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Pure rutile Co-doped Ti©films were fabricated by the pulsed-laser-deposition technique on silicon
substrates from a ceramic target. Under the right fabrication conditions, Co concentration in the
films could be almost the same as in the target, and films under various conditions all are
ferromagnetic well above room temperature. Even though Rutherford backscattering spectroscopy
measurements show that Co atoms mostly localize near the surface of the films and exist less in
deeper levels, other experimental evidence shows that the ferromagnetism does not come from Co
segregations, but from the Co-doped TJi@atrix. Rutile Ti _,Ca O, thin flms grown by a very

simple technique on low-cost silicon substrates showing a Curie temperdigreapove 400 K

appear to be very attractive to applications. 2003 American Institute of Physics.

[DOI: 10.1063/1.1619227

Since the discovery by Matsumotet al! about two  TiO, films from a ceramic target on silicon substrates by
years ago, Co-doped T¥dTi;_,Co,0,) thin films have at- using a conventional PLD system. It is believed that if we
tracted many research groups due to their exhibition of feruse a well-made target, and control the growth conditions
romagnetism well above room temperature. Growth of thiscorrectly, the films whose dopant concentrations are almost
diluted magnetic semiconductor by thin-film techniques,the same as they are in the fixed target with ferromagnetism
such as molecular-beam epita@®BE) or pulsed laser depo- above room temperature can be obtained.
sition (PLD), provides excellent control of the dopant con- A polycrystalline target of Co-doped TiOwith Ti:Co
centration and the ability to grow single-layered films. How-ratio as 0.88:0.12 was synthesized by an organic gel-assisted
ever, there are certain issues in this research field at thejtrate process. The 230 nm-thick films were deposited by
moment: how to control the concentration of dopant morePLD technique(248-nm KrF excimer laser, pulses of 5 Hz
easily, how to improve the ferromagnetism, and how toon unetched100 Si substrates. We applied various condi-
clarify the nature of magnetism in those films. So far, Co-tions: the oxygen partial pressuré’{ ) was kept as 1
doped TiQ films have been deposited from two targets—Ti X 10~ ® or 1x 10~ ° Torr, and the energy density was 1.5 or 3
and Co or TiQ and Co-doped Ti@—with a very high con-  J/cnf. Hereafter, four main conditions will be marked as LL
centration of Co in order to get a very low percentage of Colow Po,, low energy density LH (low Po, high energy

incorporated in the_films,_ by using very sgphisticated .methdensity, HL (high POz* low energy density and HH (high
ods, such as combinatorial laser ablatiosing the rotation Po, high energy densily The temperature on the substrates

OT comblnqtcirlgerg;sRs MBE tlfsﬁq_ré gblatlon, oxycﬁen- was kept at 700 °C. After deposition, all films were cooled
plasma-assiste ; Or CO-Sputlermg.oome research re- -y, slowly to room temperature under an oxygen pressure
ported about films that were ablated from a ceramic target

. ) . . of 20 mTorr. The crystalline structure was studied by x-ra
but it was said that Co did not get into the structure, but 4 y y

ined as C SITh i ) diffraction (XRD) with Cu K, radiation(\=1.5406 A), using
remained as ©o me € average magnetic moments Pery geifart for the®—20 scan and an X'Pert™ Philips MRD
Co atom reported so far are still very modé8t32 ug for

| blated filmsand ab 11to1 for il for the in-plane measuremer(td-scans. The magnetization
aser ablated filmsand about 1.1 to 1.4z for films grown oo rements were performed by a Quantum Design super-

clusters? 7_In or_der to look ahead .to solving some of those g, morphology was checked by a scanning electron micro-
problems, in this work we have tried to fabricate CO'dODEdscope(SEM), and the chemical composition was determined
by both energy dispersive x-rafgDX) and Rutherford back-
dElectronic mail: hoahong@delphi.phys.univ-tours.fr scattering spectroscodRBS methods. The RBS measure-

0003-6951/2003/83(15)/3129/3/$20.00 3129 © 2003 American Institute of Physics
Downloaded 01 Aug 2007 to 150.65.7.70. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



3130 Appl. Phys. Lett., Vol. 83, No. 15, 13 October 2003 Hong et al.

— 80 - — 0.3

:'2 4 {110} rutile g ! SiLL

% 70': Sr g 0,2

5 50—_ 90 % 0,0

2 40 5

‘n» 50 100 -50 0 50 100 150 ~ ) g -0,1

CIC) 30- @ () =3 1= E g-oz— a)

-— i - — 2 = '

204 2\\ ,N «;J 0]

10__ — / 4000 -2000 0 2000 4000
0 T LI LI B B RN B IJ |r Field (Oe)
20 25 30 35 40 45 50 55 60 65 70
o 0,25
2Theta (°) S
FIG. 1. XRD pattern for a Bigodl0y 09, thin film deposited on a Si sub- \:;“
strate under an oxygen pressure of 10”8 Torr and a fluence of 3 J/én § 0.15
The bump around @=40° results from various diffraction peaks arising £ b)
from different out-of-plane orientations of the Ti@hase. Only diffraction N 0.10
peaks corresponding to the rutile phase were observed. The inset depicts the 2
®-scan recorded for thel10) reflection of the rutile TiQ. o 0,05+
= 0,00 - - ,
0 100 200 300 400

ments were performed with an incident energy of Hat
3.049 MeV, a scattering angle of 170°, and an accumulation
charge for each measurement as qiQ). FIG. 2. Magnetization of a JiegC0p00/0, thin film deposited on a Si
X-ray measurements confirmed that all film are single-substrate under an oxygen pressure of 10" Torr and a fluence of 1.5
phased rutile, with only rutile peaks appearing in the spectral’c”? (a) versus magnetic field at 300 K arfl) versus temperature under
(for an example, see Fig. 1 for x-ray patterns of the HL film
The films are highly epitaxial, with the-axis of the rutile
(around 2.96 A perpendicular to the substrate plane. Neitherthe film has Curie temperaturd§) higher than 400 K.
Co nor cobalt oxide phase was found in the spectra. Films on  As mentioned earlier, an important issue in the field at
Si substrate are mostly-axis oriented, but other diffraction the moment is how to control the dopant concentration, and
peaks, indexing on the basis of the rutile phase, are present know Co distribution in the films and the nature of ferro-
indicating that the film grows with several orientations magnetism as well. EDX measurements showed that four
(probably due to the large lattice mismatchlowever, the films with four different conditions have a Co content of
®d-scan recorded around the 110 reflectigre the inset of 12%, the same as in the synthesized target. SEM images are
Fig. 1(a)] shows 90° separated peaks that gives an evidencshown in Fig. 3. The LL and HH films’ morphology are
of in-plane texture of the rutile phase. Similar scans taken osimilar, rather homogeneous among all, but the films are full
the 220 reflection of Si revealed that the Ji@Qutile layer  of particles. The surface of the LH film seems to be smooth-
grows epitaxially, cube-on-cube on Si substrates. In factest, even if it has few alien particles on(ivhite part$. The
from SEM images, the HL sample, whose x-ray pattern areanorphology of the HL film is the worst, with very large
shown, is the one which has the worst morphology, with thavhite parts that are believed to be excess Co, CoO, or
presence of some alien parts that are thought to be due to G®0;0,, since those white parts do not have the spherical
segregations, however, we found no peaks of cobalt or cobaghape of normal droplets of thin films, but rather look like
oxide, and the film is pure rutile. For other better films, the
same results are obtained: only rutile peaks appear in the

Temperature (K)

no segregation of Co in the films if it is below the detection
limit, but it is certain that the Co-doped films on Si are well
established as rutile. Although rutile Co-doped films on Si §

from Co and Ti target8n the present study they are done by S
a PLD from one ceramic target.

All films with our chosen growth conditions showed fer- |
romagnetic behaviors at room temperature. The magnetiza
tion loops are quite similar, except the difference in magni-
tude of saturated magnetizatioM{) and coercivity H¢).
The highestM ¢ achieved in our films was 0.3k /Co, al-
most the same as that of the g _,O, film with x=7% on
a SrTiO; substrate reported by Matsumatbal! Figure 2a)
shows the magnetization a_s a function .Of magnetic flelq:IG. 3. SEM images of Co-doped Tj@iims with four different conditions:
taken at 300 K for the LL film. Hysteresis was observed,; || (p, of 1x10°° Torr and fluence of 1.5 I/ (b) LH (1x 105
showing that the film is ferromagnetic even at room temperarg, 3 ‘]/ciﬁ)‘ (¢) HL (1X10°5 Torr, 1.5 J/crf), and (d) HH (1x 1075

ture. TheMST) curve taken at 0.2 T in Fig.(B) shows that  Torr, 3 J/cnf).
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1000 up to 40 nm is 70:30, while in the layer of from 40 to 230 nm

: thick, it is 94:6, and as a result, the averaged ratio of Ti:Co
for the film will be 90.8:9.2(as mentioned earligr This
means that Co atoms are localized mostly near to the surface
of the films, while they exist less in the deeper levels. This
RBS result explains why by EDX the Co content was found
to be 12% since signals from atoms near the surface are more
sensitive in EDX.

It is known that the saturated magnetization of Co metal
is 1.7 ug/Co. This was confirmed by the experimental evi-
dence of Co-doped TiQfilms with Co clusters. The value
of Mg as 0.31ug/Co in our films shows that the ferromag-
netism does not come from Co patrticles or clusters. This is
also confirmed by magnetic force microscopyFM) mea-
surements: we found no contrast on the surface of the film
with LL conditions, for example; in other words, no particles
or clusters were observed and the film is very homogeneous.
According to the theory for dopants in Co-doped 7Ti6f
Sullivan and Erwir?, it seems that our films were grown in
the “rich oxygen condition” and Co dopants were formed
primarily in neutral substitutional form, but not interstitial
(“poor oxygen condition” makes Co concentrations of sub-
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stitutional and interstitial Co roughly equal, aMi must be
Channel in between 1 and 25/Co%. It is thought that the magnitude
FIG. 4. RBS spectra of Co-doped Ti@ims with four different conditions: ~ Of Ms can be enhanced very much in an appropriate oxygen
(@ LL, (b) LH, (c) HL, and (d) HH. environment; on the other hand, the homogeneity of the film

surely depends strongly on the growth conditidhs.
In conclusion, we have fabricated room temperature fer-

outgrowths. Basically, black and white parts are deteme%magnetic rutile Co-doped TilXilms on silicon substrates

from parts that have different el'ectric conducti\{i'Fies, there—by the conventional PLD technique from a ceramic target.
fore, they are thoug_ht_ to s_how dlﬁgrent composmons. H_OW'Even though the distribution of Co is not uniform, with Co
ever, we failed to distinguish the d_lfferenpe n composmonsatoms lying mostly near the surface of the films, the ferro-
of those parts because the detection limit of the EDX teChT”nagnetism in our Co-TiQfilms seemingly does not come

nigue does not allow us to specifically determine the COMPOZ 0 o metals or clusters. Co-Ti@ilms with very highT
sition of nanometer-sized particles. Since seeing neith

e . . ;
peaks of cobalt nor cobalt oxides in the XRD does not rule{above 400 Kifabricated by a very simple technique on low-

i letely th ibility that c balt oxid cost silicon substrates are useful for applications. However,
oii ioirpne:]iy : enDOISSItrI Inymiar excessmo or ?Oma n?XIme%%e magnitude of saturated magnetization is still modest and
eXIST, transmission e'ectro Croscopy measurements mug higher homogeneity is still anticipated.
be done in the near future.
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