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ABSTRACT: Cu-doped anatase TiO, films grown by magnetron
sputtering at room temperature showed the unexpected observation of
room-temperature ferromagnetism, which was enhanced or destroyed
corresponding to low or high impurity concentration via vacuum
annealing. On the basis of the analysis of composition and structure,
the most important factor for activating ferromagnetism can be
identified as the creation of grain boundary defects. In addition,
oxygen defects can be the dominating factor for increasing the
saturation moment of the 0.19 at. % Cu-doped TiO, film from 0.564
to 2641 emu/cm’. These results help elucidate the origin of
ferromagnetism and emphasize the role of oxygen defects for the
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1. INTRODUCTION

Spintronics, or spin electronics, refers to an emerging electronic
device technology in which the role played by electron (and more
generally nuclear) spin in solid state physics is studied, and spin
properties instead of or in addition to charge degrees of freedom
are exploited. Spintronics has vast potential in the storage,
processing, and transmission of digital information, as well as in
optical and magnetic sensors."> Ferromagnetic semiconductors
prepared by doping the impurities into host semiconductors
are appealing materials for spintronics because these semi-
conductors are envisioned as producing the low power con-
sumption and great operating speed of spintronics devices.”*
Among the materials (mostly III—V and II-VI compounds) so
far reported, successful prototype devices have employed the
Mn-doped GaAs,” ZnSe,” and InAs® diluted magnetic semi-
conductors (DMSs) to achieve spin polarization. However, these
DMSs exhibit the cryogenic Curie temperatures (T, ~100 K),”
which have hindered the development of practical devices.
Apparently, it is highly desirable to pursue the DMSs with higher
T, especially T over room temperature.

Since the breakthrough work reported by Matsumoto et al.,®
magnetic impurity-doped TiO, films have attracted considerable
attention, owing to the appearance of room-temperature
ferromagnetism in this group. With the behaviors of room-
temperature ferromagnetism in doped TiO, films, several argu-
ments have been proposed by some authors, mainly dividing into
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three groups. The first group is based on the formation of clusters
of magnetic dopants, which principally happen in the doped TiO,
films with the high concentration of magnetic dopants.'®”"?
However, the idea of magnetic clusters is not the mechanism of
intrinsic ferromagnetism of TiO, based DMSs, and insufhiciently
explains the presence of room-temperature ferromagnetism
in low concentration doped TiO, films. The second set of
researchers postulate the formation of bound magnetic polarons
(BMP) associated with oxygen vacancies in a dielectric matrix
with magnetic impurities.'*'> A special report of ferromagnetism
in Co-doped TiO, films prepared by direct chemical routes has
led to the development of a third class of model.® The intrinsic
ferromagnetism in this report is thought to arise from grain
boundary defects located at nanocrystal fusion interfaces.
Unfortunately, as previously described, much of the research
focuses on the origin of room-temperature ferromagnetism in
magnetic impurities doped TiO, films. A drawback to these
studies is that the impurities can segregate to yield the magnetic
precipitates or clusters that actually influence the intrinsic
ferromagnetism of the doped films."” Therefore, these issues
have motivated some researchers to probe the experiments
on nonmagnetic impurities doped TiO, such as Cu-doped.'®"”
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Table 1. Experimental Conditions and Results of the Cu-Doped TiO, Films”

sample Pc, (W) t, (min) Ce, (at. %)
A0-1 2 0 0.19 + 0.03
A30-1 2 30 0.19 + 0.03
AO0-2 S50 0 4.57 +£ 045
A30-2 S50 30 4.57 + 045
A0-3 100 0 19.1 + 0.60
A30-3 100 30 19.1 + 0.60

h¢ (nm) M, (emu/cm?) H, (Oe) M, (emu/cm?)
502 0.144 47 0.564
502 1.517 19 2641
512 0.063 30 0.441
512 — — —
786 0.036 29 0.240
786 — — —

“Pew tay Cow hy M, H, and M, are the power of Cu target, annealing time, doping concentration, film thickness, remanent magnetization, intrinsic

coercivity, and saturation momen, respectivelyt. The blank is represented as “—”.

)

Cu is a potential magnetic ion with a total spin of 1/2 by Hund’s
rule,?® and neither metallic Cu nor its oxide are ferromagnetic.
Furthermore, Duhalde et al.”' have reported that the oxygen
defects could play a crucial role for the room-temperature
ferromagnetism, and the doping content could also affect the
number of oxygen vacancies. Depressingly, the microscopic
origins of ferromagnetism in Cu-doped TiO, films remain poorly
understood. A detailed perception of ferromagnetism in wide-
bandgap DMSs is required to harness functionality for device
applications. Moreover, the regulation of magnetic moment for
the DMSs should be also concerned and investigated so as to
satisfy the demands of an application.

In the present work, we design a series of experiments to
search the origin and enhancement of room-temperature
ferromagnetism in Cu-doped TiO, films deposited by direct
current reactive magnetron sputtering (DCRMS) at room
temperature. These doped TiO, films had Cu mole fractions
(x at. %) in the range of about 0.19—19.10 at. %. It is easily
observed that all the doped TiO, films consistently showed weak
room-temperature ferromagnetism. After further vacuum
annealing at 400 °C, the saturation moment (M) of the
0.19 at. % Cu-doped TiO, film reached up to ~26.41 emu/cm?,
which was around 47 times larger than that of the fresh film
(~0.564 emu/cm®). Nevertheless, the ferromagnetism in other
films with higher doping concentration was destroyed by the
identical annealing process. With the investigation of film
composition and structure, the percolation of BMP between the
adjacent grains plays an important role for the activation of
ferromagnetism in Cu-doped TiO, films. Besides the depend-
ence of ferromagnetism on oxygen defects found here is also
discussed in the context of current models.

2. EXPERIMENTAL SECTION

The Cu-doped TiO, films with different doping concentration were
deposited on n-type Si (100) wafers (the thickness of 0.5 mm) by
DCRMS at room temperature. Pure Ti and Cu targets (99.99% purity)
were sputtered in Ar (99.99%) and O, (99.99%) mixed atmosphere. The
deposition was conducted at a deposition pressure of 1.4 Pa, a
deposition time of 2 h, a substrate bias of —50 V and a fixed hybrid gas
composed of 105 sccm Ar flow rates and 1S sccm O, flow rates.
Although there was no intentional substrate heating in these
experiments, the substrate temperature increased from around 25 to
100 °C during deposition due to the bombardment of energetic particles
on the substrate surface. DC power imposing on the Cu target as a
variable deposition parameter, which was set as 2 W, 50 and 100 W
corresponding to Samples AO-1, A0-2 and AO-3, respectively, was
selected to control the doping concentration in Cu-doped TiO, films.
After film deposition, the fresh films were annealed in vacuum annealing
furnace at 400 °C for 30 min. In this work, the films with 0 and 30 min
of annealing time are denoted as Sample A0-X and Sample A30-X (X =
1, 2, 3), respectively. Composition, structural and magnetic measure-
ments were made on films both before and after annealing. X-ray photo-
electron spectroscopy (XPS) with monochromated Al Ka radiation
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at pass energy of 29.4 eV was applied to analyze the chemical com-
position of the film surface. The film structure and crystalline quality
were characterized by X-ray diffraction (XRD)), field emission scanning
electron microscopy (FESEM), and high resolution transmission
electron microscopy (HRTEM). Magnetization (M) versus applied
magnetic field (H) at 300 K was measured using a Quantum Design
superconducting quantum interference device (SQUID) magneto-
meter. Magnetization data of all Cu-doped TiO, films were corrected for
diamagnetism of the substrate. Typical net magnetic moments for the
TiO, films used in this study were on the order of 107 emu absolute,
which should be approximately 2 orders of magnitude larger than the
base sensitivity of the SQUID magnetometer. The preparation and
characterization of further details for Cu-doped TiO, films are described
in Supporting Information (SI) S1 and S2, respectively.

3. RESULTS AND DISCUSSION

The partial experimental conditions and outcomes of the Cu-
doped TiO, films are summarized in Table 1. XPS analyses on all
samples show that the TiO, films allowed 0.19 at. %, 4.57 at. %,
and 19.10 at. % Cu doping, assigned as Samples A0-1 (A30-1),
A0-2 (A30-2), and A0-3 (A30-3), respectively. XRD patterns for
all samples in Figure 1(i) indicate that the phase composition and
crystallinity of the samples depend strongly on both the Cu
content and the annealing treatment. All peaks for Samples A0-1
and A30-1 were indexed as a TiO, anatase structure, and no
secondary phase and metal-related peak were detected within the
sensitivity of XRD. However, the peak position of Sample A0-1
was slightly shifted toward lower angle compared to the pure
anatase phase.”> The peak shift could be attributed to the
incorporation of Cu ions into the TiO, lattice leading to the
increment of the film cell parameter ¢, as reported by other
researchers.”> On the contrary, the peak position of Sample
A30-1 presented an evident shift toward higher angle than that of
Sample AO-1, which can imply a relaxation of the lattice along the
¢ axis as well as the presence of plentiful of oxygen vacancies in
Sample A30-1."* These conjectures will be further confirmed by
the analysis of XPS mentioned later. Moreover, a comparison of
the full width at half-maximum (fwhm) values of (101) peak
intensities of Samples A0-1 and A30-1 exhibited a subtle
improvement in crystallinity with annealing by a 0.057° decrease
in the fwhm value (shown in SI $3)). With the increase of doping
concentration, both Samples A0-2 and A0-3 displayed nano-
crystalline structure and their peak position moved gradually
toward the CuO (—111) peak. When the film growth was per-
formed at room temperature, the diffusion of deposited particles
was limited on a narrow range resulting in the substitution of a
tiny fraction of Cu ions into the Ti sites and the remanent Cu
atoms formed the secondary phase (e.g., copper oxide). On the
other hand, the growth of the crystalline grains for Samples A0-2
and A0-3 during the deposition can be sugpressed because of
the existence of the second phase particles.”" After annealing at
400 °C for 30 min, Samples A30-2 and A30-3 both had polyphase
structure, but their phase composition was different. As shown in
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Figure 1. (i) XRD patterns for Cu-doped TiO, films at different doping concentration both before and after annealing. The peaks arising from anatase
and rutile TiO, are indicated by “A” and “R”, respectively. (ii) Top view FESEM images of the Cu-doped TiO, films: (a) the as-deposited samples,

(b) the annealed samples.

Figure 1(i), Sample A30-2 principally contained anatase, CuO,
Cu,0, and rutile phases, while Sample A30-3 only showed some
typical peaks of anatase and Cu,O phases. With respect to
generating the Cu metal in Sample A30-2, two crucial factors
should be taken into account: (1) low-energy Cu atoms during
the deposition and (2) the mobility of nanoparticles in the
recrystallization by appropriate annealing temperature. Top view
FESEM images (in Figure 1(ii)) of both as-deposited and
annealed films demonstrate the influence of doping concen-
tration and postprocessing on the surface topography. In
Samples A0-1 and A30-1, the surface morphology was relatively
rough and uneven with well-defined prismatic crystals. The root-
mean-square (RMS) roughnesses (shown in SI S4) of Samples
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AO0-1 and A30-1 were about 7.9 and 8.5 nm, respectively. And yet,
Samples AO-2 and A0-3 only consisted of very fine particles and
showed smooth and flat surface with RMS less than 1.9 nm. As
mentioned above, excessive Cu dopants in the TiO, films give
rise to nanocrystalline mixed oxides (e.g., Cu,O and TiO,). After
annealing at 400 °C, Samples A30-2 and A30-3 were still flat
(RMS < 1.7 nm), but their surface yielded evident microcracks,
the number of which increased with increasing the doping
concentration. In fact, the metastable nanocrystalline mixed
oxides are promptly separated and grown into several kinds of big
grains (such as Cu, 0, TiO,, or Cu) by annealing. Meanwhile, the
shrinkage stress develops between these grains, and finally the
microcracks are caused for the relief of stress. In addition, the
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Figure 2. XPS spectra of Ti 2p (i) and Cu 2p (ii) of film surface for Samples AO-1 (bottom) and A30-1 (top), respectively. (iii) Cross-sectional HRTEM
images of Samples A0-1 (left) and A30-1 (right), respectively. The upper insets are the high magnification images, and the lower insets show the

corresponding fast Fourier transform (FFT).

loose and fissured structure in Samples A30-2 and A30-3 was also
observed from the cross-sectional FESEM images (shown in
SISS). The film thicknesses of Samples A0-1, A0-2, and A0-3 in
Table 1 were estimated as 502 nm, 512, and 786 nm via FESEM
technology, respectively, however, these values were constant
even if annealing at 400 °C. Besides, the microstructure of the
films was also determined by cross-sectional HRTEM. It is
observed that Samples A0-1 and A30-1 (in Figure 2(iii)) only
had anatase phase with densed columnar crystal, whereas except
anatase phase Samples A0-2 and A0-3 (shown in SI S6 and S7)
had the second phase with irregular and tiny grains, which were
grown and separated by annealing treatment bringing about the
existence of the cracks in the doped films.

To further check if there are the second phase (e.g., Cu, CuO,
and Cu,0) and oxygen defects in Samples A0-1 and A30-1, XPS,
and Electron paramagnetic resonance (EPR) experiments were
carried out. Figure 2(i) is typical XPS spectra of Ti 2p of Samples
AO-1 and A30-1. It is briefly outlined that the Ti 2p;,, peak of
Samples A30-1 and AO-1 was broader at lower binding energy
than that of the TiO, films reported by previous work. 2% As
proposed by Wang et al,,”” the broadening of Ti 2p; , peak at low
binding energy could be ascribed to the appearance of Ti** or
Ti*". After performing the deconvolution with Lorentzian—
Gaussian distribution function, the Ti 2p;/, spectrum of Sample
AO-1 displayed two peaks at 459.2 and 457.6 eV, which are
assigned to Ti** and Ti*".***” Nevertheless, except for two peaks
at 459.5 eV (Ti**)*° and 457.8 eV (Ti**), Sample A30-1 had a
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455.7 €V peak in Ti 2ps), spectrum corresponding to Ti**.* It

can be indicated that Sample AO-1 and Sample A30-1 possess a
certain amount of oxygen vacancies, and the latter shows more
significant nonstoichiometric TiO, than the former. Actually, ab
initio calculations have predicted low vacancy formation energy
in the TiO, films where there are Cu impurities.** Furthermore,
XPS spectra of Cu 2p of Samples A0-1 and A30-1 are shown in
Figure 2(ii). Samples AO-1 and A30-1 both exhibited the peaks
at 932.8 and 952.7 eV, which corresponded to the binding energy
of Cu 2p;,, and Cu 2p, ,, respectively. This result is evidently
different from that of metallic Cu, which shows Cu 2p;,, at
932.3 eV,* and simultaneously excludes the possibility of the
CuO and Cu,O cluster formation because the Cu 2p;,, core
levels for CuO and Cu,O locate at 933.4 and 932.2 eV,
respectively.>** At least, the state points to a considerable
fraction of Cu atoms replacing Ti atoms in the host, as studied by
X-ray absorption spectroscopy.> In addition, low-temperature
EPR spectra were also conducted to indentify a certain amount of
Ti*" existing in the inner of Samples AO-1 and A30-1, as shown in
SIS8.1t is well-known that the major feature in this spectrum (g=
1.970 and 1.964 for Samples AO-1 and A30-1, respectively)
belongs to the paramagnetic Ti** centers.**>” The EPR signal of
Ti** for Sample A30-1 was more intense than for Sample A0-1,
which can be related to more Ti** or oxygen vacancies existing in
Sample A30-1. On the basis of these results, the presence of
plentiful oxygen vacancies is unambiguously verified in the inner
of Sample A30-1. However, the Cu'*-related EPR signal for
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Figure 3. Room-temperature hysteresis curve of as-deposited (i) and annealed (ii) Cu-doped TiO, films.

Sample AO-1 and A30-1 was hardly observed at g = 2.00—2.08
(which is assigned to a paramagnetic Cu'* center). As a result, the
Cu atoms for Samples AO-1 and A30-1 are only divalent Cu ions
to replace Ti atoms in the host. TEM images of Samples A0-1 and
A30-1 in Figure 2(jii) showed a dense and continuous columnar
structure and the identical film thickness with around 502 nm.
For the both samples, the lattice fringes with spacing of 0.347
and 0.345 nm were only assigned to the (101) plane of anatase
TiO,. But anyway, it is revealed from the bottom-right insets in
Figure 2(iii) that Samples A0-1 and A30-1 presented a poly-
crystalline structure consisting of (101), (004), and (105) planes,
in accordance with XRD data. In general, the relevant defects
mentioned above might lie in the numerous grain boundaries.>®

Figure 3 shows the magnetization versus magnetic field
hysteresis loops for the Cu-doped TiO, films. All films were
usually measured within one month of preparation because the
magnetic moments of the films were unstable over extended
periods of time (shown in SI S9). The magnetization data (in
Table 1 and Figure 3(i)) collected for Sample A0-1 consistently
demonstrated a clear ferromagnetic behavior, with an apparent
ferromagnetic M, of 0.564 emu/cm? H, of 47 Oe, and M, of
0.144 emu/cm®. However, the M,, H, and M, decreased with
increasing the amount of Cu. The M; of Samples A0-2 and A0-3
was calculated to be about 0.441 and 0.240 emu/cm?,
respectively, displaying weak but distinct evidence of magnetic
ordering. Although small, this magnetic ordering is of
fundamental importance, which declares that the ferromagnet-
ism in the doped TiO, films does not come from magnetic
impurities. In addition, three reasons can be considered to
explain the observation that Cu-doped TiO, films with a low
doping concentration have high M,. First, it can be directly
related to the distance of the Cu atoms. With increasing doping
concentration, the distance between the Cu atoms decreases. In a
previous work, Weissmann et al.® have indicated that an
increased number of Cu atoms occupying adjacent cation lattice
positions could result in antiferromagnetic alignment. Therefore,
the competition between the ferromagnetism and antiferromag-
netism leads to the decrease of M, with increasing doping
concentration. Second, the crystallinity of the Cu-doped TiO,
films would be one of the effect factor for the variation of the
ferromagnetism.'* For instance, Samples A0-2 and A0-3 are poor
in crystal structure, while Sample AO-1 has an excellent crystal
structure with well-defined prismatic grains. The improved
crystallinity of the films increases the probabilit}r of generating
impurity band, resulting in greater M,'>***" Finally, the
ferromagnetism will be weakened if the copper oxide or metal
copper is as the second phase in the doped TiO, films. Due to its
nonferromagnetic properties, the second phase perturbs the
presence of magnetic ordering structure in the films. The pinning
of the magnetic domains in Samples A0-2 and A0-3 might also be
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responsible for the low saturation magnetization. However,
in this work, these factors are not finally converting the Cu-
doped TiO, films from the ferromagnetic state to the para-
magnetic state.

After vacuum annealing at 400 °C, the 300 K ferromagnetic M
for Sample A30-1 (in Figure 3(ii)) was 26.41 emu/cm? with H_ of
19 Oe and M, of 1.517 emu/cm’®. Thereinto, the M, value of
Sample A30-1 was around 47 times larger than that of Sample
A0-1. From M, value, we estimate an atomic moment of
47.4 py/Cu in Sample A30-1, assuming 0.19 at. % of Cu and a
502 nm film thickness. However, there is no reason to associate
the large moment exclusively with copper, as the high moment
(30 pp/Co) in the HfO, films with the low cobalt doping
(0.5 at. %) is expounded.** The magnetization in Cu-doped TiO,
film therefore makes up of a minor component from the
transition-metal ion not expected to exceed its spin-only value
(1.5 pip/Cu),* and a major component which can be thought to
originate from lattice defects.*” In general, the two components
are oppositely aligned in the dilute limit.**** On the basis of the
XRD data, such a small difference of the crystalline between
Sample A0-1 and A30-1 can hardly generate enormous difference
in their M, values. The most important factor for enhancing
ferromagnetism can be attributed to greater concentration of
oxygen vacancies created by vacuum annealing,** as elaborated in
XPS and EPR section. Assuming a magnetic moment of order
1 pg per defect, the vacancy concentration in Sample A30-1 is
~9 at. %. Moreover, surprisingly, Samples A30-2 and A30-3 had
no evidence of magnetic ordering whatsoever, and only showed
slight paramagnetism, as depicted in Figure 3(ii). Compared with
Samples AO-2 and A0-3, Sample A30-2 and A30-3 showed the
distinct microcracks in the films, which forced the crystals to
isolate each other and be passivated. The phenomenon can mani-
fest the great mass of oxygen defects at interfacial boundaries
between adjacent crystals. Namely, the primary mechanism of
ferromagnetism in our Cu-doped TiO, films is correlated with
interfacial defect formation during deposition.

The proposed activation (or deactivation) and enhancement
processes of room-temperature ferromagnetism in the Cu-doped
TiO, films are summarized in Figure 4(i). As mentioned above,
the deposition process produces interfacial defects whose radii
are sufficiently large to overlap many adjacent defects, causing a
net alignment of defect spins following the BMP mechanism.
Additional vacuum annealing treatment passivates the interfacial
defects of the films with high doping concentration, transforming
the films from ferromagnetism into paramagnetism. But after
vacuum annealing, the Cu-doped TiO, film with low doping
concentration shows even stronger ferromagnetism, owing to the
creation of defects. Thus, the magnetic moments arise from
atomic point defects in anatase TiO, films. Each O site in anatase
TiO, is surrounded by three Ti ions with one long bond and two

dx.doi.org/10.1021/am506013w | ACS Appl. Mater. Interfaces 2014, 6, 22243—22249
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short bonds, lying in the same plane.* The molecular orbitals are
formed from the valence electrons on the three Ti ions
surrounding the vacancy via the loss of O ion, as shown in
Figure 4(ii). These have ¢ or 7 symmetry with respect to the
Ti—[O] bond axis, where [O] represents the vacant oxygen site.
The o-bonding orbitals form the symmetries a;, and e, orbtials
and have energies ¢ — 2¢, ,, and € + £, ,,, respectively, viaa Ti—Ti
transfer integral ¢, ,,, orbitals. Similarly, for the z-bonding orbitals
with transfer integral t,,, and ¢, orbitals of a,, e, a5/, and ¢,
symmetries are formed at € — 2t,,, € +t,,, € —2t, and € + 1,
respectively. Only the ¢ and 7 orbitals of e, symmetry will mix,
giving bonding and antibonding states with a splitting 2¢, as
described in Figure 4(ii). Provided t > £ it is possible for the
ring of charge orbital formed from the ¢, orbitals to be stabilized
relative to the symmetric a;, state.*”*"” Furthermore, since the
orbital is degenerate, it can accept two electrons of the same spin,
giving a spin moment of 2 up. Provided sufficient defect
concentration, the defect-related molecular orbitals will create an
impurity band.'® Direct exchange between the molecular orbitals
will be ferromagnetic and can be strong when the defects are
concentrated in an interface zone. In addition, Figure 4(iii) dis-
plays a magnetic phase diagram (adapted from ref 15) in which
the volume occupied by defect spins is plotted versus the doping
concentration (x). The volume occupied by defect spins is equal
to the volumetric extent of the defect hydrogenic wave function
(¥*) multiplied by the nonstoichiometric defect concentration
(8). Since y is constant for a given defect and x is constant for a
certain film made from fixed deposition conditions, the only
parameter varied in the annealing experiments is 6. By regulating
the formation (or increase) and passivation of defect in the
interface between adjacent crystals, the ferromagnetism is
controllably enhanced and turned off.

4. CONCLUSIONS

We have demonstrated that the most important factor for
activating ferromagnetism in the Cu-doped TiO, films is the
creation of bound magnetic polarons, proposed to be oxygen
defects in the interface between the adjacent grains. In the case of
our experiments, these defects can be increased or passivated,
and the ferromagnetism enhanced or destroyed by further
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vacuum annealing. However, we emphasize that its crystalline
nature, second phase, and doping concentration are not the
critical factors contributing to the conversion of the films from
ferromagnetism and paramagnetism. The present results suggest
a path toward the microscopic origins of room-temperature
ferromagnetism, drawing particular attention to yielding the
nonstoichiometric grain boundary defects in the TiO, based
DMS materials for their application.
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