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The evolution of sputtered iron nitride thin films under thermal treatment
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The thermal evolution of reactively sputtered iron nitride thin films has been investigated by x-
ray diffraction, Mdssbauer conversion electron spectroscopy, transmission electron
microscopy, and magnetic measurements. The results show that, independently of the original
nitrogen content of the films, a similar composition of the end products after the 500 °C
annealings is reached, being all composed of a-Fe plus ¢’-Fe,N in a wide range of relative
proportions. The magnetic characteristics, however, are different depending on the nitrogen

content of the as-deposited films.

1. INTRODUCTION

The Fe-N system has many interesting magnetic and
metallurgical properties. The initial interest in the nitriding
of steels was mainly in improving surface hardness and wear
resistance. More recently the iron nitrides reappeared in the
literature but now as thin films and potential candidates for
magnetic recording heads or eventually recording media.
The Fe, N, nitride can display a saturation magnetization
even higher than pure Fe.! Several reports on Fe, N particu-
lates appeared in the literature.”® These magnetic pigments
have so far eluded the hope that Fe,N particles would be
much less susceptible to corrosion than are metal particles.
Also high-magnetization Fe N, particulate media have not
been realized, so far.

Within the still scarce thin film Fe-N literature one finds
a trend towards ion beam assisted techniques for the depo-
sition method. Several papers on ion beam assisted depo-
sition (IBAD) appeared recently.”'* Also, very encourag-
ing results have been obtained with the production of
Fe/Fe,N multilayers."' The magnetic characteristics of
these thin film systems can be tailored apparently at will.
Good anticorrosion properties of the nitride thin films were
reported.

Somewhat less effort as compared to IBAD has been put
into nitrogen ion implantation of thin iron films. We also
find a good versatility of the method in the production of the
various nitrides.'*!¢

The reactive sputtering deposition technique of thin
films in contrast has received less attention. This is curious,
since sputtering is a well-established industrial process,
whereas the ion beam techniques still have to prove their
industrial feasibility.

Kanoetal.'” prepared iron nitride films with a triode dc
sputtering system. The analysis of the obtained films was
based on magnetization measurements and was mainly of
exploratory nature. The authors obtained indirect evidence
of the Fe, N, phase which is of high magnetization, but
mainly found the Fe, N and the nonferromagnetic Fe, N and
Fe, N phases together with a-Fe.

Loeral.'®'® described the deposition of Fe, N thin films
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with the rf diode sputtering method. This deposition method
leads to high temperature substrate conditions, a determi-
nant factor in the structure and magnetic behavior of the
films. The authors showed the deposition of Fe,N, a-
Fe + Fe,Nand e-Fe; N depending on the Ar/N, ratioin the
plasma composition. The film microstructure shows faceted,
high surface area, thin films with crystallite sizes of 400-500

Chang et al.*® reported on the rf diode sputter depo-
sition of iron nitride thin films using negative substrate bias
voltages. This negative bias, of course, leads to a lower sub-
strate temperature due to lower electron impact but, on the
other hand, involves Ar * and N, ions bombarding the sub-
strate during deposition. They found various iron nitride
compounds in the films, either single-or mixed-phase a-Fe,
Fe,N, and e-Fe, ;N. The films cover a wide range of mag-
netic properties appropriate for thin film magnetic heads
and media. The control of all sputtering conditions was re-
ported to be delicate.

Recently we?! described the compositional and magnet-
ic properties of high rate dc magnetron sputtered iron nitride
thin films deposited under various Ar/N, ratios in the sput-
tering plasma. The experimental results included Auger
spectroscopy, CEMS, x-ray and magnetic measurements.
The main findings of that work showed that the nitrogen
content of the Fe, N films increases with the N, partial pres-
sure in the deposition chamber, while the deposited films are
appreciably phase inhomogeneous, a feature which leads to
complicated x-ray and CEMS spectra. Furthermore, the
magnetron sputtering always leads to Fe N films with rela-
tively small saturation magnetization and moderate coerci-
vities. The structure and magnetic behavior could be under-
stood due to the low temperature deposition process typical
of that technique.

This work concentrates on the evolution under thermal
treatment of these sputter-deposited films. The interest in
this type of work has two reasons: first, there is very little
information on the phase evolution in the Fe, N thin film
system under thermal treatment and second, the sputtered
films show new and interesting magnetic properties when
annealed.
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ll. EXPERIMENT

The experimental conditions of sputter deposition of the
Fe, N thin films were described earlier?' as well as the ex-
perimental techniques used in the characterization of the
films. We will refer this article to samples B, C, and D of Ref.
21.

The transmission electron microscope (TEM) analyses
of the present work were carried out in diffraction, bright-
field, and dark-field modes using a 200-kV electron micro-
scope. The pictures of the samples were obtained by first
dissolving the special KBr substrate used for the deposition
in water.

The thermal annealing of the samples was sequential, in
steps of 100 °C ending at 500 °C. The annealing was done for
1 h at each step in a high vacuum furnace at pressures of
1x 10 =7 Torr. After each step the samples were character-
ized by x-ray diffraction and conversion electron Mdssbauer
spectroscopy (CEMS), respectively. Some selected magnet-
ic measurements employing a vibrating sample magneto-
meter (VSM) were also performed on the end products.

IH. EXPERIMENTAL RESULTS
A. Mossbauer data

Figure 1 shows the CEMS spectra of sample B (partial
pressure of nitrogen in the deposition chamber
Py, =4X107° Torr) starting with the as-deposited one.
We show only the results of the selected treatment tempera-
tures of 300 and 500 °C which clearly evidence the evolution.

EFFECT (%)

35 00 35 70
VELOCITY (mm/s)

FIG. 1. CEMS spectra of sample B (partial pressure of nitrogen in the depo-
sition chamber Py, = 4x 10~ ° Torr) (a) as-deposited; and annealed at:
(b) 300 °C; (c) 500 °C.
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The spectrum of the as-deposited sample, Fig. 1(a), is
dominated by the sextet of metallic a-Fe, displaying, how-
ever, very large linewidths. This spectrum also shows the
presence of another magnetic component which cannot be
identified. The larger linewidths obtained in the fitting (see
Table I) are apparently due to a spreading in the magnitude
of the magnetic hyperfine fields which normally come from a
large disorder in the occupation of the interstitial nitrogen
sites.?? Figure 1(b) shows the CEMS result of the sample
treated at 300 °C. Now, besides the a-Fe spectrum, the ¢/~
Fe,N component can also be identified, although with a cer-
tain reserve since the hyperfine fields are somewhat larger
than those found in the literature.?* Finally, after the 500 °C
treatment, the sample shows the spectrum of Fig. 1(¢). This
spectrum shows a phase mixture of a-Fe together with y'-
Fe, N, which can now be identified unambiguously. The rel-
ative spectral areas of Fe and Fe,N are 60% and 40%, re-
spectively. Table I shows the Mdssbauer fitting parameters.

Figure 2 shows the Mdssbauer results for sample C
(Py; = 3% 1073 Torr). The very complex spectrum 2a of
the as-deposited sample is interpreted as a sum of the ferro-
magnetic Fe, N (x> 3) phase coexisting with paramagnetic
£-Fe, N defficient in nitrogen.?* Figure 2(b) shows the sam-
ple after an anneal at 200 °C. Without better definition, the
interpretation of the spectrum remains the same. A drastic
change can be seen in sample C after the 300 °C anneal. The
spectrum is now completely dominated by a paramagnetic
compound, Fig. 2(c). We cannot decide on basis of the
Mossbauer results which paramagnetic compound is in-
volved.?® The fitting parameters of this last spectrum are
shown in Table I. At 400°C the sample again evolves
towards ferromagnetism [Fig. 2(d)]. The further evolution
at 500 °C annealing [ Fig. 2(e) ] shows a spectrum which can
be interpreted as being mainly due to Fe, N and a-Fe. We
find a Fe/Fe, N spectral area ratic of 0.37. All fitting param-
eters for this sample can be found in Table L.

Sample D (Py, = 3X 10~ * Torr) displays the CEMS
spectra shown in Fig. 3. In the spectrum of Fig. 3(a) (as-
deposited sample) we identify a broadened doublet due to §-
Fe, N together with a singlet attributable to y-Austenite.?¢
&-Fe, N is incomplete. The sample remains practically in this
condition up to 300 °C, Fig. 3(b). Note the change in the
velocity scale. Phase transformations are visible after 400 °C
annealing [Fig. 3(c)]. Finally at 500 °C annealing we obtain
the spectrum 3c which is similar to spectrum lc. This spec-
trum can be fitted and we identify again a-Fe together with
¥'-Fe,N. It was impossible to meaningfully fit the internal
part of the spectrum where a quadrupole doublet appears.
This signal could correspond to Fe, N or Fe;N within an
overwhelmingly ferromagnetic matrix. We find a relative
spectral area of Fe/Fe, N ratio of 0.66. Table I displays the
fitting parameters.

B. X-ray diffraction results

The thin film structures have textures that do not dis-
play all diffraction lines which are present in bulk or powder
samples. This makes the structural identification sometimes
very difficult and sometimes ambiguous. By looking at the
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TABLE 1. Mssbauer fitting parameters of the three samples submitted to thermal treatment together with the identification of the phases and their relative

spectral areas. (The isomer shifts are quoted with respect to Fe in Rh.)

Sample T(°C) Ident H(kOe) AE, S(mms ") r %
B as. Dep. a-Fe 330 0 - 0.10 0.38 59
) 354.8 0.004 0.008 0.53 5
226 0.10 0.21 0.87 36
300 a-Fe 330 0 —0.11 0.25 41
347 0.004 0.008 0.48 23
r-Fe,N 229 0.105 0.22 0.67 36
500 a-Fe 330 0 —0.10 0.24 60
343 —0.06 0.15 0.30
r-Fe.N 217 —0.003 —0.17 0.31 40
C as. Dep. 265 0 0.26 0.47 11
207 0 0.23 0.48 31
Fe, . N 179 0 0.20 0.42 4
78 0 0.19 0.55 38
- 0.87 0.26 0.58 1
Fe;,N 0.47 0.30 0.35 15
200 Fe,N - 0.58 0.26 0.65 17
255.6 0 0.62 027 2
Fe,, N 196 0 0.25 0.71 51
93 0 0.28 0.71 30
300 eFe,N - 0.26 0.30 0.70 78
300 58.6 0 0.29 0.65 2
400 Fe,N v 0.48 0.31 0.52 40
64 0 0.34 0.60 60
500 a-Fe 330 0 —0.09 0.29 27
345 0.05 0.14 0.43
Fe,N 217 0.02 0.29 0.37 73
D as. Dep. Fe,N 0.25 0.33 0.32 97
y-aust. 0.29 0 0.27 3
300 Fe,N 0.41 0.26 0.37 100
400 Not fitted
500 a-Fe 329.5 -0 ~0.10 0.24 43
343 —~0.017 0.15 027
r-Fe,N 217 0.03 0.18 0.36 52
Fe,N s 0.43 0.26 0.65 5

sequence of diffractograms of the present work the identifi-
cation can be done with a reasonable amount of confidence.
We compared our spectra with the JCPDS files.”’

Figure 4 shows the thermal evolution of sample B
(Pn; = 4% 107 ° Torr). In the as-deposited condition, Fig.
4(a), we identify diffraction lines due to a-Fe, {-Fe, N, and
¢-(Fe,N-Fe,N) or y-Fe,N which is barely visible. At
300 °C, Fig. 4(b), the heat treatment enhances the structure
of ¢-Fe, N together with a-Fe. The other compounds are
slightly visible. This evolution continues at 400°C [Fig.
4(c)] and seems to stabilize a mixture of predominantly ¢~
Fe, N together with some a-Fe at 500 °C, Fig. 4(d).

Sample C (P, = 3X 107 ° Torr) pictured in Fig. 5
shows a rather different thermal evolution. The x-ray dif-
fractogram shows mainly the hexagonal phase Fe; N(H)
with ¢-Fe,N for the as-deposited sample, [Fig. S(a)].
Originally we interpreted this Fe;N(H) line as due to
e-Fe; N,?! but observing the evolution of this sample we can
only assign this line to Fe; N (H). Heat treating the sample at
300 °C [Fig. 5(b) ] evidences the first signs of y’-Fe, N and a
predominance of Fe; N(H). We notice very little change at
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400 °C. Finally at 500°C y’-Fe,N is the only compound
found in the diffractogram. a-Fe is absent in this whole pic-
ture. The MGssbauer result for this sample shows, neverthe-
less, that a small amount of a-Fe exists for the sample treated
at 500 °C.

Finally sample D (Py, = 3X 10~ *Torr) shown in Fig.
6(a) (as-deposited) is a phase mixture of {-Fe,N and
€-(Fe,N-Fe,N). There is no evidence of change up to
300°C [Fig. 6(b)]. At 400°C [Fig. 6(c)] the sample
changes drastically towards a phase mixture of ’-Fe, N and
a-Fe together with ¢-(Fe, N-Fe, N) as a dominant diffrac-
tion peak. Finally at 500 °C [Fig. 6(d) ] only ¥’-Fe, N and a-
Fe remain, very much like sample B heat treated at 500 °C.

C. Magnetic measurements

In Fig. 7 we show the in plane hysteresis loops of the
three samples after the 500 °C annealing. The magnetization
axis is in arbitrary units. We note that all samples are ferro-
magnetic at room temperature. As-deposited, samples B and
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500 °C.

264 J. Appl. Phys., Vol. 69, No. 1, 1 January 1991

a) ;z-;"
AS-DEPOSITED £
e
! | i
2=
Y it
BLF
22l
= z"r’3l
;o f
300°C : J\Vv
s, s
A

e
-FeqN

400°C

{200y FeyN

INTENSITY (ARB UNITS)
: i o [0 RN
- =TT i
—
TGy - {‘v;n\\\)y

—{110)a-Fe

w
(@]
(@]

°
(¢}

pp—

}

(-
\

r
e

40

FIG. 4. X-ray diffraction results for sample B (Py, = 4X 10~ ®Torr) (a)
as-deposited annealed at: (b) 300 °C, (c) 400 °C, (d) 500 °C.

C were weakly ferromagnetic and sample D was paramag-
netic down to 77 K. The annealed samples show two trends
depending on the original nitrogen content in the sputtering
chamber during deposition. First, we note that the coercive
field increases with increasing Py, :51 Oe for sample B, 61 Oe
for sample C, and 150 Oe for sample D, which was originally
sputtered in a pure nitrogen ambient. Originally, samples B
and Cdisplayed coercive fields of 33 and 36 Oe, respectively.
The coercivities found are below those reported for films
obtained by IBAD,® and also below the particulate Fe, N

pigments.” But, in the pigments, the coercive field is mainly
related to their acicular form. Second, we also find a square-
ness enhancement of the hysteresis loops as we go from sam-
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FIG. 5. X-ray spectra for sample C (Py, = 3X 10~ *Torr) (a) as-deposit-
ed annealed at: (b) 300 °C, (c) 400°C, (d) 500 °C.

ple B to sample D. Sample D especially shows comparable
saturation and remanent magnetizations. The squareness
factor for this sample is 0.86, which is equal to the factor of
acicular Fe,N particulates.® Thus, all annealed samples
show a much better squareness than pure iron films.

D. TEM characterization

Sample B (Py, = 4Xx 10~ ¢ Torr) was also character-
ized as-deposited by transmission electron microscopy. We
show bright-field, dark-field, and diffraction photographs in
Fig. 8. The microstructure is markedly homogeneous. The
dark-field picture shows a large number of fine grains with
an average diameter of 400 A. The diffraction picture char-
acterizes the polycrystalline structure of {-Fe, N.
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IV. DISCUSSION AND CONCLUSIONS

The main experimental results are summarized in Table
II, where the x-ray, CEMS, and magnetization findings are
listed for the samples in the as-deposited and 500 °C an-
nealed conditions.

As a general trend the reactively sputtered thin films
rearrange under thermal treatment at 200-300 °C. The high-
ly disordered phases transform themselves as interstitials
and vacancies migrate. At still higher temperatures (starting
at about 400 °C) the nitrides decompose and part of the ni-
trogen seems to leave the samples, since we now find the
iron-rich phases. We identify y’-Fe, N and a-Fe in all sam-
ples. Of course only a significant change on the average stoi-
chiometry can lead towards these results. This type of nitride
decomposition is a well-known phenomenon in the iron sur-
faces nitrided by ion implantation®® and also for bulk mate-
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M

three FeN, samples after the 500 °C anneal. The

hysteresis loops were obtained with the magnetic
field in the plane of the thin films.

f 300 H(Oe)

rial.?® What we note is that the decomposition temperature
is some 100 °C lower for the thin film samples as compared to
bulk samples.*® This is not surprising since these sputtered
films are fine grained, a fact which together with the typical
thin film formation process of island coalescence and chan-
nel formation, should lower the decomposition temperature
and promote out-diffusion of nitrogen.

One very interesting point to consider is the evolution of
sample C (Py, =3X 10~ Torr) which has mainly y'-
Fe, N with only a minor amount of a-Fe precipitation after
the 500 °C anneal. This is in contrast with the two other
samples. There has to exist a blocking mechanism which
prevents the full a-Fe segregation. We note that the
Fe, N(H) phase is present only in this sample from the start
and up to 400 °C. How this phase prevents the full a-Fe pre-
cipitation is, at present, unclear.

Having established that all samples evolve thermally
towards the Fe-richer compounds, these are now much more
interesting from the magnetic point of view than in the as-
deposited condition. The magnetization measurements in-
deed show ferromagnetic behavior at room temperature for
all samples. Especially sample D displays magnetic features
which could turn out to be of interest for magnetic recording
media. This sample has a high magnetization, since it is com-
posed mainly of @-Fe and y’-Fe, N, which have similar mag-
netizations,® apreciable squareness and remanence, a very
steep switching field behavior, but still a somewhat moder-
ate in plane coercive field. This higher coercivity of course
has to arise out of the magnetic interplay of Fe, N and Fe.
The x-ray result for this sample after the 500 °C annealing
shows that Fe is strongly textured and displays a different
orientation with respect to the substrate as compared to sam-
ple B. This fact could increase the magnetic hardness. As the
Mossbauer and x-ray results clearly show a-Fe and y’-Fe, N
are present in all annealed samples in a wide range of relative
proportions, but we find from the magnetic measurements
that there exist certain Fe/Fe, N proportions which promote
magnetic quantities such as squareness and coercivity.

In summary we find a somewhat similar phase evolution
in all iron nitride samples studied, independent of the origi-
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TABLE I1. Synoptic view of the starting and end products as characterized by x ray, CEMS, and magnetometry.

as-deposited

annealed at S00 °C

Sample x ray CEMS VSM X ray CEMS VSM
B ¢-Fe,N a-Fe fm a-Fe a-Fe(60%) fm
Py, =4X10~°Torr £-(Fe,N-Fe,N) ) H, =330e Y-Fe,N  ¢/-Fe,N(40%) H.=510e
C §-Fe,N Fe,N fm Y-Fe,N  a-Fe(27%) fm
Py =3%X1073Torr Fe,N(H) Fe, . .N H,=360e y-Fe,N(73%) H,.=610e
D &-Fe,N &-Fe,N a-Fe(43%) fm
¢-Fe, N param. a-Fe &-Fe,N(5%)
Py, =3%10"*Torr £-(Fe,N-Fe;N) Y-Fe,N  y-Fe,N(52%) H.=1500e

nal nitrogen content. The relative proportions of each phase
in the annealed samples is not given by the original nitrogen
content. The nitrides evolve thermally according to the bulk
phase diagram® but at significantly lower temperatures.
After annealing, all samples show higher potential for re-
cording media, especially sample D. We could not identify
Fe, N, at any stage of the evolution of these sputtered thin
films.

This work will continue with the sputter-deposition of
Fe/FeN, muliilayers. The magnetic behavior of multilayers
with different Fe/FeN, wavelengths is an interesting prob-
lem per se and the thermal evolution of these multilayers is
expected to lead to very interesting results.
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