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Electrochemical deposition and characterization of Fe;O,
films produced by the reduction of Fe(Ill)-triethanolamine

Hiten M. Kothari, Elizabeth A. Kulp, Steven J. Limmer, Philippe Poizot, Eric W. Bohannan,

and Jay A. Switzer®

Department of Chemistry and Graduate Center of Materials Research, University of Missouri—Rolla,

Rolla, Missouri 65409-1170

(Received 2 August 2005; accepted 21 October 2005)

In this paper, we demonstrate that films of magnetite, Fe;O,, can be deposited by the
electrochemical reduction of a Fe(Ill)-triethanolamine complex in aqueous alkaline
solution. The films were deposited with a columnar microstructure and a [100]
preferred orientation on stainless steel substrates. In-plane electrical transport and
magnetoresistance measurements were performed on the films after they were stripped
off onto glass substrates. The resistance of the films was dependent on the oxygen
partial pressure. We attribute the increase in resistance in O, and the decrease in
resistance in Ar to the oxidation and reduction of grain boundaries. The decrease in
resistance in an Ar atmosphere exhibited first-order kinetics, with an activation energy
of 0.2 eV. The temperature dependence of the resistance showed a linear dependence
of log(R) versus 7~"2, consistent with tunneling across resistive grain boundaries. A
room-temperature magnetoresistance of —6.5% was observed at a magnetic field of 9 T.

. INTRODUCTION

Magnetite (Fe;0,) is a half-metallic metal oxide with
the inverse spinel structure and space group Fd3m. Be-
low the Curie temperature of 860 K, magnetite exhibits
ferrimagnetism. The octahedral sites are shared by Fe’*
and Fe** ions, while the tetrahedral sites are occupied by
Fe’* ions. The moments from the Fe* ions cancel, yield-
ing a net ferrimagnetism due to the moments on the Fe**
sites. The material is a promising candidate for magnetic
memory and spin-dependent transport devices because it
has a calculated spin polarization of 100% at the Fermi
level."* A negative spin polarization for Fe;0, has also
been experimentally verified by spin polarized photo-
emission spectroscopy>* and by magnetoresistance
measurements on Fe;0,/CoCr,0,/La, ,Sr, ;MnO; mag-
netic trilayer junctions.” Magnetoresistance devices have
been produced based on Fe;O, in which spin-polarized
electrons are injected across thin tunnel barriers,® resis-
tive grain boundaries,”” antiphase boundaries,'® and
nanocontacts.'"
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Magnetite films have been deposited onto polycrystal-
line and single-crystal substrates using pulsed laser
ablation,'*™"> molecular beam epitaxy,'®™'® and by oxi-
dizing Fe thin films.'”° Our interest is in the epitaxial
electrodeposition of metal oxide thin films onto single-
crystal substrates.**'* We have previously electrode-
posited epitaxial films of Fe;O, onto single-crystal Au
substrates using anodic deposition.*** The method was a
modification of the ferrite plating process developed by
Abe and co-workers.”?*?> Ansermet and co-workers
have recently used the anodic deposition method to pro-
duce nanocrystalline Fe,0,.>® In our previous work,
Fe(Il) was electrochemically oxidized in an Ar atmos-
phere at 90 °C to Fe;0,. A problem with this method is
that Fe(I) is also oxidized to Fe;O, powder by molecular
oxygen in a homogeneous reaction, so much care must be
taken to exclude molecular oxygen. In the present work,
we demonstrate that Fe;O, films can be produced by
cathodic deposition, by the electrochemical reduction of
Fe(IIT) complexed with triethanolamine (TEA). This is a
modification of a hydrothermal method developed by
Sapieszko and Matijevic to produce Fe,O; and Fe;O,
powders from Fe(III)-TEA in the presence of oxidizing
or reducing agents at 250 °C.?” In our process, the Fe(III)
is reduced electrochemically to produce Fe;O, films at
temperatures in the 60-90 °C range. It is not necessary to
exclude molecular oxygen from this cathodic deposition
bath. We also report on the electrical transport and
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magnetoresistive properties of columnar Fe;O, films de-
posited onto stainless steel substrates.

Il. EXPERIMENTAL PROCEDURES
A. Deposition solution

The films of Fe;O, were electrodeposited from an al-
kaline solution of Fe,(SO,); complexed with triethanol-
amine (TEA). The concentrations in the deposition bath
were 0.09 M Fe(III), 0.1 M TEA, and 2 M NaOH. The
solution was prepared by slowly adding Fe(III) dissolved
in water to a stirred solution of NaOH and TEA at 60 °C.
Fe,(SO,); hydrate, TEA, and NaOH were purchased
from Aldrich (Milwaukee, WI). The solutions were not sen-
sitive to oxygen from the air, but they did slowly decom-
pose when maintained at temperatures of 80 and 90 °C.

B. Electrochemical methods

Electrochemical experiments were performed using an
EG&G Princeton Applied Research model 2273 (Oak
Ridge, TN) potentiostat/galvanostat. The depositions and
voltammograms were conducted in an undivided cell,
with the solution exposed to the atmosphere. An Ag/
AgCl electrode served as the reference. The working
electrode was Au with an area of 0.02 cm® purchased
from Bioanalytical Systems (West Lafayette, IL) for the
cyclic voltammetric experiments that were used to char-
acterize the deposition process. The deposition solution
was not stirred for the cyclic voltammetry experiments.
The films for x-ray diffraction (XRD), scanning electron
microscopy (SEM), electrical transport, and magnetore-
sistance studies were deposited onto a stainless steel
(SS430) electrode with the geometric area controlled to 1
cm? by mounting the electrode in a flat specimen holder
(Model KO0105 purchased from Princeton Applied Re-
search, Oak Ridge, TN). The Au and stainless steel elec-
trodes were mechanically polished to a mirror finish and
sonicated in acetone prior to use.

C. X-ray diffraction and scanning electron
microscope measurements

XRD measurements were performed with a high-
resolution Philips X’Pert MRD diffractometer (Eind-
hoven, The Netherlands). The primary optics module
was a combination Gobel mirror and 2-crystal Ge(220)
2-bounce hybrid monochromator, and the secondary op-
tics module was a 0.18° parallel plate collimator. The
hybrid monochromator produces pure Cu K_; radiation
(N = 0.1540562 nm) with a divergence of 25 arc sec-
onds. The morphology of the films was probed using
plan-view and cross-sectional SEM. Plan-view micro-
graphs were obtained on a JEOL T330A SEM (Peabody,
MA), while the cross-sectional image was obtained on an
Hitachi S4700 SEM (Pleasanton, CA). The sample for
cross-sectional analysis was produced by stripping a film
that had been electrodeposited at 80 °C on a stainless

steel substrate onto a glass microscope slide using 3M
Super Glue (St. Paul, MN). The glass slide was cleaved
to produce the cross section.

D. Electrical transport and
magnetoresistance measurements

Electrical transport and magnetoresistance measure-
ments were made on the Fe;O, films after they were
removed from the stainless steel substrates using 3M
Super Glue. The four point resistivity of the films was
first measured in air using an Alessi model CPS-06 con-
tact probe station (Irvine, CA) with Keithley model 220
programmable current source and model 181 nanovolt-
meter (Cleveland, OH). The atmosphere dependence of
the film resistance was measured with a home-built poly-
carbonate chamber that enabled the atmosphere to be
switched from Ar to O,. The measurements of the tem-
perature and magnetic field dependence of the resistance
of the Fe;O, were performed in the Quantum Design
Physical Property Measurement System (PPMS, San
Diego, CA). Two silver wires were attached to the Fe;O,
film using In metal. For these measurements, the resis-
tance was high enough that that it was not necessary to
use the four-point method. The sample was then encap-
sulated in Celvaseal (West Chester, PA), a silicone-resin-
based high vacuum leak sealant obtained from SPI sup-
plies.

lll. RESULTS AND DISCUSSION
A. Electrochemistry

Films of Fe;O, were electrodeposited by reduction of
the Fe(III)-TEA complex in an aqueous alkaline bath at
elevated temperatures. Cyclic voltammograms (CV) on
an Au working electrode were run to characterize the
cathodic deposition process, and to determine the appro-
priate current densities or applied potentials to use for
electrodeposition. Figure 1 shows CVs at a scan rate of
50 mV/s in the unstirred deposition bath at temperatures
of 60, 70, and 80 °C. For the 80 °C deposition bath,
the separation between the anodic and cathodic peaks is
100 mV. The reduction begins at about —1.00 V and
reaches a cathodic peak at —1.13 V versus Ag/AgCl. The
anodic peak is located at —1.03 V versus Ag/AgCl. If the
electrode is repetitively scanned over the potential range
shown in Fig. 1, or if the electrode is poised at any
potential between —1.00 and —1.13 V versus Ag/AgCl, a
black film of Fe;O, is deposited on the electrode. A
two-step electrochemical reduction and precipitation re-
action is proposed. In the first step, the Fe(IIT)-TEA com-
plex is electrochemically reduced to Fe** and TEA. The
electrochemically produced Fe®* next reacts chemically
with Fe(III)-TEA in solution to produce Fe;O,. The pro-
posed mechanism is outlined in Egs. (1) and (2):

Fe(TEA)** + ¢ — Fe** + TEA (1)
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FIG. 1. Cyclic voltammograms in the Fe;O, deposition solution at
temperatures of 60, 70, and 80 °C. The voltammograms were run
on a 0.02 cm? Au electrode in an unstirred solution at a scan rate of
50 mV/s.

Fe* + 2Fe(TEA)’" + 80OH™ — Fe,0, + 2TEA
+4H,0 . (2)

Although the CVs in Fig. 1 appear to be quasirevers-
ible, our experiments indicate that the process is more
complicated than the CVs suggest. For example, the ca-
thodic peaks increase in intensity as the temperature of
the solution is increased, consistent with the increase in
diffusivity of the Fe(TEA)** as the temperature is in-
creased. However, the anodic peak intensity is nearly the
same at all of the temperatures. Also, as shown in Fig. 2,
the anodic peak current increases linearly as the applied

20 1

N N
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L L
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0 —
0 50 100 150 200 250
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FIG. 2. Scan rate dependence of the anodic peak intensity for the
cyclic voltammogram of the Au electrode in the deposition solution at
70 °C. The linear dependence indicates that the oxidation reaction
occurs on the electrode surface, and is not limited by diffusion of
solution species.

scan rate in increased, consistent with the oxidation of a
surface species. If the anodic peak were due to the dif-
fusion-limited oxidation of unreacted Fe®* in solution,
then the current should increase linearly with the square
root of the scan rate. Based on these observations, we
believe that the anodic peaks in Fig. 1 are due to the
oxidation of surface Fe;O, to Fe,O5, according to Eq.
(3). If this interpretation of the CVs is correct, it should
be possible in future work to deposit Fe;O,/Fe,O; su-
perlattices by simple pulsing or cycling the potential dur-
ing film growth.

2Fe;0, + 20H™ — 3Fe,0; + H,O + 2¢~ . (3)

The films for structural, electrical, and magnetoresis-
tance studies were electrodeposited on 15 mm diameter
stainless steel samples (SS430) mounted in a flat speci-
men holder (Model K0105) purchased from Princeton
Applied Research. The exposed area was 1 cm?.
The films were deposited at a fixed current density of
2 mA/cm?® for 500 s at temperatures ranging from 60 to
90 °C. For a film deposited at 80 °C, the electrode po-
tential was 1.01 V versus Ag/AgCl during the constant
current deposition. The charge density passed after 500 s
was 1 C/cm?, producing a film of Fe;O, that was 3 wm
thick (measured with the Dektak ITA surface profiler,
Santa Barbara, CA). The current efficiency for film depo-
sition at 80 °C was approximately 65%, assuming one
electron transferred in the reduction reaction and a film
density equal to the crystallographic density.

B. XRD and SEM characterization of the films

Figure 3 shows 0-28 x-ray diffraction scans of Fe;O,
films deposited on the SS430 substrates at temperatures
of (a) 60 °C, (b) 70 °C, (c) 80 °C, and (d) 90 °C. The
films were all deposited at a constant current density of
2 mA/cm? to a charge density of 1 C/cm?®. The films are
all crystalline, and only have peaks corresponding to
Fe;O,. The lattice parameters (shown in Table I) are all
slightly larger than the lattice parameter of 0.8396 nm
(space group = Fd3m) reported in JCPDS #19-0629 for
Fe;0,. The material can be differentiated from maghe-
mite (¢ = 0.83515 nm, JCPDS #39-1346) because the
mixed-index reflections such as (110), (210), (211) of
maghemite (space group = P4,32) are systematically
absent in the electrodeposited film. The lattice parameter
for the film deposited at 60 °C is 0.8401 nm, and the
remaining films have lattice parameters which average
about 0.843 nm. Although the peak positions correlate
fairly well with those of the standard powder pattern, the
peak intensities indicate that all of the films have a [100]
preferred orientation. Table I shows the ratio of the in-
tensities of the (400) and the (311) reflections (I(400y/
Ii311)). The I 400/1 3,1y 1atio is 0.20 in the standard pow-
der pattern, but it varies from 0.55 to 1.38 for the elec-
trodeposited films. The strongest [100] texture is
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FIG. 3. X-ray diffraction scans of Fe;0, films deposited on stainless steel at (a) 60 °C, (b) 70 °C, (c) 80 °C, and (d) 90 °C. The films were
deposited at a constant current density of 2 mA/cm? to a thickness of approximately 3 um.

TABLE I. Lattice parameters and ratios of the intensities of the (400)
and (311) peaks from XRD for Fe;O, as a function of deposition
temperature.

Deposition temperature Lattice parameter Taooy 1311y
(°C) (nm) from XRD
60 0.8401 0.60
70 0.8435 1.38
80 0.8429 0.83
90 0.8434 0.55

observed for the film deposited at 70 °C, with [ 4o0)/1 (311, =
1.38.

The crystalline nature of the films is also confirmed by
the plan-view SEM images in Fig. 4 for films deposited
at (a) 60 °C, (b) 70 °C, (c) 80 °C, and (d) 90 °C at a
constant current density of 2 mA/cm? to a charge density
of 1 C/cm?. The degree of faceting of the films increases
as the temperature is increased. The films deposited at
60 °C have a globular morphology, with no well-defined
crystal morphology. The grain size increases as the tem-
perature of the deposition bath is increased from 70 to
90 °C. The films deposited at 70 and 80 °C, have a
pyramidal microstructure consistent with the [100] pre-
ferred orientation observed by XRD. The film deposited
at 90 °C has a different morphology, suggesting that the
film may be undergoing a change of orientation. Another
indication that the film may undergo a change of orien-
tation at 90 °C is the fact that the relative intensity of the

296

(220) and (440) reflections in the XRD pattern are higher
in this sample [see Fig. 3(d)] than they are in the films
deposited at lower temperatures.

The films deposit with a columnar microstructure. A
sample was prepared for cross-sectional SEM character-
ization by depositing a Fe;O, film at 80 °C at a constant
current density of 2 mA/cm® to a charge density of
1 C/cm?®. The film was then stripped off of the substrate
onto a glass microscope slide using super glue. The
cross-sectional sample was then prepared by cleaving the
glass slide. The cross-sectional SEM view of the film is
shown in Fig. 5. The film grows with a columnar mor-
phology. The Fe;O, columns are approximately 3 pwm
long and 0.5 pm in diameter.

C. Electrical transport and magnetoresistance of
the films

Because the films are electrodeposited onto conduct-
ing stainless-steel substrates, care must be taken to en-
sure that the electrical properties of the film, and not the
substrate, are probed. Since the sheet resistance of the
electrodeposited Fe;0, is considerably larger than that of
the substrate, a significant fraction of the applied current
in a four-point measurement will pass through the sub-
strate instead of the sample, yielding a measured resis-
tivity which is smaller than the actual film resistivity. To
obviate this problem, the films were stripped off onto

J. Mater. Res., Vol. 21, No. 1, Jan 2006
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FIG. 4. Plan-view SEM images of Fe;O, films deposited on stainless steel at (a) 60 °C, (b) 70 °C, (c) 80 °C, and (d) 90 °C. The films were
deposited at a constant current density of 2 mA/cm? to a thickness of approximately 3 um.

FIG. 5. Cross-sectional SEM image of a columnar Fe;O, film depos-
ited on stainless steel at 80 °C at a fixed current density of 2 mA/cm?.

glass microscope slides, as described in the previous sec-
tion for the production of SEM cross sections. The four-
point resistivity of a 3-um film of material that was
electrodeposited at 80 °C was 0.1 ) cm. This resistivity
is about an order of magnitude higher than that reported
for single-crystal and epitaxial Fe;0,.” We attribute this
higher resistivity to resistive grain boundaries in the co-
lumnar Fe;O, films.

Another indication that the grain boundaries may be
controlling electrical transport through the samples is
that the resistivity of the films is a function of the atmos-
phere to which the electrodeposited films are exposed.
We observed that samples inserted into the He atmos-
phere of the Quantum Design PPMS instrument for mag-
netoresistance measurents showed a decrease in resis-
tance compared with that observed for samples exposed
to air. To test this atmosphere dependence of the film
resistance, a sample chamber was constructed in which
the resistance of the film was measured when the atmos-
phere was switched from pure O, to pure Ar. Figure 6(a)
shows the effect of Ar and O, atmospheres on the in-
plane resistance of a Fe;O, film at room temperature.
The resistance decreases in Ar and increases in O,. The
kinetics of the decrease in resistance was monitored in
the Quantum Design PPMS sample chamber maintained
under a He atmosphere. The samples were first equili-
brated in air before inserting in the He atmosphere.
Figure 6(b) shows the first-order decay fit for the drop in
resistance of a Fe;O, film at 300 K. The first order rate
constant k for the decay is 0.0069 min~', corresponding
to a half life of 100 min. The resistance change is kineti-
cally limited, as opposed to a diffusion limited reaction,
which would have resulted in a /> dependence. We also
determined the temperature dependence of the first order
rate constants for film reduction. The activation energy

J. Mater. Res., Vol. 21, No. 1, Jan 2006 297
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FIG. 6. Atmosphere dependence of the in-plane resistance of the elec-
trodeposited Fe;O,. (a) Effect of O, and Ar atmospheres on the in-
plane resistance. (b) First-order decay for the drop in resistance in a He
atmosphere at 300 K. (c) Determination of the activation energy for
film reduction from a plot of In(k) versus 1/7.

derived from the slope of the Arrhenius plot of In(k)
versus 1/T in Fig. 6(c) is 0.2 eV.

We attribute the increase in in-plane resistance of the
Fe;0, films when they are transferred from an inert
atmosphere to an O, atmosphere to the oxidation of the
films to y—Fe,O5 at the columnar grain boundaries. The
decrease in resistance in an Ar atmosphere suggests that
the grain boundaries are reducing back to Fe;O, in the Ar
atmosphere. The oxidation of Fe;O, to y—Fe,O5 at room
temperature in the presence of O, has been reported for
thin films of Fe;0, grown on MgO substrates.>*** Saun-
ders and Gallagher have reported the oxidation of Fe;0,
to a—Fe,0O; via a metastable y—Fe,O5 using a thermo-
magnetometric study.*® Oxidation of dry Fe,O, powders
has been reported to be limited by the outward diffusion
of Fe** ions.*'*> Recently, a diffusion limited oxidation
of Fe;O, nanoparticles to y—Fe,O5 in solution has been
monitored using optical spectroscopy.*® The activation
energy for the oxidation of Fe;O, nanoparticles was
091 eV,* compared with the value of 0.2 eV that we
measured for the reverse reaction. It is difficult to com-
pare these activation energies because the oxidation re-
action is a bulk diffusion-limited process, and the reduc-
tion reaction is a kinetically-controlled grain boundary
reaction. We believe that the ability to control the grain
boundary resistance of electrodeposited Fe;0, films will
become important when optimizing the performance of
spin-dependent transport devices based on Fe;O,. The
grain boundary resistance can be tuned by subjecting the
film to an atmosphere with the appropriate oxygen partial
pressure, and then that resistance can be “locked-in” by
encapsulating the sample.

For our electrical transport and magnetoresistance
studies the samples were coated with Celvaseal, a sili-
cone resin from SPI supplies that is used as a high
vacuum sealant. A schematic illustration of the sample
configuration for these measurements is shown in Fig. 7.
Prior to coating with Celvaseal, two point contacts were
made to the sample using Ag wires attached to the
sample with In metal. The coating process eliminated the
atmosphere dependence observed with the uncoated
samples. The in-plane resistance was monitored as a
function of temperature. As shown in Fig. 8, a linear fit
is observed for a plot of log(R) versus T~"2. This fit is
consistent with the model of tunneling across grain
boundaries developed by Sheng et al. for electrical
transport in composites made of metal particles in an
insulating matrix.** Liu et al. have reported the same
temperature dependence for the resistivity of poly-
crystalline Fe,O, produced by laser ablation.*> The tem-
perature dependence of the in-plane resistivity sug-
gests that electrical transport in electrodeposited films
of Fe;O, is controlled by tunneling of electrons be-
tween the columnar Fe;O, grains through insulating
v-Fe,O5 grain boundaries. For a typical probe spacing of

298 J. Mater. Res., Vol. 21, No. 1, Jan 2006
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FIG. 7. Schematic illustration of the sample configuration for the
electrical transport and magnetoresistance measurements.
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FIG. 8. Effect of temperature on the in-plane resistance of the elec-
trodeposited Fe;0, film. The linear fit of log(R) versus 7~ is con-
sistent with tunneling across resistive grain boundaries.

5 mm, the current must pass through about 10* columnar
grains.

Figure 9 shows a plot of the in-plane resistance of a
3-pm-thick film of electrodeposited Fe;O, at room tem-
perature as a function of magnetic field. The magnetic
field is aligned parallel with the film in this measure-
ment. The resistance of the film decreases as the applied
magnetic field is increased. The resistance does not satu-
rate even at an applied field of 9 T. The magnetoresis-
tance was calculated using Eq. (4).

AR = (R, - Ry)IR, . 4

A magnetoresistance of —6.5% was observed at 300 K
at an applied magnetic field of 9 T. Although not shown
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FIG. 9. Effect of magnetic field on the in-plane resistance of the
electrodeposited Fe;O, film. A magnetoresistance of —6.5% was ob-
served at an applied field of 9 T.

here, a commercially purchased Fe;O,(111) single crys-
tal exhibited no measurable magnetoresistance. The mag-
netoresistance behavior is consistent with the model de-
veloped by Eerenstein et al., in which spin polarized
electrons tunnel across antiphase boundaries.'>*® We as-
sume in our case that the tunneling of spin polarized
electrons occurs across resistive y—Fe,O5 at the columnar
grain boundaries. This mechanism has also been pro-
posed by Liu et al. for Fe;O, films grown by reactive
sputtering,*> Serrate et al. for cold pressed nanopow-
ders,® and Kitamoto et al. for electrodeposited Fe,O,
films.” More work needs to be done to determine the
exact magnetoresistance mechanism in our electrodepos-
ited films, and to determine whether this magnetoresis-
tance can be tuned by controlling the degree of oxidation
of the columnar grain boundaries.

IV. CONCLUSIONS

Films of Fe;O, were electrodeposited by reduction of
an Fe(III)-TEA complex in alkaline solution. An electro-
chemical/chemical mechanism is proposed, in which
electrochemically produced Fe** reacts chemically with
Fe(III)-TEA in solution to produce Fe;O,. The films de-
posit with a [100] preferred orientation and a columnar
morphology. The columnar nature of the films accentu-
ates the effect of grain boundaries in electrical transport
and magnetoresistance measurements. The in-plane re-
sistance of the films can be tuned by controlling the
ambient oxygen partial pressure. Exposing the film to O,
leads to an increase in the in-plane resistance, consistent
with oxidation of the grain boundaries to y—Fe,O5. In-
plane magnetoresistance values of up to —6.5% at 300 K
were observed at an applied magnetic field of 9 T. Al-
though more work needs to be done to determine the
magnetoresistance mechanism in the films, we assume
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that the process involves tunneling of spin polarized elec-
trons across resistive y—Fe,O5 grain boundaries.
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