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Abstract—Nanocrystalline Fe;;Zr;N ¢ films are prepared by oblique-angle magnetron sputtering. The effect
of the ion beam angle and subsequent annealing on the phase and structural states, the coercive force, the
saturation magnetization, the remanent magnetization, and the induced in-plane magnetic anisotropy field
has been studied. The possibility of natural ferromagnetic resonance in these films at gigahertz frequencies is

estimated.
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INTRODUCTION

The modern progress trends in microelectronics
include the creation of miniature high-frequency
induction electronic devices operating at gigahertz fre-
quencies. Such devices are used in radio engineering
(microinductor, microtransformers), for data storage
(magnetic recording heads), and so on. Soft magnetic
film materials intended for magnetic cores of the
aforementioned devices should be characterized by a
high saturation induction (B,) and magnetic permea-
bility (1) at gigahertz frequencies. Natural ferromag-
netic resonance frequency ,fpvr, Which determines
the upper limit of ac field frequency (in this field,
magnetic permeability U is high), can be shifted to a
high-frequency range in films characterized by high
saturation magnetization (M,) and in-plane magnetic
anisotropy field (H,) [1-3]; frmr = YETMH,)'? (v =
2.8 MHz/80 A/m). It is known that in-plane magnetic
anisotropy can be induced, in particular, during so-
called oblique-angle deposition, during which an ion
beam falls at a certain angle to a substrate and the film
growing on it [4—6].

Earlier, we showed that the FeM X films (M, =
IVA Group metals of the periodic table and X= N, C,
B) prepared by reactive magnetron sputtering can
assure a unique combination of properties, which
includes a saturation induction of B,=~2 T, a coercive
force of H, < 80 A/m, alocal (within grain) anisotropy
field of H, < 80 kA/m, and thermal stability up to
600°C. Scarce data on the high-frequency application
of film materials of this class are available. Taking into
account the prospects of a high magnetic permeability
to be reached in Fe— M X films at gigahertz frequen-

cies, in the present study we investigate the effect of
the oblique angle of the incident ion beam on in-plane
induced magnetic anisotropy field H,, the phase and
structural states, and the static magnetic properties of
Fe,;Zr;N 4 films classified among the aforementioned
film materials.

EXPERIMENTAL

We studied Fe,;Zr,N4 films prepared from an
FeqsZrs target by high-frequency reactive oblique-
angle magnetron sputtering. The films were deposited
on amorphous SiO, or multilayer Si/SiO,/Si;N, sub-
strates used in microelectronics (multilayer substrates
consist of Si single crystal having the [001] orientation,
amorphous SiO, layer 0.4 um thick, and top Si;N,
layer 0.16 um thick). Fe;;,Zr;N ¢ films 0.5 um thick
were prepared by magnetron sputtering at oblique
angles of incident ion beam o = 0°, 10°, 20°, and 30°
(relative to the normal to the substrate plane). The
film thickness was determined using an interference
microscope. The preparation conditions of the
Fe;;Zr;N,4 films are characterized by the following
magnetron sputtering parameters:

Magnetron power, W 300
Residual atmospheric pressure, Pa 665 x 10~°
Working gas pressure, Pa 465.5 x 1073
Working gas composition Ar+ 10% N,
Target-to-substrate distance, mm 50
Sputtering time, min 16

The sputtered films were annealed in a vacuum of
133 x 10¢ Pa at temperatures of 400 and 500°C for 1 h
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(at these annealing temperatures, films having close
compositions exhibited the best combination of B, and
H. [7-9]). The heating rate during annealing was
2 K/min and the cooling rate was no more than
10 K/min.

The chemical composition of the films was deter-
mined in a vacuum of 133 X 10~ Pa using a Quanta
200 scanning electron microscope equipped with an
EDXRMA energy dispersive X-ray analyzer. Devia-
tions of the zirconium and nitrogen contents from
those corresponding to the average composition
Fe,,Zr;N,;, were no more than 1 at % for all films.

The phase composition and the bstructure of the
films were studied by X-ray diffraction (XRD). Full-
profile X-ray diffraction patterns were taken in a
20 angular range of 5°—105° at a step of 0.05° and 3-s
exposure per point using a DRON-3 diffractometer, a
graphite monochromator, and CuKo radiation. The
initial processing of X-ray diffraction patterns was per-
formed using the OUTSET software [10]. A qualita-
tive phase analysis was carried out using the database
of Joint Committee on Powder Diffraction Standards
and the PHAN program. A quantitative analysis and
the calculations of grain size 2R, and root-mean
square microstrain € (described by Gaussian) were
performed with the Rietveld method and the PHAN %
program. Lattice parameter a was calculated using the
OUTSET software.

The magnetic properties of the films were mea-
sured on a vibrating-sample magnetometer at room
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Fig. 1. Schematic hysteresis loops measured along the
easy (square) and hard (sloped) magnetization direc-
tions. Shaded area corresponds to induced magnetic
anisotropy K,.

temperature in a magnetic field up to 560 kA/m. Mag-
netic anisotropy K, induced by oblique-angle sputter-
ing was determined as the area between the hysteresis
loops measured along the easy and hard magnetization
directions (shaded area in Fig. 1).

RESULTS AND DISCUSSION
Phase and Structural States of the Films

XRD results are given in Table 1 and Fig. 2. The
X-ray diffraction patterns of as-sputtered films depos-
ited on SiO, substrates are characterized by a broad

Table 1. Results of processing of the X-ray diffraction patterns of the Fe;;Zr;N , films (phase composition corresponds to

100 vol % o.-Fe)

o, deg a, A ‘ 2R, nm ‘ e, %
1. As-sputtered films (SiO, substrate)

0 2.942 £ 0.004 2.3 0.100
10 2.935 +0.003 3.0 0.100
20 2.930 = 0.003 2.1 0.100
30 2.921 £ 0.001 4.0 0.100

Annealing at 400°C for 1 h (SiO, substrate)

0 2.887 +0.001 5.2 0.010
10 2.895 £+ 0.001 3.0 0.100
20 2.902 + 0.001 2.1 0.100
30 2.896 + 0.001 4.0 0.100

Annealing at 500°C for 1 h (SiO, substrate)
10 2.885+0.003 5.2 0.115
20 2.878 £ 0.001 7.1 0.436
2. As-sputtered films (Si/SiO,/Si;N, substrate)

0 2.942 +0.002 2.3 0.100
10 2.925 £ 0.001 3.2 0.100
20 2.930 = 0.002 2.5 0.100
30 2.925 £ 0.001 3.3 0.100

Annealing at 500°C for 1 h (Si/SiO,/Si;N, substrate)
20 2.864 + 0.001 23.2 0.018
30 2.885 = 0.001 11.0 0.771

a is the lattice parameter, 2R, is the grain size, and € is the root-mean-square microstrain (described by Gaussian).
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Fig. 2. X-ray diffraction patterns for (a, c) as-sputtered and (b) annealed at 400°C films sputtered on (a, b) SiO, and
(c) Si/Si0,/Si, N, substrates at oblique angles of (c) 0° and (a, b) 30°. Bar diagrams of the found phases are given at the bottom.

(110) reflection of the bcc a-Fe-based phase. The lat-
tice parameter of the phase varies from 2.942 to
2.921 A depending on the deposition angle. The lattice
parameter is substantially higher than that of unal-
loyed o.-Fe in a nanocrystalline film (2.824 = 0.003 A)
[9] and the polycrystalline bulk material (2.866 A).
This is related to the formation of a supersaturated
nitrogen and zirconium solution in a- Fe during depo-
sition.

In the range of low angles, the X-ray diffraction
patterns exhibit a reflection related to the amorphous
substrate; the center of gravity of the reflection corre-
sponds to 20 = 22° (see Fig. 2). Its appearance is
related to the fact that the depth of X-ray penetration
exceeds the film thickness.

Since the second-order (211) reflection of the bcc
phase in the films cannot be determined to an accept-
able accuracy, grain size 2R, and grain microstrain €
were determined using the (110) reflection of the bcc
phase and the procedure described in [11]. The aver-
age grain size of the bce phase varies within a range of
2—4 nm and the root-mean-square microstrain
(described by Gaussian) is ~0.1%.

RUSSIAN METALLURGY (METALLY) Vol. 2016

The X-ray diffraction pattern of the films deposited
on Si/SiO,/Si;N, substrates (Fig. 2c) exhibits the
reflections of the nanocrystalline bce o-Fe-based
phase and the reflections related to the substrate mate-
rials (Si, Si;N,). In this case, the bcc phase is the
nitrogen and zirconium solid solution in o-Fe with an
average grain size of 2—3 nm and a root-mean-square
microstrain of ~0.1%. The formation of the solid solu-
tion is indicated by a substantially higher lattice
parameter (from 2.942 to 2.925 A depending on the
oblique angle) as compared to that of microcrystalline
a-Fe (2.866 A).

The annealing of the films deposited on SiO, sub-
strates decreases the lattice parameter of the bcc
phase, because nitrogen and zirconium atoms leave

the solid solution, and slightly increases the grain size
of the phase to 5—7 nm (Fig. 3).

Effect of the lon Beam Angle

For all the as-sputtered films, whatever the sub-
strate composition, the lattice parameter of the bcc
phase decreases with increasing oblique angle (see
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Fig. 3. (a) Lattice parameter a and (b) grain size d of the bce oi-Fe-based phase in the as-sputtered films prepared at oblique angles
(O) 0°, (A) 10°, (V) 20°, and (©) 30° and annealed at 400 and 500°C. (a) Lattice parameter a of the bcc o-Fe phase in the as-
sputtered and annealed films deposited on (%) SiO, and (®) Si/SiO,/Si;N,4 substrate at different oblique angles.

Table 1, Fig. 3). This is explained as follows. In the
case of normal ion-beam incidence on the substrate
surface, a film grows along the beam incidence direc-
tion. During oblique-angle ion-beam incidence, the
interaction between the normal component of the
beam and the growing film becomes weaker, whereas
the tangent component enhances with increasing
slope of the ion beam. In this case, energy, in particu-
lar, temperature conditions of the film growth change
[12]; this can lead to structural changes similar to
those observed during annealing. However, as is seen
from Fig. 3 and Table 1, the annealings lead to a more
substantial decrease in the lattice parameter of the bcc
phase as compared to that observed when the slope of
the ion beam increases.

Static Magnetic Properties

Table 2 and Figs. 4a and 4b show the results of
measuring coercive force H_, relative remanent mag-
netization M,/M,, saturation magnetization M, and
induced magnetic anisotropy field H, = 2K,/ M, of the
Fe;,Zr;N 4 films.

As the oblique angle increases, the induced anisot-
ropy field (H,) and coercive force (H,) of as-sputtered
films increase (see Fig. 4), whereas the relative rema-
nent magnetization (M,/M,) decreases. The existence
of extended portion of hysteresis loop in fields above
the coercive force, which is observed for the as-sput-
tered films (Fig. 5a), indicates the presence of perpen-
dicular anisotropy in them. Such an anisotropy is

Table 2. Coercive force H,, relative remanent magnetization M,/ M, and saturation magnetization M, of the Fe;;Zr;N ¢
films sputtered at several oblique angles o. and annealed at various temperatures 7,

Tonns °C o, deg Substrate M, G M,/ M, H,, A/m
Without HT 0 Si/Si0,/SizNy 1398 = 13 0.45 696 £ 16
10 1051 £ 6 0.28 1520
20 1428 = 10 0.32 960
30 1126 £ 8 0.18 1040 £ 240
400 0 SiO, 455+ 3 0.58 480 % 240
10 6776 0.50 480 £ 320
20 934 +9 0.20 128 £ 8
30 704 + 3 0.22 72 £ 56
500 10 SiO, 1053 +4 0.13 320 + 160
20 8§90+ 3 0.08 56 =8
20 Si/Si0,/SizNy 711 £ 5 0.04 32+ 16
30 933+3 0.03 24+ 16
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Fig. 4. Induced anisotropy field /) and coercive force H, of the Fe;;Zr;N ¢ (®) as-sputtered films prepared at different oblique
angles and the films annealed at (A) 400 and (O) 500°C. Solid and dashed lined correspond to the films deposited on SiO, and

Si/Si0,/SizNy substrates, respectively.
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Fig. 5. Hysteresis loops of (a) as-sputtered and (b) annealed (at 500°C) Fe;;Zr;N ¢ films deposited on Si/SiO,/Si;N, substrates
and prepared at oblique angles of (a) (bold line) 0°, (dashed line) 10°, (dotted line) 20°, and (thin line) 30° and (b) 20°. Open
circles correspond to the experimentally obtained hysteresis loop that is the sum of loops M; and Mj,. (inset) Enlarged area of

the origin of coordinates.

likely to indicate the formation of a columnar struc-
ture in the films [13], which causes the formation of
induced in-plane anisotropy; in this case, the higher
the oblique angle, the more substantial the anisotropy
(Fig. 5a).

The annealings at 400 and 500°C partly and com-
pletely relieve the anisotropy, respectively. The
annealings result in a decrease in the coercive force as
compared to that for the as-sputtered films; in this
case, the higher the oblique angle during sputtering,
the more substantial the decrease in the coercive force
(Fig. 5b). Moreover, the annealing at 500°C leads to
the formation of an additional magnetic anisotropy in

RUSSIAN METALLURGY (METALLY) Vol. 2016

the films and a high coercive force (this fact is indi-
cated by widening the hysteresis loop, see Fig. 5b).

The hysteresis loops are described by the empirical
function [14]

M(H) = My (coth(Py(H £ Hey)) = (Py(H + H)) ™)
+ Mo(coth(Py(H + Hy)) — (PA(H + Ho))™ + 1,

which allows us to determine the coercive forces
(H,;, H,) in the case of each magnetic anisotropy (see
Fig. 5b); depending on the oblique angle and the
annealing temperature, these are from 8 to 480 and
from 8800 to 14400 A/m, respectively.
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Taking into account the prospects to reach a high
magnetic permeability of the films at gigahertz fre-
quencies, we calculated the frequency of natural ferro-
magnetic resonance using the obtained values of H,
and M, and the expression fpyr = Y(4nTMH,)'?
(where v = 2.8 MHz/80 A/m is the gyromagnetic
ratio) [1—3, 15]. In this case, the second relatively high
magnetic anisotropy (H,, = 13600 A/m) formed in the
films (see Fig. 5b) is assumed to give frequency ,frymr
up to 4.6 GHz.

CONCLUSIONS

(1) Nanocrystalline Fe,;Zr;N¢ films with the
magnetic anisotropy induced by sputtering at an
oblique angle (the angle made by an ion beam with the
normal to the substrate surface is 0°, 10°, 20°, and 30°)
were studied in the as-sputtered state and after 1-h
annealing at 400 and 500°C.

(2) XRD was used to study the effect of the oblique
angle during sputtering and the annealing temperature
on the phase and structural states of the films. A nano-
crystalline phase was found to form in the films. It is
the supersaturated nitrogen and zirconium solid solu-
tion in bee a-Fe, which is characterized by a grain size
of 2—5 nm and a microstrain of 0.1%. As the oblique
angle increases, the lattice parameter of the bce phase
in the as-sputtered films decreases. This indicates a
decrease in the nitrogen and zirconium contents in the
o-Fe-based solid solution. This is related to the fact
that, as the oblique angle increases, the energy condi-
tions of film growth change and, similarly to anneal-
ing, affect the structure of the films. The annealings at
400 and 500°C decrease the supersaturation of the bcc
solid solution in all films.

(3) The hysteresis loops of the films were measured
in fields up to 560 kA/m. The coercive force, the
remanent magnetization, the saturation magnetiza-
tion, and the induced anisotropy field were deter-
mined using these hysteresis loops. The induced
anisotropy increases up to 3370 = 30 A/m as the
oblique angle increases. During annealing, the
induced magnetic anisotropy decreases and, addition-
ally to a coercive force of 24 A/m, a coercive force of
13600 £ 800 A/m is detected, which is related to the
second, main magnetic anisotropy.

(4) The perspectives for natural ferromagnetic res-
onance to be obtained in the films at gigahertz fre-
quencies were estimated.
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