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Using a facing target sputtering equipment, Fe~Ti-N films were deposited on water-cooled and
heated substrates under different nitrogen flow ratios, R(N3). The composition, microstructure, and
magnetic properties of the films were investigated by Auger electron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and a vibrating sample magnetometer
(VSM). The films consist of a-Fe, TiN,, and FesN, where the volume fraction of these phases varies
with R(Ny) and the substrate temperature during sputtering. The o-Fe(Ti) films with supersatu-
rated nitrogen exhibit a larger M, than the Fe-Ti films. However, H, first decreases and then in-
creases with increasing R(Njy). This is ascribed to a distortion of the a-Fe lattice due to doping of
Ti atoms and the compressive stress caused by the incorporation of sufficient nitrogen atoms.

1. Introduction

Recently many researches have been devoted to nanocrystalline thin films with high flux
density, which are necessary for use in high density magnetic recording heads. In partic-
ular, much attention has been focused on Fe—N films, because of their excellent mag-
netic properties, in combination with the significant improvement of corrosion and wear
resistance, compared to pure iron 1 to 7]. Although the Fe—N film has high magnetic
flux density, it shows high magnetostriction and poor thermal stability. The addition of
third elements to form ternary Fe-M-N films (M = Ta, Zr, Hf, Nb,...) [8 to 12] has
succeeded in solving these magnetic and thermal weak points. Microstructure and mag-
netic properties of ternary Fe—Ti-N films have not been reported yet, in contrast to the
systematic works on structure, magnetic properties, and thermal stability of binary
Fe-Ti alloy films prepared by vapor quenching [13 to 17]. This paper reports on the
structure and magnetic properties of the Fe-Ti-N films produced by dc reactive sput-
tering at different nitrogen flow ratios R{(Ns) and substrate temperatures Ts.

2. Experimental

Fe-Ti-N films were deposited on glass substrates and polyimide substrates by facing-
target-type dc magnetron sputtering in a mixed Ar + Ny plasma, using a composite tar-
get consisting of pure Fe (99.9%) and Ti (99.9%) plates. The Fe and Ti concentration
ratio was adjusted by changing the ratio of the surface areas of Fe and Ti plates. In
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Table 1
Sputtering conditions
background pressure (Pa) <2x 1072
total pressure (Pa) 9.3 x 107!
nitrogen flow ratio (%) 0 to 35.5
input power (kW) 0.95
magnetic field (kA m™!)
at the target center 8
at the target edge 12
substrate temperature (°C) =50, 150, 250, 340
substrate glass and polyimide
deposition rate (nms™!) ~1.5

order to obtain Fe-Ti—-N films with various nitrogen contents R(Nj) defined as
R(N3) = [N; flow rate]/[Ar flow rate + Nj flow rate], was changed by fine control of the
mass flowmeters. The substrate temperature during the sputtering deposition was kept
at about 50 °C by indirect water cooling and at 150, 250, and 340 °C by indirect resis-
tive heating, respectively. The sputtering conditions are listed in Table 1. The chemical
composition of deposited films was determined by inductively coupled plasma (ICP)
optical emission spectrometry and helium carrier fusion—thermal conductivity methods.
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Fig. 1. Typical AES spectra of the Fe-Ti-N films: (a) before sputtering, (b) after sputtering for
3 min
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The structures of the films were analysed by X-ray diffraction with CuKa radiation
using a graphite monochromator. Auger electron spectroscopy (AES) and X-ray photo-
electron spectroscopy (XPS) were done to analyse their chemical compositions and
states. The magnetic properties of the films were measured by a vibrating sample mag-
netometer (VSM) in a magnetic field up to 10 kOe applied parallel and perpendicular to
the plane of the films.

3. Results and Discussion
3.1 Composition and structure

Fig. 1 shows typical Auger electron spectra of the Fe-Ti—N films in Ar+ Ny mixture
with R(Ns) = 20% on water cooled substrates. Large amounts of oxygen and carbon are
observed in the film surface, while the Auger peak intensities of oxygen and carbon
disappear almost completely when the film was sputtered with Ar* for 3 min. This indi-
cates that the oxygen and carbon in Fig. 1a are mainly due to surface absorption from
the ambient atmosphere and oxygen and carbon contamination is very small in the in-
ner parts of these films. Fig. 2 is the AES concentration—depth profile of the same film
sample, which shows uniform nitrogen, iron, and titanium contents along the thickness
(perpendicular direction) of the film.

Fig. 3 shows the evolution of X-ray diffraction patterns as a function of R(N3). The
(110) peaks shift to a lower 26 side (the lattice expands) as R(Ns) increases. The
peaks show similar 26 dependences for both alloy films made with target area ratios
of Fe:Ti=17:3 and 8:2. No evidence was found for Fe—N compounds up to
R(Ns) = 30%. Below R(N,) = 20%, Ti atoms apparently dissolve substitutionally and
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Fig. 2. The AES concentration—depth profiles of the Fe-Ti—N film deposited on water cooled sub-
strates at R(Ns) = 20%
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nitrogen atoms interstitially in the b.c.c. Fe lattice. At R(Ny) = 30%, very broad X-ray
diffraction peaks obviously indicate formation of a second phase. However, it is difficult
to determine phases in the films by conventional X-ray diffraction.

As shown in Fig. 4 and 5, XPS results indicate Feyp,, Tis,, and Nig XPS peaks of the
Fe-Ti and Fe-Ti-N films deposited on water cooled substrates at R(N3) = 0 and 30%.
The sample surfaces were cleaned by Ar™ ion sputtering for 5 min before the XPS meas-
urements. For both Fe—Ti and Fe—Ti-N films, the binding energies of Feyp,, and Fey, ,
are 706.9 and 720.0 eV, being in agreement with those of metallic iron [18]. The binding
energies of Tiy,, , and Tizp,, (454.9 and 460.8 €V) in the Fe-Ti-N film are the same to
those of TiN, [18], being different from that of Tiy, » and Tig, (453.9 and 459.8 V)
in the Fe-Ti film. These results indicate that the electronic states of Fe atoms in the
Fe-Ti—N film is similar to that of pure metallic iron, and Ti atoms to that of TiN,.
Therefore, the broad peaks of the X-ray diffraction pattern (R(N2) = 30%) in Fig. 3 are
allotted to the a-Fe and TiN, phases.

It is worth noting that Fe—-N compounds do not appear in the Fe-Ti—N films depos-
ited at R(Ny) < 30%, where the maximum nitrogen content is about 11.2 at% (from
Table 2, corresponding to Fig. 3). Fig. 6 shows X-ray diffraction patterns of the Fe—N
and Fe-Ti-N films prepared under the same deposition conditions at different target
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Fig. 3. X-ray diffraction pattern of the Fe—Ti-N films deposited from a composite target with area
ratio of a) Fe:Ti= 7:3 and b) 8:2 on water cooled substrates

Table 2
Composition analysis results of the Fe—~Ti-N films

area ratio of target R(Ny) Fe Ti N
(%) (at%) (at%) (at%)
Fe:Ti=7:3 0 89.7 10.3
5 89.0 8.5 2.5
10 88.6 8.3 3.1
13.5 88.2 7.5 4.3
20 87.1 7.0 5.9
30 83.9 4.9 11.2
Fe:Ti=8:2 0 94.1 5.9
10 93.3 4.9 1.8
20 92.0 44 3.6

30 85.7 27 11.6
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Fig. 4. XPS survey spectra for Fe-Ti and Fe-Ti-N films deposited on water cooled substrates at
R(N2) = 0 and 30%, respectively

area ratios. The sputter-deposited Fe-N film consists of the a-Fe and y'-Fe,N phases,
while the sputter-deposited Fe-Ti—N film contains the TiN, phase but no y-FesN
phase. This suggests that Ti atoms react much more preferentially with N in comparison
to Fe.

The lattice constant a calculated from the interplanar distance dije of the o-Fe(110)
peak is plotted versus R(Ny) in Fig. 7. The values of a of these films are always larger
than those of pure Fe and Fe-Ti films and increase with increasing R(N2). Moreover,
the larger the Ti area of Fe-Ti composite target is, the larger is the increase of the
lattice constant at the same R(Ns) value. For the target area ratio of Fe:Ti = 7:3, the
lattice constant of the o-Fe(7.5 at% Ti-4.3 at% N) film made at R(N3) = 13.5% is 2%
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Fig. 5. a) Fe, b) Ti, and ¢) N peaks in the XPS of the Fe~Ti and Fe—Ti-N films

larger than that of the pure Fe film due to the incorporation of nitrogen atoms, while
the lattice constant of the a-Fe~10.3 at% Ti film made at R(N,) = 0 is about 0.9% larg-
er than that of the pure Fe film.

The X-ray diffraction patterns of the Fe—Ti~N films deposited at 250 °C are shown
in Fig.8. It is found that the crystal structure of these films varies from a-Fe to
a-Fe +TiNg, and finally o-Fe + y'-FesN + TiN, with the increase in R(N3). The XRD
pattern shows the different preferred orientations of the y-Fe,N phase in two films de-
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146 D. L. PENg, K. SuMivyamMa, M. Oku, D. X. L1, and K. SUzUKI

— T T T T
- Water cooling T
a-Fe(110) R(N;)=30%

1000 - FeaN(200) T
- n 4
B _Fe“N(mO) a~Fe(200) i
e ||
£ |
& B ™~ Target (Fe)

2 Mg
2 500 -
]
=
Laal
r } \ m Target(Fe:Ti=8:2) 1
o a-Fe(N)(110) ]
Ny
1 TiN,
la—Fc(N)(ZOO)
B Target(Fe:Ti=7:3) 1
0 N RV RPN TR RN S S T
20 40 60 80 100

26(degree)

Fig. 6. X-ray diffraction patterns of the Fe—N and Fe-Ti-N films deposited on water cooled sub-
strates at R(Nz) = 30%
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Fig. 7. Lattice constant of b.c.c. Fe-Ti—N films deposited on water cooled substrates
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Fig. 8. X-ray diffraction patterns of the Fe-Ti—N films deposited at substrate temperature 250 °C

posited at R(N,) = 30 and 35.5%. Fig. 9 shows the XRD patterns of films deposited at
different substrate temperatures at R(Ns2) = 20%. The change of the crystal structure of
these films with increasing 7, is not obvious; these films consist of a-Fe and TiN,
phases.

3.2 Magnetic properties

Fig. 10a and b show the saturation magnetization M, coercivity H,, and the mag-
netic moment per Fe atom as a function of R(Ns2). The M, value of the film deposited
from a pure Fe target on a water cooled substrate is 209 emu/g, but those of the Fe-Ti
films deposited from composite targets of Fe:Ti = 7:3 and 8:2 under the same deposi-
tion conditions are 176 and 193 emu/g, respectively. The M, value of the Fe—Ti-N films
increases with increasing R(N3) in both films, as observed in the Fe-N films [6, 7, 19].
The increase in M, can be ascribed to the expansion of the a-Fe lattice owing to the
incorporation of N atoms. Assuming that the Ti and N atoms carry no magnetic mo-
ment, we have the R(N;) dependence of the magnetic moment per Fe atom in the
Fe—Ti-N films as shown in Fig. 10b. In accordance with M, the magnetic moment of
Fe atoms increases with increasing R(Ns). This tendency indicates that the magnetic
moment of the Fe atom depends on the number of the nonmagnetic Ti atoms on its

10*
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Fig. 9. X-ray diffraction patterns of the Fe-Ti—N films deposited at R(Ny) = 20% at different sub-
strate temperatures

nearest neighbor atomic sites and N atoms on its neighboring interstitial sites, causing
the lattice expansion.

In contrast to the monotonic change in M;, the R(N;) dependence of H. is more
complicated. H, of the films first decreases and then increases with increasing R(Na).
For the Fe—N films, the incorporation of nitrogen atoms results in a compressive stress
in the films and causes the increase in H, [6]. For the Fe—-Ti—N films, however, doping
of Ti atoms causes the distortion of the a-Fe lattice owing to the different atomic radii
of Fe and Ti. In Fig. 10a, H, decreases at R(Ny) < 10% owing to the incorporation of
nitrogen atoms, causing a slight relaxation of internal stress in the Fe—Ti—N films. H,
increases with further increasing R(N3) because the incorporation of a large amount of
nitrogen atoms results in a compressive stress in the films. An investigation by Takaha-
shi et al. [20] indicated that the soft magnetic properties in Fe-N films are related to
the decrease in the total magnetic anisotropy energy in the (110) plane. This is due to
the combined effects of tetragonal deformation and grain size reduction.

Fig. 11 shows the change in M; and H, as a function of R(Nj) for the films deposited
at Ty, = 250 °C. M, of the films increases up to R(N2) = 30%, in agreement with that of
films deposited on water cooled substrates, and then decreases with increasing R(N»).
M for a-Fe is larger than that for y'-FeyN, the decrease in M is ascribed to the forma-
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Fig. 10. Variation of a) saturation magnetization M, and coercivity H. and b) magnetic moment
per Fe atom of the Fe—Ti—N films deposited on water cooled substrates as a function of R(Ny)

tion of y-Fe4N, being consistent with XRD patterns in Fig. 8. However, it is difficult to
understand the change in H..

Fig. 12 shows the substrate temperature dependence of M, and H, for the films depos-
ited at R(Ny) = 20%. The change is not obvious in M,, while H, for the film deposited
at Ty = 250 °C is higher than for the others.

Fig. 13 shows the magnetization curves of the Fe-Ti-N films deposited on water
cooled substrates at different R(N,). Compared with the magnetization curve for
R(Nj) = 0%, the magnetization curves for R(Ny) = 10 and 20% more easily saturate
along the in-plane direction, but the magnetization curve of R(Ny) = 30% more hardly
saturates than that of R(Ns) =0%. The perpendicular magnetic anisotropy is not ob-
served for the Fe-Ti-N films deposited under the present experimental condition,
although Tamai et al. [21] have described perpendicular magnetic anisotropy of Fe—Ti
films deposited by rf magnetron sputtering.
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Fig. 11. The saturation magnetization M, and coercivitiy H, of the films deposited at Ty = 250 °C
as a function of R(Ns)

4. Conclusion

The structure and magnetic properties of the Fe—-Ti—N films prepared by reactive dc
magnetron sputtering from composite-type facing targets in an Ar + Ng mixture have
been investigated. The structure and magnetic properties of the films are sensitive to the
nitrogen flow ratio. The incorporation of N into Fe-Ti films suppresses the growth of
the a-Fe(110) texture and expands the lattice. For higher nitrogen flow ratios, the TiN,
phase is generated in the Fe-Ti-N films. Comparing with the Fe—N films, the doping of
Ti causes a different H. behavior and suppresses the formation of iron nitride phases.
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Fig. 12. The saturation magnetization M and coercivity H, of the films deposited at R(Ns) = 20%
as a function of substrate temperature
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