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1. Introduction

Information can be recorded by a variety of methods. In this paper we will concentrate on
Magnetic Recording (MR) but where possible Magneto-Optic Recording (MOR) will be
mentioned. Both principles can be used in various applications like audio, video or data handling.
Furthermore each application has its own type of media in the form of tape, floppy or hard disk.
At present the MOR media are only available on hard disks.

In the case of longitudinal and perpendicular magnetic recording the development is
concentrated on the following areas of media research:

- Appropriate (higher) coercivities, which means improving the magnetic crystalline anisotropy,
the crystal {columnar) size and the microstructure of the boundary.

- Low media noise from the transition even at very short wavelengths, which means a grain
{columnar) separation which decreases the inter-columnar magnetic exchange coupling.

- At high density a high oufput signal, which can be related to the magnitude (chemical
composition) and the direction of the magnetisation (the direction of the total anisotropy
determined by the shape and crystalline anisotropy).

From a design point of view many improvements can be carried out for realising magnetic

recording systems having very high bit recoeding (several gigabit per square inch). A classical
exampie is the development through the years of the IBM disk system in which big areal-density
improvements have been achieved for head, disk and channel technologies [2].
In fig.1 the various dimensions for track pitch, bit-cell length, head gap, medium thickness and
head-disk spacing are given as functions of time. It can be clearly seen that all aspects have to be
scaled down drastically. The development of (new} thin-film magnetic recording media is one of
the possivilities for increasing the recording density. Besides scientific and technical arguments
lower costs and higher capacity have also encouraged the magnetic recording industne.s to
research these types of media. Thin-film media are already available commerciaily in MO-disks,
Metal Evaporated Tape (ME-tape) for audio application and Eleciro(less) deposited hard disks for
data recording.

L

K. H. J. Buschow et al. {eds.), High Density Digital Recording, 39-99.
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It can be clearly siated that the next generation of magnatic and magneto-optic recording products
will all be dependant on the advances in the volume packing density of recorded information.
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Figure 1. Recording Sysiem Scaling [2).

Consequently there is not only a future for thin-film media but also for thin-film magnetic
recording heads (smaller gap and track widkths) based on inductive reading and writing as well a3
magnetoresistive reading. As can be seen in the other sections of this book the encoding of
information can be done analogously and digitally.

Although the latter has already been successfully applied in data recording there is a trend to use
this recording method also for Video (HDTV) and Audio spplications (DCC) because ervors can
be corrected dynamically.

The reconstruction of the original information can be carried out very precisely. It is not
essential for understanding and discussing thin-film media 1o differentiate between digital and
analog recording media

Although many different thin-film configurations have béen developed for the various fiekis
of application in general, the following essential design parts are given in fig.2.

As can be seen in fig.2 the media consists of a substrate (made of glass, aluminium, polyester,
PET etc.), an undercoat (transition -, intermedise- Or seed-layer) between the substrate and the
magnetic (recording) layer and an overcost or covering layer. These all consist of different
materials and properties, such as chemnical compositions, microstructures and thicknesses.

1.1 RECORDING MODES

Atpmentwehavetwonmduofuwm&:gdepmdemonmedimdmddn
magnetisation namely Longitudinal (LMR) and Perpendicular Magnetic Recording (PMR). In the
first the magnetic anisotropy lies in the plane of the film and in the case of the PMR media the
anisotropy is directed parailei to the film noemal. Magneto-Optic Recording (MOR) also requires

a perpendiculer magnetic anisotropy. The basic elements of a recording systemn are given in
and consist of 4 medium with in-plane magnetisation and a ring head.
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Figure 2. Typical configuration of a thin film media.

The data may be stored in paraliel tracks. High density recording depends entirely on ho
shorten the recceding wavelengths (A} and how 10 naryow the trackwidth (w)
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Figure 3. Conventional configuration of a recording system showing the different compon
and directions [13)],
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“For more information about basic recording principles standard literature is given in the reference
list [3-6]. There are two principle techniques for the preparation of magnetic recording media
namely 'particulate’ coated media and 'thin-film' media. The first one consists of discrete

MAGNETIZED VOLUME ° :

IN A PARIICLLATE MEDKSM 47/ e

IN A THIN FILM %

Figure 4. Comparison between the magnetised volumes in particulate and thin-film media.[7]

The general properties for MR media are a sufficient magnetisation (M) for reading by the head
with an acceptable $/N and an accepiable field sirength (which is directly .elated to the coercivity
Hc} 10 create a magnetisation reversal. This field should not be t00 high for successful writing by
the head but it must be large enough to quard the medium against unwelcome reduction of the
signal during storage, For high density recording a major potential for changing the signal during

proportional o the medium magnetisation. Consequently the Hc becomes higher for more
strongly magnetisable media and that is the case if the recording density increases.

In fig. 4 the interaction between head and medium is given for a {traditional) particle medium
(y-Fe;0; or CrO, suspended in a plastic matrix) and 4 thin-film medium [7). The packing density
and the magnerisation of the oxide materials is relatively small (8]. Consequently the magnetised
volume must include a large number of particles for a sufficiently high S/N. Figure 4 shows the
comparison between the two magnetised volumes of the particle medium and the thin-film

minimum recordable A. Contrary to this, thin-films for media application can be produced with

high magnetisations and very thin fayer thicknesses. Consequently the magnetised volume
decreases and the X increases, :

>. Magnetic Properties Of The Mcdia

Che media used for recording are termed "magneticatly hard" ({in comparison with permanent
nagnet materials it is better to define them "semi-hard*) while magnetic head materisls have
roperties of a "soft” magnetic material. Funthemmore the media should have a magnetic
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anisotropy in plane (LMR) and perpendicular one (PMR, MOR) to lhe.film surface, . .
The well-known recording media are made from Fe, Co and Ni alloys and oxides. Their
characteristics are described by intrinsic and extrinsic properties (see Table ).

Table 1: Properties of magnetic materials

Intrinsic Extrinsic

Saturation Magnetisation (M,) Remanent Magnetisation (M,)
Crystal anisotropy (K) Coercivity (H,)

Curie temperature (T,.) Permeability ()
Magnetostriction (1)

The inwrinsic properties are determined by the type and number of atoms, their arrangement in the
structure and their temperature. The extrinsic properties can, in addition, be influc_amed by the size
and shape of the magnetic "units”. Therefor in the case of thin-film media the microstructure and
morphology play key roles in determining the extrinsic properties. All parameters mentioned in
the table are important and have to be optimised for good medium performances.

2.1 HYSTERESIS LOOP

In the case of a typical recording medium the hysteresis loop gives the relation between the
magnetisation {M) and the applied field (H). ‘ o

The value Hc is the coercivity at a field (H) to reduce the component of M, in the direction of
H, 1o zero. This is more or less a formal definition. The physical meaning of Hc is dependent.on
the magnetisation process involved and may be the nucleation field, the domain-wall coercive
field or the anisotropy field. .

The intrinsic saturstion magnetisation Ms can be approached at high.H nnd at zero field the
so-called remanent magnetisation (M) is reached. The loop squareness is defined as S=Mr/Ms.
For the Switching Field distribution (SFD) see paragraph 2.5. ‘ _

In principle the hysieresis loop of fig.5 shows the behaviour for the easy axis of
magnetisation(in the anisotropy direction). This loop has a recmngulfr shape and exhibits
irreversible changes of magnetisation while the hard-axis loop (Qerpmdlcular 10 the easy-axis
loop) is more or jess linear between the saturation fields and theoretically, hyster?sls t‘ree:

in general the following is valid for LMR: the higher the value of Ms the higher will be the
value of Mr and the higher will be the magnetic flux for the reading.

2.1.1. Coercivity of Thin-Film Media. The coercivity of a magnetic filmlxs 2 very oompllcne_d
parameter and should be discussed in relation 1o the reversal mechafusm and the magnetic
Mmicrostructure. The morphology of the layer i.e. shape and dimers.lons of the crystallites
{columns), nature of the boundaries, surface and initial layer properties determines how the
Mmagnetisation can be reversed by domain-wall mation or by incoherent rotation. 8
ﬂ\erelltionbetwemﬂcanddupmicleliuisgivenby[10].1hemnxfmmr.:ﬂcvnh‘nn
dependent on the thickness for different compositions for longitudinal materials like Co-Ni-(X)
alioys (11] as well as perpendicular Co-Cr medis [12].
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" This shows clearly the influence of the microstructure {which develops as a function of the
thickness) on the magnetic behaviour.

SFD =_A.H_

’ M.
Figure 5. Hysteresis loop of a magnetic recording medium.

2.2. DEMAGNETISING FIELDS.

The shape of a magnetic media {sample geometry) is the most-obvious feature which may
influence the anisotropy. Depending on the geometry there will be o “charge" at the surface of the
uniforrnly magnetised sheet, cylinder or sphere. This magnetic pole density produces an internal
uniform demagnetising field Hd (=-NdM) which is. in Fact, proportional to M with an Oppasile
direction.

Here Ny is the linear demagnetising factor. The sum of the three orthogonal factors is equal to
one (N = Nx + Ny + Nz = ll.mevduuformedmfmdepmdon:beshnpeonhe

highest demagnetisation field is directed opposite to the magnetisation of the sarnple. This means
‘hat the anisotropy energy in the perpendicular direction should be larger that the demagnetising
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magnetisations and demagnetising fields are shown in fig.6b.
In contrast to the longitudinal mode the Hd in the perpendicular mode vanishes at the
transition,

iongitudinal z perpendicuiar
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Figure 6. Schematic presentation of the realisation of a transition in LMR and PMR media [13].

Consequently, the longitudinal transition will be spread out, in contrast with the perpendicular
laansition. which is sharpened (see fig.6c). This principle shows the advantage of the
Perpendicular mode for very high density transition recording [13].

Another way to consider this point is by comparing the demagnetising factors for longitudinal
N/ and Np in the perpendicular direction [14}. If the medium is sinusoidaily magnetised with a
wave length A, uniformly through the thickness h and over an infinite track width, the
demagnetising factors are givenby: Nl =1-12 x h {l-exp (-2x WA} and Np=1-N. It is
simpie to show, that Np < N/ foc Ah < 4, In fact Np approaches zero for infinite bit density.

This schemarical Presentation (fig.6) shows clearly why demagnetisation is not expected to
limit the bit density in perpendicular recording but, on the contrary, will establish a more stable
Magnetisation at high bit densities than for longitudinal recording. _
The recorded bits LMR media are shown in fig.7. For very high densities the written bit is
enlarged separately above the figure and from this it can be seen that as the bit length (\/2)
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‘approaches zero at high densities the Hdx for longitudinal recorded bits Q‘pproac.hes one whereas
the transition {Mx) becomes unsharp (see also fig.6). At very high bit densities, the media must
be very thin (10-50 nm), but the perpendicular media can still be between 50-250 nm,
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Figure 7. Written bits in LMR media [15).

2.3 MAGNETIC ANISOTROPY

Many magnetic samples show preferential directions for the alignment of the magnetisation,
These directions are energetically favourable and called easy axes. The energetically unfavourable
directions are known as hard axes and are rotsted 90° from the easy axes. When a material has
only one hard or easy axis the material is said 1o have uniaxial magnetic anisotropy. (Multiaxial
anisotropy occurs in some materials but is Jess common).

The presence of anisotropy in thin films can be influenced by many different phenomena
related to the method of preparation, growth parameters and materials used:
-the incoming energy of the flux atoms during deposition which influence the nucleation and
growth process of the film
- the incoming angle of the flux atoms
- the substrate lemperature
- preferential growth of the material
- kind of seed layer and the measure of epitaxy
- compositional separation
- impurities
- imperfections of the lattice and/or mismatch between substrate and film

Consequendy the formation of uniaxial anisotropy is influenced by many factors, such as
crystal symmetry, preferential (poly) crystallite orientation (texture), shape of the sample and
stresses.

Some of the major anisoiropy forces in recording media are: shape anisotropy, crystal
anisotropy, strain anisotropy, exchange anisotropy and surface snisotropy. In the case of
multilayers for magneto-optic recording the so-called interface anisotropy (related to the surface
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Magneio-crysulline anisotropy arises from exchange forces within the crystal lattice and is.
memfom.minuimicmmuminmuwunshnpemismpy.kismi&nw
lempemuremdmmditmundugoirma‘nled\mga if the site occupancy of the ions
changes.
Lastbmnotlusnhemainmiaotmpycmphyuigniﬁmmroleinmetouhnisouopy.ltcm
becmmdbysummmmuiqivemm.mwmsmpyacﬁngmamMis

The most simple way 1o describe the total anisotropy in a media is (o consider the contribution
of the different types of anisotropies 1o the uniaxial anisotropy. First of all we consider the
uniaxiel magnetocrystalline anisotropy energy density E,; namely:

E, =K, sin®0+K ,sin"0+......

In this expression § is the angle between M and the symmetry axis which will be the hard or easy
axis depending on whether the uniaxia! magnetocrystalline anisotropy constant is positive or
negative. In the case of hcp Co the easy axis of the uniaxial magnetocrystalline anisotropy lies
partllel 10 the c-axis of the Co crysal. Usually the first-order term sufficiently describes the
anisotropy and we can then describe the anisotropy with K,;.(E,=K,, sin 6) .

The next contribution to the anisoiropy is due to the shape of the material to be considered.
For a needle-like panticle (z-axis > x- axis = y-axis} the shape anisotropy can be described by:

E, = -zlpoM,z(N‘ -N,)sin’0
The corresponding anisotropy field is Hm=(N,-Nz)M;. In the case of a thin film with & thickness

very much smaller than the Iateral dimensions and thus N, = 1, perpendicular to the film surface,
the demagnetising energy is given by:

E, =-4p,M,%sin?0
In this case the demagnetising fieid is Hym-N, My or Hym-M,
Furthermore we have 1o consider the influence of the uniaxial stress s:
3 L s
E,,=—-2' A-g-sin‘ @
in which A is the saturation magnetostriction. For this the field is Ho= 3 Ao/Mg, the value can
be positive (easy axis coincides with the stress direction) or negative (easy axis 90 from the

stress direction) which depends on the signs of ). and o.
The total uniaxiat anisotropy can be given by:

ey e B+ Ey
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[f other sources of anisotropy are present wa also havetoadddramomi.oul contribution. The
total anisotropy, as given above, is thus a combinstion of crystal texture, columnar shape and
internal stresses. It is not only a question of magnitude but also the direction of the anisotropies
" plays an important role in the case of the recording process which is, in fact, the reversal of the
magnetic unit (recorded bit).

Tailoring material properties by process parameters and selection of the materisls is a great
challenge for the scientist involved.

2.4. MAGNETIC STRUCTURE AND REVERSAL MECHANISM

In metallic thin films the micromagnetic behaviour can be different from those of pure panicle
media, for instance y-Fe203. An important cheracteristic of a thin-film medium is its magnetic
microsttucture, the magnetic unia (intrinsic domain structure or written bit) in.the magnetisable
layer which has, in principle, two opposite stable directions parailel to the anisotropy axis. The
switching of the magnetic units can be achieved by a sufficient high applied field.

The relation between the applied field and the magnetisation for a magnetic recording medium
is given by a hysteresis loop, as shown in fig.5. This figure, measured macroscopically by a VSM
(Vibrating Sample Magnetometer), only gives information about the average magnetic properties
of the thin film which can be characieristic information for recording media. Due 10 the small bit
size of a medium we are much more interested in the local properties in order 1o understand the
recording performance. :

At presert many possibilities are available for obtaining more knowledge about the so-called

micromagnetic (or mesomagnetic) properties of the media. Well known methods for cbeecving
the magnetié domains, domain walls, written bits and stray fields are, the Bitter-colloid SEM
method {15], MO Kerr observations [16], Lorencz TEM observations [17], Electron Holography
(18], EMPA [19], and MFM [20]).
The microstructure of the thin-film medium has a great influence on the magnetic behaviour of
the film and determines whether the magnetic behaviour of the layer is continuous or particulate.
Both qualifications refer to the amount that forces are able to extend throughout the medium. In a
continuous medium the exchange forces are hardly disturbed by structural discontinuities such as
crystal boundaries and are continuous within the layer. As a consequence the magnetic dormnain
boundaries usually consist of Bloch line walls, which contain exchange and anisotropy forces.
The typification "particulate” refers, in the first instence, to the method of preparation, whereby
particles, usually singie-domain particles, are compound together with non-magnetic materials. In
these media, extensively discussed in one of the other sections of this book, only the exchange
formarerestdctedwthevolumeofdnpmicla.whidlmﬂmﬂnyoniyjlmshow
magneiostatic interactions, Within this definition, from the magnetic point of view, it is possible
that even thin films can be considered as particuiste, showing distinct structural ferromagnetic
units such as crysials, columns, or clusters of thess separsted by non-ferromagnetic materisls or
voids.

Asdxernaticmpresenuﬁmoflhemiamin'nllﬁmwﬂlemagmﬁcsm (track
width and transition width) is given in fig.8. The reversal process involved depends strongly on
dwnmmofuwuysmbmm&ﬂlkiﬂﬁ;dngbeMbym
deposition methods and the nucleation and growtli processes of the layers.

If the thin film has a continuous microstructure ini which there is an exchange between the
magnetic units then, in the remanent magousic siske-(Mr in fig.5), the layer will split up into
magnetic domains having their direction of magnatisation amiperalle! and separated by a domain
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wall, The wall is a transition region it which the spins are rotated from the direction in domain A
10 the opposite direction (domain B). The thickness of such a 180° wall is determined by a
minimising process between the various energies and is, of course, dependent on the type of
material (Co=8.4 nm; Fe=30 nm: Ni= 72 am),

If the media coasist of isolated fervo-magnetic particies, depending on the dimensions of the
panicle, they may be multi-domain or single-domain. Below a critical size the particle will
become super paramagnetic, or in other words, the thermal activation energy kT will exceed the
particle-anisotropy energy barrier. A typical length of such & particle is smaller than 10 nm and is
suonglydepmdemmmemuuialmdduahape.Therevumofttnmagneﬁuﬁoninthistype
of particle is caused by the thermal motion.
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Figure 8. A thin film media wrack (500-1000 crystals) having an in-plane anisotropy showing a
trangition width of 20-40 crystals [Hughes 1983].

Single-domain particles (SDP) are defined as particles in which the magnetisation is the same at
any point if there is no external field.

E
TOTAL Multi-Oomain

Single Domain
Supermagnetic
Particle Diameter d

Figure 9. Total energy versus the particle diameter for multi-domain and single-domain particles.
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In principle. this is only possible for ellipsoidal shapes but, in practice. if the magnetisation
pauem does not differ too much from a homogeneous distribution we still use the term SDP.

In this case the panticle will be reversed by a rotation mechanism. The best known reversal
mechanisms are coherent (Sioner-Wohifart panicle) and incoherent rotation (fanning, curling,
buckling). The other possibility is muiti-domain particles (MDP) in which more than one domain
can exist. The distribution of domains lowers the magnetostatic energy but increases the
exchange energy caused by the domain walls. The reversal in such particles mainly takes place by
domain-wall motion.

Fig.9 gives the relation between the total energy and the panticle diameter for MDP and SDP.
The point wherethecurvacmssacdtiuldiamlerisdeﬁnoduthnatwhidlmepmicle
changes from SD 1o MD. At very low cnergies super paramagnetic particles cart be found.
Consequently a decreasing particle size finally reduces the number of domains finally 10 one,

In fig.10 the relation between the intrinsic coercivity Hei and the particle diameter (D) is
given. The maximum is found around the critical particle diameter (Ds).

single domain multi domxin
e ——

Hei |
i

B '
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' |
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Figure 10.The intrinsic coercivity (Hci) of fecromagnetic particles with diameter D,

Ideal thin-film media should only consist of continuous thin films from the microstructural point
of view, but magnetically they should behave as panicle media. In other words, for the highest
density the crystallites should act as a single-domain particie and magnetically there is no
interaction. In this case all the crystallites participate in the recording process with a maximum
coercivity. However, in the practical case thin films possess a wide distribution of grain sizes (see
fig. 8) and are not completely separated from each other.

In conclusion the magnetisation reversal in thin-film medium is very strongly dependent on
the microstructural properties. Depending on the morphology and chemical inhomogenieties of
the thin-film media the reversal take place as follows:

- Exchange coupled grains show a magnetic-domain structure which covers many grains and
gives a reversal originating from domain-wall motion. The wall energy, influenced by crystalline
anisotropy,. magnetostatic energy at the wall, sirain, chemica) inhomogenieties and film-surface
properties, dominates the coercivily (Hc)

- Uncoupled grains which reverse independently. Here the Hc is determined by the crystalline

anisotropy of the grain, its shape and sirain anisotropy. o
- Clusters of graing which are locaily magnetically coupled can reverse in unison. These reversal:
are independent of other clusters. _ -
Recently several studies have boen published sbout the relationship of anisotropy, coercivity
and magnetic microstructure in Co-Pt-(B)-(0), a rf sputtered high density recordmg'nndmn
{21,22]. In this case the development of the microstructure and morphology was explurlned as ¢
function of the atomic contribution of the different elements. The large (perpendicular) anisotropy
is derived from the strong prefercntial crystallographic orientation in either the [111) fcc phase o
the [002] hep face. The large perpendicular He originates from the shape anisotropy by means of
the gapped columnar mocphology.

¢
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Figure 11. Schematic presemiation of the grain structure (left) and the qevebp:nent of the
morphology as a function of Boron and Oxygen content in a Co80P120 alloy film [22].

Fig.11 schematically represents the grain structure {left) and the development of the columna

morphology of Co-Pi-(B)-(O} films. All films are first deposiled. on a Pt seed layer 200 nm
thickness on 2 polyimide subsirate. The Co-Pt films show a continuous columna:r morpholoqy
(no gaps). The diameter of the columns is 50-100 nm and the crysiallographic structure is
identified as fcc. The Co-P1-O films have indistinct acicular columns of about 1? nm and show &
weak [111] orientation. All Co-Pt-B compositions show small sub-grains by adding B of about 2
5 nm while the large grains keep the seme value as for Co-Pr. The colummnar suructure |_s.obucm'
and the crysialiographic directions are more or less randomly dns:n_buted. Exoas:we addition of b
changes the structure into an amorphous state in which the fine-grain structure disappears.

2.5, SWITCHING FIELD DISTRIBUTION

i : i ined from hysteresis-loop
Another very important macroscopical parameter which can be determi ) >
measurements, is the so-called Switching Field Distribution (SFD). In general the fields at v_vi.nch
the magnetic units switch are not the same for all of them. but for narrow and stable transitions
the SFD should be as low as possible (see fig.5).
The slope of the hysteresis loop at Hc is slso an important parameter The parameter S* can be
derived from it.



n ;

The so-called Williams and Comstock {23) construction is given in fig.12.. From the slope at Hc
we can write: tan 6= M/H. = 1/1-8* = dM/dH = Me/Hc (1-8%

ul )
#MF/C‘I-S J
/ Hysteresis loop

MI’

Figure 12. Whiliams-Comstock construction [23).

It is clear that the S* is related to the slope of the loop at He. For longitudinal recording media
there are at least two important connections between S* and the recording process, namely:

- the maximum output signel is not only dependent on M and He but also on this parameter [24]
- the optimal bias-cutrent is dependent on S* [25]

These relations are not valid for media having 8 perpendicular anisotropy.

Although this parameter is normally used as a SFD parameter, this is not completely correct..
The SFD can be seen as a distribution function of the number of units reversing at a certain field.
For a particulate medium without collective behaviour, this function has 2 close relation 10 the
particle-size distribution, as differently sized and shaped particles reverse ar different fields. Of
course, the shape and orientation of the particles influence the SFD as well.

In the case of longitudinal media. there are several relations between the SFD and the
important recording parameters such as noise, optimai biss current and time-dependent
behaviour. Media with a high He and & small SFD are more suilable for high-density recording
[26] because the distribution of the switching fields is very smail.

An altemative definition is SFD= AH/Hc (as given in fig.5). In this case the AH is the full
width at haif the height of the differentiated loop (dM/dR). :

It should be clear from this that the magnetic-structure is directly related to the microstructure
and chemical inhomogenities in the layer. The materials used and the deposition process, as well
as the parameters also play an important role, Thin-film growth and nucleation processes will
therefore be discussed (in relation to the deposition perameters) in the next chapter.

The SFD parameter has been extensively smudied for particle media like ¥-Fes03 and CrO;
and also applied recently for perpendicular media [27).

The relations found in the case of in-plane anisotropy are not necessarily valid for media with
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perpendicular anisotropy as the demagnetising field has a great influence on the shape of the SFD
curve,

3. Thin-Film Preparation Technologics

A thin film can be defined as a volume of material deposited on top of a carrier .(substme) with
properties differing from it. The interface between the substrate and the thin film has a great
influence on the properties of the whole layer, The interface is detenn!ned by the properties of the
substrate, the material(s) used for a thin film and 1he method of depasition. Such Iavers can

During thin-layer processes the environment can be a liquid, gas or vacuum, Such layers
be depoegled byy:leuro(-l) Deposition (ED), Chemical Vnp?ur Depos_it_ion (CVD) and
Physical Vapour Deposition {FVD) methods. In the literature various _deposnugn methods are
classified in different ways [28-30]. The classification principle used in {28]_ is based on the
concepis of structure and propenies of the layers as influenced by the dnm;ons qf the
depositing species. There is much 10 be said about this method because we are :ntgmted m_the
microstruciure of the layers due to the fact that it has a greal influence on the magnetic properties.

It will be obvious that a close relationship exists between deposition condmogs. nuclea.uon
and growth of the layer and their physical properties. Thin layers have properties that differ
greatly from thase of bulk materials. These unique peoperties can be due to:

- Their small thicknesses; a fow atomic layers up to micron values. As a consequence the
surface/volume ratio is completely different to that of the bulk. ) .

- Because of their typical growth processes they are found in certain microstructures which are, in
many cases. directly related 1o the physical properties. . o .

- Layer and substrate form a compaosile system which resuh.-’sfm a combination of properties partly
based on the substrate ies and partly on the layer itself,

- The interaction betwmer and :’:bs:{ate i.e. the interface, mainly defines the structure and
pmmr‘ia. . . . .

By changing the deposition method and/or varying the dlffere:m deposition parameters various
layer structures and morphologies can be created over a wide range. In contrast to other
fabrication methods it is possible (o deposit solid materials which can have equilibrium as well as
non-¢quilibrium ies. o '

In cl‘he case ommilm media for magnetic recording there are in principle four important
deposition methods namely: electroless deposition, electrodeposition, vacuum evaporation and
spuntering. The first two methods are based on chemical and the other two on physical principles.
We first discuss the PVD methods.

3.1. VaCUM EVAPORATION

Evaporation processes are usually carried out under vacuum within a pressure range of .10_'5 -
10-10 1!_’3: Malirial vapours are pr}!;duoed by heating the source by direct resistance, mdlauo_l;i
eddy currents. electron beams and laser beam or arc discharges. After evaporation they wi
condense on a cooler substrate (usually at ground potential). B ble with

The low pressure is an essential condition for having as few col'hs:ons as pos::ef:e v;: h
background gas species (a siraight-line path) and a clean process. During deposition ere s &
competition between the impinging rate of the rest gases and the nucleated atoms whic
the growth of the layer.
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The collision rate of gases with surfaces {Ig) can be given by:
Ig = 3.5 x 1022 P (1/MT)** molecules cm-2 sec]

Here P is the partial pressure, M the molecular weight and T the temperature. [g is directly
proportional to the partial pressure of the particular (rest}gas still available during the deposition.
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Figure 13. Effect on the coating distribution for full and depleted source [33],

The rest gas is. of course, strongly related 1o the end pressure and degassing of the system.
The thermodynamical kinetic foundations of the process are given by Glang [31). In a vacuum
the rate of free evaporation is given by the Langmuir-Dushman equation:

le = 3.5 x 1022 Pe (1/MT)"* molccules cm-2 sec-]

where Pe is the equilibrium vapour pressure of the source material under saturated vapour
conditions with a molecular weight M and & temperature T. In non-equilibrium situations
Tsubstrate < Tevaporated matter. In the first formula, which is the same as the later for
background gas molecules, the source emission geometry, the condensation (sticking) coefficient
and the deposition geometry have been negiegred. At constant gas and eVaporation temperatures
the ratio [g/le is proportional to Pg/Pe. Low (partial) prossures can be reached using a well-
designed pump system and additiona) methods such & liquid N and outgassing procedures.

The emission characteristics (distribution of cvaporated molecules) of different types of sources
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{point. wire. e-guns etc.} are discussed by Holland [32] in detail.
The growth rate of the deposited layer is unequal to the evaporation rate of the source and
depends on: .
- the deposition geometry such as the source-to-subsirate distance
- the condensation or sticking cocfficient which depends on the substrate temperature and surface
conditions. . o
Therefore the coating thickness distribution across the substrate (sm:onauy or moving) is alsp
dependent on these facts. As can be seen in fig.13 even the material level in the source plays a
role (4h).
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Figure 14. Number of deposited atoms for source area element (dA') on the substrate area element
{dA) for 3 different types of sources [33].

Two practical formulas (see fig.14) can be given for the generalised geometry with dA (area
clement of the substrate) and dA'(of the source} depending on the deposition source, namely
electron beam (EB}), Knudsen cell (KC) and sputter target (SP), ]
Unpredictable thickness variations can be expected when deposition takes place with a heated
substrate because the sticking coefficient strongly depends on the temperature. .
In the case of the deposition of an alloy like the media Co-X (X=Ni, Fe,Cr) the refation
between source and film composition should be known. This kind of dependence can be due to a
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difference in the evaporation rates because of their different vlnwhr pressures, sticking
coefficients and reactions of the individua) components with the source. Another problem will be

deposition rate is regulated by using the rate signal to coatrol the dwell-time ratio of the electron
beam (between the two sources).
The purity and microstruciural aspects of (ilms can be influenced by residual gas pressure,

evaporation rate, substrate temporature and subsirate propertics. Some examples of evaporation
methods, used for media fabrication, will be described in more detail.

3.1.1. Reactive Evaporation. Reactive evaporation is carried out

if metal or alloy vapours are
produced in combination with a reactive gas.

— | =

Figure 15. Principle of reactive evaporation with an e-gun.

reaction berween the vapour and 8as atoms. The
schematic representation is given in fig.15.

In order 1o produce forrite films for magnetic applications we have used this method to
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lycrystalline {35} and epitaxiall (36] grown layers. During evaporation a partial O
Szl:f; ?;f) Zbo?: 104 'I!on- is p:::;m. Th:soume material consist of sintered MnO and Fe;04
powder and was heated by an e-beam. Befomozcanbeadminedl;leaﬁpmm@l?eat
least 3. 107 Torr, During evaporation a partial Oy pressure of 10" -10 T?“' is maincsined.
Glass substrates are used for preparing polycrystalline layers and Mg_O single crystals for
epitaxially grown layers. The detailed mechanism of the reactive evaporation process in making

ilms i tly known.
Mn[i:eii(:l‘siﬂp":s;:hll‘:ttz*:apime under & nitrogen gas disiribution. Films of Fe:Co—Nitride 371
with very high coercivity and sawration magnetisation have been made. The final structure of
these types of films is dependent on the ratio between the metal and the reactive gas particles on
}lh':es:lnb::?empomm parameter for influencing this process is the p_anial reactive gas pressure md
the flow rate. Impociant parameters are the ratio Fe/Co, the deposition rate and the partial reactive
gas pressure and the substraze temperature.

3.1.2. Vacuum Eveporation of Co-Ni. Very pure films and 0 @ certain extent preseiected
structures and morphologies can be obisined by vacuum evaporation, Atoms and_moleculs are
emitted from the source(s) by heating and exist in a gaseous state. The‘pressure_ in the vacuum
chamber. a cenain equilibrium pressure (saturated-vapour pressure Pe), is established at a given
temperaiure. The deposition rate (R) depends on the vapour pressure. The best resulis can be
obtained if the evaporated elements and their alloys have similar vapour pressures. This is a
limitation of the method. In the case of depasition of Co-Ni as a recording media we do not have
lem. ‘
thm[nl:wr.;»b;ast cases evaporated films of ferromagnetic materials and_ their alloys_ cannot dlrgaly
auain a suitable coercivity. One of the methods 10 overcome Lh|§ problem is to deposit an
undertayer berween the substrate and the ferromagnetic layer. Lazzari et al. [3§}_ achieved a]read;;
in 1967 a high coercivity, suitable for magnetic recording, by very slow deposition (0.1 nm/s) o
a Co layer (thickness iess than 100 nm} onto a Cr underlayer with a bee structure. .
The He was strongly dependent on the rate of deposition, the thickness of the Co as well as the
Cr layers and substrate temperature. The Cr underlayer induces growt'h of' the .Co.layt.er with an
exclusively hexagonal crystalline structure and a very narrow crystallite size d‘nsm_buu‘on. If the
Cr layer increases, its crystal size aiso increases and the Co is grown more quasi-epitaxial, The c-
axis orientation of the Co becomes more in-plane if the substrate temperature increases. An
important fact is that this effect is stronger if the deposition of Co occurs immediately afier the
iti er (no oxidation). N

deposmmon::f methodthe o u:;de;l:my ‘ the low Hc by evaporation is the method of depositing
ferromagnetic materials by varying the angle of incidence of the arriving metal atoms [39).

3.1.3. Vacuum Evaporated Oblique-Incidence Films. In the carly sixties the.fi:st.paper on NiFe
layers evaporated under an angle was published by [40]. The films prepared in this way are ;;:2:
often called "Oblique incidence (OI)" or "Angle of Incidence (Al)" films. [t.wa.s found L!m .
kinds of films show an anisoiropy whose strength depends on the angle of mcnder‘rce (i) during
depasition. For ai between 0° and 65° the anisotropy lies parallell w the film piane and
Perpendicular 1 the incidence piane. In {40} the expianation for the anisotropy was based on the
self—shadowing mechanism which means that a growing cluster of adatoms causes the sr!ldOWI_lIS
of an adjacent region with respect 10 the vapour source. Consequently the film grows 11: beclumsthe
(columns) oriented perpendicular 10 the plane of incidence. The shape anisotropy cou
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reason for the macroscopic anisotropy.

Another study [41] was made on the effect of the mobility of metal atoms on the structure of
oblique-incidence films and introduced the mechanism of inhibited mobility. The diffusion of the
adatoms should be small enough o prevent coverage of the shaded regions. In order to limit this
diffusion the substrate temperature should be low, but due to the component of velocity paratlel
1o the substrate of the incoming atoms there is a tendency for them o migrate over the surface
into the shaded areas. In order 1o cope with this the authors introduced the principle of "inhibited
mobility” which is based on a position-dependent ratio of residual ges atoms and metal atoms.
When this ratio is high the mobility of the adatoms will be swrongly reduced due (o the increased
probability of the formation of bonds (for example oxygen gathering) with the gas atoms. This
means that the mobility of the adatoms in the shaded areas is much lower than tath of the atoms
outside these areas. Trapping of the adatoms in a region with s high oxygen/metal ratio takes
place. Applying this principle it is possible to give an expianation for the dependence of the
preferred direction of growth on texture, angle of incidence, affinity to oxygen, substrate and
source temperature, melting point of the evaporated material and background gas pressure. In
another paper from the Philips Laborstory two other authors [42) explain that the shadowing
mechanism alone is sufficient to explain the majority features of the microstructure. However in
their modelling work they use an alomic relaxation term  which shows a strong resemblance to
the mechanism of inhibited mobility.

The majority of the publications dealing with oblique-incidence magnetic films have been
produced by a group of Japanese rescarchers [43). The relation between the columnar inclination
angle (B} and the angle of incidence {ai) of the evaporation flux was found to be 2tanB=tanai
[44]). The 20-called tangent rule is not always valid in a variety of the experimental situations.
Besides columnar growth there is another aspect of the morphology namely columnar bundling
[45], which is defined as the growth of a column in the direction perpendicular to the evaporation
plane. It is also dependant on i, substrae temperature, rate and gas pressures and even bundling
is found in the direction of the evaporation plane,

VAPORATED LAYER

N

Figure 16. Cross-section of a metal evaporated tape showing the elongated columnar structure.

The interest in OI thin films for magnetic recording purposes is mainly caused by the
experimental results that the magnitude and direction of the magnetic anisotropy, the coercivity
and a suitable squareness can be varied by ai.

In order to produce the so-called ME {Magnetic Evaporated) tape. modifications relative to the
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oblique-incidence evaporation have been made in order to obuain:

-efficient use of the evaporated material .

-continuOUs evaportion over the total length of the substrute, i.e. hundreds of meters of tape have
to be produced in one single run at a very high production speed.

Figure 17. Metal evaporated tape mass-production equipment {46].

, e . f angles, instead of at
The most import modification is that the evaporation occurs over a range o

just one angle, whereby the incidence angle changes as the substrate passes along th;ﬁvaj)mg
bearn. This means that the direction of the elongated columns changes throughout the thic

of the tape (see fig.16), . .

The ::)peniugof Coninuous Varied Incidence Co, N, Co-Ni and Fe tapes were investigaied
in {46]. A principle deposition geometry is given in fig.17. Deper:dmg on the rotation directio
of the substrate{tape) two nucleation processes can take place namely: o . .
-High [ncideneeu;ip:clcnion (HIN) in this case the nucleation takes place at high incoming angles
of the beam and successive growth occurs with a decreasing incidence angle. and further
-Low Incidence Angle (LIN) in this case the nucleation stans at low incidence angles

rowth occurs with an increasing incidence angle. L onsequenil
st Dt it least the comosaon ressance o ihs rype of material is very poor. fnf' 18 41
Co-Ni-O results and it is this temary alloy which has the right magnetic propeme)sm llgw (=0
the Hc is plotted versus the Ni wi% in Co for relatively high {I= flow 0.01 Jmin
l/min) oxygen contents, . Aling

The cross-sectional microstructure of a typical ME tape, prepered by ion m'!g:fh: :gfm
a bright-field TEM image in fig.19. Further structurai analysis of the tape provi composed of
data. The thickness of the magnotic layer is about 130 nm and a regular 5"'-“’“: 3°7° elative 10
very fine fibres is observed (thickness 3-10 nm). The columns make an ‘“{3“" ° (48.49). The
the piane of the film. AES showed an average compasition of Coz7NijgQq3 4047
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subsirate side

i:?cidenf:e angle. It is anticipated that the fibre-like structy
diffraction a hcp Co phase as well as a Ni-O fec phase is fou

(Hd/eme)
10

CORROSION CURRENT
&

!
Scems 10 be less dense which is (o be expect

Figure 18" Dependence of the COITosion current and
Co for a film with relative high (1) and low {ID ox

the coercivity on the percentages of Ni and
ygen contents {47],

Figure 19. Bright-

field TEM image of a croes section of a ME tape.

ed ffnm large shadowing at a high
re consists of crystalites, Using X-ray

v Bl

The angle-of-incidence method has been used for preparation of a hard disk {51).
Two e-gun sources were used and the evaporated beam was deposited at an angle of 60° on both
sides of a rotatable disk. The material used was a Fed42.5Co42.5Cr15 layer on a substrate of Al-
Mg with an underlayer of stainless sieel which needs a special treatment to create the right
surface structure of the magnetic layer to prevent adhesive contact between the head and the
medium,

Principle studies on the angle of incidence effects were carried out by groups at CNRS
Meudon [52] and Twente [53],

3.2. GLOW DISCHARGE SPUTTERING

From the physical point of view sputtering is a 1otally differcnt process to evaporation. Generally,
the sputter deposition process concerns the cjection of atoms from the 1arget by energetic
particies. The ejected atoms then condense on the subsirate to form a thin film. The accepted
theory of sputtering is based on Wehner's research [54] which showed that it is a momentum-
transfer process.

In the case of systems discussed here, the sputtered atoms leave the target aL an appreciable
kinetic energy (3-10 eV). Pan of this energy will be dissipated by the collision process with
atoms of the sputtering gas. Upon arrival at the substrate the energy is still 1-2 eV (evaporation
0.03 eV). Typical deposition rates are 5-50 nm/min.

There are two principle sputtering methods namely:

- Glow-discharge sputtering; a plasma is formed between the target and substrate. The positive
gas ions interact with the target maerial.

- lon-beam spuutering; here the ion beam is produced in a separate ion gun and directed onto a
target.

Begause the glow-discharge method is the most important for thin-film media production only
this method will be discussed. A glow discharge is formed in a low-pressure gas when a DC
voliage is applied across two planar electrodes (cathode - and anode +) at the so-called break-
down voltage [55]. The glow discharge for sputtering is sustained by the secondary electrons
which the ions produce on striking the cathode. Each secondary electron produces 10 to 20 ions
10 sustain the dischacge. The principle DC planar diode-sputtering system is shown in fig. 20.
The luminous regions of a DC discharge show a dark space near the cathode (target) and the
anode (substrate holder). For uniform sputiering of the cathode. the anode should be focated at a
distance from the cathode of abow 2-4 times the thickncss of the cathode dark space. This
distance is inversely related to the gas pressurc. If the pressure is increased (o make the dark
space small, the deposition rate is limited because the spuitered atoms experience multiple
collisions before reaching the substrate plate. (The mean free-path length is a function of the
pressure). For DC-sputtering, & practical compromise of 10-2 10 0.2 Torr is used for a target
substrate distance of 2-5 cm.

In addition to the removal of neutral atoms from the surface of the target by the bombardment
of the ionised sputtering gas 10 form the deposited film, there are several other effects }hst occur
at the target surface which influcnce the film growth. In fig. 21 the particle mechanism at the
larget and substeate during sputtering is shown. . .

With a view 10 the process of nucleation and growth of the layer, the interaction of particles
with the substrate is very important. As can be seen in (ig.21 most of these panticles are generated
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which has values of 0.17 for myfm; = 0.1,
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increasing up to 1.4 for my/m; = 10. The values m; and m, are the masses of (he colliding atoms,
E is th= energy of the incoming ion and Uo the surface binding energy. For energies of about 1
KeV a modified equation is given by Chaprman (5], Sputtering yields as a function of the energy
for all sors of materials can be found in the standard literature.
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Figure 21. Particle interaction, ar the substrate and the larget in a glow-discharge Sputtering
system.

influence the nucléation and growth processes.

The DC configuration cannot be used for spuliering diclectric materials. An RF frequency of
13.56 MHz is used and the gencrator is coupled through a so-called blocking capacitor to the
insulator (target). The target area is smail in comparison to the substrate ares (the subs'rate is
Connected to the system ground and consequently connected (o the base plate and walls of the
System). The dependence of the ratio of the voliages on the low electrons (T = target, S =
Substrate) and the relative electrode areas is given by [55): ’

VT/Vs = [Ag/AT)4

The exponent can be less than 4,
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Berween the glow discharge and the electrode is a narmow region in which a change from the
plasma potential to the electrode potential occurs. This is called a sheath or dark space. A typical
RF diode-sputiering system looks the same as the DC unit.

| [ -
Figure 22 Planar-magnetron Spulter system.

The capacitor allows a net negative DC voltage 1o be developed at the target. The thickness of the
dark space and the flow regions are similar to those of the DC mode and are dependent on the gas
pressure. In RF sputiering the operating pressure ranges from 2.10-3 . 20, 10-3 Torr and the

commonly used electrode separation is 5 cm. It is, of course. also possible to Sputter metals with
the RF mode.

substrate}). A further advantage. certainly in the case of production units, is the higher deposition
raie and the more efficient use of the target material by an optimal arrangement of the magnets.

3.2.2. Bias Sputtering An intercsting parameter which depends on the system geometry, sputter
conditions. target material and the residual 825 pressure is the biss voltage. During sputtering a
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small bias voltages the cathode sheath is so thin that this area will be collision free. The
following phenomena are present at & biased substrate: )

- removal of contamination of the subsirate surfaces (sputter-cleaning)

- influencing the growing layer by removing loosely bonded particles and consequently

modifying the structure.
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Figure 23. Normalised media-noise power as a function of written lransition density, a) whea:I bias
is applied to the underiayer and magnetic layer b) when bias power is independently applied to
the underlayer and the magnetic laycr [64).

For instance the bias voliage can influence the composition of the gmwing film which‘ is
spuntered from an alloyed target [e.g.58], the structural properties [59,60] like crystal size,
morphology and related properties such as stress [60], resistivity [61], hardn_ess [62] and
dielectric properties [63]). All these properties influence directly or indirectly the final recording
performance of the layer. o ‘

It was reported [64] that the layer growth morphology of Co-Pt-Cr lon_gnudmal media
deposited on a Cr underlayer was influenced by Vbias and thercfore has 2 great influence on the
media-noise performance. . .

In fig.23a the normalised media-noise power is given as a function of written transition
density when the rf bias voliage was applied to both Jayers. With increasing bias it was found
from measurements that the surface becomes smoother and the He squareness increases. The
media noise increases substantially. The authors also found that by independent biasing the
magnetic and non-magnetic underlayer they could influence the growth and consequently the
media noise. Biasing only the underlayer the surface of the Cr becomes very smo(?th and the non-
biased magnetic-layer grows like a continuous film which leads (o a sigmf:cgnt increases of the
medium noise. The various possibilities of applying a 300 W bias power are given in fig.23b.

3.2.3. Reactive Sputtering. This mode is used to grow compounds or alloys by using a reactive
§as environment such as reactive evaporation. The target will be a metal {alloy) or a compound.
Many different layers such as oxides, nitrides, sulphides, fluorides etc. have been deposited (65).

The mechanism of reactive sputtering can be generally explained by a chemical reaction at both
electrodes (substrate and target). Using a pure metal target the sputter rate then d.ecreas&l from the
metal value (o the compound value as the partial pressure of the reactive gas incresses because
this gas will be adsorbed on the target. This depends on the reactivity between the gas and target



86 .t

materials. This method was used for perpendicular recording media to prepare thin films
consisting of very small ferromagnetic particles. As an example Fe-Co-O films have been
prepared in this way [e.g.66]. The relatively large perpendicular anisowropy is due to the strong
shape anisotropy of the magnetic metal phase (Fe-Co cubic bee) in the non-ferromagnetic Fe-
oxide phase (Fe-O NaCl-structure). The very small metal fibres (10 nm diameter) grow
perpendicular [0 the substrate surface. In the oxidised state the surface properties are
mechanically very stable and suitable for recording.

3.3, GROWTH AND MICROSTRUCTURE OF THIN FILMS.

The nucleation and growth processes of a thin film are dependent on the method of deposition
and the process parameters used. On the other hand the type of substrate, the use of underlayers
(seed layers) and the type of magnetic material also play a very important role, Recently, various
papers about magnetic and magnelo-optic materials have been published during an MRS
symposium held in 1991 [67). Special attention has been paid to the correlation of the
microsiructure with the recording performance. In particular the magnetic coupling between
grains and/or columns has been discussed in relation with deposition parameters.

3.3.1. Nucleation and Growth processes. Using PVD processes the depositing flux will have
energies ranging from thermal (0.3 V) for evaporation and a few eV during sputtering. These
energies have an important effect on the processes of nucleation and growth and consequently on
the interface formation. If we assume that there is no chemical reaction between the growing
layer and the substrate and both are insoluble, the interface which is formed is of the type with an
abrupt discontinuity in composition. For instance, this interface can be modified by the
application of ions during formation. The layer properties will then be influenced by changing the
interface. After an interaction of the vapour siream with the substrate an adatom can be formed if
the kinetic energy of the "atom” is small. An adaiom is a physically absorbed atom with the
probability of becoming desorbed. Adsorption occurs if the binding energy between the atom and
surface is ltarge. If the binding encrgy is small, nucleation, since it is also dependent on the
temperature and the vibrational energy at the surface never occurs. Formation of critical nuclei is
essential for thin-film growth. A critical nucleus is determined by the interfacial free energy and
the free energy per unit volume of the growing nuclei. During the growth of the nuclei two
energies are in competition which cach olher, namely the surface free energy, which increases as
the surface area increases and another cnergy which is the diffcrence between the free energy of
the solid and vapour phases.

The thin-film formation process is schematically given in fig. 24 and can be classified by the
following stages:

- condensation of an atom (adatoms) and forming nuclei by the migration process (fig. 24-1).

- further growth of critical nuclei which Icads o clustering and island forming. Islands grow in
size rather than in number (fig. 24-2 m 4),

- coalescence stage arising from large touching islands (fig. 24-5).

- proceeding the coalescence process the film reaches continuity (fig. 24-6).

The nucleation theory (forming nuclei from adatoms) can be explained by two theoretical
models [e.g. 68], based on condensation of the vapour phase, namely the atomistic model (few
atoms) and the capillaty or droplet model (valid from approx. 100 atoms). For the sake of
simplicity we can make the assumption that the first model is based on the physical
(thermodynamic} theory and the second on chemical principles. With the capillary model the size
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of the nuclei (clusters) vary continucusly as a function of the free Gibbs' energy while the
atomistic model is based on a discontinuous variation of the size as a function of the dissociation

energy.
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Figure 24. A schematic presentation of the nuclestion and growih process of PVD layers.

3.3.2. Microstructure and morphology. The process parameters (flux rate, substrate temperature
etc.), type of material (desorption, dissociation and diffusion energy terms} and the substrate
properties influence the growth process.
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Figure 25. The three basic nucleation models.

Three basic nucleation growth models are known (sce fig. 25) namcly:
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- island or Volmer-Weber mode [69]

- layer or Frank and v.d. Merwe mode {70)

- layer followed by island or Stranski and Krastanov mode [71)

The two latter modes have always been discussed in relation with the growth of single crystals
on monocrystalline substrates while the former may occur for either epitaxial or poiycrystalline
growth. The theoretical basis of having one mode in preference to one of the others (or variations
thereof) is principally based on surface-energy considerations. The last two models are always
associated with growing single-crysial films on monocrystalline substrates and the Volmer-
Weber mode can be used for polycrystalline as weil as epitaxially growth.
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Figure 26. Microstructural model for vacuum-evapocation technology [72).

Depending on the process, film materials and substrate behaviour all types of layer structures can
be grown (amorphous, polycrystalline and single crystal). Higher mobility of adatoms makes it
possible 1o create films with deviating stoichiometry. Variations in substrate temperatures even
make it possible 10 deposit metastable structures. With treatment of the subsirate surface or
deposition of pre-nucleation centres it is also possible to grow films with a preferential
crystallographic orientation (texture) and a specific morphology.

The thin-film microstructure can be modified by means of substrate temperature, surface

diffusion of the atoms on bombardment during film formation, incorporation of impurity atoms
and the angle-of-incidence cffect of the incoming particle ffux.
In most case the final properties of the deposited layers differ from materials made by standard
metalturgical methods. The subsirate temperature is the most important process parameter for
explaining the morphoiogy of evaporated films [72]. Three different structures are given (see fig.
26) as a function of the ratio substrate tlempersure (T)/melting temperature(Tm). This model is
modified for the sputtering process |73} and is extended with a second parameter, namely the
Argon pressure. In this model the influence of the surface roughness is also considerable. The
principle of the so-called Thomton modei for sputtered films is given in fig. 27. This zone-
structure model has been revised by Messier {74} and accoums for the evolutionary growth stages
of structure developments as well as the separate effects of thermaily-and bombardment-induced
mobility. In fact it was pointed out by Messier that the prossure axis should in fact be the energy
axis. [n this case increasing pressure means & decrease of kinetic energy of the sputtered atoms. It
is clear from this that application of a bias voltage will influcnce the energy-axis as well.

Within a certain layer thickness and a spocial sct of process parameters the grain size of the
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deposited layer increases with the layer thickness. Usually deposited thin films !-mve a hig.her
defect density than bulk material.The defects in polycrystailine thin films are grain boundaries,
column boundaries, voids, vacancies, dislocations and interior gas bubbles.

COLUMMAR GRAINE
TRANMNTION STRUCTURE
oF
PORCUS STRUCTURE RECRYSTALLIZIO
CONSISTING OF TAMIRED GRAIN TTAUC TURL
CAYSTALLITES SEPARATID
Y VOI0l

5 QEKTRATE
TEMPENATURE (11T, )

Figure 27. Microstructural model for sputter deposition {73].

Defects are mostly responsible for the low temperawure interdiffusion processes. In the case of
polycrystalline films the grain boundary is the most imponam' property. F.puax:a] 'gmm;hﬂ]lfl'l :
very special form of nucleation as well as growth and has an unique orientation relation wi e
substrate, Single-crystalline films can be prepared by the correct choice of the substrate matei
and deposition parameters.

3.3.3. Computer simulations of the growth. In order 10 investigate the nuc!eaqon and growth of
thin films various computer simulation studies have been made for evaporauc.m as well as ‘f;l)r
sputtering. We have developed a two-dimensional Monte-Carlo model f?f thin-film grou_rth in the
case of oblique evaporation for one- as well as for (wo-source deposition f751 T!?e 1f1cc>mu;lg1
particles are considered (o be sphercs. The simulations arc related 10 zones 1 alnd 2 in fig.26.
the case of zone 1 the incoming atoms have a very limited mobililx. h‘!odellmg in this way can be
very useful for understanding the morphology development of 2 thin-film fayer.

3.4.MULTILAYER TECHNOLOGIES.

During the last 20 years enormous advances in thin film preparation processing have been made
in the field of so-called artificial siructuring of materials; semiconductors, metals and isolators
have been prepared in various sizes and geometries. Using metal compounds several classes of
layered structures have been made. .
)'l.n fig.28 a schematic presentations of the multilayer structure (a and b) and some :.:im
possibilities for stacking the individual thin layers.(c-f) are given. '1'he toml multilayer e
{fig.28-a) will vary depending on the application but can even be in the micron range r:vaﬁous
individual layers (fig.28-b) can be varicd from 0.2 to about 5 nm. In the current literatu
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names are used for multilayered structures like layered composites, periodically modulated

structures. superlattices etc. It is well known that "superlatiice” means a regularity in a (single)
. crystal with a longer wavelength than the unit cell.
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Figure 28. Multilayer structures (a and b) and some different possibilities for stacking the
individual thin layers (c-f).

This term has often been used for antificially structured multilayers i.e. a new class of
superiattices. The term supertartice is used for all types of packed multilayers whether epitaxial or
not [76].

Layered siructures can be deposited by sequential deposition of two or more materials, In
principle two possibilities are available:
- & sequence control using & shuuter,
- fofating the substrate positions with different direct lines from source materials.
An example of a deposition method for preparing multilayers can be seen in fig. 29.

In contrast to the MBE (Molecular Beam Epitaxy} method (UHV pressure range) dual
Sputiering is also used and the work pressure here js high, namely 10-2 -10-3 Torr. This can
present problems during stacking of the multilayers on the one hand. but the method is closer to a
commercially usable process. With ion-based technologies is it also possible 1o deposit
multilayered structures.

By using ions during layer growth it is also possible o vary the kinetic energy of the beams
and alter the growth conditions. After preparing a multilayered (metal) film, by altemating

deposition of two elements, a periodicity alloy along the film normal should appear if the
following conditions are satisfied:

- the layer thicknesses are on an atomic scale.
- 4 layered structure is formed.
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- the interdiffusion is sufficiently suppmsed.. . ‘ -
The choice of materials for metallic systems is still expanding and at present various mlﬂ of
combinations with different atomic radii have been prepared. Here m.ulnluyenad techniques als:l
show possibilities for new material syntheses. In contrast 10 materials prepared by chemic

procedures superlattices are made far from equilibrium. The various possibilities for layering

ifici i y iven in fig. 28 (c-f). Most of the stacked layers (c.d f) have
"arslm:lr sltgm;‘ :It;u‘:dmndm ari'l some have a non-erysta_l.ling structure in the
individual layers (c) or one of the layers is non-crystailine (d). In such situations the structural
information is not transmitted between adjacent layers and themfolrg. strictly o:;]’?:dngl'ln?
superlattice is formed. In the case of an unsharp boundary (e}, compositionally m oy

have been made. .

!ayﬁsamm of composition modulation in the centre of a layer can be in the range olf 0 tn;
100 %. Superlattices can also be formed with sharp boundaries (< 5% of the mmnest.a);:d
between the ilwo components. All these possible oombigauont: strongly affect the electronic
physical properties of materials. Especially when the d:mens:orlls qf the layer structure become]s
comparable with the characteristic lengths relevant o u.|e properties in the selected materia t. e

The application of multilayer structures in reconding tcchnoiogl&_l plays an :mpom:s fo;
Nowadeys multilayer configurstions are used in Thin-FiIrfl Head-s { high Ms and m‘and r:in
magnetoresistance type) for magnetic recording as well as in media for Magneto—Op;t::m m('}oterf nge

Crucial aspects which are important for these types of layers are the shupne; o in e
and the flainess. These aspects are strongly related to the method of preparation, the typek
materials and the substrates used. Generally speaking the layer growth mechanism plays the key
role in the final interface structures.

Figure 29. E-beam evaporation for preparing multilayer structures with shuter control.
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Later Mn-Al-Ge and Co-Pt were intensively siudied followed by Gd-Co but the lawer was used
for compensation point writing.

" However none of these maerials was ideal. For instance MnBi consists of two crystallographic
phases and is very unstable above 400 °C. The noise problem was high in the case of MnAIGe
media and domain instability played the mogt impontant role in the case of Gd-Co,

The magneto-optic materiais of today have been selected on the basis that they can sustain
sub-micron domains, have a large signal-to-noise ratio supported by sufficient ma i
effect, resistance to corrosion and are chemically stable. The most Popular materials at present are
the amorphous rare-earth metals (Gd. Tb and Dy) and transition-metals {Fe, Co) alloys which are
deposited by cvaporation or sputtering. Alloys like Gd-Tb-Fe and Tb-Fe-Co are well known at
present and can be made commercially.

There is also a great interest and a lot of cesearch on so-called multilayer structures for MO
application |77]. Mainly Co/Pt and Co/Pd have been studied by evaporation and sputtering.
Although both preparation methods shown different physical processes the MO-properties of the
films are not very differcnt from each other,

As an example a few aspecis of Co-Pd sputtered multilayers are given [78). The layers have
been «f sputtered at a background pressure of 1-107 Torr. The Si-substrates were positioned
below the targets on a rotating table. The Co thickness was between 0.2-2.5 nm and Pd layers of

2 ‘
aoarkd PKr tPd(seed)= 200 A

— xuxne PAr iPd(ssedi= 14 A, higher rate
o~ 0G000 PAr tPd(seed)= 200 A, higher rote
E - ** oo PAr 1Pd(seed)= 200 A, lower rate
3
3 .,
w— 0 7 \2':-‘3\-‘ ]
S s
¥ = k" S
» N
o] S~
Q=14 R

"2 { T T

0 L] 10 15 20 25
tCo (A)

Figure 30, Anisotropy vs, Co layer thicknesses for Co/Pd multilayers sputtered with different
deposition parameters (78).

In the literature the following relation is used for inlerpretation of the various anisotropy
contributions 1Co*Keff=2%Ks+1Co*Kv: in which Ks is the surface anisotropy and Kv the volume
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anisotropy. It would seem from fig.30 that the Kv for all films sputtered with Ar is the same and
independent of the sputter rate and sced layer thickness, which means that the chanige in the Keff
is due to the change in the Ks.

3.5. ELECTROLESS DEPOSITION PROCESS.

In comparison with the PVD processes the chemical processes felectmles and ele_ctm
deposition) have a much higher deposition rate and can be sometimes more _economlca‘l.
Electroless (chemical) plating is mostly used for preparing longitudinal and perpendicular m!edsa
on hard disks. Most of the published work is concentrated on Ni, Co and NiCo alloys obumeq
from hypophosphite electrolytes In a standard paper [79} Buslic.e.t al. demonstrated th_at‘N:
cations could reduced by HyPOj anions 10 form a Ni deposit comammglghosphorous. A similar
process is valid for Co deposits. Typical elecirolytes for clectroless deposition are:

- asalt of the metal ion to be plaied

- hypophosphite in the form of 1he sodium salt

- a complexant for the metal ion (oficn a carboxylic acid)

- surface-active chemicals

- mediator compounds '

Recently, several overview papers have boen published fe.g.80). In the case of perpendicular
magnetic media even very complicatcd compositions of, for instance, Co—N:v-Re-Mn-P h'ave been
discussed by Osaka [81]. The fundamental details of the electrolcs_pmf:ess in Co and Ni a}loygd
recording media are not well understood [82]. Some authors maintain that the mech‘amsm is
enticely electrochemical, thus controlled by electron transfer across the metal electroly?e mle.ufaoe.
but others [82] prefer a process which is based on a surface-catalysed redox reaction without
interfacial electron wransfer. _ ' '

Co-P layers have been produced for LMR for a long time. It was found for this particular film
in [83] thar the magnetic behaviour siongly correlates with the size and nature of the
microcrystallites within the film,
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Figure 31. Model of the origin of the shape in electroless Co-P thin-film media.
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Electrolytes that yield an average grain size close to the critical size for SDP have been found to
resuit in high Hc deposits. Additionally it was found that a high S correlates with a small
Separation gap between the grains. )

Another fact is that the type of substrate (in this case the underlayer) aiso influences the
magnetic properties of the magnetic layer because it affects the nucleation and growth processes
as well as the structure (e.g.84).

In fig.31 electroless Co-P was depasited on a Ni-P substrate that was pre-treated wich NaOH.
A good in-plane anisotropy was present. This type of treawnent gives a Ni-oxide film of non-
uniform distribution on the Ni-P substrate. Consequently on the NiQ free surfaces the Co-P
reaction starts growing in channels where the oxide is not available oc is very thin. The shape of
the magnetic crystals influences the shepe anisotropy in the plane of the film.

Preparation and properties of the substrate play an impoctant role. In general, the first step is
10 prepare the aluminium alloy basis by a deposition of a 6-50 micron thick Ni-P {non-magnetic)
layer on top of it with a composition of 15-20 at% P, which is also non-magnetic.

The layer smoothes out all the defects of the base substrate. The hardness of the layer also
improves the tribological effects, The next step is to polish and activate this layer and finally the
magnetic layer {0.03-0.08 micron) is deposited. Mostly a wear-resistant layer (0.01 micron) is
employed as a protective layer, Somctimes an antifriction layer is also applied.
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Figure 32. The in-plane cocrcivity as a function of bath composition and bath temperature.
{Large-dots: fcc, Bars: hep, Shaded areas: amorphous. small-dots: non-magnetic. The texture
[0001] is illustrated by the degree of alignment of the bars.)
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1.6. ELECTRODEPOSITION

Electrodeposition consists of two electrodes connacted to an external current source. The metallic
ions are reduced from an aqueous solution at the cathode. .

Although electrodeposition is in principle more flexible than.electmles depomum and much
morecomplicateddloycanpmiﬁmcmbepmdtmdwithﬂmlnﬂlod.nhu m_xbemfully
exploited and similar compositions are mainly found as those which are also used in electroless
deposition. In lhecaseofelectmdepositionncidicsolmiommofmu.sed.

A recemt survey on electrodeposited Co-Ni-P layers is given in (85]. The structures of
electrodeposited films are more complicated than those foc electroless. The lower He mvatemls
form Ilamellar structures with an in-plane easy axis. The high He structures are more rod—lgke and
shape anisotropy coniributes to the coercivity. The platelets and rods are isolated by a thin non-
ferromagnetic layer. . _

The growth of Co-Ni-P media is completely described by [86]. The magnetic properties vary
with the thickness of the layer and are also dependent on the type of substrate such as Au, Cu oc
Ni-P. The grain size is large when Cu has been used. N )

A systematic investigation of the comparison between the bath composition, microstructure
and magnetic properties for electrodeposited Co-W films is given in [87]. Co-W films are an
outstanding example of a system in which a variety of metastable phase structures can .be
obtained by a proper choice of the deposition parameters. Both amorphous and crystalline
structures were observed. - )

In fig.32 the in-plane Hc as a function of the basic bath composition for three dnf_fetem bath
temperatures is given. In order to comelate the He 10 the microstructure the "ghase diagram™ is
presented in the lower part of the figure. An explanation of the symbols used is: the large dots=
fcc phase, bars= hop, shaded area = amorphous, small dots + non-magnetic.

The [0001] texture is illustrated by the degree of alignment of the bars.

4. Summary And Conclusions

Particulate recording media have already been prepared with success for more than 25 years
aithough they have cenain disadvantages. For instance, only 40% of the coating volume consists
of magnetic material in the case of tapes and floppies while only 20% in the case of hard disks.

The magnetisation in thin films is much higher than in particulste media because it is not
diluted by a binder. In this case the material packing density is more or less 100% How(etrer t.he
"magnetic” packing density is lowererd by voids, non ferromagnetic compositions, oxidisation
elc (see also the: paper of Dr.Richter in this book). The properties can be easily changed by
varying the deposition parameters. In the case of particulate media the whole chemical process
has to be changed. )

Thin films can contribute to the future needs in high density recording because they clearly
show the possibilities for increasing linear and track densities. The presentations of the very high
density recording systems have all used thin-film media. o .

Because for high density recording the film thickness (specially the longitudinal media)
should be thin, an appropriste surface roughness is necessary therefore also very smooth
substrate material is essential, .

The corrosion behaviour of the thin (metal)-film media is still a difficult problem and material
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improvement is needed as well as development of very thin overcoars as protection layers.

In the case of high density magnetic recording. the distance between the head and media
should be extremely small. Therefore thin film media are good candidates [88].

Micromagnetic calculations, new magnetic analysing methods, advanced material sciences
and development of new technologies have been the basic tools for obtaining the results of recent
years. Although remarkable progress have been made there are still many problems to soive
before a complete commercialised uitra-high density recording system will be available.
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