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Microstructural origin of soft magnetic properties of sendust films
prepared by N , reactive sputtering
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Sendust films were deposited using dc magnetron sputtering at room temperature in a mixture of Ar
and N, gas. The soft magnetic properties of the sendust films were, in general, improved with the
addition of N.. The optimum soft magnetic properties were achieved when 6%aN was used.
Transmission electron microscopy studies showed that the sendust film withoahtdins average

grain sizes of 200 nm; whereas the films with increasingdhtent contain increasing percentages

of much smaller grains of 20 nm. The smaller grains have a random crystalline orientation with
respect to each other. The cross-sectional morphological structures were studied using a scanning
electron microscope. In the film without,Npower-law cone structures were observed. In the N
containing films, needlelike morphological structures were formed. X-ray photoelectron
spectroscopy studies on these films indicate thainkluded in the films reacts preferentially with

Al to form AIN. Excess N may then react with Si, possibly to form ;8i,. The atomic
concentrations of Al and N become equal in the films when 62wk used, which also gives rise

to the optimum soft magnetic properties. To understand the advent of soft magnetic properties, a
random magnetic anisotropy model and a static wall coercive force model were considered.
© 1998 American Institute of Physids$0021-897@08)06614-§

I. INTRODUCTION not a widely known phenomenon, and even less has been
discussed about its microstructural origin.

A sendust alloy consisting of about 85 wt % Fe, 10 wt%  Selective nitriding of Al in sendust films deposited in the
Si, and 5 wt % Al is a well known soft magnetic material. presence of blin the sputtering gas was discussed previously
Usually soft magnetic properties in sendust alloy films areby Hayashiet al? However, in the range of \concentration
established through either a postdeposition annealing at teri? the films they studied, no evidence of nitriding of Si was
peratures around 400—600 € pr anin situ annealing dur- found, and the origin of the microstructural changes as a
ing deposition at temperatures of about 300—400 fchas ~ result of N inclusion was not discussed. In this study, the
been proposed that proper annealing transforms the disofffects of N on the microstructural, optical and magnetic

dereda-type structure in as-deposited films into an orderedProperties of sendust films, particularly in their as-deposited
DO type structuré state, are investigated. The origins of the soft magnetic prop-

Forming the ordered Dstructure may not be the only erties were characterized by carrying out chemical analysis,
way to achieve excellent soft magnetic properties. It has beeﬁucrostructural, and morphological studies on the sendust

reported that, by using \reactive sputtering of the sendust ms.
followed by vacuum annealing at 550 °C, the morphology of
the films differs from those sputtered without.RISuch a  IIl. EXPERIMENT
morphological change was also accompanied by an increase . .
. o . o . Sendust films were prepared using dc magnetron sputter-
in permeability and electrical resistivity. The change in mor-. ; .
o . ing at room temperature in a CVC Cluster Tool sputtering
phology indicates that a microstructural change may have : : .
I rred in th ntaining films and mav have al machine. The sputtering gas was a mixture of Ar andBY
asolfc(;:y teh h N NCC.) ti 'ng St.a ayt' ave 3S? controlling the flow rate, the percentage of N the sputter-
resufted in tn€ changes in their magnetic properties and € e?ﬁg gas was varied from 0% to 10%. Other sputtering param-
trical resistivity. However, the advent of soft magnetic prop-

a ! : “Feters were optimized and were fixed so thgMNwas the
erties in sendust alloys without high temperature annealing I8nly variable in the sputtering process. The sputtering rate
was about 2.8 nm/s. All films were gm thick and were
dElectronic mail: yingjian.chen@readrite.com deposited on AITiC substrates.
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3000 — T T ] as a result of monoenergetic soft x-ray excitation. In this

S measurement, a monochromatic Rk x-ray beam(1486.6
3\ 2500 eV) was utilized. The emitted electrons have kinetic energies
® given by:Exg=hy—E,— ¢, wherehvy is the energy of the
‘a 2000 incident x-ray beamg,, the binding energy of the atomic
o orbital from which the emitted electron originates, which is
g 1500 used to identify the chemical species, awdis the work
S 1000 function of the spectrometét.
D_‘ ¢ The samples were analyzed by depth profiling within an
S 500 area having a diameter of 1 mm and up to a depth of 16 nm.
Q v The analyzed area was located approximately in the center of
%-O‘ — ‘0'5' ‘“‘{‘o B ‘5 ““‘2‘0 <5l a sputtering crater obtained by rastering the 4 keV Beam
' ' o ) over an area of 4 mn?. The sputter rate was approxi-
Drive Field (Oe) mately 2 nm/min. The energy spectra corresponding to each

o _ _ ?Iement were acquired and curve fitted. Chemically bonded
FIG. 1. Total permeabilities at varied driving fields measured using a special | t id d the bindi . d
BH looper routine. Initial permeabilities are determined by extrapolating t0® ijen S were ?VI enced as he binding energies and were
zero drive field. shifted from their pure unbonded states.

Magnetic properties of the films were studied using alll. RESULTS
BH hysteresis oop tracer, which has a maximum drive field -y 1515/ permeapilies of the Acontaining fims are
o €. ating sample maghetometer was use “Bhown in Fig. 1. The extrapolated initial permeabilities are
higher fields were needed.

. " . .. listed in Table I.
Initial permeability has to be measured in zero driving The results from the magnetic properties measurements
field, or at least in a field much smaller than the coercivity

H. However. sianals from the BH looper would becomeas listed in Table | showed that introducing Mp to 6% in
¢ WEVET, Sig per wou the gas dramatically reduced coercivity and increased the

increasingly subject to noise at such §mal| dnymg_ﬂelds. Ininitial permeability of the films. Further additions of,Mad
our measurement, the total permeability,;, which is the

. ; o ) an adverse affect on the magnetic properties as shown in Fig.

slope of the line connecting the origin and each point on th%_ With the addition of 6% Bl the hard axis coercivity is

initial magnetization curve, was measured at various drivingOeIOW 1 Oe and initial permeability is over 1000. Such val-

fields. The_: initial permeab_ili_ty,ui _W%?Othen determined by ues are comparable to those in the films prepared with high

eXtrapOIat".]gM‘O‘ to zero driving field. .___substrate heatingput not as good as those reported for the
The microstructure and crystal structures of the fllmsrapi d thermal annealed filntsSaturation magnetizatiol

were characterized using x-ray diffraction and transmissiorémd squareness, of the films were observed to incresase

electron microscopyTEM). Scanning electron microscopy _,. 0 .
(SEM) was used to study the morphological structure of theSllghtly up to 4% of N before they decreased at highej N

X : ) concentration. The films deposited in 2%-10% bas
surface of fractured films. An atomic force microscope P ° °

. showed some weak intrinsic anisotropy. The film withoyt N
(AFM) was used to determine the surface roughness of t.hﬁas a much higher Hvalue of 50 Oe, and a high magnetic

films. The electrical resistivity was measured on a Prometn)s:ield is required to reach saturation. A VSM was therefore

?rztcotir:)]stilﬁ dr;?rlftlt\;:g etizf(:rt,iﬂt?oif:%;im?r:ep:gft;gétgziere-used instead of a BH looper to measure the hysteresis loop of
’ ' gwis film with a maximum field of 300 Oe.

R, and the optical roughness of the films were measure
using an ellipsometer.
X-ray photoelectron spectroscof¥PS) was used to in- 5.0

vestigate the atomic concentrations of elements as well as 1200 &
their chemical bonding. XPS measurement involves the en- \ >
ergy analysis of photoelectrons that are emitted from a solid 1.5 \.—={3900 E
~~ A )
O o
TABLE I. Coercivities and initial permeabilities. '9/ 1.0 1600 g
. , o v
Easy axis Hard axis T a
©
47M, He  47My He 0.5} // —o— H_ (easy axis) | 300 5
Nx% (G Sy (Ce G) Sy (O¢ Mi // ---&- H_ (hard axis c
0% 6995 039 50 6995 039 50 32 ool —®- y;(hardaxis) 0
2% 8889 082 158 8860 056 178 556 0 2 4 6 8 10
4% 9327 093 077 9357 054 105 691
6% 9006 0.83 076 9006 032 091 1038 N27~

8% 8743  0.54 0.88 8041 0.36 11 728
10% 8275 0.46 1.13 8304 0.4 1.3 505 FIG. 2. Dependence of easy and hard axis coercivity and initial permeability
on N,% in the sputtering gas.
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—~ 1200 TABLE Il. X-ray diffraction peak intensities and peak width.
[&]
% 1000} Peak counts FWHM
3
> soof N,% (110 (211 (200 (110 (21D (200
O
pr 0% 3050 150 140 0.57° 0.9° 1°
& 6007 2% 180 110 - 49  09°
S 6% 160 70 5° 1.4°
5 400 10% 180 - . BB°
€
200 F 7
3
3 M Ly 107N,
o Y . : ;
30 40 50 60 70 80 also be observed. Thd 10 and(211) peaks became much
26 lower and broader as Nwas introduced into the films. The
FIG. 3. X-ray diffraction of films with different b6 in the sputtering gas broa}demng of thex-Fe (.110) an(.j (211) peaks caused t.)y
(S: substrate adding N to the sputtering gas indicated that a much finer

grain size was achieved. TH211) peak was absent in the
films deposited in 10% MNgas. The(200) peak was indistin-
X-ray diffraction patterns of the films deposited with guishable from the AITIiC background peak in all the N

0%, 2%, 6%, and 10% Ngas are shown in Fig. 3. The,N containing films. No peaks associated with the iron nitrides,
additions seem to have little effect on the peak positions. Theuch as FéN or FegN, were observed.
diffraction peak intensities and the peak wid(AWWHM) are TEM bright-field micrographs of the sendust films de-
listed in Table Il. The sendust film with no,Nadditions  posited in 0%—-10% Mare shown in Figs. @-4(d). The
showed a large and narrow peak corresponding tq1t6)  film deposited without B showed grains of average size of
planes in the bcc structure of the sendust. Two lower inten200 nm. The electron diffraction pattern of this film is shown
sity peaks corresponding to tH200 and (211) planes can in Fig. 5a). The indexed diffraction rings of this film indi-

100nm  #

4

FIG. 4. (a)—(d) TEM bright-field images of sendust films deposited wigh 0%, (b) 2%, (c) 6%, and(d) 10% N,.
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FIG. 5. Electron diffraction patterns of the sendust film with 0%(& from
an area of diameter of aboutim, and(b) from a single grain obtained by
using selected area apert®@AD) orientation neaf111).

cates a nearly random crystal orientation and are consistel
with the cubic bcc structure. Superlattice rings are not ob-
served. The grains are sufficiently large that individual re-
flections are seen in the rings. By using a selected area dil
fraction (SAD) aperture, the area used for obtaining the
diffraction patterns can be reduced fronufin to about 150—
200 nm in diameter. The spot SAD pattern as shown in Fig.
5(b) was taken from one grain in the film without,NThe
grain was thus shown to be a single crystal. The film depos
ited with 2% N, contains different types of grains as shown
in Fig. 4(b). There are grains of similar size to those seen in (8
the film without N,, and some large grains contain a varying
number of grain boundaries. There are also small grains o.
average size 20 nm in between the larger grains. These small
grains are separated by distinctive grain boundaries. The
electron diffraction pattern taken with a large SAD aperture
(2 wm) from the film deposited in 2% Nis shown in Fig.

Chen et al.
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6(a). The same but broader diffuse rings were found as com
pared to the film without B The diffraction pattern from
within a single large grain labeled A in Fig(l) is shown in

FIG. 6. Electron diffraction pattern of a sendust film deposited with 296 N
(a) using an electron beam of diameter of aboutrfl, (b) from a large grain
of size 200 nm labeled A in Fig. @), (c) from an area containing many
small 20 nm grains labeled B in Fig.(6).
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FIG. 7. (8)—(d) SEM cross-sectional micrographs of films depositedain0%, (b) 2%, (c) 6%, and(d) 10% N,.

Fig. 6(b). It shows the(111) zone axis of the sendust. It 204 N, while some long cones are present, they are mixed
appears to contain two adjacent sets of diffraction spotgyith much narrower needlelike structures, especially near the
which suggest the possible existence of two slightly misori-sypstrate surface. In the films deposited in 6% and 16% N
ented subgrains. A ring SAD pattern was found, as shown iy needlelike structures are present. These needlelike col-
Fig. 6(c), from an area labeled B in Fig(l, which contains  ;mns have an average diameter of roughly 150 nm; whereas,
several small 20 nm grains. This indicates that the small,s cone structures have an average diameter of about 200—

grains are nearly randomly oriented. In the film deposited in250 nm. It is believed that the growth of power-law cones in
0 .
6% N,, the small grains are shown to occupy an even Iarge{he film without N, may yield voids or noncrystalline regions

percentage of the area as seen in E(g).éﬂ'he larger grains in between them, which result in less dense microstructures.
appear to have a slightly reduced size of about 140 nm. Th . T : .
. ! o . he size of the large grains in the film without, lMnd of
TEM micrograph of the film deposited in 10%,/ds seen in o L
clusters of the smaller grain in the,dontaining films mea-

Fig. 4d) shows only small grains. Some of these small ) o .
grains seem to form clusters of about 100 nm which argured from the TEM micrographs is in agreement with the

similar to the larger grains in the films with lower,Non- diametgrs of the conelike or needlelike cross—sec_tional mor-
tent. The film without N seems to be more porous than the Phological features measured from the SEM micrographs.
films containing N. The higher porosity in the film without Although columnar cross-sectional morphological structures
N, as suggested by the TEM studies is consistent with jt§vere observed in these films, it is unlikely that grains as

lower value ofMg. small as 20 nm could have columnar growth and extend
SEM cross-sectional views of fractured films with differ- through the 3um film thickness. _
ent N, contents(0%, 2%, 6%, and 10% Nin the sputtering The surface roughness of the filmR,) measured using

gag are shown in Fig. 7. Columnar film structures were ob-both AFM and ellipsometry are shown in Fig. B, was
served in all films studied. Distinctive power-law cone found to decrease monotonically with increasingddntent.
structure®’ were observed in the film without o extend The electrical resistivity of the films deposited in 10%
through the film thickness; whereas, in the film deposited inN, gas was 30% higher than that of the film without &k
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3.5 r — ' T 40 TABLE Ill. Atomic concentration of elements.

~ | o /-E\ N,% Fe(at %) Al (at %) Si (at % N (at %)

£ 30l —e— Resistivity | c

& U ceas R(AFM) 30 & 0% 81 7 8 0

3 ~a- R, (optical) oL 2% 78 8 9 3

\; " 6% 74 8 8 8

2 25} 0 10% 68 8 8 10

> (3]

5 c

2 c@

8 2.0 8

2 o files revealed that the films contain oxygen and carbon in the
15 top 5 nm of the films due to the surface contamination. The

atomic concentrations of each element in the films were mea-
sured at a depth of 10 nm, and are shown in Table III.

The binding energy spectra of N §lLof the N, contain-
FIG. 8. The resistivity and the surface roughness measured using both AF¥hg films showed a single peak at 397 eV, corresponding to a
and ellipsometry. negative energy shift of 3 eV from the molecular nitrogen
state!® They showed double peaks at the depth<cf nm,
possibly due to surface contamination by some organic sub-
stances.

In all films studied, the Fe (2;,) spectra show no ob-
servable energy shift from their pure metallic iron state. The
double peaks observed at the depth<® nm are believed to

N, 7

also seen in Fig. 8. An initial drop in the resistivity was
observed when 2% Nwas introduced. The resistivity then
gradually increased as more, Mas added. The high resis-
tivity in the film without N, is likely due to its high porosity.
The increase in the electrical resistivity and the reduction irl:)e due to surface oxidization
the surface roughness as%l was increased from 2% to The binding energy spect.ra of Al § exhibited an in-
10% in the gas are consistent with the reduction in the grain : : . :

) 4 e teresting change as the,¥4 increased in the sputtering gas
size of the films. These values of resistivity are one or twoas shown in Fig. 10. In the film deposited withous, Nhe
orders of magnitude higher than in most metals. High elecbinding energy o.f Al '(3) at a depth of 12 nm exhibi,ts only
trical resistivity is one of the desirable characteristics of sené1 single peak at 117.6 eV, which corresponds to the metallic
dust for many applications in magnetic recording technoI-AI state3 whereas iﬁ the ;‘ilm deposited in 10%,Nhere is
o9y a single peak at 119.4 eV at the same depth, which may be
due to the formation of AIN. This energy shift was not be-
ieved to be due to AD; since the oxygen concentration at
Rat depth is much lower than,Nand lacks the systematic

patterns of change with J%. In the samples deposited with

As shown in Fig. 9, the refraction index the extinction
coefficientk, and the reflectance of the surfaRewere all
observed to experience an increase and then a gradual
crease with the increase of,% in the sputtering gas. The
low values of the optical constantsandk, and the reflec-
tance R of the film without N, are also due to the high
porosity and large surface roughness of the film, which
makes it less refractive, absorptive, and reflective. The —
change im, k, andR were slight in the films deposited from -
2% to 10% N.

XPS analysis were performed on sendust films with 0%,
2%, 6%, and 10% WMin the sputtering gas. The depth pro-

Metallic Al

N
2.5 T T T T T 50 :‘é‘
o
>
S o
~ S
q) —_—
) £
X 5 NS
c 10 F L) E
o LW o N 107N
—— N 130 = G | .ﬁ" AIN '\‘
—— k O ~ R e, )
= Reflectance o z l Seus
; 0 1 1 1 1
15 ‘ . 20 115 117 119 121 123
0 2 4 6 8 10

Binding Energy (eV)

N7

FIG. 10. Binding energy spectra of Al §2 at depth of 12 nm in films
deposited in 0%, 2%, 6%, and 10%,Nespectively. The solid circles rep-
resent the experimental data points. The solid lines are peak fit results.

FIG. 9. The index of refractiom, the extinction coefficienk, and the
reflectance measured using ellipsometry.
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' — — hance the nucleation rate. It may also have inhibited the
20r s . grain growth ofa-Fe, Smaller grain size and softer magnetic
\ properties are therefore achieved. FormingNai however,
". may have deteriorated the magnetic properties of the films.
135 i......,“..’f 62Ny 1 The optimum nucleation density may be obtained without
" Si disrupting the soft magnetic properties when the atomic con-
centrations of Al and N become equal.
Herzef® used the random anisotropy model originally
proposed by Alberet al!® to interpret the grain size depen-
] dence of coercivity in soft magnetic materials. He proposed
that, when the grain size is below the ferromagnetic ex-
LT change length ., the effective anisotropy in an assembly of
95 97 89 101 103 105 107 grains is determined not by the anisotropy of each individual
. grain as for large grains, but by an average over several
Blndmg Energy (eV) grains due to the ferromagnetic exchange interaction. In fact,
FIG. 11. Binding energy spectra of Si @ at depth of 12 nm for fiilms ~ a@ccording to this model, the coercivity is strongly dependent
deposited in 6% and 10%The solid circles are experimental data points. ON the grain sizé® and varies a®®, while the permeability
The solid lines represent peak fit results. varies as Ib°. If the grain size is larger than the domain
wall width, on the other hand, the magnetization process is
) ) determined by domain wall pinning with the coercivity var-
an intermediate percentage of §as, namely 2% and 6%, jes as 1D. For the amorphous-FeSi ribbon used in his
the partitioning of the peaks area into the lower and theyy,qy the values of exchange length and domain wall width
higher energy peaks, which corresponds to metallic Al, andyere estimated to be 35 and 150 nm, respectively.
in AIN are 22.9%/77.1%, and 72.7%/27.3%, respectively. Hoffmann et al” calculated the wall coercive force by
~ The spectra of Si (@) exhibit a single peak at 99.6 eV qnsidering the local fluctuation of the wall energy, which
in the films deposited in 0%, 2%, and 6% Bit the depth of 55 determined by the average of the local anisotropy of the
12.nm._ Th|s peak co'rresponds tQ elementallssl. The pea}frystallites included in the wall volume. In a polycrystalline
which indicates the existence of;Bly (101.8 €V, was not  fjjm in which the size of crystallite® does not grow with

observed even in the film deposited in 6% &6 shown in g, thickness, he found that the wall coercivity, = D2.

Fig. 11. The spectrum of Si (8 at the depth of 12 nm in the The reduction irH and improvement in permeabilities,
film deposited in 10% Hlis also shown in Fig. 11 and ex- \hich were accompanied by the reductions in grain size in
hibits a second peak at an energy of 101.9 eV, which is veryhe sendust films we studied, can be qualitatively explained
close to that due to the formation of;Bi,. The ratio of the  p\ hoth models. The increase of, from 0% to 6% in the
peak areas in the higher and lower energy peaks is 34.5%f5 dramatically reduced the average grain size from 200 to

101

N(E)/E (Arbitrary Units)

O n Il . !

65.6%. about 20 nm. These grains of 20 nm average size were found
to be randomly oriented as also suggested by the TEM mi-
IV. DISCUSSION AND CONCLUSION crodiffraction patterns. It is believed that the grain size of 20

Yang et al. simulated the cross-sectional morphology of "M in the N containing films is below the exchange length
thin films with columnar microstructure by considering so that the reduction in coercivity with grain size is observed.

nucleation and growth of power-law conésThe results D€ grain size of 200 nm in the film without,Nnay be
showed that when nucleation only occurs at the substrat®ithin the range where coercivity is .relat|vely insensitive to
surface, the power-law cone structures were shown to exterf§€ 9rain size. The value of coercivity was observed to de-
through the film thickness, and the nodular growth greatlycT€ase by a factor of about 66 as thg ¢dntent increased,
roughens the surface. When nucleation occurs throughout tHéhile the grain size was reduced by a factor of 10. Our data
film thickness due to a greater number of nucleation site<2"® insufficient to suggest which theoretical model provides a

needlelike morphological features result. Our cross-sectiondl®tter fit to the experimental results. The film deposited with
SEM studies of sendust films without and with Keem to 10% N, showed fine uniform grain features; however, the

agree with these simulation results. The change in the surfac§!ective nitriding of Si atoms was also found, which may

roughness as indicated both by AFM and ellipsometry meghave led to the observed degradation of the magnetic prop-

surements are correlated with the morphological change ifi'ies: The degradation of the magnetic properties due to the

the films, which is consistent with the simulation resdfts, S€lective nitriding of Si may be related to the change in mag-
XPS binding energy spectra of the elements suggest th&gtostriction and film stress.

N, in the films reacts with Al preferentially to form AIN.

Si3N4 may be fqrmed in the.film deposited in 10%2,an ACKNOWLEDGMENTS
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