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X-ray diffraction and X-ray photoelectron
spectra of Fe-Cr-N films deposited by DC
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The effects of nitrogen flow ratio, target area ratio of Cr, and substrate temperature on the
structure of DC reactive sputtered Fe-Cr-N ternary films have been studied. X-ray diffraction
measurements show that Fe-Cr-N films consist of «-Fe(Cr) and y’-(Fe,Cr)4N, (x < 1)

phases. The crystal grain of the «-Fe(Cr) phase becomes finer and a (200) texture of the
v'-(Fe,Cr)4N, phase becomes more marked with increasing the nitrogen flow ratio. X-ray
photoelectron spectra of the films show that oxidation resistance of Fe-Cr-N films is
superior to that of Fe-N films, and oxides are formed only in the film surface due to
contacting with the ambient atmosphere and oxygen contamination is very small in the
inner parts of these films. © 1999 Kluwer Academic Publishers

1. Introduction posite target consisting of pure Fe (99.9%) and Cr
To obtain ultra fine grains af-Fe sputtered films, the (99.9%) plates. The alloy composition was adjusted
ternary Fe-X-N K = Zr, Hf, Nb, Ta) systems in which by changing the surface area ratio of Cr platas;,
each elemenX had strong affinity for nitrogen and defined asAc,=(an area of Cr)/(a total area of Fe
ability of amorphous formation were investigated ex-and Cr). In order to obtain Fe-Cr-N films with various
tensively [1-6]. Good soft magnetic properties and highnitrogen contents, a Nflow ratio, R(N2) = (N2-flow
saturation flux density were obtained in each systemiate)/(Ar-flow ratet No-flow rate), was changed by
On the other hand, the addition of the thiil el- fine control of mass flow controllers. The substrate
ements has succeeded in solving high magnetostridemperatureTs, during the sputter-deposition was kept
tion and poor thermal stability of binary Fe-N film. at about 50C by water-cooling and at 150, 250 and
For each ternary system, as-prepared films consiste850°C by indirect resistive heating, respectively. The
of an amorphous-like phase and annealed films wereputtering conditions were described elsewhere [9].
a homogeneous mixture of fine-graineeFe andX  The chemical composition of deposited films was
(Zr, Hf, Nb, Ta) nitrides. In our previous studies on the determined by inductively coupled plasma (ICP)
structure, magnetic properties and thermal stability ofoptical emission spectrometry and helium carrier
the ternary Fe-Ti-N films deposited by DC magnetronfusion-thermal conductivity methods.
facing target sputtering, IN phase was formed in as-  X-ray diffraction (XRD) analysis of the films was
prepared and annealed films [7, 8]. performed on a conventional diffractometer withtCGu
Recently, we reported a new ternary Fe-Cr-N filmradiation using a graphite monochromator and a film X-
with the perpendicular magnetic anisotropy depositeday diffractometer designed according to the Seemann-
by DC reactive sputtering [9]. Adjusting the chemi- Bohlin focusing principle for small incident angles.
cal composition and deposition parameters, saturatioX-ray photoelectron spectra (XPS) were measured by
magnetization of 0.37-0.5 WbArand perpendicular Surface Science Laboratories model SSX-100 spec-
coercivity of 64 x 10°-8.8 x 10* A/m are observed for trometer with a monochromatic Kl, source having a
the Fe-Cr-N films. 300x 450um spot size. The base pressure in the spec-
In this paper, we report the detailed analyses of X-rajtrometer was B x 10~/ Pa or better. Magnetic proper-
diffractions and photoelectron spectra of the Fe-Cr-Nties of the films were measured by a vibrating sample
ternary films prepared at various sputter-depositiormagnetometer (VSM) in a magnetic field up to 16 kOe
conditions. applied parallel and perpendicular to the film plane.

2. Experimental 3. Results

Fe-Cr-N films were deposited on glass and aluminunB.1. X-ray diffraction analyses

foil substrates by a facing-target-type DC magnetrornThe perpendicular magnetic anisotropy of Fe-Cr-N
sputtering in a mixed A# N, plasma, using a com- films depends on sputter-deposition parameters [9],
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(X < 1) phases. For the-Fe(Cr) phase, the (110) peaks

_broaden and t_hell’ intensities become smallelRéN;z) Figure 2 X-ray diffraction patterns of the Fe-Cr-N films deposited on
increases. This shows a tendency of refinement of thgater cooled substrates under severafibiv ratio (R(Nz)) from a com-
crystal grain and piling of strain &(N,) increases. For posite target with area ratio: (#c, = 33% and (b) 35%.
they’-(Fe,CryNy phase, the intensity of (200) peak be-

comes larger aR(N,) increases and the (200) texture

growth becomes more remarkable. Moreover, the (200)he other hand, as can been seen from Fig. 2, the full
peak ofthe/’-(Fe,CryNy phase shiftsto alowepside  width of the half maximum of the’-(Fe,Cr)Ny(200)
asR(N,) increases. Fig. 3a and b show the lattice conpeak is much wider than that @fFe(Cr)(110) in Fe-Cr
stantsa, calculated from the interplanar distandgyo,  films, being about 1.25or R(N2) = 40% although the

of they’-(Fe,CryNy(200) peak and the nitrogen con- intensity of they’-(Fe,CrkN,(200) peak is large. This
tent,Cy, as a function oR(Ny). Cy increases aB(N2)  indicates that large distortion exists in the nonequilib-
increases andis 18 at %R({N,) = 40% forAc;=33%, rium y’-(Fe,CrxNy phase due to insufficient nitrogen
being smaller than the nitrogen content (20 at %) ofcontent (less than 20 at %). In addition, the lar8erof
purey’-FeN. Thea values of these films are always the Fe-Crcomposite targetis, the smallerthe lattice con-
larger than that of pure fcc Fe, smaller than that ofstant at the samB(N,) values. This also suggests that
y’-FeN and increase with increasirig(N2). Namely, there is tendence of formation of the fcc-type Fe(Cr)
the a values are close to that of fcc Fa+£3.60 A phase with the increase of Cr content.

for lower R(N,) and that of y’-FeN (fcc, a= Fig. 4 shows the XRD patterns of the films deposited
3.795 A for higherR(N>), respectively. Therefore, the at differentTs at R(N2) =30 and 35%, respectively.
peak near =50 of the X-ray diffraction pattern in The patterns of the films deposited at b&®(N>) in-
Fig. lis allotted tg'-(Fe,Cr)Ny(200) (withx < 1).On  dicate the sam@&s dependences. The crystal structure
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Figure 3 RN3) dependence of lattice constant of thé(Fe,Cr}Ny 20 40 20 (cfggree) 50 100
phase and nitrogen contenty) in the Fe-Cr-N films deposited at
Acr =33 and 35% on water cooled substrates. Figure 4 X-ray diffraction patterns of the Fe-Cr-N films deposited at
Acr=33% at (a)R(N2) =30% and (b) 35% at different substrate tem-
peratureTs.

change of these films is not obvious with increasiag
up to 250°C; the films consist of a fine-grain-Fe(Cr) N , T T . | ]
phase and &’-(Fe,Cr)Ny phase with a strong (200) N A=33%
texture. AtTs = 350°C, the (110) peak of the-Fe(Cr)  _ i —o— R(N,)=30% i
phase becomes higher and sharper and the (200) peak'< —e— R(N:)=35%
the y’-(Fe,Cr)Ny phase lower. This indicates that the = 1
amount and grain size of theFe(Cr) phase increases, £ T
comparing with those prepared&=250°C. Inaddi- 2 37 7
tion, the (200) peak of thg’-(Fe,CryNy phase shiftsto © [ T
the larger 2 side aslTs increases. The lattice constants, g i ]
a, are plotted versu$s in Fig. 5. They decrease grad- 3 i 7
ually with increasingTs and are close to that of pure i T
fcc Fe atTs=350°C. Moreover, thea values of the 3.6 -~ fcc pure Fe -
films deposited aR(N2) = 35% are always larger than T v
those of the films aR(N2) = 30% for the samds, be- Substrate Temperature, T, (°C)
ing in agreement witlR(N,) dependence & =50°C
(Fig. 3). Figure 5 Substrate temperature dependence of lattice coratafithe

y’-(Fe,CryNy phase in the Fe-Cr-N films depositedAat; = 33% and
R(N2) =30 and 35%.

3.2. X-ray photoelectron spectra

Fig. 6 shows Fggz> and Fepy>, XPS spectra of of Fe-Cr-N and Fe-Cr films are superior to that of Fe-N
Fe;4CrigN1g, Fes7N13 and Fe4Cryg films. The samples  films.

are deposited on water-cooled substrates and then ex-Fig. 7 shows Fg, XPS spectra of the kBgCrigN1g
posed to air. The sample surfaces were not cleaned Hilm as a function of At sputter-etching time at 1 kV
Art sputtering before the XPS measurements. As caand 1 mA. Large amount of iron oxides are observed
be seen, Fgz»2 and Fep1» peaks of the iron oxides in the film surface of the as-deposited film, while the
are detected for all of these films. Howeveryfze and  Feyp XPS peak of iron oxides disappear almost com-
Fexp12 peaks of metalliciron are clearly observed in Fe-pletely in the film sputter-etched with Arfor 5 min.

Cr and Fe-Cr-N films, while they are slightly observed This indicates that the oxides are formed only in the film
in Fe-N films. This indicates that oxidation resistancesurface due to contacting with the ambient atmosphere
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carried out. Fig. 9 shows kg Cryp and Nis XPS peaks
of the Fe4Cryg, Feg7N13 and Fg4CrigN4g films, whose
XRD patterns are indicated in Fig. 10. The sputter-
deposited FaCrys film is composed of a single-
and oxygen contamination is very small in the innerFe(Cr) phase, while the ggN13 film consists ofx-Fe
parts of these nitride films. andy’-FeN phases, and the E£rgN1g film consists
of «-Fe(Cr) andy’-(Fe,CryNy phases, respectively.
As can be seen from Fig. 9a, the binding energies of
4. Discussion Feyps2 and Fepy» are 707.1 and 720.1 eV for these
Fig. 8 shows (a) a rocking curve of the’- three films, being in agreement with those of metallic
(Fe,CryNy(200) peak for Fe-Cr-N film deposited at iron [10]. The binding energies of &3> and Cpp1/2
R(N2) = 40% on a water-cooled substrate; (b) an XRD(574.5 and 583.8 eV) in the Fe-Cr and Fe-Cr-N films
pattern of the crushed powder made from the sputterare also the same to those of pure metallic chromium,
deposited film; (c) an XRD pattern measured by the filmbeing different from that of Gpz» and Cppy/2 (576.1
X-ray diffractometer. In Fig. 8a, the full width of the and 585.4 eV) in chromium nitrides [10]. The binding
half maximum is about 10 Therefore, the (200) peak energy of N5 (397.6 eV) in the Fe-Cr-N film is also in
is hardly observed, whenthe incidentangle is fixed at 2 agreement with that of the Fe-N film (Fig. 8c), lower
(Fig. 8c). Because few peaks appear in X-ray diffractiorthan that of the free nitrogen atoms (398.5 eV). From
patterns in Fig. 2 and the estimated lattice constant ithese results, we can propose the following two expla-
different from those of pure fcc Fe and4Rg itis very  nations. The first one is that the electronic states of Fe
difficult to determine the structure of Fe-Cr-N films. atoms in the iron nitridey’-FeN) and iron-chromium
However, this problem is solved by the measurementsitride (y'-(Fe,CriNy) and the electron state of Cr
of X-ray diffraction shown in Fig. 8b and c, displaying atoms in the/’-(Fe,Cr)Ny are similar to those of pure
several peaks of thg'-(Fe,Cr)Ny phase. metallic iron and chromium, respectively. The other is
Moreover, the film surfaces were cleaned by"Ar that as the film surface is sputter-etched by Alur-
sputtering for 10 min and the XPS measurements weragag XPS measurement, the-Fe;N andy’-(Fe,CryNy

Figure 7 Time dependence of ggXPS spectra of RaCrigNyg film
with Art sputter-etching at 1 kV and 1 mA.
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for 10 min before the XPS measurements. (2) The lattice constants of the-(Fe,CryNy phase
in the Fe-Cr-N films are always smaller than that of
. urey’-FgN, and increase with increasimi®(N,) and
phase§ are.dest_royed to beco”?e met"?‘”'c Fg_and ecreasindA\cr, and decrease with increasimg
states in which nitrogen atoms dissolve interstitiallly. 3) The oxidation resistance of Fe-Cr-N films are su-
It is worthonotmg that thom_Jgh Cr content Is Iarge_ erior to that of Fe-N films, and no obvious difference
(about 20 at %) and the maximum nitrogen content i n the binding energies of Fe, Cr and N is detected in

about 1.8 at% (from Fig. 3b), a chrpmium nitride is not the XPS spectra of the Fe-Cr-N, Fe-Cr and Fe-N films.
formed in the sputtered Fe-Cr-N films, as can be seen

from the X-ray diffraction and XPS results. This is a

marked contrast to the Fe-Ti-N films deposited under
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