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Soft magnetic propertiesand high frequency
character istics of Fe- O nanocrystalline alloy films
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Abstract: The effect of oxygen - doping and thickness has been studied on ©ft magnetic properties and
high - frequency characteristicsof Fe - O alloy thin fimsprepared by a helicon - plasna - enhanced RF
magnetron Putter - deposition at roam temperature A reduction in coercivity due © grain refinenentwas
achieved using very lov dose of oxygen which did not lead o the fomation of crystalline Fe oxideswith
the lov saturation magnetization The real part (1 ') of pemeability has a high value of 1100 and is
maintained up 10 1 GHz belov 150 nm for the relative O, flow ratio of Ry, = 2 4%.
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0 Introduction

There are growving demands of magnetic thin fiim

materials for high - radio - frequency (GHz) us
magnetic recording heads, integrated thin - film induc-
ors, and electomagnetic noise aborbers™ ®.  Tradi-
tional Fe oxide fimsarewidely used in high - frequen-

and complicated crystalline structure inhibit its use
Soft magnetic anoiphous ferramagnetic materials such
as CozNb "' and CozrTa '* have been typical for
boosting the inductance and enhancing the quality fac-
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tor of integrated inductors'®. However, the low elec-
trical resigtivity and multiple magnetic resnances in
the pemeability ectra of these materials restrain the
enhancement of the inductor characteristics '**”’.  To
overcame these difficulties and increase the efficiency
of micromagnetic devices, a number of gopraches
have been taken and developed For exanple, oft
magnetic Nib g Fe 1o/ (Fa 7 Cas) O 95Ny /Nig
Fe 1 thin film which hasa sandwich structuré™!, and
Co, Fey,. x multilayer which consists of discontinuous
metal layerswith native oxide surfaces™’, have been
reported Mmportant progresses have al® been attained
by granular metal/ insulator composites, in which Fe -
rich crystalline nanoparticles with high magnetic mo-
ments are enbedded in a normagnetic insulator matrix,
ach as ALO,™, zo,", HIO,®™, so,™,
SLN,"™. However, oft magnetic properties, large
magnetization, and high resistivity are not smultane-
oudy compatible because high electrical resistivity canes
outwith increasing oxide fraction and at the exens of
the wolune - averaged saturation magnetization

In pure Fe films prepared by the conventional
themal evaporation or puttering method, a high satu-
ration magnetization (M = 2 15Wb/m’) is realized,
but good ft magnetic features cannot be obtained be-
cause of their large magnetocrystalline anitropy and
magnetstriction which lead o large magnetic coercivi-
ty To mprove ft magnetic properties and further in-
crease electrical resistivity for high - frequency applica-
tions, the doping effect of light elements (B, C, N
and Si) has been extensively investigated ' **' | al-
though the reduction inM g is an unwanted trade - off
Until now, little research has been done on the im-
provament of ft magnetic properties and high - fre-
guency characterigticsof Fe - O thin fims (not Fe -
oxide thin film) with changing anounts of oxygen

In this paper, we describe a preparation method of
oftmagnetic Fe - O alloy thin filmswhich reveal a good
high - frequency magnetic reonse and elucidate the rela-
tionship betveen the magnetic properties and oxygen gas
flov ratia The film thickness effectson the high - frequen-
cy characterigtics of these films have alo been studied

1 Experment

A helicon plasna enhanced RF magnetron gutte-
ring systan were used o prepare Fe - O thin films
This technique was developed based on oconventional
RF magnetron uttering and the helicon waves pro-
duced by an RF induced coil which was placed on the
top part of an RF magnetron cathode It has sme ad-
vantages over conventional RF magnetron uttering,
e g snooth dense films can be deposited at lov sub-
strate temperatures, because of its high plasna density
(10% - 10® am®) and high ionization efficiency. Al-
9, plasna danage of the film surface isminimized ow-
ing o the large distance beiwveen the substrate and the
target (220 mm) and the RF ooil attached © the pla-
nar magnetron cathode which can restrict plagna in the
target area Fe - O thin fimsof 150 rm thicknesswere
prepared by helicon plasna enhanced RF magnetron
sputtering (Ar+0, amogphere) with a target powver of
100W and a RF coil pover of 40 W. The guttering
chamber was evacuated down o lower than 5x10° Pa
(as the base vacuum level) with a turbo - molecular
punp and the deposition pressurewasQ 1 Pa A pure
Fe (99 99%) target (50 mm in dianeter) was ut-
tered in high purity argon and oxygen atomphere For
obtaining Fe - O thin filmswith different oxygen con-
tents, the relative O, flow ratio, R,, = [O, flow rate] /
[Ar flov rate + O, flov rate] (in %), was changed
by fine control of mass flov metersof O, and Ar gases
The Si wafers and glass plateswere used as the sub-
strateswhich were maintained at room temperature dur-
ing the deposition The pretreament of the Si wafers
and glass substrates was carried out by ultrasonic
cleaning in an ethanol slution The in - planemagnet-
ic aniotropy of as- deposited Fe - O thin fimswas in-
duced by a dstatic magnetic field of about 24 kA /m
(300 Oe) which was goplied parallel o the substrate
aurface during deposition

The structure of the thin fimswas analyzed by a
X - ray diffraction equipment (XRD) in the standard
Bragg - B rentano geametry using a rotor - type Cu tar-
get The magnetic propertieswere investigated using a
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superconducting  quantum interference  device
(QU D) magnetometer.  The frequency dependence of
initial pemeability at roam temperature was evaluated
using a high - frequency pemeanmeter (Ryowa AV F -

3000). The electrical resistivity was measured with a

conventional four - point probe method

2 Realts and discussion

The dependence of the magnetic and electrical
propertiesof Fe - O thin fimson R, was investigated
With R, increasing from 0% t 3 6%, the saturation
magnetization shows a dight decrease, while the mag-
netic coercivity, H. (easy axis) and Hg, (hard axis) ,
exhibit a sgnificant change Smultaneoudly, the electri-
cal resigtivity monoonically increases At R,, = 2 4%,
H. and Hy, reveal aminimum of 3 Oe with a resisitivi-
ty of about 1241Q am.

XRD measurament results of Fe - O thin fims
withR,, = 0 - 3 6% indicate that all films reveal an
Fe(110) texture and no other diffraction peak is ob-
100° No evi-
dencewas found for the fomation of Fe oxides up ©
Ro, = 3 6 %. Thismeans that the obtained filns exist
asa fom of single alloy phase and oxygen atoms are
disolved in the bce Fe lattice It is not found that the
(110) peak shiftsto a lover ® sideup DRy, = 2 4
%, and thispeak position is still consistentwith that of
pure Fe film. When the R, increases up o 3 6 %,
the (110) peak clearly <hifts o a lover B side (the
lattice expands) and a unifom stress gppears in this
fim.  To further characterize the fim crystal structure,
we calculated the crystallite size (D) of the films fram
the Scherrer’ sequation'”. D isG 7, 6 0, 5 8, and
56mforR,, =0, L2, 24, and3 6 %, regec-
tively This indicates that the thin films are composed
of gnall nanograins The film thickness of 150 nm is

srved in the wide ® range of 35—

much larger than these D values consequently, it is
considered that many (110) oriented nanocrystals
campo<e the highly oriented Fe - O alloy thin fiims

It is alo found that when R, was about or less
than 2 4%, the obtained films had very good in -

plane uniaxial aniotropy as deanonstrated by the hys
teresis loops along easy and hard directions shown in
Fig 1(a and b). The introduction of a very snall
guantity of O, lead to the decrease of H., from 9 Oe for
apure Fe thin fim (R,, = 0 %) ©30eforaFe- O
alloy thin film (R,, = 2 4 %). Moreover, a large an-
iotropy field (H, = 18 Oe) isobserved for the R, of
2 4 %, suggesting that this fim has a high ferromag-
netic reonance frequency (). This sftmagnetic fea
ture can be attributed © the decrease of Fe magneto-
crystallic anisotropy with the introduction of oxygen at-
ans into the Fe nanocrystalline lattices

Figure 2 shows the frequency (f) dependence of
pemeability for the Fe - O alloy thin fimsprepared at
Ro,, = 0 and 2 4 %, repectively Clearly, the f, in-
creaesasR,, increaees FOrR,, = 2 4 %, thef, rea
ches a value of 1 7 GHz while the real part {4 ') of
pemeability still has a high of 1100 and flattens up
1 GHz Moreover, itwas damonstrated that oxygen -
doping al® enhances the in - plane uniaxial magnetic
anitropy of Fe fims and thus can be gpplied benefi-
cially o increase high - frequency pemeability which
is needed in microwvave goplication fields
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Fig 1 Hysteresis loops and magnetic aniotropy field of Fe- O

thin films deposited at Ry, = 0 and 2 4%
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Fig.3 X - ray diffraction patterns of Fe — O alloy thin films as

a function of film thickness

In order © goply thesxe films © high - frequency
magnetic devices, it isnecessary to understand the film
thickness effects on their high - frequency characteris
tics Figure 3shows XRD measuramentson Fe - O thin
fimswith Ry, = 2 4% and the fim thicknesses fram t
= 85 b 600 rm. It isclearly sen that all films show
only a Fe (110) peak, the position of which is al®
consistentwith that of pure Fe fim, and no other dif-
fraction peak isobserved in thewide ® range of 35 -
100° This indicates that these films have the same Fe
(110) texturewith increasing t up to 600 rMm.

Figure 4 shows the hysteresis loop s along easy and
hard directions and magnetic anitropy field of Fe- O
thin fimswith Ry, = 2 4% and the filn thicknesses
from t = 85 © 600 rm. It isfound that the film with t
= 85 mm has larger H, values (H, = 11 0e and Hy, =
40e) and snaller H, value (H, = 140e). When t >

150 rm, the films have the valuesof H.< 30e and Hy
> 180e

In order o further exanine the high - frequency
magnetic pover loss in these films, we measured their
initial pemeability Figure 5 shows the f dependence
of pemeability for the Fe - O alloy thin fimswith R,,
= 2 4% and the film thicknesses fran t = 85 600
mm. The real part (4’ ) of pemeability has a high val-
ue larger than 1100 and flattensup © 1 GHz for t =
85 and 150 nm, whileJ ’ starts to decrease atQ 7 GHz
fort = 300 m and atQ 3 GHz for t = 600 rm. On
the other hand, for this thickness range of t = 85 o
600 T, the effective pemeability of these Fe - O al-
loy thin films is above 1000 and maintained up ©
1GHz In particular, in caee of t = 150 and 300 nm,
effective pemeability is retained up o 1L 6 GHz There-
fore, the Fe - O alloy thin films showv excellent the
high - frequency characteristics, which is interpreted o
be due © the high electrical resistivity and magnetic
aniotropy field

(a) T [ (b)
1F-£=80 nm ‘

D

Le=150nm {5
1 g
0 1t ;
|} |H, |

-1F 1t - — hard axis |-

~|__C
~=

:'[l .- hard axis |

easy axis I a~ easyaxis |
e e g tte s |
It ! 1 i 1 - i

F(c) Lo e————T (d) ]

1F=300 nm k=620 nm
f ¥

AH A H,

I b |
-1F Ml . hardaxisf ¢+l| —.— hard axis |

Magnetization (10kG)

easy axis easy axis |

'2:4_- 1 >J‘ | 1 | -_71_-‘.'! I e J
-100  -50 0 50 100 -50 0 50 100
Magnetic field, / (Oe)

Fig.4 Hysteresis loops and magnetic anisotropy field

of Fe — O thin films as a function of film thickness
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3 Conclusion

U sing the helicon plasna enhanced RF magnetron
Puttering systan, we prepared oxygen - doped mag-
netic Fe - O alloy thin films (not Fe - oxide thin fiim)
by varying the R,, value during sputtering The effect
of oxygen - doping and film thickness has been studied
on oft magnetic properties and high - frequency char-
acteristics of as - deposited Fe - O alloy thin films
The incormporation of oxygen ino the Fe film ( lattice)
refines grains, leading to the ft magnetic characteris
tics For the thin fimsproduced atR,, = 2 4 %, the
real part {4 ') of pemeability has higher values than
1100 and ismaintained up o 1 GHz belov t = 150
mim.  The effective pemeability of these Fe - O alloy
thin films is above 1000 and maintained up o 1 GHz
belov t = 600 M.
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