Journal of the Korean Ceramic Society
Vol. 43, No. 11, pp. 703~709, 2006.

Liquid Phase Deposition of Transition Metal Ferrite Thin Films:
Synthesis and Magnetic Properties

Gabriel Caruntu and Charles J. O’Connor

¥

Advanced Materials Research Institute, Chemistry Department, University of New Orleans, New Orleans, LA, USA
(Received October 19, 2006; Accepted October 31, 2006)

ABSTRACT

We report on the synthesis of highly uniform, single phase zinc and cobalt thin films prepared by the Liquid Phase Deposition
(LPD) method. X-Ray diffraction, TGA and EDX measurements support the assumption that the as deposited films are consti-
tuted by a mixture of crystallized FeOOH and amorphous M(OH), M= Co, Zn) which is converted upon heat treatment in air at
600°C into the corresponding zinc ferrites. The films with adjustable chemical compositions are identified with a crystal struc-
ture as spinel-type and present a spherical or rod-like microstructure, depending on the both the nature and concentration of the
divalent transition metal ions. Zinc ferrite thin films present a superparamagnetic behavior above blocking temperatures which
decrease with increasing the Zn content and are ferromagnetic at 5 K with coercivities ranging between 797.8 and 948.5 Oe,
whereas the cobalt ferrite films are ferromagnetic at room temperature with magnetic characteristics strongly dependent on the

chemical composition.
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1. Introduction

ransition metal ferrites MFe,O, are one of the most
T important family of technological materials, due to
their remarkable properties which find use in many applica-
tions in the next generation electronics, catalysis and mag-
netic information storage. Although ferrites are traditio-
nally prepared in bulk, the miniaturization of magnetic and
electronic devices has demanded advanced materials with
new forms and shapes, such as nanoparticles or thin films.
Ferrite thin films can typically be deposited onto various
substrates by various synthetic techniques which can be
categorized as physical and chemical methods, respectively.
Physical methods include molecular beam epitaxy,"? mag-
netron sputtering®® or Pulse Laser Deposition (PLD),*®
whereas chemical processes include Chemical Vapor Depo-
sition (CVD),™® electrodeposition,” electroless deposition,'®
hydrothermal,'”” spin spraying,'*'® dip coating"? and spin
coating of sol-gel reagents.'™'®
Although these methods allow for the preparation of fer-
rite films tailorable to particular applications, in most cases
they present several critical shortcomings, i.e., the need of
expensive and sophisticated equipment to create vacuum or
a low pressure atmosphere, the thickness of the films can-
not be controlled accurately during deposition, the line-of-
sight deposition has limitations and films are often difficult
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to be deposited onto surfaces with large areas or complex
morphologies. The development of new synthetic strategies
for the selective deposition of multicomponent oxide films is
important for the future of microelectronic circuitry. In the
last years, a novel chemical method, called Liquid Phase
Deposition (LPD) was proposed by Nagayama and
coworkers'? for the synthesis of metal oxide thin films. It
congists of the direct precipitation of homogenous metal
oxide films via the controlled hydrolysis of the correspond-
ing solutions of transition metal-fluoro complexes in pres-
ence of aluminum or boric acid (1). Control over the
hydrolysis process is necessary in order to prevent sponta-
neous bulk precipitation of the solution.

MO, +nF +2mH* (1)

MF@-2m- +mH,0

Boric acid or aluminum acts as a scavenger for the fluo-
ride ions by forming a stable complex [BF,]” ion, which
causes the equilibrium reaction (1) to proceed to the right
side with formation of the metal oxide.

H,BO,+4HF BF, +H,0"+2H,0 2

Initially developed for Si0,'” and TiO," films, the Liquid
Phase Deposition (LPD) method has rapidly been extended
to other transition metal oxides (V, Cr, Mn, Fe, Co, Ni, In,
Nb, Cu, Zn),”* FeOOH and o-Fe,0,*” and Au-dispersed
TiO, films,”® respectively. Because the main process
involved is a homogenous nucleation from aqueous solu-
tions, liquid phase deposition harbors great promise for the
fabrication of multicomponent metal oxide films. However,
extension of the liquid phase deposition to other oxide sys-

tems seemed to be limited, mainly due to the optimization of
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reaction conditions so that both transition metal can be ren-
dered hydrolysable simultaneously, which often results in
absence of the chemical reaction.

Consequently, considerably less is known on using the lig-
uid phase deposition method to synthesize single phase mul-
ticomponent oxide films. Gao and coworkers deposited
polycrystalline perovskite-type ABO, (A=Sr,Ba) thin films
with a columnar morphology,?” whereas Deki and coworkers
reported the formation of iron-nickel binary oxide films.®®
However, the prepared nickel ferrite samples show very poor
crystallinity upon annealing at high temperature as well as
the mechanism of formation of ferrites is not very well eluci-
dated. To our knowledge, there are no other reports on the
deposition of ferrite films by this soft solution process. The
present investigation aims at the extension of the liquid
phase deposition method to the preparation of nanocrystal-
line ferrite thin films. We report here our initial, successful
attempts in developing the liquid phase deposition method
for the synthesis of cobalt and zinc ferrite films with variable
chemical composition and tunable magnetic properties.

2. Experimental Procedure

2.1. Preparation of Ferrite Films by Chemical Depo-
sition

The experiments were performed in open atmosphere
using a magnetic hotplate with an external temperature
controller. Source chemicals were reagent grade purity and
used as received from Alfa Aesar. Deionized water (18 MQ)
was obtained from a Barnstead Nanopure water purifica-
tion system. Scheme 1 shows the details of the synthetic
strategy used to deposit zinc ferrite films by the liquid depo-
sition method. Prior to deposition, the substrates were
degreased by washing repeatedly with acetone and then
sonicated in MilliQ water. The parent solution was obtained
by dissolving 0.25 g of FeO(OH) in 50 ml of 1 M NH,F-HF
aqueous solution. FeOOH was precipitated from an aqueous
solution of Fe(NO,), " 7H,O upon addition of a diluted solu-
tion of ammonia.

The precipitate was then filtered, washed several times
with distilled water and allowed to dry at room temperature

Solution 1

0.3 g FeOOH dissolved
in 50 mi NH,F-HF

Scavenger Solution Treatment Solution Solution 2
" [Fe*1=8.54-10° Zn(NO,),-6H,0
H,BO; solution 0.5 M |memmp H.80J-0.3 M O ton 2 M
[Zn*}=10°-0.55 M

Scheme 1. Synthetic strategy used to deposit zinc ferrite
films by liquid phase deposition (LPD) method.
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in open air for several days. Then, a separate aqueous solu-
tion of M** (M= Co,Zn) with a concentration of 2 M was pre-
pared by dissolving the corresponding amount of transition
metal nitrate in distilled water.

Ferrite thin films were deposited on non-alkali glass
plates (Corning no. 7059) substrates and p-type {111} single
crystal Si wafers, respectively. Three separate aqueous
solutions of iron hydroxide, M(NO,), (M=Co,Ni) and boric
acid (c=0.5 M) were mixed in different proportions to obtain
a final solution with fixed concentrations of iron and H,BO,,
whereas the concentration of the M was varied in the
range 10°-5.5x10™" M. Substrates were suspended verti-
cally and soaked in the reaction solution at different tem-
peratures ranging between 25°C and 65°C for different
periods of time, typically ranging between 3 and 24 h. After
being removed from the reaction solution, the films were
carefully rinsed with distilled water, then sonicated and
dried in open atmosphere. To ensure complete crystalliza-
tion of the ferrite films, samples were subjected to a heat
treatment in open air at 600°C followed by a natural cooling
to room atmosphere.

2.2. Characterization of the Ferrite Films

Surface morphology and microstructure of the films was
studied by using a JEOL-JSM 5410 scanning electron
microscope, whereas their thicknesses were measured by a
surface profile measuring system Dektak-ITA. Identification
of the crystalline phases, crystallite size and the phase
purity of the films were examined by X-ray diffraction using
a Philips X’Pert System equipped with a curved graphite
single-crystal monochromator (CuK radiation). Patterns
were recorded in a step scanning mode in the 20-95° 20
range with a step of 0.02° and a counting time of 10s. The
metal contents of the deposited ferrite films were deter-
mined by Inductive Coupled Plasma (ICP) spectroscopy,
using a Varian FT220s flame absorption spectrometer. The
correlation coefficient used to calibrate the instrument was
0.999147 and the calibration error did not exceed 5%. The
corresponding solutions were prepared by dissolving the
films in 18%HCI and then diluting them to the required
concentrations.

Examination of the thermal behavior of the as grown films
was performed using a TA Instrument TGA 2950. Approxi-
mately 5 mg of powdered sample were heated under flowing
air (flow rate 25 ml/min) from room temperature to 600°C in
an alumina crucible. Infrared spectra were collected with a
Nicolet Magna 750 FTIR instrument. Samples were prepared
by mixing the ferrite powders obtained by scratching the
films with KBr and then pelletized. Then, spectra were
recorded over the range of A=4000 to 500 cm™" with a resolu-
tion of 5 cm™. Magnetic properties were investigated with a
Quantum Design MPMS-5S SQUID magnetometer.

3. Results and Discussion

A low temperature, single step deposition of solutions of



November 2006

transition metal salts in NH,F - HF leads to highly uniform,
well adherent zinc ferrite films with thickness which can be
easily controlled by varying the deposition time. On the
course of the deposition process, the initial colorless treat-
ment solution turns slowly to a brownish colloidal suspen-
sion which becomes progressively clear and colorless as the
chemical deposition of the films is achieved. The pH of the
solution slightly increased from 4-5 to 6, which is presum-
ably ascribed to the formation of basic transition-metal
oxides/oxyhydroxides as a result of the simultaneous
hydrolysis of the corresponding salts. Additionally, an amor-
phous brown fine powder was detected at the bottom of the
reaction vessel as well as a thin light brown film on its
walls. This clearly indicates that films form through the
attachment of primarily fine particles of transition metal
oxides/hydroxides originally precipitated in the bulk solu-
tion as a result of the hydrolysis of the transition-metal oxy-
fluoro-complexes. In Fig. 1(a) is represented the evolution of
the Zn/Fe ratio of the deposited ferrite films obtained from
ICP measurements with increasing of the zinc concentra-
tion in the treatment solution.

The elemental analysis performed by EDX has shown that
the films are fluorine free and chemically homogenous
through the whole surface. Additionally, the composition of
films deposited after 2, 4, 6, 12, and 24 h did not reveal
major differences in the Zn/Fe ratio, which indicates that
the chemical composition does not vary during the deposi-
tion process. Fig. 1(a) reveals the existence of two growth
regimes, that is for initial concentrations of [Zn®'] ranging
between 10°M and 107 M the curve shows an logarithmic
character, whereas when [Zn*7>0.1 M it becomes linear.
This trend is consistent with that observed for the variation
of the Zn/Fe ratio with the Zn content of the treatment solu-
tion (Fig. 1(c)) suggesting that the composition of the film is
solely dictated by the Zn/Fe ratio of the treatment solution.
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Fig. 1. (a) Variation of the Zn/Fe ratio of the film with the
7Zn”" concentration of the reaction solution, (b? close-up
of Fig. 1(a) in the concentration range of 10°-107" M,
and (c) variation of the Zn/Fe ratio in the treatment
solution with the concentration of Zn™ ion.
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Assuming a stoechiometric Fe/O ratio in the prepared fer-
rites, the corresponding film composition as determined by
ICP spectroscopy is indicated in Table 1. The error in mea-
suring the elemental composition of the films was less than
5%. As expected, the Zn content of the deposited films
increases progressively with increasing the Zn*' concentra-
tion in the treatment solution. Ferrite films with highly tun-
able chemical composition can be obtained by liquid phase
deposition by simply controlling the volumes of transition
metal salts in the treatment solution. This is important
since mastery of the chemical composition of ferrite films
has proven to be critical for further technological applica-
tions.

In addition to the concentration of the initial solutions,
temperature was found to play an important role on the
kinetics of ferrite deposition. For a given deposition time,
the increase of the reaction temperature accelerates the
chemical deposition which, in turn results in thicker films.
However, when reaction was performed at room tempera-
ture no precipitate was observed even after 3 days. As
shown in Fig. 2, the film thickness varies roughly linearly
with the deposition time and was found to range typically
between 50 and 960 nm for a deposition time of 2-24 h,
depending on the temperature.

It is important to note that the composition of the as
deposited films is very sensitive to the reaction conditions.
When ordinary distilled water is used to prepare the reac-
tion solutions, akaganeite FeO(OH, Cl) (JCPDS 13-157) was
deposited instead of B-lepidocrocite ¥eO(OH) (JCPDS 08-
0098) which is obtained when using MilliQ water. In Fig. 4
are illustrated the X-ray diffraction patterns of the ferrite
films before and after the heat treatment, respectively.

Regardless of the nature of the divalent metal, the X-ray
diffraction patterns of the as-deposited ferrite films exhibit
peaks which can be indexed as crystalline FeO(OH) (Fig.
1(a)). Since the divalent metals (Co,Zn) were not detected by
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Fig. 2. Dependence of the film thicknesses on the deposition
time at different reaction temperatures.
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Fig. 3. Typical X-ray diffraction patterns of the as prepared (a) and annealed Co (b) and Zn ferrite (c) films with different chem-

ical compositions.
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Fig. 4. Top-down SEM micrographs of a 200 nm Co,,Fe, O,
film deposited onto a Corning glass after heat treat-
ment at 600°C.

X-ray diffraction, but they are found in solution by ICP mea-
surements, we hypothesize that they are present in the as-
prepared films as amorphous M(OH), phases. As shown in
Fig. 4(b) and (c), the annealed films exhibit similar patterns
although the samples correspond to different concentrations
of the metals in the starting solution. Additionally, the rela-
tive intensities of the peaks do not exhibit preferred orienta-
tion growth. In all cases, a broad pattern originating from
the substrate dominated the experimental diffraction
peaks. Background subtraction was performed by using the
PowderX suite of programs.?® All the experimental reflec-
tions are assigned to those of the standard polycrystalline
MFe, 0, (M= Co,Zn) which clearly indicates the formation of
a spinel-type structure. However, in the case of the Co-fer-
rite films, for x=0.05 and 0.15, a small reflection is observed
at ~33° in 20 and can be ascribed to a o-Fe,0, secondary
phase. The small a-Fe,0, impurity is preslumably associ-

ated to the presence of a slight excess of iron in the corre-
sponding treatment solutions and further confirms that the
liquid-phase deposition method allows the fine tuning of the
chemical composition of the ferrite films via a rigorous con-
trol of the metal ratio in the treatment solutions. For the
film with the chemical composition of Co,Fe, O,, the XRD
peaks were indexed into a spinel-type cubic lattice with a
refined cell parameter of a=8.38(4) A, value which is in a
good agreement wiiush that reported for the bulk CoFe,O,
material (a=8.392 A), whereas the refined lattice parame-
ter of the film vyith the chemical composition of Zn, . Fe, O,
is a=8.449(3) A, which is consistent with that of the stan-
dard bulk zinc ferrite (a=8.4411 A).?” In this latter case, the
crystallite size of the film was further determined from the
modified Scherrer’s formula®” gives a mean crystallite size
of 20 nm.

In Fig. 4 is illustrated a typical SEM micrograph of the
Co,,Fe, O, film after annealing at 600°C. The film is com-
posed by spherical-shaped densely packed particles with a
mean diameter of 150 nm.

While the morphology of the Co-ferrite films is indepen-
dent on the concentration of the Co™ ions in the reaction
solution, in the case of Zn ferrite films the shape of the con-
sisting particles varies from spherical to rod-like with
increasing the zinc content (Fig. 5). Typically, the films are
composed by spherical-shaped densely packed particles
with a mean diameter of 200 nm, value which is in a good
agreement to those previously reported by Deki and cowork-
ers for B-FeO(OH)/a-Fe,0, films obtained by the same syn-
thetic approach.®

Highly homogeneous films with a columnar architecture
are observed in all cases, except the reaction solution whose
zinc concentration is 0.1 M where the particles forming the
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Fig. 5. Top-down SEM micrographs of zinc ferrite films deposited onto a Corning glass substrate from starting solutions with dif-
ferent Zn*" concentrations (a=0M, b=0.1M, ¢=0.2M, d=0.3 M, e=0.4 M, and f=0.5 M). Fig. 5(a) and (b) show annealed
films, whereas Fig. 5(c)-(f) show both the as deposited film the annealed films, respectively.

film retain the spherical shape similar to that observed in
the case of the a-Fe,O, film. Although there is not clear evi-
dence about the role played by Zn* ions on the morphology
of the resulted films, experimental data show that the
increase of the Zn®" concentration is accompanied by a
change of the morphology of the deposited films from spher-
ical to rod-like type. Additionally, as in most cases reported
in liquid-phase deposition-based processing of thin films, it
seems that deposition proceeds through heterogeneous
nucleation of primary particles in solution followed by sur-
face-directed growth.**® In the other cases, films are con-
structed by large arrays of well defined rod-like particles
perpendicularly grown to the substrate surface whose diam-
eter ranges between 2560— 320 nm. The diameter of the nan-
orods doesn’t vary noticeably with the concentration of
divalent ions in the reaction solution, but was found to be
influenced by the reaction time. The ferrite films were char-
acterized by using standard Zero-Field-Cooling (ZFC) and
Field-Cooling (FC) procedures. The temperature depen-
dence of the magnetization was measured between 5 K and
300 K under an external static magnetic field of 100 Oe, as
shown in Fig. 6. Coercivity was measured at low tempera-
ture for each sample, whereas at room temperature no hys-
teresis was detected.

Zinc ferrite films exhibit a superparamagnetic behavior
with blocking temperatures depending on the zinc content,
whereas the cobalt ferrite films are ferromagnetic at room

temperature. The magnetic behavior observed experimen-
tally is typical for all the zinc ferrite samples investigated,
with small variations of the values of the saturation magne-
tization and coercivity.

The blocking temperature and saturation magnetization
roughly decreases with increasing the zinc composition of
the samples. Below the critical temperature T , the samples
exhibit a ferrimagnetic behavior, which is related to the cat-
ionic disorder of the two sublattices (denoted by A for tetra-
hedral and B for octahedral, respectively) of the spinel
structure. The coercivity is found to increase with increas-
ing the Zn content of the films, whereas the values of the
magnetization saturation fall within the range reported in
literature for zinc ferrites.*” However, the saturation mag-
netization is much lower than is the case of ZnFe,O, films
obtained by rf sputtering, whose magnetization at 5 K was
reported to be 90 emu/g for a cation distribution given by
the formula (Zn, 4Feoﬁ)m(Zno_e.’Fe1_ D70,.™ Such a lower
value of the saturation magnetization originates from a
much smaller fraction of Fe*" jons distributed over the tetra-
hedral sites which gives rise to a net magnetic moment of
the tetrahedral sublattice and, in turn, enhances the A-B
interactions at the expense of the B-B ones.

As for the Co-ferrite films, the squarness was found to
vary only slightly with the composition, having an average
value of SQ=0.64, whereas the saturation magnetization
calculated by interpolating the high field values of the mag-
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represents the hysteresis loop of the zinc ferrite film recorded at 5 K.

netization was found to decrease with increasing of the
cobalt content of the films. Furthermore, for x<0.1 the val-
ues of the saturation magnetization M, are close to the bulk
value which indicates that the Co™ ions occupy mainly the
octahedral sites and confirms the high quality of these
films.

4. Conclusions

The liquid phase deposition offers a simple, feasible, non
toxic and easy scalable aqueous low temperature route to
the synthesis of single phase ferrite thin films. Highly
homogeneous films have a chemical composition which can
be easily controlled through tailoring the concentration of
metal ions in the reaction solution. The resulting ferrite
films present a complex morphology, being constructed by
particles with spherical or rod-like shapes, which seem to be
influenced to certain extent by the concentration of zinc ions
in the reaction solution. Magnetic properties of the prepared
Zn ferrite films show a superparamagnetic behavior with
blocking temperatures ranging from 88 to 107 K, whereas
the cobalt ferrite films are ferromagnetic at room tempera-
ture. The extension of the liquid phase deposition method to
the preparation of other important transition metal ferrite
films is currently pursued and will be reported elsewhere.
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