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In this study, the optical properties and dc resistivity of a series of FeSiAl~N! films reactively
sputtered with different partial pressures of N were investigated. Spectroscopic ellipsometry was
used to measure the real and imaginary parts of the complex dielectric functions. There is a distinct
micro/nanostructural transition from single-phase columnar body-centered-cubic~bcc! grains for
partial pressure~pp! of nitrogen in sputtering gas<4% to a two-phase nanocomposite of equiaxed
bcc nanograins in an amorphous matrix for films deposited with>5% pp N. To assess the effect of
surface oxidation on the optical properties, optical measurements were repeated on the 2 and 5% pp
N films ~representative of the two different types of films with different structures! after they were
sputter etchedin situ while performing depth profiling of the chemical composition using x-ray
photoelectron spectroscopy. The low-nitrogen films~<4% pp N! showed a dielectric function
typical of a metal whose charge carrier contribution can be described by a classical free electron
Drude model. The nanostructured films~>5% pp N! showed a positive real part of the dielectric
function«1 and no evidence of free-carrier plasmon excitation. The optical conductivity decreased
and the dc resistivity increased by about a factor of 2.5 as the film structure changed from a single
phase columnar structure to the two-phase material that consisted of nanograins in an amorphous
matrix. © 2003 American Institute of Physics.@DOI: 10.1063/1.1593802#
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I. INTRODUCTION

Recent investigations of FeSiAl~N! thin films, prepared
by reactive sputtering of FeSiAl using an Ar/N2 gas mixture
with various partial pressures~pp! of N2 , have shown that
the structure, stress state, magnetic properties, and do
structure of the resulting films are strongly affected by
nitrogen content.1–3A distinct micro/nanostructural transitio
has been observed between films deposited with 4% pp
less, which are single phase with 100 nm diam colum
grains and body-centered-cubic~bcc! crystal structure, and
those deposited with 5% pp N or more, which consist o
two-phase nanostructure of 10 nm diameter bcc nanogr
in an amorphous matrix.1 It should be noted that the percen
age of nitrogen in the films was not the same as the perc
age of pp of nitrogen in the sputtering gas. The role of N

a!Corresponding author; electronic mail: sjlee@ameslab.gov
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FeSiAl~N! films was investigated using x-ray photoelectr
spectroscopy~XPS! which provided information on both
chemical bonding and the composition.4 The N was observed
to first combine with the Al in the low N films, whereas fo
N films with higher content, when all the Al is converted in
nitride, N then combines with Si. This is the region where
abrupt change in micro/nanostructure, magnetic proper
and stress was observed. In a study of magnetization reve
in the FeSiAl~N! films using magnetic force microscopy
strong domain wall pinning was observed in 0–4% pp
films, while for 5 and 10% pp N films this strong doma
wall pinning was not observed.3

The nature of the two-phase nanostructure observe
the FeSiAl~N! films deposited with>5% pp N is still not
completely understood. In particular, the role of the am
phous matrix on the magnetic properties~e.g., its effects on
exchange coupling between magnetic nanograins! and elec-
trical properties of the films has yet to be determined. In t
7 © 2003 American Institute of Physics
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work we measured the complex dielectric functions, opti
conductivities and dc resistivities for a series of FeSiAl~N!
films sputtered with 0–10% pp N, with an eye towards o
taining a better understanding of the effects of the film str
ture on the optical and electrical properties. Optical prop
ties of a material are sensitive to the surface of the mate
and can be strongly influenced by the micro/nanostruct
Therefore optical investigation of FeSiAl~N! films can pro-
vide information about the roles of different constituen
~i.e., nanograins and the amorphous matrix! on the physical
properties of nanocomposite films.

In this article, we report the results of extensive stu
using spectroscopic ellipsometry. It is a highly surfac
sensitive, nondestructive technique which provides inform
tion on the complex dielectric function of materials. We al
report four-point probe measurements of the dc resistivit

II. EXPERIMENTAL DETAILS

A series of FeSiAl~N! films was deposited by reactive
diode sputtering using an Ar1N2 gas mixture with different
partial pressures of nitrogen. The target was a 6 in. diam
Sendust alloy disk~nominal composition: Fe: 74; Si: 17; Al
9 at. %! and the substrates were 3 in. Si~100! wafers with 300
nm of thermal SiO2 on the surface. The target–substrate d
tance was fixed at 5 cm. During deposition, the nitrog
partial pressure was fixed at a preset value by controlling
nitrogen gas flow. The total gas pressure~9.6 mTorr! and
forward power~1.43 W/cm2! were kept constant. The film
thicknesses were measured to be 1.760.1mm by cross-
sectional scanning electron microscopy~SEM!.

Complex dielectric functions,«̃(v)5«1(v)1 i«2(v)
wherev is the angular frequency of the photons, and co
plex optical conductivity,s̃(v)5s1(v)1 is2(v), were ob-
tained using rotating analyzer ellipsometry.5,6 Optical mea-
surements using spectroscopic ellipsometry between 1.5
5.0 eV at room temperature were carried out for 0, 1, 2, 3
5, and 10% pp N films. To investigate the effect of surfa
oxidation on the dielectric functions, the 2 and 5% pp N th
films were sputter etched to remove their surface oxide la
The films were sputter etchedin situ in an XPS system
@Physical Electronics~PHI™! 5500 Multitechnique ESCA
system# to allow determination of when sufficient materi
had been removed. The sample surface was etched us
kV Ar ions at 3mA total target current, which gave an etc
ing rate of approximately 1 nm/min. The total etching tim
for each sample was 20 min, and this gave stable Fe/S
ratios and stable minimum oxygen contents, showing t
surface oxide had been removed. This corresponded to
moval of approximately 20 nm. The optical properties of t
films were then measured againex situunder the same ex
perimental conditions.

The dc resistivity of the FeSiAl~N! thin films was mea-
sured using a four-point probe. The probes use a in-line
ometry, and are spaced 1 mm apart. Each film sample
approximately 1 cm2. The resistance of each film sample w
determined for currents of 0.1, 1, and 10 mA, and measu
at five different locations on the film sample for each curr
level. The resistivity valuesr were obtained using the equa
Downloaded 10 Apr 2012 to 131.251.133.25. Redistribution subject to AIP l
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tion, r5(p/ ln 2)tR, wheret is the film thickness andR is the
resistance determined directly from the in-line four-po
probe measurements.

III. RESULTS AND DISCUSSION

Figure 1 shows the real part of the complex dielect
function («1) for the 0, 1, 2, 3, 4, 5 and 10% pp N FeSiAl~N!
films. As shown in Fig. 1, the sign of«1 was found to be
different for the two types of films~0, 1, 2, 3, 4% and 5 and
10% pp N, respectively!, which have different micro/nano
structures. The 0% pp N film shows the largest negative v
ues of«1 , thereafter«1 increases with an increase in N.
remains negative up to 4% pp N over the energy range m
sured. The 0–4% pp N films have microstructures similar
that in Fig. 2~a!. They appear to be single phase, with a b
crystal structure and grains about 100 nm in diameter.«1

crosses zero and becomes positive for the 5 and 10% p
films, which have very different nanostructures@see Fig.
2~b!#. They consist of a two-phase nanocomposite of eq
axed bcc nanograins~10 nm diameter or less! embedded in
an amorphous matrix.

The structural transition observed between the lo
nitrogen and high-nitrogen films was accompanied by abr
changes in magnetic properties.1 As shown in Fig. 3, the
coercivity increased with pp N, peaked for 3% pp N, a
then decreased steeply for N.4% pp N where the transition
to a two-phase nanocomposite structure occurred. The s
ration magnetization was constant from 0 to 4% pp N, a
then decreased with the addition of N as shown in Fig. 3
dropped almost 50%, by 10%~pp! N, compared with the 0%
pp N film. This indicates that one of the two phases~bcc
nanograins or amorphous phase! has lower saturation mag
netization.

Detailed comparisons of dielectric functions and optic
conductivity between the 2% pp N film selected and the
pp N film, representive of the two different types of film
are shown in Figs. 4 and 5. The spectra of the real
imaginary parts of the complex dielectric function~i.e., both

FIG. 1. Real part of complex dielectric function«1 , for a series of
FeSiAl~N! thin films.
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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«1 and«2 , respectively! measured from the 2 and 5% pp
films before and after XPS sputter etching are shown in F
4. The «1 spectrum for the 2% pp N film shows behavi
similar to that of typical metallic materials which can b
quantitatively described using a classical free electron Dr
model.7

The small peak that appears at about 2.0 eV in the«1

spectrum of the 2% pp N film, which becomes evident af
sputter etching of the oxidation layer, may originate fro
interband transitions. For the 5% pp N film, spectrum«1 is
positive in the energy range measured. This excludes p
mon excitation, suggesting there is no free-carrier plasm
excitation in the 5% pp N film and that this material cann
be described by the Drude model. The magnitude of«2 for
the 5% pp N film is noticeably smaller than that of the 2%

FIG. 2. Plan view TEM micrographs of the~a! 2% pp N film ~negative of a
dark field image! and~b! 5% pp N films~bright field image!. The inset of~a!
is the selected area diffraction pattern of the image. The inset at the
left-hand corner of~b! is a convergent beam electron diffraction~CBED!
pattern that shows the bcc structure of the nanograins, and the one a
top-right hand corner is a CBED of the amorphous matrix. Note that m
nification in ~b! is 103 greater than~a!.
Downloaded 10 Apr 2012 to 131.251.133.25. Redistribution subject to AIP l
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N film. After sputter etching, the«2 spectra of both films
show a slight enhancement in magnitude.

The real part of the complex optical conductivitys1 is
related to«2 by s15v«2/4p.7 As shown in Fig. 5, thes1

spectrum for the 2% pp N film shows a feature at 2.4 eV t
originates from interband transitions, whereas the 5% pp
film spectrum is monotonic. The wavelength of the incide
light is an order of magnitude larger than the nanograins

op

the
-

FIG. 3. Coercivity and saturation magnetization of the FeSiAl~N! films vs
the percentage of nitrogen partial pressure.

FIG. 4. Real and imaginary parts of complex dielectric function«1 and«2

for FeSiAl~N! thin films with nitrogen partial pressures of 2% and 5
before and after XPS sputter etch depth profiling.
icense or copyright; see http://jap.aip.org/about/rights_and_permissions
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2610 J. Appl. Phys., Vol. 94, No. 4, 15 August 2003 Lee et al.
therefore interacts with the material as a composite of n
ograins and high-resistivity matrix material, rather than jus
simple sum of two contributions. This causes the peak in
optical conductivity to disappear for 5% pp N film. The 5
pp N film has optical conductivity that is smaller than that
the 2% pp N film by a factor of about 2.5. The magnitude
thes1 spectra increased slightly for both the 2 and 5% pp
films after sputter etching. Sputter etching removed the
face oxide layers and revealed a cleaner surface. It has
shown that as the thickness of the oxide layer is reduced
magnitude of the optical conductivity increases and the f
tures in the optical conductivity spectrum become m
prominent.8

The dc resistivity results for all films in the series a
shown in Fig. 6. For the low-nitrogen films~0–4% pp N!,

FIG. 5. Real part of complex optical conductivitys1 for FeSiAl~N! films
with nitrogen partial pressures of 2% and 5% before and after XPS sp
etch depth profiling.

FIG. 6. Dc resistivityr of the FeSiAl~N! films vs the percentage of nitroge
partial pressure.
Downloaded 10 Apr 2012 to 131.251.133.25. Redistribution subject to AIP l
n-
a
e

f
f

r-
en

he
-

e

the resistivity showed a slight increase with an increase i
partial pressure, and reached 2.0231024 V cm for the 4%
pp N film. XPS results have shown that they have increas
amounts of AlN compared with Al in the films.4 Beyond 4%
pp N, the micro/nanostructural transition occurs, and the
resistivity increases by more than a factor of 2, to 4.
31024 V cm for the 5% pp N sample. Increasing the
partial pressure to 10% pp causes the dc resistivity to
crease by yet another factor of 1.8, to 8.2231024 V cm. The
dc resistivity of the 5% pp N film is a factor of 2.5 large
than that of the 2% pp N film. This is about the same fac
by which the optical conductivity of the 5% pp N film is les
than that of the 2% pp N film.

In the transmission electron microscopy~TEM! micro-
graph@Fig. 2~b!#, it appears that for the nanostructured tw
phase film, the bcc nanograins are separated from each o
by the amorphous matrix material, and there are no c
nected paths that electrical current could traverse that wo
lie only in the metallic nanograins. Thus the amorphous m
terial would appear to have higher resistivity. XPS results
the series have shown that for the two-phase nanostruct
films, all of the Al is in the form of nitride, and also that
substantial amount of the Si is nitride~45% for the 5% pp N
film, 66% for the 10% pp N film!.4 We speculate that the bc
nanograins are predominantly Fe and that they incorpo
the Si that is in a metallic environment and perhaps a little
the N; however the amorphous matrix consists of alumin
nitride, silicon nitride, and an unknown amount of Fe. The
resistivity and optical conductivity results are both consist
with this interpretation.

One previous study reported resistivity measurement
a series of sputtered FeSiAl~N! films.2 Those films were de-
posited by dc magnetron rather than rf diode sputtering~the
former is generally a higher-rate, lower ion energy, low
substrate-temperature process!. Their deposition rate was
about 10 times higher~168 nm/min!, their films more than
twice as thick~3.0 mm!, and their substrates were AlTiC
rather than SiO2 /Si. They observed that the resistivit
dropped slightly from about 2.65 to 2.0531024 V cm as the
N partial pressure went from 0 to 2% pp, then the resistiv
underwent a smooth, gradual increase to about 3
31024 V cm as N was increased to 10% pp. This is cons
erably different from the current study, in which we observ
a sharp increase in resistivity at the micro/nanostructu
transition between 4 and 5% pp N, and resistivity values
high as 4.5 and 8.231024 V cm for the nanostructured ma
terial. However, their series of films also showed a mu
different development of the micro/nanostructure with t
addition of nitrogen. They did not see the abrupt change
nanostructure, magnetic properties, stress, optical constan
and k, reflectanceR, and average N film content that w
observed. Instead they observed a gradual transition f
200 nm grains to a mixture of 200 and 20 nm grains,
exclusively 20 nm grains as the N content was increas
Their high-N films did not show the two-phase nanostruct
of nanograins in an amorphous matrix seen in Fig. 2~b! in the
present work. We observed instead a sharp structural tra
tion from 100 nm grains to a two-phase nanostructure of
nm grains in an amorphous matrix, accompanied by abr

er
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changes in resistivity, magnetic properties, stress, and a
age N film content. Furthermore, they observed optim
magnetic properties for films that consisted of a mixture
the two grain sizes and had resistivity of about 2
31024 V cm, whereas in the present study, magnetic pr
erties were observed to improve considerably after the t
sition to the two-phase nanostructure,1 where the resistivity
was 4.5– 8.231024 V cm.

IV. CONCLUSIONS

It was found that the nitrogen partial pressure has a c
siderable effect on the optical and electrical properties
FeSiAl~N! reactively sputtered films due to its influence
the micro/nanostructure of the films. The sign of«1 in the
measured spectrum range is negative for films deposited
<4% pp N~single-phase, bcc structure, 100 nm grain film!,
behavior typical of a metal whose charge carrier contribut
can be quantitatively described using a classical free elec
Drude model with an interband transition around 2.0 eV. T
sign of «1 is positive for films deposited with 5 and 10% p
N ~nanostructured films with 10 nm bcc grains in an am
phous matrix!. In this case the free-carrier description of t
dielectric function is no longer valid. FeSiAl~N! thin films
with 2 and 5% pp N were sputter etched within situ depth
profiling to investigate the effect of surface oxidation on t
optical properties of the samples. After sputter etching,
magnitude of«2 increased slightly for both samples whi
the sign of«1 remained the same. The dc resistivity valu
also showed a steep increase at the nano-
Downloaded 10 Apr 2012 to 131.251.133.25. Redistribution subject to AIP l
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structural transition between 4 and 5% pp N, indicating t
the metallic nanograins are indeed separated from each o
by the high-resistivity matrix material. This is consiste
with our understanding from TEM and XPS results. The
results indicate that the change in nanostructure in FeSiA~N!
caused by the addition of N not only affects the stress
magnetic properties as was found in a previous study
also affects the optical and electronic properties of the film
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