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A novel precursor based on the inclusion complex of �-cyclodextrin with CoI2 is proposed for the deposition of cobalt oxide films
by metallorganic chemical vapor deposition �MOCVD�. Deposition is viable through an abnormal behavior of the inclusion
molecules during heating. A decomposition mechanism based on experimental results is proposed, while the films are examined in
terms of microstructure, electrical, and magnetic properties. A uniform, nanocrystalline structure of Co3O4 was revealed, along
with impurities of silicide phases. The films presented a semiconducting behavior and minor in-plane magnetization.
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The main driving force of thin structures’ development, based on
transition metals, is the prospect of advanced technologies, such as
magnetic recording and magnetic sensing.1,2 Among the oxides of
the transient metals, cobalt oxide has been extensively studied due
to the variety of potential applications. These include magnetic re-
cording media and magnetostrictive sensors, rechargeable batteries,
electrochromic windows, solar cells, oxidation catalysts, and super-
capacitor devices.3-6

Most of the published studies concerning cobalt oxide growth
have focused on either physical vapor deposition7-9 or on wet
routes.10-12 The evolution, however, of chemical vapor deposition
into a more versatile process than any of the physical vapor deposi-
tion techniques typically employed has provided a beneficiary alter-
native. Its main advantages include the ability to coat aggressive
substrate topographies with excellent step coverage, tight control of
film texture and grain size, and epitaxial growth as well as high
purity without ion-induced substrate damage.13-15

Because inorganic precursors usually demand high deposition
temperatures and present in most cases only low volatility,16 metal-
lorganic or organometallic compounds are typically used, which de-
compose at relatively lower temperatures. A vast variety of them
have been studied in the past.17-20 The drawbacks, however, are not
few. Carbon contamination, low growth rates, premature decompo-
sition, and gas phase reactions are important factors of concern,
which are strongly related to the precursors’ chemical
behavior.13,14,21-23 Thermal stability at room temperature and inert
chemical behavior prior to deposition are inevitably required. Fur-
thermore, recent advances24,25 have pointed out the role of a suitable
solvent in order for premature decomposition to be avoided with the
limitations, however, of limited precursors’ solubility and film con-
tamination caused during solvent’s evaporation.

Key factors in the growth of thin films at wide and low process
temperatures are the metal–ligand bonding type �e.g., bridging,
chelating� and strength.22,26 Moreover, the relative strength between
different metal’s substituents may determine the degree of
cleanliness,13 during precursor’s decomposition. Especially in the
case of metal oxide deposition the affinity of the metal cation with
oxygen must be taken upon consideration. Depending on the ener-
gies of intramolecular bonding and the type of precursor, oxidation
can be accomplished by a variety of methods, such as pyrolysis,
hydrolysis �water–gas reaction�, and direct oxidization by mild �air�
or strong oxidizing agents, such as O2 and N2O.

Metallorganic compounds often result from complexation of
metal halides with an organic ligand. As a rule of thumb, in the
presence of an aqueous alkaline solution this ligand readily loses a
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proton to form the corresponding anion, which can react with the
metal cation. This is the case, for example, of metal acetylaceto-
nates’ complexation mechanism. Another interesting group of mo-
lecular compounds, which can be used for complexing metal halides
through weak �van der Waals� bonding are the cyclodextrins �CDs�
or Schardinger dextrins. Among the different types of cyclodextrins,
the �-type is the most accessible, and generally it is considered as
the most useful.27 The guest molecule is held within the lipophilic
cavity of the cyclodextrin host molecule, the latter acting as a mi-
croheterogeneous environment into which appropriately sized non-
polar moieties, such as the cobalt iodide molecules, can enter to
form inclusion compounds.28,29 Inclusion depends on two key fac-
tors. The first one is steric depending on the relative sizes of the
cyclodextrin ring and the guest molecule or assessed functional
groups within the guest. The second one is thermodynamic equilib-
rium between the different components of the system �cyclodextrin,
guest, solvent—usually water�.

In the present research work, cobalt oxide was deposited from a
novel precursor, namely, the inclusion complex �IC� of
�-cyclodextrin with cobalt iodide. Synthesis of the complex is de-
scribed, as well as chemical modifications during heating. The ex-
perimental setup for the deposition of cobalt oxide thin films in a
homemade metallorganic chemical vapor deposition �MOCVD� re-
actor is also presented and the films’ properties are investigated in
terms of surface morphlogy, crystallinity, growth rate and electrical
and magnetic properties. A decomposition mechanism of the inclu-
sion complex is suggested, based on experimental results.

Experimental

A thermoanalytical study of the inclusion complex was carried
out by the high temperature PerkinElmer DTA 7, which was cali-
brated by Al and Au standards. The weight loss was recorded both in
a dynamic Ar atmosphere and in air. Infrared �IR� measurements
were carried out using a Fourier transform IR spectrophotometer
�Perkin-Elmer 880� with the KBr pellet technique. The pellets were
prepared by pressing a mixture of the sample and dried KBr
�sample:KBr approximately 1:200� at 8 ton/cm2. Raman spectra
were recorded by the use of a Raman spectrometer using a Nd:yt-
trium aluminum garnet �� = 1064 nm, near-infrared region� laser for
excitation, operating at 4 cm−1 resolution and with data point inter-
vals of 2 cm−1. The morphology of the films was evaluated by scan-
ning electron microscopy �SEM� using a JEOL 6380 LV scanning
electron microscope. Experimental conditions involved 15 kV accel-
erating voltage at low vacuum �30 Pa�, using a backscattered elec-
tron detector. Microanalysis was performed by an Oxford INCA
energy dispersive spectrometer connected to the scanning electron
microscope. An atomic force microscope �AFM� was used to pro-
vide additional information regarding films’ surface topography and
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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geometrical complexity. Imaging of the surface morphology was
performed using a “Quesant—Qscope 250.” The AFM was equipped
with a 40 �m Dual PZT scanner. High-resolution images were ob-
tained at different areas at the maximum scanning rate of 6 Hz and
with 600 � 600 pixels resolution. All AFM images were acquired in
ambient conditions at the intermittent contact mode. The scanned
surfaces were also characterized by the surface roughness histo-
grams. X-ray diffraction �XRD� tests were conducted using a Si-
emens D5000 diffractometer with nickel-filtered CuK�1 radiation
�1.5405 Å�, at 40 kV and 30 mA. The films’ electrical resistivity
was measured by the four-probe method. Finally, the magnetic re-
sponse data were obtained by vibrating sample magnetometry with
the aid of a VSM 155 Princeton Applied Research �2T�. An external
magnetic field was applied either parallel or normal to the film’s
surface.

Synthesis of the inclusion complex of �-cyclodextrin with cobalt
iodide.— The dextrin complex was prepared according to Ref. 29.
One g of �-CD was dissolved in 80 mL of distilled water at room
temperature with stirring until the solution became almost saturated.
Then 0.36 g of anhydrous cobalt iodide and 0.44 g of solid iodine
were added simultaneously to the solution. The mixture was then
heated to 60–65°C for 20 min and was gravity filtered into an empty
beaker. It was transferred quickly into a Dewar flask with an end cap
containing water at the same temperature. After 12 h it was im-
mersed in an ice bath and remained there for another 24 h. Fine,
brown needles of complex Co �-CDs were grown and were col-
lected by gravity filtration in a Buchner funnel. Finally, they were
dried in air.

Differential thermal analysis—thermogravimetry.— The differ-
ential thermal analysis �DTA� and thermogravimetry �TG� traces for
the dextrin IC both in argon and in air atmosphere are shown in Fig.
1. The main peaks at 130 and 170°C correspond to iodine sublima-
tion and structural transformations of the parent cyclodextrin,
respectively.30 By heating in air and beyond about 230°C, cyclodex-
trins decompose in one major step through the formation of a solid
residue �char�, which around 350°C degrades further through a py-
rolytical process, similar to cellulose pyrolysis.31 This process is
realized through the opening of the cyclodextrin rings, decomposi-
tion of the glycositic structure, elimination of the OH groups, and
formation of unsaturated carbonyl groups and aromatic structures.
The percent residue strongly depends on the type of the substituent
and stabilizes by the latters’ polarity increment.32

While char stabilization can be considered as a drawback in a
potential metallization by chemical vapor deposition �CVD�, it may
ownloaded 29 Dec 2010 to 147.102.123.181. Redistribution subject to E
be beneficially exploited in metals’ oxide deposition. This is due to
the fact that by heating in air, char is oxidized to volatile products,
such as CO2, H2O, and furan compounds. In this case, the total
weight loss exceeds 90%, whereas under an inert atmosphere this is
no more than 70%, as can be noticed by the corresponding TG
graphs. In addition, under oxidizing conditions, melting of dextrins’
crystals and subsequent thermal decomposition occur at around
370°C, thus further favoring sufficient volatilization and subsequent
by-products’ removal out of the reaction zone.

It should also be noted that when �-CDs crystallize from aque-
ous solutions with metal iodide and iodine tend to follow the same
monoclinic crystal structure as ��-CD�2·KI7·9H2O.33 From the TG
graph, the number of water molecules present inside the inclusion
complex was calculated by the weight loss ��5.6%� in the tempera-
ture range 70–130°C, where all of them are supposed to have
moved out. It was found that the complex contained 11 water mol-
ecules per dimmer, so the proposed general composition that could
be assigned to it must be as follows: ��-CD�2·CoI7·11H2O. The 11
water molecules are shared between the cavity of �-cyclodextrin
and the external interstices, with the former interacting less strongly
with the cyclodextrin ring.

Moreover, the weight loss of �1% within the temperature range
45–70°C illustrates a minor volatility, which is attributed to the
transformation of normal hydrogen bonds to those of flip-flop
type.29 At higher temperatures the absence of hydrogen bonds en-
hances the complex’s volatility and as a result, its sublimation tem-
perature is determined by van der Waals intermolecular interaction.
At around 130°C, sublimation of iodine occurs. Therefore, sublima-
tion of the complex must be restricted below this temperature to
avoid rupture of the polyiodide chain.

Infrared spectroscopy.— Absorptions in the 400–1630 cm−1

range are related to typical band frequencies of �-cyclodextrin,30

thus it is assumed that its structure remains intact upon complexing.
The peak arising at 2918 cm−1 has been assigned to the C–H stretch-
ing vibrational mode, while the lowering of the –O–H vibrational
mode at around 3400 cm−1 of the inclusion complex is caused by
interactions between �-cyclodextrin and the guest agent. As water is
released upon complexation, an indirect proof of inclusion is pro-
vided.

In order to investigate further the behavior of the complex in a
potential CVD process, a heat-treatment process of 15 min was also
conducted. The temperatures selected were 140 and 240°C, respec-
tively, which corresponded to the states shortly after distinct phase
transformations, according to DTA results. The IR spectra of pure

Figure 1. �Color online� Differential ther-
mal analysis-thermogravimetry of the in-
clusion complex of �-cyclodextrin with
CoI2. Heating rate was 10°C/min.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



P7Journal of The Electrochemical Society, 158 �1� P5-P13 �2011� P7

D

�-cyclodextrin, its inclusion complex with CoI2, as well as the heat-
treated ICs, are presented in Fig. 2. These samples are denoted as
“A,” “B,” “C,” and “D”, respectively.

The bands corresponding to the parent dextrin have been sub-
stantially lowered and the band corresponding to C–C and C–O
stretching vibrational modes at 1026 cm−1 has disappeared, prob-
ably implying the onset of a decomposition process of the glycositic
ring. At 240°C the cyclodextrin ring has been broken as indicated by
the elimination of its typical bands with a simultaneous creation of
two sharp absorption bands at around 680 and 560 cm−1, attributed
to an aromatization process34 of char decomposition. This is further
confirmed by the observation that frequency bands between 900 and
1200 cm−1, corresponding to typical glycositic absorption bands,
have disappeared.

Raman spectra.— When �-cyclodextrins crystallize from aque-
ous solutions with metal iodide and solid iodine, channel-type com-
plexes are formed. The dextrin molecules orient themselves in a
head to head arrangement and are bound together through a polyio-
dide chain in a Z-like structure which crosses each one’s cavity.28,29

The inclusion of the solid iodine generally does not lead to any
changes in the Raman vibrational modes of the parent dextrin. How-
ever, a known35 charge transfer interaction between I3

− and I2 in the
polyiodide chain I2

· I3
· I2

− takes place due to the symmetric stretch of
iodine molecules. This is imprinted in a very intense band arising at
around 170 cm−1 in the inclusion complex’s Raman spectrum �Fig.
3�. No other significant alterations between pure �-cyclodextrin and
its IC with CoI2 were detected at the excitation wavelength exam-
ined �1064 nm�. Concerning the Raman spectra of heat-treated
samples �C and D�, the aforementioned vibrational mode at
170 cm−1 has disappeared, clearly implying a sublimation process of
iodine molecules below 140°C.

For sample C, C–O–H bending and CH2 twisting vibrational
modes correspond to 1330 cm−1.36 For sample D the band arising in
the range of 1590–1600 cm−1 should be assigned to angle-bending
vibrations around the carbons involved in the glycositic ring during
char formation.

Deposition of cobalt oxide thin films.— The films were grown
in a vertical, cylindrical MOCVD stainless steel reactor, specifically
developed for the deposition of magnetic films, either singled or
multilayered. The reactor had computer controlled switching of
gases for abrupt transients during deposition of multilayered struc-
tures. It also employed two independent precursor lines and four
ownloaded 29 Dec 2010 to 147.102.123.181. Redistribution subject to E
separate gas delivery lines for maintaining inert, �He or Ar�, reduc-
tive �H2�, or oxidizing �O2� atmosphere. Prior to the reactor’s en-
trance, heat traced lines were used.

The substrates were positioned onto a stainless steel block, with
three 4� recessed pockets. The three zone resistance heating was
controlled by Ch–Al thermocouples embedded at the block’s bottom
surface with proportional integral derivative controllers. Two rotary
vane pumps in-line connected were used for the reactors’ evacuation
down to a base pressure of 10−4 mbar and process pumping accu-
rately controlled by a manual throttle valve.

Silicon and blanket silicon dioxide were used as substrates.
These were ex situ cleaned by a 30 s Piranha etch solution and then
by a subsequent acetone and methanol rinse. Finally, they were
washed with double-distilled water, followed by drying in a high
purity Ar atmosphere. In the case of the silicon substrates an addi-
tional first step was employed. These were dipped for 1 min in a
10% solution of HF acid and were immediately rinsed by double-
distilled water.

In a typical experiment the substrates were loaded and the reactor
was purged with an argon flow of 0.75 l/h, while the susceptor was
heated to the desired temperature. Then the solid IC �placed in a
specialized glass reservoir� was sublimed at 115°C, and the vapors
were introduced into the reactor with the aid of a constant O2 flow

Figure 2. �Color online� IR spectra of
pure �-cyclodextrin and its inclusion com-
plex with CoI2 before and after heat-
treatment.

Figure 3. �Color online� Raman spectra of pure �-cyclodextrin and its in-
clusion complex with CoI before and after heat-treatment.
2
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of 50 mL/min. The corresponding transportation line was main-
tained at 120–125°C. To suppress asymmetric flow, helium was se-
lectively used at a flow of 200 mL/min from the periphery plenums,
i.e., between the susceptor’s surface and the reactors’ walls. The
experimental regime is summarized in Table I. It should be noted
that all the experiments were conducted at reactor pressures near
atmospheric, because char formation seemed to demand lower acti-
vation energy than the main process of mass loss and thus by heat-
ing at rates of several degrees per second, char formation is elimi-
nated and counterbalanced by an endothermic heat of volatiles
release. This can be well realized in an atmospheric pressure CVD
reactor, where heat transfer either through radiation or through con-
duction is intensified.

The cobalt oxide’s growth rate was measured by two techniques:
�i� by weighing the substrates prior to and after deposition and �ii�
by masking half of the substrates’ surface and measuring the height
of the step formed by means of a Dektak IV profilometer. Values of
thickness presented in Table I correspond to the mean value of the
measurements obtained by the two methods. The results were ob-
tained systematically through a series of similar experimental pro-
cesses and by measuring the films’ thickness at five different points
of its surface. Moreover, the measurements were found indirectly to
be accurate enough by the films’ thickness dependence on their re-
sistivity values when all the parameters of a certain experimental
process, except deposition time, were kept constant. We have esti-
mated that the reported values are reliable within an error range of
only �5%.

Results

Scanning electron microscopy and atomic force microscopy.—
The morphology of the films was evaluated by scanning electron
microscopy using a JEOL 6380 LV. Experimental conditions in-
volved 20 kV accelerating voltage using secondary and backscat-
tered electron detectors. Microanalysis was performed by an Oxford
INC energy dispersive spectrometer connected to the scanning elec-
tron microscope. The SEM micrographs of the films deposited at

Figure 4. SEM micrograph of cobalt oxide film deposited at 380°C.

Table I. Deposition parameters.

Substrate
temperature
�°C�

Reactor
pressure
�mbar�

Oxygen
flow

�mL/min�

Deposition
time
�min�

380 1000 50 240
410 1000 50 150
450 100 50 90
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different temperatures are presented in Figs. 4-6, whereas the results
from the corresponding elemental analysis are presented in Tables
II, IV, and VI, respectively. At relatively low deposition tempera-
tures �380°C�, a nonuniform growth, with increased surface rough-
ness, was observed �Fig. 4�, along with sites of nondeposited mate-
rial. In order to suggest a possible decomposition mechanism
through an indicative qualitative approach, energy dispersive spec-
trometry �EDS� analysis �without the centesimal precisions� was
also employed. In the absence it was found that cobalt was present
by a significant weight percent �wt %�, with the drawback, however,
of increased amounts of carbon contamination �Table II�. The results

Figure 5. SEM micrograph of cobalt oxide film deposited at 410°C.

Figure 6. SEM micrograph of cobalt oxide film deposited at 450°C.

Driving
gas �He�
�mL/min�

Thickness
�nm�

Growth
rate

�nm/min� Substrate

No 230 0.96 Si
No 180 1.20 Si
200 115 1.28 SiO2
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from EDS analysis inside a pinhole are also shown in Table III. The
high wt % concentration of Si implied island growth, occurring at
random directions. Moreover, grain boundaries could not be ob-
served. This may be due to the fact that carbon impurities can act as
restriction sites of grain growth, thus leading to nanostructured
growth.37

At slightly higher deposition temperatures �410°C� the film’s
uniformity had significantly increased �Fig. 5�. However, the precur-
sors’ decomposition and subsequent adsorption seemed incomplete
as was indirectly implied by the relatively increased amount of car-
bon and oxygen �Table IV�. This assumption was further supported
by the observation of precursor’s precipitants onto the films’ surface.
These were attributed to a complex gas phase precipitation mecha-
nism, which resulted in incorporation of the dextrin’s dimmers in the
films’ matrix due to incomplete destabilization of the polyiodide
chain. This could also be connected with the evaporation of the
remaining tightly bound water molecules after precipitation, which
become superheated, and water vapor pressure builds up resulting in
expansion of the precipitant. A small wt % I concentration was also
detected �Table V�, which manifested incomplete rupture of the
polyiodide chain of a few IC molecules. This could be explained by
the interaction of subjacent atomic planes of deposited material and
precipitated IC molecules. The presence of dextrin-like components
sorpted onto the film’s surface could also be attributed to an in-
creased amount of the reactanst’ dispersion, at the time the precur-
sor’s delivery ceased, either due to recirculated flow inside the re-
actor or due to buoyancy driven flow.

At even higher temperatures �450°C� grain growth seemed to
have been enhanced probably due to a coalescence process at this
temperature, with an average grain size of about 250 nm. The pro-
cess pressure was reduced to 100 mbar to reduce the reactants’ dis-
persion and to suppress asymmetric flow. The extent of the reactors’
pressure reduction was chosen empirically and it was decided that
this should be kept low due to the lack of available data concerning
the precursors’ decomposition under higher vacuums. It was found
that carbon impurities were significantly suppressed, and this was
attributed to the aromatization process of char decomposition. The
films deposited at this temperature were thinner because of the
shortest time �90 min� of deposition. The higher oxygen content
detected �Table VI� was to some extent attributed to the substrate’s
thermal oxide developed prior to deposition. Furthermore, no pre-
cipitants were observed.

To further evaluate the films’ surface roughness and the grains’
size distribution, atomic force microscopy analysis was also em-
ployed. The films deposited at the lowest temperatures �380°C�
were not examined because of the unsatisfactory SEM results, con-
cerning surface morphology and level of impurities. The films de-
posited at the highest temperature were uniformly grain distributed
�Fig. 7�, with their surface being smoother and with smaller height
deviation than the films deposited at lower temperatures �Fig. 8�. As
was proved by histogram analysis �Fig. 9� the mean surface rough-
ness deviation of the films deposited at 450°C was of the order of

Figure 7. �Color online� AFM of cobalt
oxide film deposited at 450°C.
Table II. EDS analysis of cobalt oxide film deposited at 380°C.

Element w/w % atom %

Si 29.8 31.5
Co 23.8 11.4
O 37.5 47.8
C 8.9 9.3
Table III. EDS analysis inside a pinhole.

Element w/w % atom %

Si 45.9 32.5
Co 2.6 3.9
O 35.9 41.1
C 15.6 22.5
Total 100.0 100.0
Table IV. EDS analysis of cobalt oxide film deposited at 410°C.

Element w/w % atom %

Si 31.1 28.1
Co 16.5 9.3
O 44.1 53.3
C 8.3 9.3
Total 100.0 100.0
Table V. EDS analysis of precipitated precursor’s molecules.

Element w/w % atom %

Si 11.7 10.2
Co 9.6 3.1
O 42.1 48.9
C 35.4 37.5
I 1.3 0.3
Table VI. EDS analysis of cobalt oxide film deposited at 450°C.

Element w/w % atom %

Si 36.2 29.7
Co 9.5 5.3
O 51.3 63.5
C 3.0 1.5
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Figure 9. �Color online� Histogram analysis of the film deposited at 450°C.

P10 Journal of The Electrochemical Society, 158 �1� P5-P13 �2011�P10

Downloaded 29 Dec 2010 to 147.102.123.181. Redistribution subject to E
5.5 nm, with the mean height being around 17.5 nm and the mean
deviation around 4.5 nm. As a result, it was assumed that carbon
impurities strongly affect the films’ surface morphology by enabling
selective deposition and that their effects can be minimized at sub-
strates, acting as diffusion barriers, and at such temperatures and
pressures that char decomposition into volatile products was com-
plete.

X-ray diffraction.— According to previous results, the films de-
posited at 450°C present such characteristics that enable the growth
of pure cobalt oxide. The mineralogical phases of the films were
certified by X-ray diffraction �Fig 10�. It was found that the cobalt
oxide grown was in the form of Co3O4. Surprisingly, no phases
corresponding to oxides of divalent cobalt were detected. This was
attributed to partial oxidation of cobalt shortly after the glycositic
ring’s rupture under the strong oxidizing conditions applied. Further-
more, despite using SiO2 as the substrate, intermediate phases of
cobalt silicides were detected probably due to the relatively high
deposition temperature. The presence especially of Co2Si was attrib-
uted to a solid state reaction between the known phase of CoSi2 and
subjacent layers of deposited Co3O4, according to the following
scheme

CoSi2 + Co3O4 → 2Co2Si + 2O2↑
The formation of CoSi2 is considered thermodynamically more

favored than Co2Si, and it expected that is the first to grow. The
liberated oxygen adds further to the oxidation of deposited cobalt,
thus enhancing the oxidizing process, and further clears up the ori-
gin of the absence of different phases of cobalt oxide.

Figure 8. �Color online� AFM of cobalt
oxide film deposited at 410°C.
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Study of reaction kinetics.— The Arrhenius plot for the films de-
posited under the aforementioned conditions is shown in Fig. 11.
Two distinct regions can be observed. In the low-temperature region
II the reaction is controlled by surface kinetics, as was demonstrated
by the films’ microstructure analysis. The increment in deposition
rate by temperature increment is, in reality, factitious because large
amounts of amorphous carbon are incorporated into the deposited
film due to incomplete decomposition of the complex. Lower depo-
sition temperatures favor the reduction of the boundary layer thick-
ness, thus rendering the feed rate unsaturated. At higher tempera-
tures and reduced pressures, the boundary layer thickness does not
significantly change and, as a result, the deposition rate depends not
only on the mass transport mechanism but also on the char decom-
position kinetics. The number of active collisions is reduced, while
the removal of volatile by-products �discontinuous line in Fig. 11� is
enhanced. The net result is an almost constant growth rate. Since the
deposition is related with both feed rate and glycositic ring decom-
position, the high-temperature region I may well be regarded as the
region of these two mechanisms’ coexistence. The activation energy
Ea of the glycositic ring’s rupture was found approximately around
60 kJ/mol, a value which is comparable to the one calculated from
the combined results of TG and DTA in the temperature range of
380–430°C. However, it must be stated that additional experimental
points are needed for one to accurately calculate the activation en-
ergy of decomposition.

Electrical properties.— The films’ resistivity dependence on
deposition temperature is illustrated in Fig. 12. Resistivity values
were found to be of the order of 105 �� cm, which are in accor-
dance with the values reported5,7 for cobalt oxide films deposited by
physical vapor deposition. At deposition temperatures above 400°C
the film’s resistivity seems to be abruptly reduced due to minimiza-
tion of carbon contamination, caused by the incomplete decomposi-

Figure 11. �Color online� Arrhenius plot.

Figure 12. �Color online� Electrical resistivity vs deposition temperature.
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tion of the complex at lower temperatures which hampers conduc-
tivity. On the other hand, at higher temperatures �450°C� the
formation of silicides inhibits significant increment in conductivity.

A heat-treatment process, in the temperature range of 25–225°C,
also took place for the films deposited at 450°C. The nearly expo-
nential reduction of resistivity �Fig. 13� implied a semiconducting
behavior, attributed to oxygen vacancies, which led to nonstoichio-
metric growth.

Magnetic properties.— The magnetic responses of the films de-
posited at 450°C under an externally applied magnetic field, both
parallel and normal to their surface, are presented in Fig. 14. It was
found that the easy axis of magnetization was the deposition surface.
The anisotropy field was found being around 480 kA/m, while the
coercivity field for the hard axis was beyond our magnetometer
sensitivity values.

The films were further subjected to a heat-treatment process at
325°C for 60 min, under an externally applied magnetic field of
1 T, normal to films’ surface, followed by slow field cooling. This
temperature was selected in order to obtain relaxation, but not phase
transformation. The close-to-paramagnetism behavior of the B–H
loop has been observed �Fig. 15�, probably suggesting the dramatic
effect of CoSi2 paramagnetic phases on magnetization.

Discussion.— Dextrin ICs, as in the case of metal b-diketonates,
should be considered as metal-organic rather than organometallic
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Figure 13. �Color online� Effect of annealing temperature on electrical re-
sistivity of the films deposited at 450°C.

Figure 14. �Color online� Magnetic response of the films deposited at
450°C.
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precursors, because they do not possess metal–carbon bonds, even
though they contain organic ligands. Complexation is achieved by
coupling of more than one parent molecules through polyiodide
chains formed during charge transfer interactions between dimerized
species. Deposition occurs by thermal decomposition of the gly-
cositic ring in contrast to the MOCVD from a typical metallorganic
precursor occurring by the cleavage of the bonds of the atoms coor-
dinated to the metal cation. In the case of ICs, no bonds are broken.
The metal is protected in the cavity of its host, until the latter is
thermally decomposed. The decomposition mechanism of a specific
IC strongly depends on the metal ion to be complexed, because its
fitting strength varies significantly according to its coordination to
the oxygen atom of the hydroxyl group as well as to its bridging
with hydroxide anions.31 Moreover, the decomposition point of
�-cyclodextrins’ ICs is lowered in the presence of Co atoms. Un-
complexed �-cyclodextrin melts and decomposes around 300°C,32

whereas its inclusion complex with CoI2 starts to decompose at
around 230°C.

Since all metal iodides follow the structure of potassium iodide
inclusion complexes, a similar chemical behavior of cobalt iodide
inside the dextrin’s cavity should be expected. Cobalt cations are
fourfold coordinated by two water molecules and two hydroxyl
groups in a near tetrahedral arrangement. During heating, the ini-
tially tightly bound water molecules transform into easily movable
ones, thus rupturing the above arrangement. Through previous
studies32 on the dielectric properties of the inclusion complexes of
�-cyclodextrin with metal iodides, it has been proved that around
98°C the conductivity of ICs, caused mainly by the activation and
movement of the metallic cations, significantly increases and this
increment can be characterized as a semiconductor-to-metal transi-
tion. This is realized through the water net via the Grotthuss mecha-
nism. As the temperature increases, the conductivity decreases
reaching a minimum at around 125°C, where all water molecules
have moved out. At this point, cobalt cations’ charge remains local-
ized, thus contributing only slightly to the IC’s conductivity. At
around 130°C, iodine starts to sublimate. The cobalt cations find
more space to move freely due to symmetric stretch of the far-out
iodine molecules of the polyiodide chain. Because no structural
transformations of the parent dextrin are depicted until total removal
of iodine molecules �180°C�, it should be expected that free cobalt
remains intact inside the cavity of the separated due to the chain’s
rupture, dimmers. Thus, it can be assumed that it is well protected

Figure 15. �Color online� Effect of annealing process on the magnetic re-
sponse of the films deposited at 450°C.
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against destabilizing effects and is probably subjected to weak
forces by the neighboring hydroxyl groups, even at the temperature
of the first decomposition stage � � 230°C�. Cobalt can be finally
set free only by the rupture of the aromatic structure at higher tem-
peratures � � 350°C�. This behavior resembles the boost of a
spacecraft: the latter detaches its fuel compartments upon rising,
until at some point only its capsule has left.

The aforementioned decomposition mechanism has been con-
firmed by elemental analysis of the inclusion complex during heat-
ing �Fig. 16�. Even though the variation of wt % composition of C,
O, and I was to be expected, the increase in wt % composition of Co
after 180°C, where iodine had already sublimed, was rather unex-
pected. This fact implied that after the polyiodide chain’s rupture,
cobalt ions were still trapped inside the dextrin’s cavity, probably
restrained by the weak forces exerted by the neighboring hydroxyl
groups. This phenomenon would otherwise be possible only in ul-
trahigh vacuum conditions. Furthermore, the increment in C wt %
concentration was related to the charring process. However, because
char is transformed into volatile products under oxidative condi-
tions, a further increase of Co wt % concentration was to be ex-
pected at higher temperatures, along with a progressive reduction of
C wt % concentration. This assumption was confirmed by the rather
increased growth rates of Co3O4 deposition �Table I�. In this way,
the drawback of low molecular weight complexation capabilities of
�-cyclodextrin in its natural form is somewhat counterbalanced,
even though the recorded growth rates are still lower than the
growth rates of common metallorganic or organometallic sources.
On the other hand, however, accurately controlled deposition is a
viable perspective.

Furthermore, the magnetic response exerted from as-deposited
films is maintained in the frequency and temperature domain. Ex-
perimental measurements illustrate that the BH loop is maintained
for frequencies in the order of 100 kHz and temperatures in the
order of 150°C. These results suggest the possible use of as-
deposited Co3O4 films as shielding materials. Indeed, preliminary
measurements of the electromagnetic absorption from dc up to
100 kHz illustrate an almost flat response in electromagnetic wave
absorption.

Conclusions

Cyclodextrins appear as a novel perspective in the deposition of
nanostructured cobalt oxide thin films by MOCVD. Deposition is
viable due to the slight volatility of the complex at temperatures
below iodine sublimation and to thermal decomposition of the gly-
cositic ring after polyiodide chain’s rupture, with free Co remaining
localized in the separate gaseous CD dimmers.

The stability of the inclusion complex is determined by structural
transformations of the parent dextrin at distinct temperature ranges,
which in the presence of oxygen �or air� allow for a complete de-
composition process, thus liberating the included cobalt at tempera-

Figure 16. �Color online� Variation of the IC’s elemental composition during
heating.
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tures higher than 400°C, whereas the decomposed compounds of the
parent dextrin are effectively removed out of the reaction zone due
to their high volatility.

As far as transfer of the complex’s vapors into the reaction zone
is concerned, it is true that Co-IC presents only slight volatility. The
latter is, in this case, determined by weak van der Waals intermo-
lecular interaction and is mostly attributed to the sublimation of
easily movable water molecules. However, this property cannot be a
priori considered as a drawback, because it allows for a precisely
controlled deposition of the low-nanometer scale. The deposition
duration is not inhibitory too, because partial decomposition of the
parent dextrin occurs before the complex reaches the substrate’s
surface �in the gas phase� and therefore the relative w/w concentra-
tion of cobalt gradually increases, thus enhancing the theoretically
anticipated deposition rate.

Acceptable surface morphology and growth rates can be
achieved at relatively high temperatures, where the reaction is con-
trolled both by mass transport phenomena and char decomposition
kinetics and at substrates where temperature-driven diffusion is
eliminated. The films exhibit a typical semiconducting behavior, at-
tributed to nonstoichiometric deposition, whereas magnetization is
degraded by the CoSi2 presence, especially after moderate heat-
treatment.

Because most ICs of �-cyclodextrins are isomorphous com-
pounds, it can be expected that the decomposition mechanism of
various metal ICs during heating will be similar to that of Co-
inclusion complex. Complexation of different metals by only one
parent dextrin, thus developing a single-precursor source, is also a
viable possibility. Therefore, ICs of �-cyclodextrins may well prove
an efficient alternative to traditional organic groups arising as an
interesting perspective for innovating applications based on the
CVD of different metal oxides.
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