AI P ‘ Journal of

Applied Physics
Compositional and magnetic properties of iron nitride thin films
D. H. Mosca, P. H. Dionisio, W. H. Schreiner, I. J. R. Baumvol, and C. Achete

Citation: Journal of Applied Physics 67, 7514 (1990); doi: 10.1063/1.345812

View online: http://dx.doi.org/10.1063/1.345812

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/67/12?ver=pdfcov
Published by the AIP Publishing

AP Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1479233748/x01/AIP-PT/JAP_Article_DL_0214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=D.+H.+Mosca&option1=author
http://scitation.aip.org/search?value1=P.+H.+Dionisio&option1=author
http://scitation.aip.org/search?value1=W.+H.+Schreiner&option1=author
http://scitation.aip.org/search?value1=I.+J.+R.+Baumvol&option1=author
http://scitation.aip.org/search?value1=C.+Achete&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.345812
http://scitation.aip.org/content/aip/journal/jap/67/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

Compositional and magnetic properties of iron nitride thin films
D. H. Mosca, P. H. Dionisic, W. H. Schreiner, and I. J. R. Baumvo!

Instituto de Fisica—UFRGS, 91500 Porto Alegre, RS, Brasil

C. Achete

Laboratorio de Estudos de Mateviais ¢ Interfaces, COPPE-UFRJ, 68504 Ric de Janeiro, RJ, Brasil

(Received 4 Becember 1989; accepted for publication 22 February 1990)

The compositional and magnetic properties of iron-nitride thin films deposited by dc reactive
magnetron sputtering under various nitrogen partial pressure conditions have been

investigated by x-ray diffraction, Mdssbauer and Auger electron spectroscopy as well as
magnetic measurements. The x-ray diffraction patterns indicate a mixed phase composition.
*’Fe Mdssbauer spectroscopy shows that part of the nitrogen atoms are randomly distributed
on interstitial sites with the formation of nonstoichiometric compounds. The excessive width of
the Mossbauer lines indicates the degree of disorder of the different iron nitride precipitates.
The nitrogen concentration as a funciion of depth is obtained by sputter-etched Auger electron
spectroscopy. Furthermore, the ferromagnetic films show moderate saturation magnetization
and coercivities at room temperature as compared with pure iron thin films.

I INTRODUCTION

The iron-nitrogen system has been studied for many
decades due to the remarkable mechanical and magnetic
properties of this system. Much attention has also been given
to the electromnic structure of the interstitial compounds of
iron and other transition metal nitrides.'® These reports fo-

cused on the electronic structure and compositional effects
~ of the tempering process. The initial interest in the Fe-N
system came from the nitriding of steels to improve the abra-
sive strength by surface hardening. The nature of the hard-
ening process proved to be associated with the capture of
nitrogen atoms by dislocations, vacancies, and precipi-
tates.”®

Recently, the magnetic properties of iron-nitride thin
films were reported®™'” and appeared to have both scientific
and technological interest. Many authors'™'® have suggest-
ed that iron nitride compounds have potential applications
as magnetic recording heads and media.

Iron and nitrogen in bulk form three metastable com-
pounds which are stable at room temperature: FegN, Fe, N,
and Fe,N.'® Ferromagnetic iron nitride compounds (Fe, N
with 2 < x<8) have high mechanical hardness and large sat-
uration magnetization, even higher than pure iron.”’ The
chemical stability is also much superior to that of the pure
metal, 2

This paper reporis on detailed investigations of siruc-
tural, compositional, and magnetic properties of the iron ni-

ride thin films as deposited by dc reactive magnetron sput-
tering. Section II describes the experimental procedures for
film deposition and characterization. The results are shown
in Sec. III and the discussion and conclusions in Sec. [V.

. EXPERIMENT

The tron-nitride films were deposited in a planar magne-
tron sputtering system. The sample holder is within 4 ¢
from the target (Fe 99.97 at % ). The vacuum chamber has
a base pressure of 1 X 107° Torr. The total pressure of the
gases introduced was kept at 4X 10 ~* Torr by controlling
the gas-flow rate. Pure argon (99.997% ) and pure nitrogen
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(99.995%) gases were used as sputtering gases. A negative
voltage of 500 V was applied to the target, while the sub-
strates were kept at ground potential. Silicon wafers (111)
were used as substrates and the deposition temperature did
not exceed 60 °C during film growth. The preparation condi-
tions and deposition rates are shown in Table L.

The film thickness and deposition rates were deter-
mined with 2-MeV a-particle Rutherford backscattering
spectroscopy (RBS). The conversion electron Mdssbauer
spectroscopy (CEMS) measurements were made using a
*"Co source dissolved in a Rh matrix with an activity of 50
mCi. The sample was piaced in a gas-flow proportional
counter where 7.3-keV conversion electron resulting from
recoilless *'Fe nuclei within the sample were detected in a
backscattering geomtry.

X-ray diffraction was used for structural analysis. The
composition of the films as a function of depth was deter-
mined by means of sputtered Auger electron spectroscopy
(AES), using an argon-ion gun.

The static magnetic properties of specially prepared
disklike films were studied using a vibrating sample magne-
tometer (VSM) in magnetic fields up to 5 kOe applied in the
plane of the films. The saturation magnetization per unit
iron weight is estimated from the amount of iron in the films
as obtained by RBS.

1. RESULTS
A. Crystal structures

Figure 1 shows the x-ray diffraction patterns for the four
samples. Figure 1(a}, corresponding to the pure iron film
{nitrogen partial pressure Py, = 0 Torr), shows only two of
the principal diffraction lines of o iron. This indicates a pref-
erential orientation of the crystallites in the film. This prefer-
ential orientation of the growth of the grains is also observed
in the other samples.

Figure 1(b) shows the diffraction pattern of sample B
( Py, = 4 X 107° Torr). This figure shows a diffraction line
corresponding to the (110) reflection of a-iron with a large
broadening towards high angles. Although unexpected, this
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TABLE L Parameters of the dc reactive sputtering deposition of the Fe-N thin films.

Deposition tine

N, Partial Pressure

Film thickness Peposition rate

Sample £ {min} Py, (Torr) d (A) Y (A)/s)
A 20 0 5100 43
B 20 AX 107 3500 2.9
C 21 3% 1gs 2700 2.2
D 24 3Ix1074 3300 23

strong (110} texture of Fe that is observed here when Fe
films are deposited on (111} Sisubstrates scems to be a com-
mon feature for the growing of vacuum deposited Fe films.
We have previously observed the same {110) texture for Fe
films deposited by electron-beam evaporation on oxidized
silicon substrates.'®'? Besides, we identify the (101) reflec-
tion of the e-(Fe,N-Fe,N) structure. Around 28=41° ap-
pears another broad diffraction line which cannot be unequi-
vocally associated with a particular Fe-N compound. It can
be associated with the (002) refliection of the &-(Fe,N-
Fe,N) and/or e-Fe N or yet with the (111} reflection of the
Fe,N. In this same figure the x-ray diffraction line corre-
sponding to the (311) reflection of {-Fe, N is identified.

Figure 1(c} shows the x-ray diffraction spectrum of
sample C (P, = 3 X 107" Torr). This pattern shows a sa-
lient diffraction line identified as the (101) reflection of &-
Fe,N. Two x-ray lines associated with the (002) and (212)
reflections of {-Fe,N are alsc visible in Fig. 1(c).

Figure 1(d) shows the diffraction spectrum of sample D
(P, = 3IX107* Torr. We identify the (211) reflection of
the £-Fe,N compound. The other diffraction line can be as-
scciated with the {311) reflection of {-Fe,N and/or with
(102} refiection of e-Fe,N.

B. Auger electron spectroscopy

Figure 2 exhibits the AES spectrum of sample C (Py,
= 3% 107° Torr). This spectrum is typical of the iron ni-
tride samples. It presents the characteristic signal of iron
together with the peaks of oxygen, nitrogen, carbon, and
argon after 16 min of sputter etching. We observe some con-
tamination of the film by oxygen and carbon.

A quantitative analysis of sample B (P, =4x107°
Torr) shows an average atomic concentration near the out-
ermaost surface of 88.65 + 0.25% Feand 11.35 + G.25% N,
i.e., Fe, g N. Sample C (P, = 3X 107" Torr) shows an
average atomic concentration of 77.65 + 0.55% Fe and
2225 0.50% N, ie, Fey,N. Finally, sample D (P,

= 3% 107* Torr) shows the average atomic concentration
of 66.30 - 0.10% Fe and 33.60 4-0.20% N, te., Fe, 4, N,
As can be seen, the nitrogen content incorporated in the film
structure during the deposition process is proportional to the
N, partial pressure on a nearly logarithmic scale.

The depth profile of the concentration of the species in
the filim, measured by the change in the Auger peak intensi-
ties versus sputter-etching time, shows an almost uniform
nitrogen content along the thickness of the film below the
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FIG. 2. Auger electron spectroscopy spectrum (using etching with argon
ions during 16 min) showing the elements in sample C (P, = 3X 103
Torr).

surface layers. In Fig. 3 we show the concentration versus
depth profiles for sample C.

C. Mbsshauer data

Figure 4 shows the CEMS spectra of the four thin-fitm
samples. As it has been previously demonstrated®® the
CEMS technique inspects a maximum depth of 2000 A be-
low the surface, with about 509 of the conversion electrons
that emerge from the sample surface coming from the first
500 A. The inspection depth of the sputter-etching Auger
spectroscopy was larger than this. The results of the two
different analytical techniques do not compare very well,
because the relative Fe/N concentrations measured by sput-
ter-etched Auger do not correspond necessarily to the
phases observed by CEMS in samples B and C. Figure 4(a)
displays the spectirum obtained from the metallic pure tron
film (Pn. = 0 Torr). This is a normal six-line or-iron spec-
trum with modified intensity ratios. The ratio of intensities
of the lines is approximately 3:3:1, different from bulik Moss-
bauer transmission results. The intensities of the Mossbauer
lines are associated with the texture of the material.
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FIG. 3. Sputtered Auger electron spectroscopy profile of sampile C.
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Figure 4(b} shows the spectrum for sample B (Py,
=4 X 107° Torr). The main contribution to the spectrum
consisis of the sextet of metallic pure iron. The Mossbauer
linewidths are, however, much larger than those reported in
the literature for pure iron, apparently due to a spreading in
the magnitude of the magnetic hyperfine fields. This is inter-
preted as a large disorder in the occupation of the interstitial
sites by nitrogen atoms. This part of the spectrum is charac-
teristic of the iron-nitrogen solid solutions.” Besides, the
spectrum reveals the presence of a contribution from an-
other unidentified ferromagnetic compound. The fitting of
this part of the spectrum was not possible.

Figure 4(c) shows the very complex spectrum obtained
for sample C (Py, = 3X 107°° Torr). We fitted the ferro-
magnetic part of this spectrum with four magnetic fields
(265, 208, 180, and 78 kOe) which are interpreted as repre-
sentative of nonstoichiometric Fe, N (2 < x < 3)-like precip-
itates.?! The nonmagnetic part of the spectrum displays two
rather wide lines which can be decomposed into two doub-
lets (AE, = 1.00mms™". 8§ = 0.26 mms™'and AE, = 0.46
mms "}, § = 0.30 mms™'). We interpret these doublets as
Fe,N environments deficient in nitrogen atoms.

Figure 4(d) shows the CEMS spectrum for sample D
(Py. = 3X 167 Torr). As can be seen, this spectrum has a
doublet which is identiﬁed as the Mossbauer spectrum of
Fe,N with § = 0.33 mms™ ' and AE, = 0.25 mms ", ?* Be-
sides, we identify anather doublet which is associated thh ¥-
austenite structure. However, it is important to emphasize
that the linewidth of the Fe,N doublet is broadened and that
the presence of the singlet of y-austenite is negligible here.
This is indicative of iron atoms of a given first-neighbor con-
figuration (most probably Fe,N} having a variety of config-
urations of nitrogen atoms (Fe, , (N with O <x «1) as sec-
ond and greater neighbors, suggesting deficiencies in the
nitrogen content accommodated in an Fe,N environment
together with nitrogen in solid solution in a y-austenite
structure.

The Mdssbauer parameters obtained from the fitting of
all CEMS spectra are given in Table 1.

D. Magnetic measurements

It is known that all nitrides with the composition of
Fe, N with x> 3 are ferromagnetic at room temperature.'”
Figure 5(a) shows the in-plane hysteresis loop of sample A
{pureiron film). In Fig. 5(b) we present the internal part of
the hysteresis loop of Fig. 5(a) where we obtain a coercivity
of 78 Oe. Figure 6 shows the in-plane hysteresis loops of
samples B (P = 4X107¢ Torr) and C (P, =3X10"°
Torr) as measured by VSM at room temperature, respective-
ty. According to Figs. 6(a) and 6(b) the saturation magne-
tizations of samples B and C are similar, being smaller than
the saturation magnetization of the pure iron film. As can be
seen from the x-ray and Mdssbauer data, the smaller magne-
tizations of samples B and C result, in part, from the exis-
tence of paramagnetic phases in coexistence with the ferro-
magnetic phase. X-ray and CEMS analyses indicate the
paramagnetic phase Fe,N in both samples.

The coercivity of sample B is 33 Oe, while sample C has
a coercivity of 36 Oe. These coercivities are smali compared
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with that of samiple A (pureiron film). Figure 6(a) shows a
moderate in-plane magnetic anisotropy for sampile B which
is not seen in Fig. 6(b) for sample C.

The sample D (P, =3X 10* Torr), on the other
hand, is paramagnetic with a very small magnetization even
in magnetic fields as high as 5 kG and sample temperatures
as low as 77 K.

V. DISCUSSION AND CONCLUSIONS

The main experimental findings of this work are sum-
marized in Table IIl, where the x-ray, CEMS, AES, and
VSM results are listed.

As expected the nitrogen content in the thin Fe N films
increases with the N, partial pressure in the sputtering plas-
ma. Furthermore the sputter-Auger results show a uniform

-05

00 05 11

composition of the nitrides as a function of depth. A very low
contamination of oxygen and carbon was found.

A further inspection of Table I1I shows that the high
saturation magnetization nitrides suchk as Fe,N and Fe,N
are absent in this study. This salient feature has to be asso-
ciated to the low temperature that usually occurs in magne-
tron sputtering. In contrast to these findings, Lo et a/.'® and
Chang, Silvertsen, and Judy’® report on the high iron con-
tent nitrides as found in rf diode sputtering deposition. As
clearly reported by Lo et al.'” the high-temperature depo-
sition process, between 200 and 1000 °C, typical of dicde
sputtering can lead to Fe,N and Fe,N. In the present work
the high deposition rate is performed using mean deposition
temperatures below 60 °C. This low temperature is due to the
trapping of primary aund secondary electrons in the magnetic
field of the magnetron, who therefore cannot bombard and

TABLE II. MGssbauer parameters of the different components used to fit the CEMS spectra. The isomer shifts are given with respect to *’Fe in Rh. The

samples A, B, C, and D were prepared in the conditions given in Table L.

Sample Identification H (kQe) AE, (mms™ ') & (mms™'} I (mms ') Y
A «a-Fe 330 4} 0.25 Q.71
B a-Fe 330 0 0.25
(‘7) oae P PR,
265 8.37 0.47
Fe, , N 207 .34 0.48
c 179 0.31 0.42 )
78 . 0.38 0.68 0.96
Fe,N v 1.00 0.37 1.46
.50 041 0.35
o Fe,N 0.25 0.44 0.49
y-austenite 0.2 0 0.30 175
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The magnetizations are quoted here in arbitrary units {a.u.).

7518 J. Appl. Phys,, Vol. 67, No. 12, 15 June 1690

TABLE III. Summary of the results obtained in the analyses of the Fe-N
films by different techniques. In the vibrating sample magnetometer results
column we identified the ferromagnetic samples by FM and the paramag-
netic samples by PARAM.

Samiple X ray CEMS AES VSM
A
P, =0Torr a-Fe a-Fe e M
B £-Fe,N a-Fe
Py =4X107°Torr £-(Fe,N-Fe,N) (7  FoaN  FM
C £Fe,N Fe,N
Py, = 3x 107 Torr &-Fe,N Fe, , .N Fe; N FM
D &-Fe,N e-Fe,N
Py, =3X10"*Torr &-Fe,N {-Fe,N Fe, N PARAM

heat the growing film. Thus, from the point of view of mag-
netic properties, the results suggest that the dc reactive mag-
netron sputtering leads to Fe-N films with small saturation
magnetizations (compared to pure iron films) due to pres-
ence of the paramagnetic Fe, N phase and moderate coercivi-
ties with a moderate in-plane magnetic anisotropy. The low
deposition temperatures preclude the formation of Fe-rich
compounds mainly because the compounds of the Fe-N sys-
tem with lower Fe content are preferentially nucleated at
temperatures around room temperature, as it has been large-
ly demonstrated before.*® Furthermore, the thermal an-
nealing of these low-Fe phases of the films of this work
(which is presently being accomplished) shows the decom-
position of the low-Fe phases and the precipitation of the Fe-
rich, Fe,N, and Fe N phases. It must be emphasized that
despite the Fe,N composition found for sample B with the
Auger analysis the magnetic Fe,IN phase was not identified
by the other techniques.

Another feature which is also due to the low substrate
temperature during deposition is the appreciable phase in-
homogeneity which is present in samples B and C. This mix-
ture leads 1o very complicated x-ray and CEMS spectra.
Even the refatively “simple” sample D (which was obtained
by pure nitrogen plasma sputtering) shows the Fe,N com-
pounds together with the randomic occupation of the inter-
stitial sites by nitrogen atoms, as revealed by x-ray and
CEMS analyses.

This work will continue in two ways. We are analyzing
the post-deposition thermal treatment evolution of the sam-
ples looking for phase stabilities and phase transformations
of the nitrides. Second we want to test the ideas of Naoe,
Nagakubo, and Yamamoto™ who performed ion-beam-as-
sisted deposition (IBAD) of Fe/Fe, N multilayers. It would
be interesting to see if these soft magnetic multilayers are
feasible using the magnetron sputtering technigue.
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