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e chemical vapor deposition of
cobalt oxide thin films from
a dicobaltatetrahedrane precursor†

Marcel Melzer, a Charan K. Nichenametla, a Colin Georgi,b Heinrich Langc

and Stefan E. Schulz*ab

Cobalt oxides are a promising anode material for lightweight rechargeable lithium-ion batteries. Thus, the

low temperature deposition of cobalt oxide is a key-technology for the production of flexible energy

storage systems enabling novel application opportunities such as wearables. To satisfy the emerging

process requirements the dicobaltatetrahedrane precursor [Co2(CO)6(h
2-H–C^C–nC5H11)] was

investigated for the low-temperature chemical vapor deposition of cobalt oxides. Oxygen, water vapor

and a combination of both were examined as possible co-reactants. In particular, wet oxygen proves to

be an appropriate oxidizing agent providing dense and high purity cobalt oxide films within the examined

temperature range from 130 �C to 250 �C. Film growth occurred at temperatures as low as 100 �C
making this process suitable for the coating of temperature-sensitive and flexible substrates.
Introduction

Cobalt forms the two stable oxides CoO and Co3O4. These
oxides have gained great interest due to their possible applica-
tion as catalyst, e.g. for the combustion of hydrocarbons1,2 or as
sensitive materials in gas sensors.3,4 Both amorphous and
crystalline cobalt oxide layers are a promising anode material
for thin lm lithium-ion batteries enabling lighter batteries
compared to standard graphite electrodes.5–8 Furthermore
Co3O4, is an ideal material for absorber layers in solar thermal
collectors due to its high absorptance across the complete solar
spectrum.9,10 Various processes are available for the deposition
of cobalt oxides such as molecular beam epitaxy,4 sputtering,11

spray pyrolysis,12 electrochemical deposition,13,14 thermal
oxidation14 and chemical vapor deposition.15 Thermal oxidation
of pre-deposited metallic cobalt is not feasible in terms of
temperature and rate requirements, since temperatures above
375 �C are required to accelerate diffusion for a sufficiently fast
oxidation.16 For the conformal coating of non-planar substrates
the application of CVD is necessary with respect to the high
volume production of exible devices. All other processes
mentioned are either not applicable for cost-effective roll-to-roll
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processes or they would lead to non-conformal deposition on
structured substrates due to their directional deposition mode.

Various cobalt precursors have been developed and
investigated for the deposition of CoxOy (x ¼ 1, y ¼ 1; x ¼ 3,
y ¼ 4) in the past decades. This development was driven by
the need for conformal, low cost CVD processes with a high
deposition rate. These precursors include [Co(acac)2] (acac ¼
acetylacetonate),15,17–25 [Co(acac)3],26 [Co(hfac)2] (hfac ¼
hexauoroacetylacetonate),8,27,28 [Co(thd)2] (thd ¼ tetrame-
thylheptanedionate)22,29,30 and [CpCo(CO)2] (Cp ¼ cyclo-
pentadienyl),31,32 see Table 1. All these precursors require
process temperatures above 200 �C for the thermal CVD of
cobalt oxide lms or the utilization of plasma-enhancement.
However, plasma-enhanced processes lead to limitations with
respect to the uniform coating of structures with high aspect
ratios, but such structures are needed for advanced energy
storage systems with high energy density. Only recently Amin-
Chalhoub et al. addressed the low temperature thermal CVD
of cobalt oxide.33 It was shown that pure CoO lms can be
grown with high rates (>100 nm min�1) from Co2(CO)8 at
temperatures between 120 �C and 190 �C without addition of
any co-reactant. However, the deposition rate is extremely
sensitive to temperature changes, which makes a stable and
homogeneous process problematic.

In the present paper the dicobaltatetrahedrane
[Co2(CO)6(h

2-HC^CnC5H11)] was applied as cobalt precursor for
the CVD of cobalt oxide. The precursor is shown in Fig. 1. The
used precursor is characterized by a high vapor pressure of 26.3
hPa at 40 �C.34 Furthermore, the precursor is liquid at ambient
temperature. These two properties lead to the fact that the
precursor can be vaporized at a high rate with constant ow by
RSC Adv., 2017, 7, 50269–50278 | 50269
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Table 1 Overview of already investigated cobalt oxide CVD processes
including the process temperature and the used co-reactant, an
asterisk indicates the use of plasma-enhancement. The processes are
sorted according to the minimum process temperature

Precursor Temp. [�C] Co-reactant Ref.

Cu(acac)2 625 O2 25
Co(acac)2 400–550 O2 24
Co(acac)2 400–550 O2 20
Co(hfac)2$TMEDAb 400–500 O2 8
Cu(hfac)2$H2O$tryglyme 400 O2 28
Co(acac)2 375–550 O2, N2O 21
Co(acac)2 350–600 O2 22
Co(acac)2$TMEDAb 350–600 O2 22
Co(thd)2 350–600 O2 22
Co(thd)2$TMEDAb 350–600 O2 22
Co(thd)2$monoglyme 350–540 O2 30
Cu(acac)3 350–540 O2 26
Co(thd)2 350–500 O2 29
Co(hfac)2$H2O 350–500 O2 27
Cu(hfac)2$H2O$dyglyme 350 O2 28
Co(acac)2 300–500 H2O 15
Co(acac)2 250–400 Air 19
CpCo(CO)2 200–650 O2 31
Co(acac)2 200–500 O2, — 23
Co(acac)2 150–400 Oa 17
Co(acac)2 150–400 Oa 18
Co2(CO)8 120–190 — 33
CpCo(CO)2 25 Oa 32

a Plasma-enhanced process (PECVD).
b (TMEDA ¼ N,N,N0,N0-tetramethylethylenediamine).
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View Article Online
simple technical means in contrast to the solid Co2(CO)8. In this
regard, the here investigated [Co2(CO)6(h

2-HC^CnC5H11)]
proves to be promising for industrial use. So far, this precursor
has not been studied with respect to its suitability for the CVD of
cobalt oxide lms. This work is committed to the development
of a novel low-temperature CVD process for substrate temper-
atures below 150 �C. These low temperatures are required to
enable the coating of exible polymer substrates.35 Oxygen,
water vapor as well as a combination of both were inves-
tigated as possible oxidation agents since the pyrolysis of
[Co2(CO)6(h

2-HC^CnC5H11)] alone results in cobalt lms with
considerable carbon impurities.36
Fig. 1 Structure of the used cobalt precursor
[Co2(CO)6(h

2- HC^CnC5H11)].

50270 | RSC Adv., 2017, 7, 50269–50278
Experimental section
Thin lm deposition

The CVD experiments were carried out in a Varian 100 mm
vertical ow cold-wall reactor. The system consists of a stainless
steel reactor and a load-lock system to keep air and moisture
from the deposition chamber enabling reproducible process
conditions. Depositions were carried out on 100 nm silica
4 inch Si wafers. The oxide was thermally grown in a Cen-
trotherm tube furnace prior to the experiments. The substrates
were exposed to air before the CVD processes without any
further pretreatment. Table 2 provides an overview of the rele-
vant process parameters and the gases used.

The dicobaltatetrahedrane [Co2(CO)6(h
2-HC^CnC5H11)] was

synthesized according to a published reaction procedure.36 The
precursor was stored at ambient temperature in a stainless steel
cylinder. Since the precursor is both harmful to health and
sensitive to moisture, contact with the air must be prevented by
appropriate handling. Suitable measures include the use of
Schlenk line during synthesis and storage in a tightly closed
container under dry inert gas. A 20.0% by mass solution of the
precursor in n-hexane was utilized to facilitate the dosing.
Previous experiments at 250 �C have shown that the used
solvent does not affect the surface chemistry of the applied
precursor.37 Argon (6.0) was applied as pressure gas to push the
precursor from the steel cylinder into a controlled evaporation
and mixing system (CEM) from Bronkhorst. A schematic
drawing of the experimental setup for evaporation of the dis-
solved precursor can be found in the electronic ESI.† The
measurement of the precursor solution ow rate in units of
mg min�1 is based on the specic heat capacity Cp of the liquid.
Since this value is unavailable for [Co2(CO)6(h

2-HC^CnC5H11)],
the ow rate was estimated by using the Cp value of the applied
solvent n-hexane (2.3 J gK�1).38 The ow rate of the precursor
solution was set to 45 mg min�1 corresponding to a cobalt
precursor ow rate of 9 mg min�1. A CEM temperature of 55 �C
enabled in combination with 700 sccm argon carrier gas (6.0)
the complete evaporation of the precursor solution without any
aerosol formation. The gas lines towards the reactor as well as
the reactor wall were heated to 60 �C to prevent precursor
condensation.

During the CVD process the chamber pressure was regulated
by a buttery valve to 13.0 hPa. The lm growth experiments
were carried out on silicon wafers with 100 nm thermally grown
silicon dioxide on top. Based on previous CVD experiments
without co-reactant, a process temperature in the range from
130 �C to 250 �C appeared appropriate for the deposition
studies.36 To establish a suitable cobalt oxide CVD process,
growth experiments were carried out with oxygen, water vapor
and a combination of both called wet oxygen as co-reactant.
Except for the initial screening experiments a ow rate of 100
sccm was applied for oxygen (5.0). The water vapor ow was set
to 20 mg min�1 H2O in combination with 200 sccm Ar (6.0) as
carrier gas for the water bubbling at 50 �C. The same ow rates
were applied for the processes using wet oxygen. Thus, the ratio
between oxygen and water vapor was xed at a molar ratio of
This journal is © The Royal Society of Chemistry 2017
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Table 2 If not otherwise stated following CVD process parameters
were used for the deposition of cobalt oxide films

Substrate 100 nm SiO2 on
4 in Si wafers

Substrate temperature 100 �C–250 �C
Gas line temperature 60 �C
Reactor wall temperature 60 �C
Precursor solvent (n-hexane, >99%, Merck) 80.0% by mass
Precursor solution ow rate 45 mg min�1

Precursor carrier gas ow rate (Ar 6.0) 700 sccm
Precursor evaporation temperature 55 �C
Oxygen ow rate (O2 5.0) 100 sccm
Water vapor ow rate 20 mg min�1

Water carrier gas ow rate (Ar 6.0) 200 sccm
Total pressure 13.0 hPa
Deposition duration 15 min
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4 : 1 for these processes. This ratio is based on the results of
previous experiments.39 If not otherwise stated, the process time
was 15 min in order to obtain sufficiently thick lms for the
subsequent ex situ X-ray photoelectron spectroscopy (XPS)
analysis.

Sample characterization

The lm morphology as well as the lm thickness were studied
using a Zeiss Supra 60 scanning electron microscope (SEM) for
top-view and cross-sectional images. Spectroscopic ellipsometry
was applied to determine the thickness for samples with
a CoxOy thickness below 50 nm. For this purpose a SENTECH
SE850 ellipsometer was utilized. The measurements were
carried out in the spectral range from 190–830 nm and the
incident angle was set to 70�. The ellipsometric data were
analyzed by SpectraRay/3. In order to determine accurate values
for the lm thickness of the CoxOy layer, the substrate layer
stack consisting of Si and SiO2 was studied by ellipsometry prior
to the CVD experiments. The silicon substrate was modelled
using tabulated n and k values from G. E. Jellison Jr.40 A Cauchy
model was applied to parameterize the dielectric function of the
SiO2. Aer the deposition the samples were characterized again
by ellipsometry adding a Lorentz oscillator to describe the
deposited cobalt oxide lm.

The lm composition was analyzed within 24 hours aer the
deposition by XPS using a R3000 electron energy analyzer with
a pass energy of 200 eV and monochromatic Al-Ka radiation
from a MX-650 X-ray source both from VG Scienta. Prior to the
XPS measurements, the samples were cleaned by 15 min Ar+

sputtering in order to remove contaminations which have
formed due to air contact during the sample transport. The ion
energy was set to 4 keV. A sputter time of 15min was selected for
all experiments based on primary XPS depth proles which have
shown a steady sample composition aer approximately 10
minutes sputtering. An electron ood gun was applied during
the XPS measurement in order to compensate the charging of
the semiconducting cobalt oxide. The parameters of the ood
gun were chosen in such a way that the cobalt 2p3/2 peak was
shied to 780.0 eV binding energy corresponding to CoO as well
as Co3O4.41 For the analysis of the XPS spectra CasaXPS Version
This journal is © The Royal Society of Chemistry 2017
2.3.16 Pre-rel 1.4 was applied using Scoeld relative sensitivity
factors in combination with a Shirley background. A value of
�0.75 was set for the depth correction.

The structural properties of the deposited lms were
analyzed by powder X-ray diffraction (PXRD) in (q–2q) geometry,
using a XRD 3000 PTS diffractometer from Seifert-FPM with
Cu-Ka radiation. The PXRD spectra were measured exclusively
in the angular ranges up to a maximum of 66�, in which peaks
for CoO and Co3O4 were expected.42 For a qualitative phase
analysis the peak positions were used and are shown in the
corresponding diagrams.
Results and discussion
Inuence of the co-reactant owrate

The goal of the initial experiments was to identify a suitable co-
reactant owrate for a xed precursor ow rate of 9 mg min�1.
These investigations form the basis for the further cobalt oxide
CVD experiments which are presented in this work. For these
screening experiments the process temperature was set to
130 �C and wet oxygen was applied as co-reactant. The ratio
between oxygen and water vapor was xed at a molar ratio of
4 : 1 based on earlier experiments.39 The composition of the
deposited cobalt oxide layers was measured by ex situ XPS.

These measurements exhibited a minimum impurity content
for a co-reactant ow rate of 100 sccm O2 in combination with 20
mg min�1 H2O, see Fig. 2. This specic co-reactant ow rate
resulted reproducibly in a carbon content of 1.5 at% in the
deposited cobalt oxide lms. This value is signicantly lower
than the carbon portion of 8.9 to 19.9 at%, which was achieved
with the other tested owrates ranging from 50–200 sccm O2 in
combination with 10–40 mg min�1 H2O. Lower owrates were
not examined since it is known from previous work that the
pure pyrolysis of the used precursor results in severe
carbon contaminations of 35.2 at% at 250 �C.36 Therefore, the
combination of 100 sccm O2 with 20 mgmin�1 H2O was applied
as co-reactant for the CVD experiments with wet oxygen as
co-reactant and 100 sccm O2 or 20 mg min�1 H2O were applied
for all other experiments.
Composition of the deposited CoxOy lms

A key objective of this work was to provide a CVD process, which
facilitates the deposition of CoxOy layers with high purity at
deposition temperatures below 150 �C. For this purpose, the
composition of the deposited layers was examined by XPS. Fig. 3
to 5 show the composition of the deposited layers for the three
investigated co-reactants H2O, O2 and H2O + O2 in the
temperature range from 130 �C to 250 �C.

From these investigations it becomes clear that pure water
vapor is not a suitable oxidizing agent for the deposition of
cobalt oxide using [Co2(CO)6(h

2-HC^CnC5H11)] since a carbon
content of more than 30.0 at% was detected for all investigated
process temperatures (Fig. 3). Oxygen on the other hand facili-
tated the deposition of impurity-free layers for temperatures
greater than or equal to 200 �C, see Fig. 4. No carbon peaks were
detectable by XPS for layers deposited at 200 �C and 250 �C
RSC Adv., 2017, 7, 50269–50278 | 50271
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Fig. 2 Correlation between the co-reactant flowrate and the sample
composition (cobalt – black squares, oxygen – blue triangles, carbon
– grey circles). Wet oxygen was applied as co-reactant with a fixed
molar ratio of 4 : 1 between oxygen and water vapor showing
a minimum carbon impurity content for 100 sccm oxygen in combi-
nation with 20 mg min�1 water vapor as co-reactant at 130 �C.

Fig. 3 Correlation between the sample composition (cobalt – black
squares, oxygen – blue triangles, carbon – grey circles). Determined
by XPS and the process temperature for water as co-reactant.

Fig. 5 Correlation between the sample composition (cobalt – black
squares, oxygen – blue triangles, carbon – grey circles). Determined

Fig. 4 Correlation between the sample composition (cobalt – black
squares, oxygen – blue triangles, carbon – grey circles). Determined
by XPS and the process temperature for oxygen as co-reactant.
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using oxygen as co-reactant. This limits the carbon content to
the detection limit of XPS of approximately 1.0 at%.

The best results were obtained by the use of wet oxygen as co-
reactant enabling the deposition of pure cobalt oxide layers
even at temperatures as low as 130 �C, see Fig. 5. A more
detailed investigation of the binding conditions based on the
XPS spectra is not part of this work since despite the use of an
electron ood gun strong non-linear charging effects were
observed. These charging effects prevented the accurate deter-
mination of the chemical peak shi. However, the precise
determination of this peak shi forms the basis for the analysis
of the binding conditions of the examined layer.

Furthermore, a meaningful analysis of the cobalt oxide XPS
data was prevented by the fact that the ion bombardment
during sputtering leads to a reduction of the oxide from Co3O4

to CoO.30 Thus, a distinction of these two oxides by XPS is
inhibited. For these reasons, a detailed analysis and interpre-
tation of the cobalt oxide XPS peaks with their complex satellite
structure including up to 5 peaks does not seem to be reliable.43

However, based on existing literature33,44,45 and the obtained
composition of the deposited lms conclusions are drawn about
the surface chemistry of the presented CVD process and thus
possible sources of the carbon impurities are discussed. Kwon
et al. have investigated the surface chemistry of the similar
dicobaltatetrahedrane precursor [Co2(CO)6(h

2-HC^CtC4H9)].44

This precursor differs from the precursor investigated in the
present work in the alkyl ligand used. Based on the ndings of
Kwon et al., it is suggested that the observed carbon impurities
are caused by the alkyl ligand, especially at low process
temperatures, and not by the CO ligands. Kwon et al. proved
that the tBuC^CH ligand absorbs on the surface at 140 �C but
desorbs during an annealing to 300 �C. This correlates well with
our results for oxygen as co-reactant, where it was detected that
by XPS and the process temperature for wet oxygen as co-reactant.

50272 | RSC Adv., 2017, 7, 50269–50278 This journal is © The Royal Society of Chemistry 2017
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the carbon impurities can be completely removed by a temper-
ature increase from 160 �C to 200 �C. The CO ligands appear
unlikely as sources of the carbon contamination since they can
be separated from the cobalt atom at temperatures below 130 �C
during various CVD processes using Co2(CO)8 enabling the
deposition of layers without carbon impurities.33,45 Further-
more, the Co–CO bonds are weakened by the oxidation of the
cobalt during the presented CVD process due to the reduction of
the electron density at the metal center, whereby the desorption
of the CO ligands is further amplied.44

The observation that wet oxygen is a more reactive co-
reactant compared to its sole components oxygen and water
vapor, is consistent with previous works on the ALD of transi-
tion metals.39,46,47 For example, it was observed by Alnes et al.
that the combination of oxygen and water vapor enables the
deposition of copper oxide from Cu(acac)2 in contrast to pure
oxygen as co-reactant which does not result in any lm growth.47

In the context of the CoxOy CVD experiments presented herein it
is suggested that the high redox potential EØ of water in pres-
ence of oxygen enables the deposition of layers without any
impurities even at low temperatures. Pure water exhibits a redox
potential EØ of �0.42 V for an assumed pH neutral environ-
ment, whereas the redox potential EØ raises to +0.82 V in the
presence of oxygen indicating the stronger oxidation behavior
of wet oxygen.48 The observed reactivity of the co-reactants
H2O + O2 > O2 > H2O is consistent with the standard redox
potential EØ of the investigated oxidizing agents as shown in
Table 3.
Growth kinetics of the CoxOy lms

The dependency of the achieved CoxOy lm thickness on the
applied co-reactant and the process temperature was investi-
gated by preparing cobalt oxide layers in the temperature range
from 130 �C to 250 �C using a xed process time of 15 min. The
obtained values are depicted in Fig. 6. The lm thickness was in
the range from 34 nm to 735 nm. The deposition on 100 mm
wafers is homogeneous over the entire wafer surface, as
demonstrated by wafer images in the electronic ESI.† A scaling
of the process on larger substrates appears feasible. The
smallest value was observed for water vapor as co-reactant at
130 �C and the highest value was detected for oxygen at 200 �C.
The general trend suggests a surface reaction limited deposi-
tion. As the process temperature was increased, the lm thick-
ness increased for all three investigated oxidizing agents except
for oxygen in the range from 200 �C to 250 �C. In this case the
Table 3 Comparison of the standard reduction potential EØ of the
applied co-reactants with the corresponding carbon impurities
detected in the samples deposited at 130 �C. From the data it appears
that a high reduction potential of the applied co-reactants leads to low
carbon impurities

Co-reactant Standard reduction potential EØ C@130 �C [at%]

Water 2H2O + 2e� / H2 + 2OH� �0.83 V 31.2
Oxygen O2 + e� / O2

� �0.56 V 19.9
Wet oxygen O2 + 2H2O + 4e� / 4OH� +0.40 V 1.5

This journal is © The Royal Society of Chemistry 2017
thickness of the deposited CoxOy layer decreased from 735 nm
at 200 �C to 500 nm at 250 �C, see Fig. 6.

In contrast to this, a monotonically increasing lm thickness
was measured with increasing process temperature for water
vapor and wet oxygen as a co-reactant. The slope of the lm
thickness was similar for these two reactants in the temperature
range from 130 �C to 200 �C (Fig. 6). By using wet oxygen the lm
thickness was higher compared to pure water vapor for temper-
atures of up to 200 �C indicating a positive effect of the additional
oxygen with respect to the obtained lm thickness. This obser-
vation is underlined by the fact that in the temperature range
from 130 �C to 200 �C the CoxOy lms deposited using pure
oxygen as co-reactant were signicantly thicker than those grown
with water vapor or wet oxygen. However, if the process temper-
ature was further increased to 250 �C the largest lm thickness
was achieved by the water vapor process. Thus, for temperatures
above 200 �C the addition of oxygen does not appear to produce
a positive effect with respect to the lm thickness anymore. This is
in contrast to temperatures below 250 �C. These results show that
the use or admixture of oxygen leads to an increased deposition
rate as long as a process temperature of 200 �C is not exceeded.

A similar diminishing effect of oxygen at elevated tempera-
tures was observed by Fuji et al. at 400 �C for the deposition of
CoxOy using a plasma-enhanced CVD process based on
Co(acac)2 as precursor and oxygen as co-reactant.18 However,
the investigations do not allow any conclusion to the possible
cause of this behavior.
Structure and morphology of the deposited CoxOy lms

The deposited layers were analyzed using SEM and PXRD in
order to study the morphology and the crystal structure of the
grown CoxOy layers. Oxygen as co-reactant resulted for all
investigated temperatures in a columnar growth, see Fig. 7. In
the top-view SEM images, voids are clearly visible between the
individual columns. The observed columnar growth mode is
typical for CVD lms especially for cobalt oxides.18,33,49
Fig. 6 For the three investigated co-reactants (oxygen – blue trian-
gles, water – black squares, wet oxygen –grey circles) the layer
thickness of the deposited films is depicted as a function of the
substrate temperature. The duration of each process was 15 minutes.
Measurement points are connected to guide the eye.
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Fig. 7 Top-view and cross-sectional SEM images of the cobalt oxide films deposited using oxygen as co-reactant: (a)/(b) 130 �C; (c)/(d) 160 �C;
(e)/(f) 200 �C and (g)/(h) 250 �C.
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For a process temperature of 250 �C the application of water
vapor as co-reactant resulted in a similar columnar growth
mode (Fig. 8). However, if the process temperature was reduced
below 250 �C the morphology of the deposited layers changed
(Fig. 8). The deposited layers of this water vapor process appear
denser and no longer show the columnar growth observed for
oxygen as co-reactant. Furthermore, the top-view SEM images
Fig. 8 Top-view and cross-sectional SEM images of the cobalt oxid
(c)/(d) 160 �C; (e)/(f) 200 �C and (g)/(h) 250 �C.

50274 | RSC Adv., 2017, 7, 50269–50278
suggest a smoother surface of the lms deposited via water
vapor as co-reactant. The application of wet oxygen as co-
reactant resulted in columnar lms which were similar to
those deposited using oxygen as oxidizing agent (Fig. 9).

However, crystallites with a triangular and a quadratic base
are recognizable in the top view images of the layers which were
deposited at 200 �C via wet oxygen (Fig. 9e). Similar structures
e films deposited using water vapor as co-reactant: (a)/(b) 130 �C;

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Top-view and cross-sectional SEM images of the cobalt oxide films deposited using wet oxygen as co-reactant: (a)/(b) 130 �C;
(c)/(d) 160 �C; (e)/(f) 200 �C and (g)/(h) 250 �C.
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also occurred at 160 �C but less pronounced (Fig. 9c). Such
quadratic and triangular crystallites occur for the (111) and
(200) growth direction of face-centered cubic crystals such as
CoO.49 However, an increase of the process temperature to
250 �C led to a disappearance of the crystalline morphology of
the cobalt oxide columns indicating an amorphous growth
mode again. This is in contrast to the expected behavior that the
crystallinity should increase for higher temperatures.7

The PXRD measurements were performed to determine the
crystallinity of the deposited layers. For the layers whose
Fig. 10 PXRD spectrum of the cobalt oxide films prepared using wate
deposition temperatures suggesting amorphous film growth. For better
+3 cps has been inserted for better visualization between the measured

This journal is © The Royal Society of Chemistry 2017
crystallinity was accessible by PXRD, it can be further veried
based on the characteristic diffraction pattern whether CoO or
Co3O4 has been deposited. Both quantities, the crystallinity and
the phase of the oxide, are important parameters for some
applications such as the use of cobalt oxide as electrode mate-
rial in intercalation lithium ion batteries. However, in the case
of the PXRD measurements it must be noted that the signal
strength of the peaks depends also on the layer thickness. The
cobalt oxide lms investigated in this work have different
thicknesses due to the constant process time of 15 min and
r vapor as co-reactant showing no diffraction reflexes for all tested
comparability, the y-axes are kept the same in Fig. 10–12. An offset of
data for the different temperatures.
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Fig. 11 PXRD spectrum of the cobalt oxide films prepared using O2 as co-reactant showing only a weak Co3O4 reflex for the sample for the
sample prepared at 250 �C. For better comparability, the y-axes are kept the same in Fig. 10–12. An offset of +3 cps has been inserted for better
visualization between the measured data for the different temperatures.
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process dependent growth kinetics, see previous Section 3.3.
Furthermore, the crystallites must exceed a minimum size of
approximately 2–3 nm to be detectable by PXRD.50 Layers with
smaller crystallites exhibit amorphous PXRD patterns without
any diffraction peaks.

The application of water vapor as co-reactant resulted in
lms without any measurable peaks for all tested process
temperatures ranging from 130 �C to 250 �C as shown in Fig. 10.
The same behavior was observed for oxygen as co-reactant up to
a process temperature of 200 �C (Fig. 11). If the process
temperature of this oxygen based process was further increased
to 250 �C, diffraction patterns were detected indicating the
growth of Co3O4 with a (311) preferential growth direction, see
Fig. 11. The crystallinity of the deposited layers could be clearly
Fig. 12 PXRD of the cobalt oxide films prepared using wet oxygen as co
160 �C and 200 �C and Co3O4 for a deposition temperature of 250 �C. F
offset of +3 cps has been inserted for better visualization between the m

50276 | RSC Adv., 2017, 7, 50269–50278
improved by the use of wet oxygen as co-reactant compared to
the other tested oxidizing agents (Fig. 12). For wet oxygen as co-
reactant peaks with a high intensity were detected for process
temperatures above 130 �C indicating a more pronounced
crystallinity of the lms compared to the processes with oxygen
or water vapor. However, at 130 �C process temperature also the
layers deposited via wet oxygen appeared amorphous in the
PXRD without measurable diffraction peaks similar to the
results obtained with the other co-reactants at 130 �C. The
diffraction peaks with the highest amplitude were observed in
the PXRD patterns for layers deposited at 160 �C and 200 �C,
respectively, with wet oxygen as co-reactant. This nding is
consistent with the previously described SEM images. Like the
SEM images for wet oxygen as co-reactant, the PXRD
-reactant showing the formation of CoO for process temperatures of
or better comparability, the y-axes are kept the same in Fig. 10–12. An
easured data for the different temperatures.

This journal is © The Royal Society of Chemistry 2017
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measurements also indicated an increase of the CoxOy crystal-
linity if the process temperature was raised from 160 �C to
200 �C. For these two process temperatures the PXRD patterns
indicate diffraction patterns which conrm the growth of CoO
and show no sign for the deposition of the Co3O4 spinel. In both
cases a diffraction reex at 42.4� veries a preferential growth
direction of (200). For a deposition temperature of 160 �C this is
the only crystalline phase, which could be detected by PXRD. In
contrast to this, a further CoO diffraction reexion was
measured at 36.5� for the layers deposited at 200 �C indicating
a (111) crystal orientation besides the (200) crystallites. If the
process temperature was further increased to 250 �C, a phase
change occurred and instead of CoO crystallites the PXRD
measurement revealed the growth of Co3O4 crystals using wet
oxygen as co-reactant (Fig. 12). The preferential growth direc-
tion of these crystallites was (111) like the dominant diffraction
reex at 19.0� proves. Such a phase change was expected since
CoO can only be deposited under mild oxidation conditions
such as low process temperature and low oxidizing agent
concentration.8,27 The fact that the choice of the co-reactant has
an inuence on the crystallinity of the deposited cobalt oxide
layer has already been published previously, e.g. by Mane and
Shivashankar.21
Low temperature CVD of CoxOy lms at 100 �C

Based on the promising results obtained with wet oxygen as co-
reactant the temperature range was lowered to 100 �C wafer
temperature in order to investigate the thermal limits of the
presented CVD process. XPS spectra as well as SEM images of
layers deposited at 100 �C can be found in the electronic ESI.†

Even at 100 �C the impurity content was low enabling the
deposition of CoxOy lms with 11.7 at% carbon as the only
impurity. Furthermore, XPS measurements indicated a cobalt
content of 45.1 at% and an oxygen percentage of 43.2 at%
Table 4 Overview of the obtained layer compositions as well as layer
thicknesses depending on the applied co-reactant and the process
temperature

Co-reactant
T
[�C]

Co
[at%]

O
[at%]

C
[at%]

Film thickness
[nm]

Water 130 43.2 21.4 35.3 33
160 44.3 23.6 32.1 230
200 45.1 22.7 32.2 440
250 41.2 17.1 41.7 670

Oxygen 130 39.9 40.2 19.9 420
160 41.0 43.0 16.0 680
200 50.1 49.9 <1.0 730
250 54.5 45.5 <1.0 500

Wet oxygen 100 45.1 43.2 11.7 12a

130 57.4 40.1 1.5 90
160 55.2 44.4 2.4 310
200 54.0 42.4 2.5 510
250 57.5 42.5 <1.0 630

a In contrast to the other experiments, the deposition time for this
process was 60 minutes in order to obtain sufficiently thick layers for
XPS analysis.

This journal is © The Royal Society of Chemistry 2017
suggesting the growth of Co(II) oxide. At 100 �C, the achieved
lm thickness was 12 nm aer a 60 min CVD process indicating
a further decrease of the lm thickness with respect to a process
temperature of 130 �C. This enables the facile and controlled
deposition of ultrathin CoxOy layers. The combined results, as
shown in Table 4, do not indicate whether the performance of
the CVD process is limited by the precursor or the applied co-
reactant.

Conclusions

In summary, the dicobaltatetrahedrane
[Co2(CO)6(h

2-HC^CnC5H11)] precursor dissolved in n-hexane
has been proven to be excellently suited for the low-temperature
deposition of pure cobalt oxide lms by CVD. The use of wet
oxygen as a co-reactant enabled the deposition of cobalt oxide
layers at temperatures as low as 130 �C. The deposited cobalt
oxide lms exhibited a purity greater than 98.5 at% with carbon
as the only impurity. This is in contrast to experiments in which
either water vapor or oxygen were used as oxidizing agent. Water
vapor as co-reactant resulted in a carbon content greater than
30.0 at% for all tested process temperatures ranging from
130 �C to 250 �C. Oxygen proved to be more reactive compared
to water vapor enabling the deposition of pure cobalt oxide
layers for temperatures greater than or equal to 200 �C. The
experiments presented here verify that the combination of water
vapor and oxygen is more reactive than both reactants on their
own. It is suggested that the observed reactivity of the investi-
gated co-reactants H2O + O2 > O2 > H2O is consistent with their
standard redox potential EØ.

The deposition of high purity CoxOy at temperatures as low
as 130 �C represents a signicant extension of the current
temperature window for the thermal CVD of cobalt based on
liquid precursors. These have traditionally required tempera-
tures above 200 �C. Thus, the examined precursor has been
proven to be a promising competitor to the second encouraging
precursor Co2(CO)8. The here used liquid precursor seems more
advantageous compared to the solid Co2(CO)8 precursor with
respect to the process integration, since liquid precursors
facilitate reproducible evaporation with high rates in contrast to
solid reactants. Thereby, this process appears to be suitable for
the coating of exible, temperature-sensitive substrates as they
are required for novel applications such as the manufacturing
of exible power supplies.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Cornelia Kowol is acknowledged for the SEM investigations,
Dr Patrick Matthes for PXRD measurements, Marcus Kaspar for
supporting the initial CVD experiments and Natalia Rüffer for
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13 E. Barrera, I. González and T. Viveros, Sol. Energy Mater. Sol.

Cells, 1998, 51, 69–82.
14 G. B. Smith, A. Ignatiev and G. Zajac, J. Appl. Phys., 1980, 51,

4186–4196.
15 T. Maruyama and T. Nakai, Sol. Energy Mater., 1991, 23, 25–

29.
16 H. G. Tompkins and J. A. Augis, Oxid. Met., 1981, 16, 355–

369.
17 E. Fujii, A. Tomozawa, S. Fujii, H. Torii, M. Hattori and

R. Takayama, Jpn. J. Appl. Phys., 1993, 32, L1448–L1450.
18 E. Fujii, H. Torii, A. Tomozawa, R. Takayama and T. Hirao, J.

Mater. Sci., 1995, 30, 6013–6018.
19 T. Maruyama and S. Arai, J. Electrochem. Soc., 1996, 143,

1383–1386.
20 A. U. Mane, K. Shalini, A. Wohlfart, A. Devi and

S. A. Shivashankar, J. Cryst. Growth, 2002, 240, 157–163.
21 A. U. Mane and S. A. Shivashankar, J. Cryst. Growth, 2003,

254, 368–377.
22 S. Pasko, A. Abrutis, L. G. Hubert-Pfalzgraf and V. Kubilius, J.

Cryst. Growth, 2004, 262, 653–657.
23 E. F. Rivera, B. Atakan and K. Kohse-Höinghaus, J. Phys.,
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