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Abstract Aluminum nitride (AlN) thin films containing various amounts of Co content have been deposited
by using a two-facing targets type sputtering (TFTS) system. The deposited films were also annealed suc-
cessively and isothermally at different temperatures. Annealing treatment can control the physical properties
as well as the microstructure of AlN films with Co particles. High magnetization and high resistivity are
obtainable in AlN films containing dispersed Co particles. The coercivity of the films does not depend on
annealing time, but it increases with increasing annealing temperature due to the increase of the grain size.
A high saturation magnetization of 46 kG and resistivity of 2200 µΩ-cm was obtained for AlN films contain-
ing 25 at% Co.
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1. Introduction

Nanostructured composite films have attracted both

scientific and technological interests in recent years

because of their size dependent novel properties and

the fact that the properties can be altered by adjusting

the deposition parameters, which makes these kinds

of films very promising in a wide variety of

applications [1]. Generally, these films are fabricated

by sputtering laser ablation of composite targets, and

by reactive sputtering of pure metal targets. The

configuration of the films covers the combinations of

metal-insulators and metal semiconductors [2, 3].

Recently high technology developments of electronic

devices have led to a demand for miniaturization of

magnetic devices [4], operating at frequencies higher

than 50 MHz. For such devices, it is required that the

magnetic materials have a sufficiently large electrical

resistivity ρ and are in the form of thin films, because

of the suppression of eddy current losses. In the field

of magnetic recording, ferrite heads, connected with

oxide media have been in great use from a long period

of time. On the other hand, metal heads [5, 6], for use

with high Hc metal media [7, 8] utilizing metallic

materials such as metal sendust and single-phase

amorphous films have also been introduced in order to

achieve high-density recording. There exists a great

deal of core loss in high frequency range. However,

ferrite heads have a related problem when applied to

high-density technology, that is, the low Bs of soft

magnetic ferrite makes them incompatible with metal

media. In order to solve those two major problems,

high resistive metal films possessing a very fine two-

phase hetero-amorphous structure have been studied,

and magnetic granular system, where the magnetic

particles are embedded in an insulator matrix, has also

been studied. But it is necessary to improve the

overall performance of the high density recording

materials. Moreover, no work has been reported till

now on Co based soft magnetic materials, where Co

as a magnetic element is embedded in a good

insulating matrix. An ideal high-density recording

magnetic material should have high permeability, high

electrical resistivity, large saturation magnetization
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coupled with low energy loss and also a high corrosion

resistance. That is why we used AlN as a high

resistive and high corrosion resistance insulator

matrix and Co as a magnetic particle embedded or

dispersed in that matrix. In this paper, we describe the

processing of AlN films containing various amounts of

Co content and also examine their magnetic pro-

perties and electrical resistivity in relation to the

microstructure of the films.

2. Experimental Procedure

Aluminum nitride (AlN) thin films were deposited

on glass substrate by using a two facing targets type

dc sputtering (TFTS) system at various nitrogen

partial pressures (PN2). Their deposition charac-

teristics, crystallographic orientation and microstruc-

ture were examined to determine the best deposition

condition. Thus predetermined conditions were

applied to prepare AlN thin films containing Co

particles by only replacing an aluminum target by an

‘Al-Co’ composite target in this system. The

composite target was fabricated by inserting a Co

plate with various diameters into a hole cut in the

central part of Al target. In this system, a pair of

permanent magnets are installed behind both targets,

as shown in Fig. 1. The magnetic field from these

magnets confines the plasma between the two

targets. Consequently, the films can grow without

disturbance from plasma because the substrate is

located out of the plasma. The deposition conditions

are listed in Table 1. As-deposited Al-N-Co thin films

were annealed both successively and isothermally in a

vacuum of 2.6×10−4 Pa at different temperatures. The

microstructure of prepared films was examined by X-

ray diffraction (XRD), transmission electron micros-

cope (TEM) and film texture by field emission

scanning electron microscope (FE-SEM). Atomic

percentage of the contents of the films was checked

by electron dispersive spectroscopy (EDS), as listed in

Table 2. Magnetic and electrical properties were

examined by a vibrational sample magnetometer

(VSM) and the four point prove method respectively.

Fig. 1. Schematic diagram of a TFTS system.

Table 1. Deposition Conditions

Target Al(99.95), Co(99.98)

Composite Target Area ratio of Co (TAF)
Co/(Al+Co)=0.021, 0.047, 0.087

Substrate Corning glass

Substrate Temperature Lower than 323 K

Target Voltage DC -300 V to -500 V

Sputtering Current 400 mA

Composite Gas N2 partial gas pressure of 0.52

Initial Pressure Lower than 2×10−4 Pa

Total Gas Pressure 0.4 Pa

Table 2. Saturation Magnetization and resistivity of AlN
films containing Co

Co target area fraction
(at% of Co(approx.))

Magnetization
Gauss (kG)

Resistivity
µ-Ω-cm

0.021 (10 at%) 41 ~ 51 49750

0.047 (20 at%) 41 ~ 51 2900

0.087 (25 at%) 69 ~ 84 990 ~ 1360
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3. Results and Discussion

3.1 As-deposited Al-N-Co thin films
3.3.1 Microstructure

The microstructure of Al-N-Co films strongly

depends on Co content in the films. Fig. 2 shows XRD

profiles deposited with different Co target area

fractions (Co / (Co + Al) = TAF). For the film prepared

with a TAF = 0.021, only two AlN peaks are

observed. These AlN peaks are not sharp and are

shifted to smaller angle side, which suggests that

some of N atoms in the AlN structure are substituted

by Co atoms to form a defected AlN crystal structure.

For films prepared with higher TAFs, AlN 0002 peak

becomes broad with increasing Co content, and finally

disappears in diffuse scattering ascribed to amorphous

state. The results of TEM micrographs (shown in Fig.

3) are consistent with the XRD results. As shown in

the micrographs, the grain size decreases with

increasing Co content, and corresponding electron

diffraction pattern shows only the AlN rings for the

film containing 10 at% Co. The films with higher Co

contents show that the grain size decreases and the

diffraction rings diffuse with increasing Co content. 

From the cross sectional view of the FE-SEM

observations, as shown in Fig. 4, it is seen that film

containing 10 at% Co shows columnar structure as

like as pure AlN films [9], and for the films containing

25 at% Co the columnar structure disappears. This

phenomenon can be explained from XRD and TEM

observations: the films with small Co content show

peaks for AlN (XRD) and rings for AlN (SED), so

resulting in columnar structure as in the case of pure

AlN films. Moreover, when the Co content increased,

the AlN peak became broad and the rings became

diffused, resulting in amorphous state. The decay of

columnar structure is related to the degradation of

crystallinity.

Fig. 2. XRD profiles of as-deposited films containing Co
at% of (a) 10, (b) 20 and (c) 25.

Fig. 3. TEM bright field images and SAED patterns of
AlN-Co films containing Co at% : (a) 10, (b) 20 and (c) 25.
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3.1.2 Magnetic properties and electrical

resistivity

For as-deposited films, the saturation magnetization

is very small irrespective of Co content. This may be

due to that the as-deposited films are amorphous i.e.,

Co is not in crystalline state, and/or its Curie

temperature decreases below room temperature. The

resistivity increases with decreasing Co content due

to the decrease of conducting element (Co) in the

matrix. The numerical results for magnetization and

resistivity with respect to Co content in the films are

listed in the Table 2.

3.2 Annealed Al-N-Co films
3.2.1 Change of magnetic and electrical

properties caused by successive annealing

Fig. 5 shows the effect of successive annealing on

the saturation magnetization and resistivity for the

films prepared with a TAF of 0.087. The saturation

magnetization is almost constant up to 573 K, and

begins to increase abruptly from 673 K. The highest

saturation magnetization of about 360 emu/cm3 was

obtained for films successively annealed at 973 K. The

effect of successive annealing on resistivity is plotted

in the same figure for the films deposited with a TAF

0.087 annealed for 10.8 ks. The resistivity slightly

decreases with increasing annealing temperature up

to 673 K and then begins to increase sharply with

annealing temperature. The highest resistivity of

about 11500 µΩ-cm was obtained for the annealing

temperature of 973 K. Fig. 6 shows typical hysteresis

loops after being successively annealed up to 973 K

for 10.8 ks period.

Fig. 4. FE-SEM photographs of cross-section of AlN-Co films deposited with area fractions of containing Co at% : (a)
10 (TAF=0.021) and (b) 25 (TAF=0.087).

Fig. 5. Effect of successive annealing on saturation
magnetization and resistivity of Al-N-Co thin films
containing 25 at% Co.

Fig. 6. Typical magnetic hysteresis loops measured for
Al-N-Co thin films containing 25 at% Co annealed at 973
K for 10.8 ks.
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3.2.2 Microstructure

Fig. 7 shows some XRD profiles of Al-N-Co films

deposited on glass substrate with TAF = 0.087,

successively annealed at various temperatures for

10.8 ks at every step. It is clear from the profiles that

the amorphous phase of as-deposited film separates

into two distinct phases of AlN and fcc Co, and the

peak intensity and sharpness increase with increasing

annealing temperature. Fig. 8 shows two typical TEM

micrographs of films containing 25 at% Co. The films

were successively annealed at various temperatures

for 7.2 ks. It is obviously seen that the grain size

increases with increasing annealing temperature and

the diffuse electron diffraction rings become sharper

with increasing annealing temperature. When the film

was annealed at 973 K, sharp rings for both AlN and

fcc Co were clearly observed. It was also found that

the Co grain size was much larger than the AlN grain

size at elevated temperatures, especially for the films

with higher Co contents. The average Co grain size is

about 15 nm in diameter and AlN grain size is about 5

nm in diameter for the films containing 25 at% Co

annealed at 973 K. The same results were also

obtained for isothermal annealing. The results are

summarized as follows; heat treatment can change the

microstructure, and as-deposited films can crystallize

to have two distinct phases of AlN and FCC Co.

3.2.3 Magnetic properties

The magnetic properties of annealed films change in

accordance with the changes in microstructure.

Saturation magnetization as a function of annealing

time at different annealing temperatures is shown in

Fig. 9 for the films containing 25 at% Co. The graphs

show almost the same behavior at 673 K and 773 K,

except for the plots at 573 K; where the increasing

tendency of saturation magnetization with increasing

annealing time was seen up to 129.6 ks and the

highest saturation magnetization of 3.7 kG was

observed for a film annealed at 773 K for 32.4 ks. This

phenomenon can be explained in terms of the changes

in microstructure caused by annealing. As annealing

time and temperature increase the separation of Co

phase from AlNCo amorphous phase become more

dominant and also the crystallinity of Co become more

and more perfect. The Co phase dispersed in the AlN

matrix leads to the increase of magnetization in the

film.

The coercivity of annealed films was also measured

as a function of both annealing time and annealing

Fig. 7. XRD profiles of AlN-Co films (TAF=0.087); (a)
as-deposited and (b), (c), (d), (e) annealed at 673 K, 773
K, 873 K, 973 K for 10.8 ks.

Fig. 8. TEM images and SAED patterns of AlN-Co films
with TAF=0.087; annealed at (a) 773 K and (b) 973 K
for 7.2 ks.
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temperature. However, no effect of annealing time

was found on the coercivity, but it was observed that

the coercivity increases almost linearly with annealing

temperature as shown in Fig. 10. The lowest

coercivity of about 90 Oe and the highest coercivity of

275 Oe were obtained for the films annealed at 573 K

and 973 K respectively, for the films prepared with a

Co TAF of 0.087. 

The coercivity is not affected by annealing time but

increases with increasing annealing temperature. The

grain size of the films increases with annealing

temperature. This indicates that the coercivity is

strongly related with particle size of the films. This

also predicts that there may have some relationships

between the grain size and the orientation of magnetic

domain structure, which are considered to affect the

coercivity.

3.2.4 Electrical resistivity

The resistivity increases with increasing annealing

time and temperature. Fig. 11 also shows the

variations of resistivity as a function of annealing time

at different annealing temperatures for the films

deposited with a TAF of 0.087. It is seen from the

figure that the resistivity decreases with annealing

time up to 10.8 ks and then increases with increasing

annealing time for all the annealing temperatures. The

resistivity of about 2200 µΩ-cm was obtained for a

film annealed at 773 K for 115.2 ks. 

For the films prepared with lower TAF's of 0.021

and 0.047, the resistivity increases with increasing

annealing temperature and annealing time. On the

other hand, for the films prepared with higher TAF's

of 0.087 the resistivity first decreases up to 12 ks for

all the annealing temperature and then increases with

increasing annealing time and temperature. The origin

Fig. 9. Saturation magnetization as a function of the
annealing time for the films prepared with 25 at% Co
(TAF=0.087).

Fig. 10. Effect of annealing temperature on coercivity
for AlN-Co films.

Fig. 11. Variations of resistivity ρ as a function of
annealing time at different annealing temperatures for
the films containing 25 at% Co (TAF=0.087).
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may be explained as follows: in case of lower TAF's,

the films are partially crystalline, the nitrogen content

in these films is almost in the form of AlN compound.

But for a higher TAF of 0.087, the films become

amorphous. In as-deposited amorphous film, all the

nitrogen contents are not in the form of AlN

compound, thought some molecular nitrogen also

exist in the film. A large amount of Co atoms are also

constrained to be doped in the AlN lattice. Therefore,

the decrement in resistivity during the initial stage of

annealing is probably due to the escape or desorption

of a few atomic N atoms before the formation of AlN.

And when annealing time and temperature increase,

as-deposited amorphous films crystallize into two

different phases, AlN and Co, and as a result,

compositionally separated into Co enriched region and

AlN enriched region. In consequence of this, the

resistivity increases caused by compositional separa-

tion with increasing annealing time and temperature.

4. Conclusions

Amorphous Al-N-Co films deposited by the TFTS

system were annealed and their microstructure,

magnetic properties and resistivity were investigated.

The main results are summarized as follows, 

1. This TFTS method is suitable for preparing AlN

thin films containing various amounts of Co content.

Annealing can control the physical properties as well

as the microstructure of Al-N-Co thin films.

2. The coercivity of the films does not depend on

annealing time, but it increases with increasing

annealing temperature due to the increase of the grain

size. A high saturation magnetization of 46 kG and

resistivity of 2200 µΩ-cm was obtained for AlN films

containing 25 at% Co. 

3. High magnetization and high resistivity are

obtainable in AlN films containing dispersed Co

particles. Such films would be used on high density

recording materials.

References

1. L. N. Kotov, V. K. Turkov and V. S. Vlasov : J. Mag.
& Mag. Mater., 316, 20 (2007).

2. R. Schwarz, M. Fernandes and J. Martins : Sensors
and actuators. A, Physical, 115, 331 (2004).

3. L. Maya, W. R. Allen, A. L. Glover and J. C. Mabon :
J. Vac. Sci. Tech., 13B, 361 (1995).

4. Z. Yuan, J. Shi and B. Xu : Plasma Sci. & Tech., 10
(2008) 446.

5. T. Kobayashi, M. Kubota, H. Satoh, T. Kamura, K.
Yamauchi and S. Takahashi : IEEE. Trans. Magn. 21
(1985) 1536.

6. K. Takahashi, K. Ihara, S. Muraoka, H. Yoda, E.
Sawai and N. Kaminaka : IEEE. Trans. Magn. 23
(1987) 2928.

7. H. Shibaya and I. Fukuda : IEEE Trans. Magn. 13
(1977) 1005.

8. R. Chubachi and N. Tamagawa : IEEE Trans. Magn.
20 (1984) 45.

9. V. Brien and P. Pigeat : J. Crystal Growth, 299
(2007) 189.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


