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Abstract

In recent years, ferromagnetic semiconductors have been extensively explored as
potential candidates for spin injection in spin electronic devices operating at room
temperature. In this report, transition metal(TM) doped TiO: thin films were epitaxially
grown by reactive magnetron sputtering. X-ray diffraction pattern indicates that these TM
doped thin films are single crystal-like anatase films. Field emission SEM shows that
surface segregation of Co was observed in the film for the 7 at% Co-doped TiO, anatase
films. The resistivity and carrier concentration for Cog¢7Tip9302 was 7.18Q-cm and
8.09x10'". This semiconductor material was N-type. The hysteresis of this material shows

the strong ferromagnetic behavior at room temperature.
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INTRODUCTION

There is considerable interest in realizing spin-based semiconductor electronic
devices involving the exploitation of spin-polarized electron distributions in dilute
magnetic semiconductor (DMS) materials. In most semiconductors doped with transition
metals, the magnetic behavior, if any, is observed at temperatures well below room
temperature [1-5]. For (Ga, Mn)As, a Curie temperature (Tc) as high as 110K has been
reported [6-7). However, the recent report that cobalt-doped semiconducting anatase
(Ti0;) is ferromagnetic at room temperature opens the possibility of developing non-
cryogenic spin-based DMS electronics [8]. Ferromagnetic thin films of CoTii<O2,
epitaxially stabilized in the anatase structure, is possible on SrTiO;(001) and
LaAlO3(001) [9]. Spectroscopic studies on these samples grown by oxygen plasma
assisted molecular-beam epitaxy(OPA-MBE) suggests that the cobalt exists in the Co™
oxidation state in the MBE-grown TiO, thin films, coﬁsistent with ferromagnetism
originating from Co substitution on the Ti site. However, other studies of Co-doped TiO
films deposited by pulsed laser deposition (PLD) suggest that the formation of Co
nanoclusters may be responsible for the ferromagnetic properties [10]. Thus, it remains
an open question as to the origin of ferromagnetism in these mateﬁals, as well as the

probable role that the specific processing technique plays in yielding these results.

In this talk, we discuss the growth and properties of Co-doped Ti02(CoxTi1x02)
epitaxial thin films realized by reactive co-sputter deposition. The use of a water
vapor(H,0) as the oxidant facilitates the formation of carriers via the creation of oxygen

vacancies. The growth and properties of undoped semiconducting in transparent anatase
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TiO, thin films epitaxially grown by reactive sputtering deposition employing water

vapor have been reported elsewhere[11].
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EXPERIMENTAL DETAILS

CoxTi1xO; anatase films were epitaxially grown by a reactive RF magnetron co-
sputter deposition with cation sputtering targets of Ti (99.995%) and Co0(99.95%). The
film-growth system was equipped with multiple 2" sputtering sources and a load-lock for
substrate exchange. The base pressure of the deposition system was on the order of 5x10°
$Torr. For epitaxially stabilized anatase TiO, film growth, (001) LaAlO; was chosen as
the substrate as it provides a lattice mismatch on the order of 2 at%. The substrates were
cleaned with solvents prior to loading on the sample holder. Argon was provided as the
sputter gas. A water source was created by freezing and evacuating a water-filled
stainless cylinder that was attached to the deposition chamber via a leak valve. The total
pressure during growth was fixed at 15mTorr, whereas the water vapor pressure was
varied from 10 and 10?Torr. A water vapor pressure of P(H20)=10'3Torr was found to
be optimal in realizing oxygen deficiency and semiconductor transport behavior. A
substrate temperature during the deposition of 650°C resulted in the growth of highly
crystalline epitaxial Co-doped TiO, thin film in the anatase phase. The growth rate was
1.9nm/min.

The crystalline structure of Co-doped TiO, films was characterized by X-ray
diffraction (XRD) with a Cu Ka radiation source. Quantitative analysis of chemical
composition was performed by electron probe microanalysis (EPMA). In order to extract
information regarding chemical states of the element, X-ray photoelectron spectroscopy
(XPS) was used with Al-Ka radiation (hv=1486.6eV). The surface morphology, back-
scattered images and chemical mapping, were performed by field emission scanning

electron microscopy (FESEM). Hall effect measurements were performed to measure
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transport properties of oxygen-deficient Co-doped TiO; anatase films. Room temperature
M-H loops were measured by a Quantum Design superconducting quantum interference

device (SQUID) magnetometer for films with different Co content (x=0.07, 0.02).

RESULTS AND DISCUSSION

The Co-doped epitaxial anatase films realized for a growth temperature of 650°C
and water vapor pressure at 10 Torr exhibited crystalline quality similar to that seen in
previous work on undoped films [12]. Fig.1. shows the 6-29 X-ray diffraction data taken
along the surface normal for films deposited under these conditions with 7 at% and 44
at% Co doping levels. For the 7 at% Co-doped TiO;, the films are near single phase
epitaxial anatase with a small amount of secondary rutile phase seen in the data. However,
44 at% Co-doped TiO; films show epitaxially stabilized anatase TiO, without rutile phase.
For both 7 at% and 44 at% Co-doped TiO; films, as shown in Fig. 1, there was no
evidence for metallic Co or cobalt oxides phases seen in the diffraction data. There is
little difference observed for the X-ray diffraction patterns from the two films.

In order to investigate transport properties of the Co-doped anatase films, Hall
effect measurement ‘at room temperature was performed. The current used for the
measurement was 100pA. The 7 at% Co-doped TiO, thin films shows n-type
semiconductor behavior. The carrier concentration was typically in the range of 10'-
10%¥cm™, which is lower than that shown for MBE-grown films [13]. The resistivity of
the 7 at% Co-doped thin film is slightly higher than undoped anatase films. However, the
44 at% Co-doped anatase films show insulator behavior. This is consistent with a

previous paper reporting the relationship between carrier mobility and concentration of
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dopants [14]. B. —S. Jeong et al. showed that the carrier mobility decreases as the cobalt
concentration increased. According to these results, the carrier mobility of the 7 at% Co-
doped TiO; was 1em?/Vs, indicating that over the 7 at% of Co content, the carrier
mobility may be less than lem?/Vs, showing insulating behavior which has very low
carrier mobility.

Fig. 2 shows the magnetization properties of the Co-doped thin film plotted as a
magnetization(M)-Applied field(H). Each sample has the same size as Smmx5Smmx lmm.
The sample thickness for both Co-doped anatase films is 300nm for Zhrs sputter
deposition time. For both the 7 at% and 44 at% Co-doped TiO, sample, hysteresis loops
are observed at room temperature for film grown at 650°C with water vapor as a oxidant.
The magnetic saturation (Ms) for the 7 at% and 44 at% Co-doped thin films is 11.30
(emwem®) and 2.6(emw/cm®), respectively. Although the 44 at% Co-doped anatase has
much more Co to potentially contribute to the ferromagnetic moment, the 7 at% Co-
doped TiO; film clearly exhibits stronger ferromagnetic behavior relative to the 44 at%
doped thin films.

The elemental composition for the 7 at% Co-doped TiO, thin films was
determined by XPS. The satellite peak structure that is observed on the high binding
energy side of the principal 2p1/2 and 2p3/2 lines is indicative of high spin Co 2+ [15].
The shake-up peak is an easily identified characteristic of the chemical state of the Co
[16]. The results from the XPS analysis taken from the as-grown surface is consistent
with the Co existing in the +2 formal oxidation state in these sputter-deposited CoxTi1<O2

anatase thin films.
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In order to further investigate the properties of these materials, the surface
topography was determined using field-emission SEM. Fig. 3 shows the backscattered
electron image obtained by the FESEM for the 7 at% and 44 at% Co-doped TiO; anatase
thin films grown on (001) LaAlQ;. In case of the 7 at% Co-doped TiO,, the sample
surface is decorated with secondary phase precipitates. As reported elsewhere, the
material of surface segregation shown in Fig. 3(a) for the Co-doped thin films is Ti-Co-O
particles [14]. As shown in Fig. 3(b), however, spﬁtter deposited Cop44Tig.560, film does
not show these secondary phase precipitates. Note that the 7 at% Co-doped TiO, films
show stronger ferromagnetic behavior than the 44 at% doped anatase.

In order to further investigate the concentration of Co in TiO; thin films, Auger
electron spectroscopy (AES) was also performed. Results from the AES, also given in
Fig. 4, indicate that the 44 at% Co-doped TiO, thin films clearly show higher Co contents
than the 7 at% Co-doped anatase films.

Fig. 5(a) and 5(b) show room-temperature‘atomic force microscopy(AFM) and
magnetic force microscopy(MFM) images taken along the surface of the 7 at% Co-doped
TiO; thin films, respectively. Since MFM measures the magnetic force gradient, which is
proportional to the amount and strength of magnetic charges, the contrast information of
the microscopic images has the same trend as the macroscopic magnetization
measurement [17].

As shown in Fig. 5(a), the sample surface is covered with segregated particle, Ti-
Co-O phase, consistent with FESEM data shown in Fig. 3(a). Fig. 5(b) shows the
magnetic structures as bright and dark contrasts at room temperature. Note that the

brighter contrast is shown on the secondary phase precipitates, indicating that these
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secondary phase precipitates show stronger magnetic force than the other areas of the
film. This is consistent with the Ti-Co-O phases containing more cobalt relative to other
areas. This picture corresponds well to the survey of AES and EDS mapping taken by
FESEM. From the surface structure and the results of magnetic measurement, we
conclude that the surface segregation of Ti-Co-O phases in Co-doped TiO; thin films
affects the ferromagnetic properties of the Co-doped anatase films.

In conclusion, we have investigated ferromagnetism in semiconducting
anatase Co-doped TiO; thin films grown by the reactive sputter deposition technique.
Surface segregation from Co oxide particles was observed in 7 at% Co-doped films. Both
pure and 7 at% Co-doped films grown using water vapor source showed n-type
semiconductor properties. Our results from XPS clearly show that Co is primarily in the
+2 formal oxidation state in this doped thin films. From the results of surface structure
and magnetic measurement, we conclude that the surface segregation existing as a T 1-Co-
O phases in Co-doped TiO; thin films affects the ferromagnetic propetties of the Co-

doped anatase films. Further activities will focus on the origin of the ferromagnetism.
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Figure Captions:
Fig. 1 The X-ray diffraction pattern for CosTi; <Oz on LaAl03(001)(x=0.07, 0.44)
Fig. 2 An M-H curve for Co,Ti; O, (x=0.07, 0.44) thin films on LaAlO;(001) taken

at room temperature. Magnetic field was applied parallel to the film surface.

Fig. 3 Backscattered(BS) image for the Co,Ti;.x02 (x=0.07, 0.44) thin films on
LaAlOy,(OOI) : (a) BS image of C00,07Tio,9302, (b) BS image of C00_44Tiq,5602

Fig. 4 AES survey for the surface of CoyTi;.xO2 (x=0.07, 0.44) on
LaAlOs(001) : (a)AES survey of Cog07Ti0930; , (b) AES survey of

Co00.44Tio.5602

Fig. 5 Atomic force microscopy (AFM) and Magnetic force microscopy (MFM)
images for the Cog¢7Tip030; : (a)AFM image, (b)MFM image
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Fig. 3.
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Fig. 5.
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