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Abstract

Wiistite, Fe;_,O, is a crucial phase for the transition to CO,-free steel manufacturing as well as
promising for electrochemical applications such as water splitting and ammonia synthesis. To
study the effect of interfaces in these applications, thin-film model systems with defined
interfaces are ideal. Previous studies lack a description of the growth mechanism to obtain
Fe;_,O thin films. Here, we investigate the phase formation of metastable Fe;_,O during
reactive magnetron sputtering while systematically varying the O,/Ar flow ratio from 1.8% to
7.2% and the pressure—distance product between 3.5 and 7.2 Pa cm. If bulk diffusion is
minimized, thin films containing 96 vol.% wiistite and 4 vol.% Fe as impurity phase were
achieved. Therefore, the wiistite phase formation appears to be surface diffusion dominated. To
reveal the influence of impurity phases in wiistite on the electrical resistivity, systematic
electrical resistivity measurements while cooling in situ were performed for the first time. The
electrical resistivity was lower than that of single crystals of the respective iron oxides. This is

and G Dehm'*

attributed to the formation of Fe-rich layers at the substrate-film interface, which serve as

additional conduction paths.

Supplementary material for this article is available online

Keywords: wiistite, physical vapor deposition, reactive sputtering, electrical properties

1. Introduction

Fe,_,0, or wiistite, is a critical material for the CO,-free,
hydrogen-based reduction of iron ore, as it is the last oxide
in the reaction chain before metallic iron is obtained [1]. At
the same time, this last reduction step from Fe;_,O to iron is
rate limiting, due to dissociation of wiistite at the wiistite-iron
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interface and diffusion of the reacting species to the reaction
front [2]. On the other hand, Fe;_,O is an interesting material
to catalyze hydrogen evolution reactions. Charvin et al report
a water-hydrolysis reaction between wiistite and steam, form-
ing Fe;04 and H,, and the subsequent thermal reduction back
to wiistite powered by solar light [3]. For ammonia synthesis,
wiistite-based catalysts outperform conventional magnetite-
based catalysts [4]. For these catalytic applications, charge
transfer and thus electrical properties as well as phase purity
is important. This work, therefore, aims to establish a rela-
tionship between phase purity and electrical conductivity of
Fe;_O thin films.

Fe; _,O exists in the fcc rocksalt-structure and is metastable
under ambient conditions [5]. Its non-stoichiometry due to Fe

© 2023 The Author(s). Published by IOP Publishing Ltd
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deficiency causes defects to be inherent to the atomic structure
[5]. The high defect concentration of Fe vacancies as well as
Fe’T interstitials allows the interaction of defects and forma-
tion of clusters [6], which makes wiistite interesting in terms
of diffusion as well as electrical properties. The semiconduct-
ing Fe;_,O exhibits non-linearity in the electrical resistivity
as a function of x, which may originate in modifications of the
defect structure [7]. For charge transport, intrinsic charge car-
riers hop via Fe?* and Fe?* sites [6, 8], which is dependent on
temperature as the hopping mechanism is thermally activated
[9]. In addition, vacancies create trapping sites [10], where
charge carriers reside longer [11], thereby increasing the elec-
trical resistivity [10].

Fe;_,O thin films have been synthesized before from mag-
netite targets [12] as well as by reactive magnetron sputtering
[13-16]. Mauvernay et al report that by controlling the ion
energy, reducing growth conditions can be created to syn-
thesized Fe;_,O from a Fe;O4 target [12]. Other authors
employ reactive magnetron sputtering by sputtering Fe;_,O
from a metallic Fe target in an Ar—O, atmosphere, whereby
either the O, flow [13-16], film thickness [14, 15] or sub-
strate temperature [ 15] is varied. While some papers miss clear
information about the actual O,/Ar flow ratio [13, 16] or tar-
get power density [13, 16], other studies indicate a narrow
parameter range for the synthesis of Fe;_,O films, because
impurity phases such as Fe and Fe;O4 form readily [14, 15].
These studies lack a description of both the growth mechanism
to obtain Fe;_,O thin films and convergence on a recipe for
the synthesis of Fe;_,O thin films. Therefore, the aim of this
work is to reveal the dominating mechanism for the growth
of Fe;_,O during magnetron sputtering by systematic vari-
ations of the O,/Ar ratio in the sputtering gas; the pressure—
distance product as well as temperature and film thickness. In
the second part of this work, the effect of impurity phases on
the electrical properties is analyzed.

2. Experimental methods

Fe;_,O thin films were synthesized on (001) Si wafers
with a resistivity of 200 (2m—which is significantly higher
than the expected resistivity of the thin films and min-
imizes the influence of the substrate in electrical resistiv-
ity measurements—by reactive magnetron sputtering in the
HV chamber of the Bestec GmbH (Berlin, Germany) multi-
technique deposition cluster at the Max-Planck-Institut fiir
Eisenforschung GmbH, Diisseldorf, Germany [17], with a
base pressure lower than 4.4-107> Pa. A 3" Fe target with
99.95% purity (MaTecK GmbH, Jiilich, Germany) and a thick-
ness of 1 mm was powered by direct current power sup-
ply (Maris GS10/800, ADL GmbH, Darmstadt, Germany)
with a power density of 5.5 W cm™2. Thereby, the mag-
netic field strength in front of the magnetron was 311 mT.
While keeping the working gas pressure constant at 3-10~! Pa
and the Ar gas flow at 55 sccm, the O, gas flow was var-
ied systematically as indicated in table 1. This process gas
flow translates to a variation of the O,/Ar flow ratio fo,/far
between 1.8% and 7.2% under the assumption of an ideal gas.

Table 1. Deposition parameters for the synthesis of Fe;_,O thin
films.

Parameter Values

Target power density 55Wcem™2

Base pressure <4.4-107° Pa
Working gas pressure 3.107'Pa

Ar flow 55 scem

0O, flow 1-4 sccm
Target-to-substrate distance 112-239 mm
Substrate heating Non-active & 320 °C
Substrate rotation 20 rpm

Additionally, the target-to-substrate distance, substrate tem-
perature and deposition time were varied systematically. The
deposition parameters are summarized in table 1.

The phase formation was analyzed in a GE Seifert diffracto-
meter in grazing incidence geometry with an incidence angle
of 2°. A parallel beam with Co Ko radiation and a GE Meteor
0D energy dispersive point detector was used. The micro-
structure was investigated on cross-sections in a Zeiss Gemini
(Oberkochen, Germany) scanning electron microscope (SEM)
as well as by STEM images and energy-dispersive x-ray
spectroscopy (EDS) maps acquired in a probe-corrected FEI
Titan Themis 60-300 transmission electron microscope (TEM,
Thermo Fisher Scientific) at 300 kV, equipped with a high-
brightness field emission gun, a gun monochromator, and a
Super X detector. TEM samples were lifted out by focused
ion beam (FIB) techniques in a Scios 2 HiVac DualBeam
SEM/FIB (Thermo Fisher Scientific) and thinned starting with
a Ga ion beam voltage and current of 30 kV and 0.1 nA and
finishing with 5 kV and 16 pA. The EDS data was analyzed
using the hyperspy python library [18]. To determine the com-
position, the intensities of the Fe Ka and O Ka lines were con-
sidered. The k factor was calculated using the average chem-
ical composition of the sample as determined by time-of-flight
elastic recoil detection analysis (ToF-ERDA).

Based on the concentrations obtained from ToF-ERDA for
Fe and O, cpe grpa and co grpa, as well as the integrated intens-
ities of the Fe Ko and O Ko peak, ig. and ig, the & factor can be
calculated by equation (1). The composition in the EDS meas-
urements can subsequently be calculated based on the same
equation, then with unknown compositions and known k

COlFe,ERDA
k= —"—. ()
CFelO,ERDA

ToF-ERDA for chemical composition depth profiling was
performed at the Tandem Laboratory of Uppsala University,
Sweden [19]. 36 MeV '?7I3* primary ions at an incidence
angle of 22.5° with respect to the film surface were used.
Recoils were detected in forward direction, again at an angle of
22.5° with respect to the film surface. The angle between the
primary ion beam and the detector telescope was 45°. Time—
energy coincidence spectra were recorded with a solid-state
detector and further details on the detection system can be
found in [20]. Conversion of the coincidence spectra to depth
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profiles was done with CONTES [21]. Stoichiometric TiN and
Al,O5 reference samples were also measured to correct for
potential systematic uncertainties and the maximum statistical
uncertainty was <0.3% relative to the deduced values.

The electrical resistivity was measured with the van der
Pauw method [22] in a Linkam HFS600 temperature con-
trol stage equipped with four tungsten probes supported by
springs. Ag contacts were deposited by electron beam evap-
oration at the corners of the 1 x 1 cm samples. Employing a
liquid nitrogen pump and as well as heating controller, the tem-
perature was varied between —110 °C and 250 °C with a heat-
ing rate of 5 K min~!. For measurements, the temperature was
kept constant for 3 min, whereof the first minute was used for
temperature equilibration. Current—voltage curves were meas-
ured by sweeping currents between —1 and +1 mA with a
Keithley 6221 and measuring the voltage with a nanovoltmeter
Keithley 2182 A (Tektronix, Beaverton, USA). Two specimens
were measured per sample to ensure reproducibility.

3. Results and discussion

3.1. Phase formation

To investigate the phase formation of Fe,_,O during react-
ive magnetron sputtering, this study focusses on the O,/Ar
flow ratio and the pressure—distance product by the target-to-
substrate distance. X-ray diffraction pattern for samples syn-
thesized at O,/Ar flow ratios fo,/far varying between 4.7%
and 7.3% are shown in figure 1(a). Between 4.7% and 5.1%
O, in the sputtering gas, reflections of a-Fe are clearly vis-
ible next to those of Fe;_,O at 52°. Increasing fo,/far to 5.1
and 5.3%, the Fe|_,O reflections become dominant, although
a shoulder at 52° remains, which can be attributed to remain-
ing a-Fe. For fo,/f ar between 5.8% and 7.3%, Fe; Oy starts to
form as impurity phase next to Fe;_,O and is the dominant
phase at 7.3% fo,/f ar-

Considering the volume fraction of each phase, estimated
by the ratio of the sum of the area below the reflections of
the individual phase relative to the total area of all reflections,
a maximum of the Fe;_,O volume fraction can be identified
(figure 1(b)). The Fe content is decreasing from 46 vol.% to
4 vol.% between 4.7% and 5.5% fo,/fo. Starting from 5.8%
fo,/far, magnetite adds to the amount of impurity phases,
which increases from 4 vol.% up to 100 vol.% at 7.3% f o, /f Ar-
Thus, a maximum Fe;_,O content of 96 vol.% is reached
between 5.5% and 5.6% fo,/f Ar-

Considering the pressure—distance product p-d at a fixed
fo,/far of 4.5% in the working gas, x-ray diffraction patterns
(figure 2(a)) show a shift to higher oxide states with increas-
ing p-d. While at 3.5 Pa cm the sample contains 97 vol.%
wiistite (figure 2(b)), magnetite already forms at 4.4 Pa cm.
At 7.2 Pa cm, a pure magnetite film is formed.

In addition to O,/Ar flow ratio and pressure—distance
product, the substrate temperature and the film thickness can
affect the phase formation. A sample deposited at a substrate
temperature of 320 °C and with a fo,/far of 4.5% at a p-d of
3.5 Pa cm contains magnetite and «-iron (see supplementary
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Figure 1. (a) X-ray diffraction patterns of samples deposited at
different O, flow at a pressure—distance product of 3.5 Pa cm and
(b) phase fraction based on relative peak areas.

material, figure S1), which is the stable phase mixture in
thermodynamic equilibrium at 320 °C [23]. Formation of the
thermodynamically stable phase mixture during deposition
may be caused by the activation of bulk diffusion due to the
increased surface temperature of 320 °C.

Systematically changing the deposition time to obtain vari-
ations of film thickness between 300 and 1400 nm only
marginally changes the phase fraction of wiistite by around
6 vol.% (suppl. material figure S2). This result is in contrast
to the report by Chin and Chiang [14], where the influence of
gas mixture and film thickness on the phase formation of iron
oxides was investigated. In their experimental setup, for an
fo,/f ar ratio of 2% Fe; _,O thin films were observed between
120 and 200 nm film thickness [14]. Therewith, films in the
present study are all thicker than the ones investigated in [14].
Thus, the influence of interface and surface energy on the
phase formation for films thicker than 300 nm seems to be
small.
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Figure 2. (a) X-ray diffraction patterns of samples deposited at
different pressure—distance products (p-d) at a fo,/f ar of 4.5% and
(b) phase fraction based on relative peak areas.

Based on this parameter study, the growth of Fe;_,O
appears to be surface controlled. The influence of the oxy-
gen flow can be intuitively understood by the supply of a suf-
ficient amount of oxygen. Chambers [24] reported a trade-
off between oxygen dissociation at the growing film surface
and the growth rate. If the dissociation of O, is faster than
the incorporation rate, an excess of oxygen is available and
higher oxidation states of Fe are formed. If the dissociation
rate is slower than the incorporation rate, Fe;_,O can form
[24]. This trade-off is of particular importance if the sputter-
ing mode is metallic instead of poisoned, i.e. the target is not
oxidized and therefore metallic species instead of oxide spe-
cies are sputtered. These metallic species then need to be oxid-
ized in the plasma or after condensation at the substrate surface
to obtain oxide films, where Chambers [24] model is valid. The
state of the target can be understood by analysis of the target
poisoning curve (figure 3).

-480
< metal metal
5 —460 - + compound 0‘9\
(@) \
8 o e
D -440 - o
> 9 -
15 o 2
2 420 1 cona® 5 3
— ’.... N =
. s 8
-400 - T T . .
0 2 4 6 8
fo,/far (%)

Figure 3. Target poisoning curve for an Fe target sputtered with
250 W (DC). The total gas pressure was kept constant at 3-107! Pa,
while the flow of O, was increased stepwise to change the O,/Ar
ratio.

Figure 3 shows the target voltage as a function of fo,/far
during DC sputtering. A decrease in voltage indicates the
formation of oxides at the target surface, starting at an fo,/f ar
of 3.3%. The sudden voltage drop at fo,/far = 8% is caused
by sputtering through the race-track of the target, indicating
that the target is consumed. Thus, the experiment is stopped
at this point. Due to consumption of the target the final, com-
pletely oxidized, target surface cannot be reached. However,
this poisoning curve shows that all samples in this work
(fo,/f ar = 4.5%—7.3%) are sputtered in a mixed metallic and
compound mode, where the sputtered species are not entirely
oxidized at the target surface. Hence, one can infer that the
oxidation of Fe occurs at least partially at the surface of the
growing film.

A measure for the probability of collisions of sputtered
particles with the ambient gas particles, is the pressure—
distance product p-d. Frequent collisions between particles
lead to thermalized motion instead of the initial ballistic trans-
port mode, i.e. a decrease of energy of the sputtered particles
with increasing p-d [25]. As Fe;_,O forms only at low p-d, the
energy of the particles arriving at the substrate is larger than
in the case of thermalized motion and allows surface diffusion
of the adsorbed species. Hence, surface diffusion seems to be
crucial for the synthesis of Fe;_,O. Bulk diffusion, which can
be activated by an increased substrate temperature, leads to the
formation of magnetite, which is thermodynamically stable.
From these considerations, one can conclude that the growth
of Fe;_,O thin films is surface diffusion controlled.

3.2. Composition and microstructure

The composition on selected samples was measured by time-
of-flight elastic recoil detection analysis (ToF-ERDA). For the
remaining samples, standard-based EDS was used with ToF-
ERDA data as a reference. The composition (table 2) is Fe-
rich for the samples with large volume fraction of metallic
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Table 2. Composition and thickness of iron oxide thin films.

fo,/far (%) Fe(at.%) O (at.%) Thickness (nm)
47 65° 35° 649 + 57
49 58° 42° 599 + 13
5.1 59° 41° 626 + 14
53 54° 46 688 + 24
5.5 55° 45 664 + 12
5.6 542 46 664 + 16
5.8 52° 48* 721 £ 8
6.0 53¢ 47 688 + 20
6.2 51° 49° 666 + 16
6.4 48° 52° 707 &+ 26
7.3 40° 60° 727 + 41

p-d (Pacm) Fe(at.%) O (at.%) Thickness (nm)

35 55° 45 699 + 42
44 51° 49° 368 + 1
5.3 51° 49° 942 + 1
7.2 50° 50° 238 + 16
4 ERDA.

b standard-based EDS.

iron as impurity phase. Between 5.5% and 5.8% fo,/f ar, the
composition does not change significantly with increasing
fo,/f ar, but scatters around 54 at.% Fe. Thus, all samples con-
taining Fe;_,O are over-stoichiometric with respect to Fe,
while an Fe deficiency would be expected for wiistite [5].
However, as a-Fe has been identified as an impurity phase
in all Fe;_,O containing samples, the excess Fe in the com-
position can be rationalized to originate from this impur-
ity phase, as the composition is averaged over the film and
not phase-sensitive. Due to the absence of a depth gradient
of chemical composition, as detected by ToF-ERDA, «-Fe
seems to be homogeneously distributed throughout the thick-
ness of the film. For fo,/far of 6.2% and higher, the Fe-
content is decreasing, which is consistent with the forma-
tion of Fe;O4, which is oxygen-rich compared to Fe;_,O
and a-Fe.

For further investigations, samples synthesized at O,/Ar
flow ratios of 5.1%, 5.3%, 5.5%, and 5.8% were selected for
detailed microstructural analysis (figure 4), as these samples
contain the largest volume fractions of Fe;_,O. The high-
angle annular dark-field (HAADF) image of 5.1% fo,/far
sample (figure 4(a)) shows a columnar microstructure with
a column width of 105 £ 18 nm. The film is dense with
negligible porosity. This microstructure is consistent with the
zone I of Thornton’s structure zone model [26]. However,
based on the deposition pressure and homologous temperat-
ure T}, = 0.17, the position in the structure zone model is very
close to the border between zone I and zone T [26]. Growth
in zone T is dominated by ion bombardment induced adatom
mobility [27, 28], which is consistent with the low p-d growth
conditions required for a maximum wiistite content as dis-
cussed in section 3.1. However, small changes in synthesis
parameters such as the sputtering gas mixture may lead to
changes in the microstructure.

For the samples synthesized at fo,/far of 5.3 and 5.5% in
figures 4(b) and (c), the columns in the microstructure are
less clearly defined and contain a fiber-like substructure, mak-
ing quantification of the grain size challenging. However, the
fiber-like substructure of the grains indicates a transition from
zone I to zone T in the structure zone model [26, 28], triggered
by the enhanced oxygen content and thereby changes aver-
age specific mass of the sputtering gas. In contrast to the
sample deposited at fo,/far = 5.1%, pores are clearly vis-
ible for fo,/far = 5.3% (figure 4(b)) by their dark contrast
in the HAADF image and corresponding bright contrast in
the bright field image (suppl. material figure S3), where they
appear needle-shaped between the grains with a distance of
52 4+ 27 nm between the pores. This pore separation distance
infers a grain size of about half the size observed at 5.1%
fo,/f ar. For fo,/f ar = 5.5%, only isolated pores are present.
Also, for fo,/far = 5.8% (figure 3(d)) the microstructure is
feather-like but dense. Therefore, columns are not clearly dis-
tinguishable to determine the column size.

EDS maps of Fe and O in figure 4 reveal that the films
are chemically inhomogeneous. In the sample deposited at
fo,/f ar = 5.1%, shades in the EDS maps (figure 4(a)) corres-
pond with the grains visible in the HAADF image and indic-
ate the existence of Fe-rich and Fe-depleted grains. Moreover,
at the bottom of the film an Fe-rich layer is found (EDS
profiles in figure S4). For fo,/far = 5.3% during deposition
(figure 4(b)), the elemental distribution seems more homo-
geneous. However, also for this sample, enrichment of Fe is
observed at the interface to the substrate as well as the surface
of the film. At fo,/far = 5.5% (figure 4(c)), the Fe-rich layer
is not visible in the EDS maps, while iron enrichment close to
the substrate is less pronounced compared to the other samples
(figure S4). Signal above the position of the surface, which is
the same in both HAADF and EDS maps, are artifacts of the
measurement. Zooming in on the surface layer confirms that
the film is terminated by a layer consisting of Pt and Fe (figure
S5). This could indicate the formation of an intermetallic phase
by the reaction of Fe from the film with the Pt applied as pro-
tecting layer during sample preparation in FIB. At the highest
fo,/f ar = 5.8%, the Fe-rich interface layer appears again. In
addition, an Fe gradient towards the surface seems to exist.

The x-ray diffraction results (figure 1) indicated that Fe
as an impurity phase is present in all Fe;_,O samples. The
majority of this impurity phase seems to be located in the lay-
ers at the substrate-film interface (figure 4). The formation of
Fe at the substrate interface suggests that the arriving species
are not entirely oxidized. Based on the target poisoning curve
(figure 3), this is consistent with the partially poisoned target
for the fo,/far ratios of 5.1%—-5.8%, which are relevant for
figure 4. The sputtered, metallic species seem to arrive at the
surface of the substrate or growing film and oxidize after incor-
poration into the growing film. The formation of the Fe-rich
layer indicates a delayed oxidation, which can be understood
based on the notion of Chambers [24], that slow dissociation of
O, at the anode surface leads to the formation of Fe or Fe;_, 0.
The O, dissociation at the pristine Si/SiO, surface, however,
seems to be too slow for the formation of Fe,_,O, thus forming
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Figure 4. Microstructure of selected samples, showing HAADF, and EDS maps of Fe and O for samples synthesized with fo,/f ar of 5.1%
(a), 5.3% (b), 5.5% (c) and 5.8% (d). Disperse yellow pixels observed at the interfaces in the EDS maps are expected to be a measurement

artifact.

the Fe-rich layer. With an initial, Fe-rich layer, dissociation
of O, seems to be enhanced and a more complete oxidation
to Fe;_,O possible. Therefore, to avoid the formation of the
Fe layer, a thorough understanding of the initial stages of film
growth is necessary and is the topic of future work in this area.

3.3. Electrical resistivity

The electrical properties of the selected samples are presen-
ted in figure 5 and represent the average of two measurements

series on individual samples per thin film. While the slopes in
both measurements for each sample are consistent, scattering
between individual values at given temperature as large as
65% does occur, which may be attributed to the quality of
the contacts as well as to the storage time between the indi-
vidual measurements, causing further surface oxidation. The
electrical resistivity (figure 5(a)) decreases with increasing
temperature for the sample synthesized at a fo,/f ar of 5.5%.
This is consistent with the expected temperature behavior
for a semiconductor such as wiistite [29]. The resistivity of



J. Phys. D: Appl. Phys. 57 (2024) 065302

S Evertz et al

(@) 31—
~ fo,/far
—_ %, ®51% o 55%
£ o] % ® 53% e 58%
O L
3 .
qcl) ® ® ¢ L ] ®
= 1
Q
QEMII 2 3883300
0 o ammestes o0 ooooo'...."
-100 0 100 200
Temperature (°C)
150 50 0 -50 -100
()t IR 20 HHCHNONONINKN X
20.0 Fe1-xOSX x FePX
X Fe3O4 SX
ETAT B T ———
\9/ ..—'-..m“___
o =
L 15.0 1 :ﬁzz_.‘::ft“m“#:.
"hmﬁhuun:=m
12.5 | FR=i
SX: bulk single-crystal
PX: bulk poly-crystal
100 Ulk poly-crysta

0.002 0.003 0.004 0.005 0.006
1T (1/K)

Figure 5. Electrical properties of Fe;_,O thin films. (a) Resistivity
as a function of temperature. (b) Arrhenius plot of electrical
conductivity times temperature. The gray shaded area marks the
temperature range considered for fitting, dashed lines indicate the fit
to the data based on a model by Gartstein and Mason [29]. For
reference, ‘x’ mark data for oxide single crystals and polycrystalline
bulk iron. The black dotted line in (b) indicates a mechanical mixing
model.

the other three samples, with synthesis conditions fo,/f ar
of 5.1, 5.3, and 5.8%, does not change strongly between
—110 °C and 100 °C and decreases irreversibly at temper-
atures above 150 °C. This irreversible change is caused by
the decomposition of Fe;_,O into Fe and Fe;O4, which are
the thermodynamically stable phases at temperatures below
560 °C (see suppl. material figure S6). However, the temperat-
ure behavior below 100 °C resembles more strongly a metallic
response than a semiconductor.

Based on small polaron hopping via defect clusters,
Gartstein and Mason proposed a mechanism of charge trans-
port that depends on an activation energy [29]. Based on their
model, and assuming that wiistite is the decisive phase for
charge transport in the present samples, the activation energy

Table 3. Activation energy E, for charge hopping based on the
electrical conductivity model for wiistite by Gartstein and Mason
[29].

fo,lfar (%) E, (meV)
5.1 134+0.2
5.3 16.0 £ 0.4
5.5 338+ 14
5.8 157+ 04
Fe304 40.6 + 0.7
Fe;_.O 86.3 £ 3.0
Fe (—6.8 £0.7)*
2 Note that the model is invalid for
metals.

for charge transport was determined from the Arrhenius plot
of electrical conductivity times temperature (figure 5(b)). The
activation energies are listed in table 3. The activation energy
for the sample synthesized at fo,/far of 5.5%, i.e. the sample
with 96 vol.% wiistite, is approximately twice as high as for
the other samples.

For comparison with bulk values, in figure 5(b) the
electrical conductivity of bulk poly-crystalline Fe and single-
crystal Fe;O4 and Fe;_,O are plotted in addition to the thin
film values. As can be expected from the Fe impurity phase,
the electrical conductivity of the thin films is between the con-
ductivities of Fe and Fe|_,O. Coincidentally, the conductivity
of the sample containing 96 vol.% wiistite and 4 vol.% Fe is
close to the values for single-crystalline Fe;O,4. The increas-
ing conductivity of the Fe;O4 single crystal with temperature
is consistent with literature, while at higher temperatures than
investigated here the conductivity becomes nearly temperature
independent due to the temperature dependence of its activa-
tion energy [6]. Activation energies (table 3) of the oxides dif-
fer by a factor of 2, with Fe;_,O requiring the higher activa-
tion energy for charge hopping. For Fe, the apparent activation
energy is negative, however, the Arrhenius-type model is not
applicable for metals. Thus, the value for Fe can be neglected,
although it represents the opposite temperature behavior of
electrical conduction compared to semiconductors, which is
consistent with theory.

The electrical conductivity deviates from the weighted
average of the resistivity of the individual phases, as would
be the case for a random mechanical mixture [30]. However,
the electrical conductivity of the iron oxide thin films can be
understood by the iron layer at the interface as well as the grain
boundaries in the polycrystalline films. The Fe layer and the
Fe;_,O thin film are comparable to two resistances connec-
ted in parallel. Weighting the resistivities by the fraction of the
iron layer on the overall film thickness, equation (2) is obtained
for the resistivity of the entire film:

—1
X 1—x
p= ( + ) )
PFe  PFe;_,0
dFe
= —. 3
x=- 3
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Here, p, pre, Pre, .0 and d, dre and dg., o are resistivity
and thickness of the entire film, iron and wiistite, respectively.
Using the values of the single crystals from figure 5(b), thereby
neglecting the influence of defects present in the sputtered
samples, resistivities close to the values of the thin films can
be obtained, as indicated by the dotted line in figure 5(b).
Although overestimating the conductivity, this model is qual-
itatively comparable to the experimental values. However, the
discrepancy between model and the experiment suggests that
the Fe layer may be less well defined than it seems from the
EDS maps, and not continuous in the sample. An additional
factor decreasing the conductivity is that during the meas-
urement, the current needs to pass from the contact through
the Fe;_,O layer in thickness direction to reach the Fe-layer,
thereby increasing resistivity. Nevertheless, considering the
small thickness of the Fe-layer compared to the overall film
thickness, these interfacial layers seem to be controlling for
charge transport in the Fe; _,O thin films.

Another approach to understand the difference of electrical
conductivity between the thin films and single crystals are the
grain boundaries, which exists in the thin films in contrast to
the single crystalline reference samples. Reports in literature
on Fe;0y4 films have shown that the grain boundaries are bet-
ter electrical conductors than the bulk grains [31, 32]. As the
crystal structures of both Fe;_,O and Fe;0O, are similar, one
may deduce a similarly better conductivity in grain boundaries
for Fe;_,0 films compared to bulk.

4. Conclusions

By optimizing the O,/Ar flow ratio as well as the pressure—
distance product, Fe;_,O films with 96 vol.% phase pur-
ity have been achieved and the impurity phase being «-Fe.
Considering the low pressure—distance product, the forma-
tion of Fe;_,O is understood to be surface controlled. While
the resistivity of the sample with 96 vol.% Fe;_,O exhibits a
temperature dependence of electrical resistivity that is expec-
ted for wiistite, samples with larger impurity phase contents
are better electronic conductors with an activation energy for
charge transport which is half of the value for the 96 vol.%
wiistite sample. The origin for this may be found in the micro-
structure, where Fe-rich layers at the substrate-film inter-
face may serve as additional conduction paths and have been
observed for samples with high impurity content. To under-
stand the formation of these layers, the initial stages of nucle-
ation during growth of Fe;_,O thin films need to be investig-
ated in future studies.
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