discussion

From the SEM images of as-deposited cobalt oxide films [see
Figs. 2(a)—(d)] we can observe that, independently of the num-
ber of ALD cycles, the films obtained are quite homogeneous.
On the other hand, it is interesting to note from the SEM images
of the cobalt films [see Figs. 3(a)—(d)] obtained after the ther-
mal reduction process that this process causes the appearance
of agglomerates of cobalt nanoparticles of approximately
200 nm in diameter for 500 cycles. As these agglomerates
begin to grow and join together, as the film thickness increases
(by increasing the number of ALD cycles), more homogeneous
films are obtained, in accordance with the results obtained by
Guyon et al.l®® However, as the thickness of the films
increases, an array of antidots begins to appear, due to the
release of oxygen from the samples (dewetting phenomenon)
during the thermal reduction process, producing irregular and
variously shaped holes on the samples. Our results are consis-

tent with those previously obtained for thin films of Ni*®! and

NiFe,?”*8 where similar images were obtained due to the phe-
nomenon of dewetting.

Figure 1. Photographs of as-deposited cobalt oxide films for (a) 500, (b) 1000, (c) 1500, and (d) 2000 cycles and of the thermally reduced cobalt films for (e)

500, (f) 1000, (g) 1500, and (h) 2000 cycles.
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Figure 2. SEM images of as-deposited cobalt oxide films for (a) 500, (b) 1000, (c) 1500, and (d) 2000 cycles. All images are on the same scale.

The temperature at which dewetting occurs decreases with
film thickness.?*! This means that by keeping the temperature
constant and by varying the thickness of films, thicker films
begin with the deweting process before thinner films.
Besides, it is well known that the dewetting process generally
progresses through at least three distinct stages: hole formation,
hole growth and impingement, and ligament breakup.*%! In
fact, the process of dewetting either occurs at preexisting
holes or at film edges or requires the formation of new holes.
These holes then grow to form dewetted regions that eventually
overlap, so that the entire film is dewetted.

The EDX spectrum of the cobalt film corresponding to 2000
cycles (see Fig. 4) allows us to corroborate the presence of
cobalt on the silicon wafers, but which cannot tell us if it is
metallic cobalt. The XRDs will provide the necessary evidence
to confirm that H, thermal treatment works for the reduction of
cobalt oxide. Considering the change in the magnetic properties
exhibited by thin films before and after the thermal reduction
process, as well as the fact that the process used in this paper
is the same one that was used to reduce much more complex
surfaces (nanotubes),**! we estimate that almost 100% of the
cobalt oxide was reduced to metallic cobalt. In addition, the dif-
ferent spectra obtained (not shown here) show that the compo-
sition does not vary with the number of ALD cycles.

From Fig. 5 we can see a linear growth of the thickness of
the films as a function of the number of ALD cycles,>' with
a growth rate for cobalt oxide determined by spectroscopic
ellipsometry of around 0.45 A/cycle, while the growth rate
for cobalt, i.e., after the thermal reduction process, is 0.39 A/
cycle. The difference in thickness between cobalt oxide and
cobalt is due to the dewetting process, where the release of
oxygen produces cracks or holes in the surface, thus reducing
the thickness of the homogeneous film. This effect, according
to Fig. 3, is more intense for thicker samples.

Figure 6 displays the XRD patterns of as-deposited cobalt
oxide film (upper curve) and cobalt film (lower curves), after
the thermal reduction process, for 2000 ALD cycles. The cobalt
oxide film pattern exhibits three peaks corresponding to the
planes (022), (113), and (004) which according to card No.
96-900-5888 corresponds to a spinel-like cobalt oxide.**! On
the other hand, the cobalt film pattern exhibits two peaks corre-
sponding to the planes (111) and (002), which according to
JCPDS Card. No. 15-0806 corresponds to a face-centered
cubic (FCC) structure®®). The crystallite size was determined
by the Debye—Scherrer’s relationship”®*! using the Highscore
Plus software obtaining 42 nm for both phases.

From the hysteresis curves of Co thin films measured longi-
tudinally for different ALD cycles (see Fig. 7), we can observe
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Figure 3. SEM images of the thermally reduced cobalt films for (a) 500, (b) 1000, (c) 1500, and (d) 2000 cycles. All images are on the same scale.

that the coercivity decreases as we increase the number of
cycles, according to the fact that an increase in the thickness
of the films will produce a decrease in their coercivity.
However, remanence exhibits a non-monotonic behavior with
the number of ALD cycles.

Figure 8 summarizes the coercivity and remanence for the
different samples investigated. From this figure, we observe
that the reduced remanence exhibits values that vary approxi-
mately between 0.5 and 0.7, presenting a maximum for 1000

Si

E / (keV)

Figure 4. EDX spectrum of the cobalt film corresponding to 2000 cycles.

cycles and a minimum for 2000 cycles. This non-monotonic
behavior may be associated with the fact that films heated on
substrates will experience a strain due to differential thermal
expansion, that in the case of the metals heated on substrates
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Figure 5. Film thickness of cobalt oxide (black circles) and cobalt (red
squares) as a function of the number of ALD cycles.
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Figure 6. XRD patterns of as-deposited cobalt oxide film (upper curve) and
Co film (lower curve), after the thermal reduction process, for 2000 ALD
cycles.
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Figure 7. Hysteresis curves of the cobalt thin films, after the thermal
reduction process, for different ALD cycles.
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Figure 8. Coercivity (black circles) and remanence (blue squares) of the
cobalt thin films as a function of the number of ALD cycles.

such as Si, the thermal strain and stress are compressive.?*! On
the other hand, we observe that the coercivity decreases as the
number of ALD cycles increases, with a maximum coercivity
of 510 Oe, which is related to the fact that Fig. 3(a) shows
agglomerates of nanoparticles of approximately 200 nm in
diameter and, therefore, the system presents many discontinui-
ties that pinning the movement of the domain walls, exhibiting
a reversal process of magnetization different from that exhib-
ited by the homogeneous films, where a coherent rotation is
expected. Once the nanoparticles come together to form a
homogeneous film, then the coercivity begins to decrease as
we increase the thickness of the film. It is important to note
that the measured coercivity is much higher than that exhibited

by homogeneous films of similar thicknesses."*!

Conclusions

In conclusion, we have synthesized cobalt oxide thin films with
different thicknesses by ALD. These films are homogeneous,
regardless of their thickness, exhibit a spinel-like structure and
their crystallite size is 42 nm. On the other hand, once the sam-
ples undergo a process of thermal reduction they modify their
morphology due to the process of dewetting, which favours
the appearance of nanoparticles on the films. In addition, the
sample passes from a spinel-like structure to a FCC structure.
The coercivity decreases with increasing number of cycles,
with a maximum value of 510 Oe for 500 cycles. Reduced
remanence ranges from 0.5 to 0.7. These results allow us to
conclude that the magnetic properties of cobalt thin films can
be controlled simply by varying the number of ALD cycles,
allowing their use in potential technological applications.
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