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Amorphous Materials for Micrometer and
Submicrometer Bubble Domain Technology

Abstract: A review and critique is made of those material and processing issues that pertain to the implementation of micrometer and
submicrometer bubble devices on amorphous films. Adequate reproducibility and uniformity have been achieved in ternary amorphous
films prepared by rf sputtering and their magnetic characteristics are very similar to those of analogous garnet films. Factors that may
limit application to the amorphous films include defects and dielectric breakdown in insulating layers, sensitivity to annealing, and larger,
but not prohibitive, coercivities. A salient problem common to both garnet and amorphous materials is attainment of sufficiently large

values of Q to ensure stable device operation.

Introduction

To decrease storage costs its is clear that bubble devices
will have to achieve high bit densities (10" to 10° bits/
cm’), necessitating small-diameter bubbles in the mi-
crometer range with a compatible lithography [1]. The
smaller domain sizes impose critical demands on all the
materials and processes used in a complete device. These
demands call for innovative solutions to problems such
as retention of optimized magnetic properties in the
bubble media, lower defect levels in thinner films, and
adequate dielectric breakdown strength, electromigra-
tion resistance, heat dissipation, mechanical fatigue, uni-
formity, etc. Strictly speaking, these problems are not
new. The technology for smaller bubble sizes, however,
requires that the materials operate reliably near their
ultimate limits.

At present the two leading contenders for the storage
layer are epitaxial garnet films and amorphous films that
are alloys of rare earths and the transition metals. His-
torical factors have led to a well established and advanced
level of development of garnet films, but with primary
emphasis on films capable of supporting bubbles of rela-
tively large diameter (3 to 10 um). Achievement of
micrometer and submicrometer diameters requires sub-
stantial modification of film properties, and hence film
compositions and growth techniques, relative to those
used in the past. By contrast, amorphous films have
evolved more recently and have been characterized less
comprehensively than garnet films.

In this paper we define the critical material and pro-
cessing issues required to implement micrometer and
submicrometer bubble devices on amorphous films. We
primarily emphasize questions concerning the storage
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films. The issues of lithography, overlay metallurgy,
dielectric spacers, processing of the latter, and the design,
packaging, and operation of complete devices [2] are
discussed only to the extent that these impose special
requirements on the storage films and substrates available
for these objectives. Where appropriate, amorphous film
properties are compared with those of analogous garnet
films. One of our main objectives is an up-to-date sum-
mary of the state of the art in this field, encompassing
previously published subjects, as well as results from
our work. Most of the latter consist of previously un-
published data on film deposition procedures, film com-
position design, attainment of desirable properties, re-
producibility, anisotropy, domain stability, and coercivity.

For up-to-date information on garnet film materials,
the reader is referred to a review article by Davies and

Giess [3] and to the special issue of the Journal of

Crystal Growth, volume 27, which contains a paper by
Robertson et al. [4], where films produced by vertical
dipping are discussed.

General considerations

This section summarizes several special requirements
that must be satisfied to successfully implement microm-
eter and submicrometer devices. These criteria are used
to assess the amorphous films in subsequent sections.

o Submicrometer physics and device requirements
Ideally, bubble films should approximately satisfy the
criteria developed by Thiele [5, 6] and others. These
may be summarized as follows:

271

AMORPHOUS MATERIALS




272

1. For the existence of stable bubble domains, the ma-
terial must have a unique easy axis of magnetization
perpendicular to the plane of the film such that the
stability factor Q is greater than unity, where

Q=K/2mM* > 1. (1)

In Eq. (1), K is the uniaxial anisotropy energy den-
sity and M is the magnetization. Although Q > 1 may
allow for stable bubbles in a film, consideration of the
need to propagate the bubbles without spurious nu-
cleation of unwanted bubbles in actual devices calls
for Q’s in excess of approximately 2.5 [7].

2. Maximum stability of a bubble is reached when the
film thickness & equals approximately 3 of the bubble
diameter d.

3. With the constraint cited in 2), the bubble diameter is
given by

dr= 8l
where [ = (AK)?/ 7M> = (24Q/ @)/ M, 2)

in which A4 is the material exchange constant and /
defines the characteristic material length, the ratio of
wall energy to magnetostatic demagnetizing energy.

4. In general, minimizing the power required to propa-
gate the bubbles requires minimizing the coercivity
H .. However, in T-1 bar type devices the lowest prac-
tical rotating field for bubble propagation depends
strongly on M as a result of interbar gaps [ 8, 9]. Thus
propagating power is negligibly increased even if H,
is as large as one percent of 47M. But in contiguous
disk devices [ 10] that do not have gaps, and bubble
lattice devices [ 11] that propagate bubbles by means
of bubble-bubble interactions, it is always desirable
to use films with the lowest achievable coercivities.

5. Since the minimum propagation field in T-1 bar de-
vices is proportional to M, it is desirable to minimize
M while satisfying the other relations.

Referring to Eq. (2), we note that reducing bubble
diameter requires adjustment of 4, K, and M. The mini-
mum exchange constant is established by considerations
of temperature sensitivity. It must be sufficiently large
to ensure a Curie temperature well in excess of 100°C.
Bubble stability requires that @ > 2.5[7]. The 5-um ma-
terials discussed subsequently possess Q’s in the range
5 to 10, leaving some room for decreasing Q. However,
further consideration of these two constraints suggests
that achieving bubbles much smaller than 5 um generally
requires that both M and K be larger than those of 5-um
materials. It is not clear whether these adjustments and
limits can be achieved in all garnet and amorphous
materials.

All of these parameters generally vary with film com-
position, growth conditions, and ambient temperature.
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A complete assessment of a film material requires under-
standing of all these dependences. However, these pa-
rameters establish several critical fields, such as the
bubble collapse and stripe-out fields, which can be di-
rectly correlated with the operating margins of a complete
device [12]. It is therefore more practical to use such
fields as a measure of the suitability of a storage film.
Specifically, the temperature sensitivity, as well as uni-
formity and reproducibility of film properties, can be
conveniently assessed by measuring the temperature
dependence, uniformity, and reproducibility of the stripe-
collapse field H_, and the stripe width w.

Film deposition processes for dielectric layers and
propagation/ conductor overlays often require substrate
temperatures as high as 250°C. Assembly of wafers into
a practical package with many serial electrical connec-
tions may require a solder hierarchy overa 150°to 250°C
range. These considerations suggest that all film com-
ponents in a device, including the bubble medium, be
capable of withstanding short term exposures to ap-
proximately 250°C.

Consideration of realistic device operating environ-
ments and Joule heating in conductors suggests that films
maintain integrity of data over a temperature range of
approximately 0° to 100°C. A monotonic change in
operating margins with temperature can be in part com-
pensated by changing the relevant bias and propagation
fields with temperature. Straightforward provision of
bias field compensation with ordinary permanent mag-
nets, and consideration of typical operating margins,
suggest that the stripe collapse field can change, prefer-
ably decrease, by as much as 20 percent over a 100°C
increase above room temperature.

Processing throughput and efficient packaging of any
bubble device make it desirable to maximize substrate
dimensions while maintaining adequate uniformity over
most of this area. Similar considerations call for stringent
tolerances on reproducibility of all relevant storage film
properties. A device operating margin of 20 percent sug-
gests a tolerance for reproducibility and uniformity of
stripe collapse field of = two percent. Since T-1 bar type
devices can tolerate a 3/1 bubble diameter range be-
tween the lower and upper bias margins, the stripe width
tolerance can be as liberal as = ten percent. The latter is
easily met in films with the collapse field tolerances
mentioned previously.

o Substrate requirements

Practical considerations dictate the use of large-area,
rigid substrates having a high degree of surface smooth-
ness. Epitaxial garnet films, of course, require single-
crystal garnet substrates. On the other hand, amorphous
films can be deposited on a variety of surfaces. One at-
tractive candidate for the amorphous film would seem
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to be a glass substrate, since it can potentially meet
stringent surface finish requirements at very low cost.
However, consideration of power dissipation in the con-
trol lines necessary in current device configurations may
require a substrate of higher thermal conductivity, such
as silicon.

Table 1 summarizes estimates of the thermal excur-
sions that can be expected within and in the vicinity of
conductor lines of the type required in T-I bar type de-
vices with bubble diameters in the one-micrometer range.
The table gives comparative data for three types of sub-
strates: garnet, glass, and silicon. These are calculated
for an assumed current of 10 mA dc through an Au trans-
fer line of dimension 0.5 X 0.3 X 2000 micrometers on
heat sunk substrates 0.5 mm thick, with 25 conductors /
cm’. Note that this corresponds to a heat input of 2.5
W/cmz, which on glass could easily cause a 100°C tem-
perature rise in the vicinity of each conductor, which is
about 10 to 100 times larger than on garnet and silicon,
respectively. Since the thermal risetime of such lines can
be as small as one us, such temperature excursions could
occur under pulsed operation of actual devices. A 100°C
temperature rise could adversely affect the stability of
the domains under the conductors and could conceivably
accelerate conductor failures by mechanical fatigue due
to dissimilar thermal expansion coefficients in the con-
ductor and the substrate.

The foregoing comparison suggests that a glass sub-
strate is not an obvious choice for the amorphous film.
In addition, conventional glass substrates are typically
contaminated with glass debris from cutting operations,
which is difficult to remove completely. This debris can
be eliminated by lapping and polishing techniques. How-
ever, these operations substantially increase the cost of
the glass substrate, making it comparable to the cost of
polished silicon substrates of the type used in semicon-
ductor applications which are presently available in
7.5- to 10-cm diameters. Silicon substrates, therefore,
are likely to prevail for amorphous films.

e Dielectric breakdown

Bubble domain devices commonly employ an electrically
insulating spacer between the storage film and the propa-
gating /conductor overlays. The use of dielectric garnet
films allows liberal requirements on the insulating char-
acteristics of the spacer film. On the other hand, amor-
phous metal films are conductive and consequently can
give rise to electric fields between the conductors and
the film. A recent investigation of this problem established
the fact that sputtered SiO, films are one of the pre-
ferred choices and can reliably withstand electric fields
smaller than 6 X 10° V/cm [13]. This corresponds to a
maximum voltage of six volts across 1000 A spacers,
values that are likely to be required in most devices with
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Table 1 Calculations of thermal conductivity and temperature
rise to be expected in 1-um bubble devices in the vicinity of
each conductor.”

Substrate Thermal conductivity AT
(W/em — K) (°C)

Si 1.30 1
Garnet 0.08 16
Glass 0.01 130

?0.5-mm thick substrates with heat sink; 0.5-um X 0.3-um X 2000-um Au lines;
1=10mA, /=6 x 10° A/cm".

one-micrometer diameter bubbles. Everything else being
equal, we feel that dielectric breakdown is the salient
factor that may inhibit the application of the amorphous
film.

Gd-Co-Mo film composition design

The observation of bubble domains in amorphous films
and first-order characterization of their properties have
been described in several previous publications [14-17].

Initially, binary films sputtered from Gd-Co targets
were examined [14~-16]. Investigation of their proper-
ties revealed that, although Gd-Co films could be made
to support a broad range of bubble diameters at room
temperature, they possessed unacceptably large satura-
tion magnetizations, requiring excessively large rotating
field amplitudes in T-1 bar type devices, and also ex-
hibited an unacceptably large variation of properties
with temperature.

These deficiencies led to the development of ternary
Gd-Co-X film compositions [17]. The type and quantity
of the third constituent were chosen and adjusted to
minimize both the magnetization at all bubble diameters
and the temperature dependence of critical film proper-
ties. Au, Cu, Mo [17], and Cr [18] are among the addi-
tives investigated in some detail. The lack of a sound
theoretical, analytical, and empirical background on
these alloys, particularly in the amorphous state, has
required extensive experimental assessment of their
film properties. Progress in assessing broad ranges of
compositions by sputtering has been difficult because of
the limited number of compositions that can be achieved
with one alloyed target. The latter limitation has been
partly ameliorated, however, by the use of ‘“mosaic”
type binary targets (Gd segments on an Fe or Co base)
[19, 20].

The gradual evolution of a data base has recently pro-
vided a semiquantitative analytical model [21, 22], based
on molecular field considerations, which has been useful
for predicting how some film properties (exchange con-
stant, transition temperatures, and temperature de-
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Figure 1 Dependence of composition and magnetic properties
of Gd-Co-Mo films on sputtering parameters. (a) Magnetiza-
tion vs bias voltage, with Ar pressure as a parameter. Solid
circles are points for substrates backed with gallium, open circles
for substrates without gallium backing, and squares for sub-
strates backed with gallium but prepared on another system. (b)
Effective anisotropy vs bias voltage, with Ar pressure as a para-
meter. Points are coded as in (a).

pendence of magnetization) depend on small changes in
film composition. This model eases the task of predicting
an “optimum” film composition from limited experi-
mental data. Furthermore, the evaluation of new alloy
systems has been recently expedited by three-source
electron gun evaporation [23, 24}, obviating the need
for preparation of the restrictive single composition
targets used in sputtering. Films with bubble domain
characteristics have also been prepared by evaporation
but in smaller quantities and with limited characteriza-
tion [23, 24]. In principle either deposition process is
potentially viable, and substantial additional work will
be required to make a technical selection possible.

A salient gap in the knowledge about amorphous
[15, 16] and garnet [25] film properties has been a mar-
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ginal understanding of the mechanism that gives rise to
their perpendicular magnetic anisotropy. This paper
presents a detailed assessment of the anisotropy over a
limited composition range in the Gd-Co-Mo system. To
date there is no quantitative model for the anisotropy as
a function of film composition, deposition method, or
deposition conditions.

One alloy system that has been most broadly char-
acterized and also appears to have a favorable combina-
tion of properties for micrometer and submicrometer
applications is the Gd-Co-Mo ternary alloy. The re-
mainder of this section therefore addresses targets, film
compositions, and the sputtering process for Gd-Co-Mo
films, although many of these considerations do apply
as well to other alloys and other deposition methods.

As indicated in previous publications, the first sputtered
amorphous films were prepared with arc-melted targets
[14-18]. The target fabrication process consists in
first alloying individual ingots of the desired constituents
into binary or ternary ingots of the nominal target com-
position. An array of such ingots is melted in a suitable
target base-plate, typically a Mo boat 12 to 25 c¢m in
diameter. The individual alloy and target ingots are all
melted in an electric arc furnace in high-purity Ar gas.
The use of high-purity starting materials and the minimi-
zation of their contamination during handling and melting
has resulted in a viable process for making experimen-
tal targets.

However, most alloys of rare earths and transition
metals form complex intermetallics [26]. Thus arc melt-
ing, although straightforward for melting the nominal
compositions, typically results in large gradients in com-
position through the target thickness and across its planar
dimensions. Accordingly, films sputtered onto a station-
ary array of substrates can exhibit unacceptably large
nonuniformities of most film properties. For example,
targets and stationary substrates 12 to 20 cm in diameter
can result in 10:1 variations in stripe width over com-
parable dimensions in the substrate plane.

One way to improve the uniformity of the sputtered
films is to rotate the substrate holder [27]. Simple ro-
tation, however, does not eliminate radial inhomogenei-
ties. The influence of target and plasma inhomogeneities
can be minimized with a more complex substrate motion.
This complication can be avoided by using hot-pressed
targets, which can be made to have excellent long-wave-
length uniformity, and by choosing sputtering geometries
with adequately large aspect ratios.

We have recently evaluated hot-pressed targets for this
application and established that these yield films with
properties indistinguishable from those prepared from
analogous arc-melted targets, except that the former
eliminate the need for substrate rotation, simplifying
the sputtering hardware, and providing uniformity limited
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only by geometry. The films described here, however,
were prepared from arc-melted targets over a rotating
substrate holder.

The magnetic properties of sputtered Gd-Co-Mo films
are strongly dependent on composition. Selecting an
optimum composition requires satisfying the constraints
outlined in the section entitled “General Considera-
tions.” Since at present little is known about the source
and the magnitude of the anisotropy in this class of ma-
terials, their composition is first selected to minimize
their room-temperature magnetization in conjunction
with a small temperature dependence of bubble collapse
field as required to achieve device operating margins that
are insensitive to temperature. This temperature be-
havior can be obtained by selecting a composition with
Curie and compensation temperatures equally spaced
above and below room temperature. The use of limited
empirical information and the molecular field analysis
[21] can readily define a first-order composition. Further
refinement of the composition requires a more time-
consuming empirical optimization of the perpendicular
anisotropy and the temperature dependence of the char-
acteristic length / (the bubble diameter).

As discussed below, the film composition is not neces-
sarily the same as that of the target, so that additional
correlation between film and target compositions is re-
quired. The model and this iterative approach have been
successfully used to define a nearly optimum composi-
tion for micrometer bubbles in the Gd-Co-Mo system
[22]. In essence the model predicts that achievement of
“good” temperature insensitivity will be difficult for the
Gd-Co-Mo compositions needed for 2-um bubbles or
larger, but appears promising for micrometer and sub-
micrometer film compositions. As suggested in this dis-
cussion, however, such an iterative approach is complex
and has not allowed for rigorous definition and assess-
ment of many alternate alloys.

Sputtering process for Gd-Co-Mo films
The rf sputtering process and hardware used for making
these films has been amply described in the context of
many thin film materials [28, 29], including the alloys
of rare-earths and transition metals [27]. The critical
dependences of composition and magnetic properties
on sputtering parameters are summarized in Figs. 1 and 2.
Figure 1(a) is a plot of magnetization vs bias voltage
at the Mo substrate holder, with the absolute Ar pressure
as a parameter. The target composition is 67.5 at.% Co,
17.5 at.% Gd, and 15 at.% Mo. The spontaneous dc
target voltage was held constant at —1200 V. For a target
13 c¢m in diameter with a target-to-substrate distance of
4 cm, these conditions correspond to approximately
100 W of power dissipated in the plasma. The indicated
target and substrate voltages are established by tuning
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Figure 2 Film composition of Gd-Co-Mo films as a function
of substrate bias voltage, with Ar pressure as a parameter. Bias
voltage is shown as a function of (a) atomic ratio of Co/Gd,
(b) atomic ratio of Co/ Mo, and (c) atomic percent of Ar. Data
point symbols are defined in Fig. 1.

the target and substrate impedances. Unless otherwise
indicated, film thicknesses are in the range § um to 2 um.
Over this range, the film properties are essentially in-
dependent of film thickness. The rate of deposition in-
creases monotonically with Ar gas pressure, ranging
between 190 and 300 A/ min for the indicated pressures.
At constant pressure, the film thickness can be precisely
controlled by the sputtering time, The lowest achievable
pressure in this system is 10~® Torr, obtained by means
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Figure 3 Atomic ratio of Co/Gd plotted as a function of (a)
magnetization and (b) anisotropy energy. The heavy arrow
in (a) represents the estimated change of magnetization caused
by dilution due to excess of Mo and Ar gas (see text).

of oil diffusion and Ti sublimation pumps. However film
properties are insensitive to background pressures as
high as 107° Torr.

The effective anisotropy, H}, corresponding to the
data of Fig. 1(a), deduced from the in-plane hysteresis
loops measured with a 60-Hz, 0.25-T (2.5-kG) peak
inductive magnetometer is plotted in Fig. 1(b). In films
with a large perpendicular anisotropy [data shown in
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Fig. 1(b)], these are hard-axis loops exhibiting a well-
defined saturation breakpoint on the M vs H loops, de-
fined as H}.

Incidentally, the square data points of Figs. 1(a) and
1(b) correspond to film properties duplicated from the
same target at 3 X 107" Torr of Ar in a second sputtering
system designed to have the same geometry, pressure,
and voltages as those used in this investigation. This
exemplifies the degree of intersystem reproducibility
achievable by controlling these basic parameters.

Figures 2(a), 2(b) and 2(c) display film composition
vs substrate bias voltage. In Figs. 2(a) and 2(b) this
information is conveniently plotted in terms of ratios of
atomic fractions.

In an assessment of the information in Figs. 1 and 2, it
should be emphasized that varying the substrate bias
voltage at fixed target voltage changes the film compo-
sition relative to that of the target. This change is largest
for Gd. The film composition also depends strongly on
Ar gas pressure. This dependence is to be expected in
sputtering from multicomponent targets with geometries
of finite aspect ratio, i.e. the ratio of target diameter to
the target-to-substrate distance. Different elements have
dissimilar sputtering yields, sticking coefficients, and
losses due to scattering in the plasma [30]. Although
such mechanisms can explain the observed results, at
present there is no model that can quantitatively predict
the observed properties from first principles.

The same sputtering geometry factors that lead to the
variation of composition with sputtering parameters can
produce film property nonuniformities. The horizontal
dashed line of Fig. 2(a) represents a film composition
equal to that of the target. To rf bias sputter this com-
position would require an infinite aspect ratio and there-
fore would produce perfectly uniform films. In practice,
film uniformity over realistic substrate dimensions,
e.g., 10 cm, might be realized with targets of diameters
of 25 to 40 cm [27].

At present these composition dependences on voltage
and pressure are useful for investigating film properties
over substantial composition ranges from one target.
However, as can be deduced from Figs. 1 and 2, repro-
ducible film properties require stringent control of gas
pressure and rf voltages. This can be readily achieved by
means of feedback control of the voltages to =one per-
cent and the Ar gas pressure to +£0.25 X 10~ Torr. Table
2 exemplifies typical reproducibility results for films
from seven consecutive depositions with fixed processing
parameters. Note that the stripe collapse field for the
fourth deposition is anomalously high.

Film composition, properties and, hence, reproduci-
bility also depend on substrate mounting details. Figures
1 and 2 compare the properties of films deposited on
substrates with and without gallium backing to the Mo
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substrate holder. Backing is expected to reduce the sur-
face temperature of substrates during deposition, al-
though it may also alter the substrate impedance and thus
modify the electric potential at the substrate surface. At
present it is not clear which of these effects predominates.
Nevertheless the interface between substrate and holder
requires special attention to achieve desired as well as
reproducible properties [29].

Figure 2(c) shows the percentage of Ar gas included
in the films by means of the sputtering process. It can be
as high as 10 at.% at —160 V, as is often required to
achieve bubble domain films. The role of Ar in the film
is not fully understood. Annealing experiments and chem-
ical analysis suggest that it is retained in the films after
short exposures to 350°C [30].

The magnetization and anisotropy energy vs Co/Gd
ratio deduced from the curves in Figs. 1 and 2 are plotted
in Figs. 3(a) and 3(b). The values of the anisotropy
energy density K are deduced from the relation Hf =
2K/ M. Ferromagnetic resonance [31] and torque mag-
netometry measurements [ 32] with films in a single
domain state confirm that in the thickness and do-
main size ranges under consideration H; is an accurate
(+10%) measure of H,.

The arrow in Fig. 3 (a) represents the estimated change
of magnetization caused by dilution due to excess Mo
and Ar in the films deposited at 45 um of Ar pressure.
Note that, as expected, with the exception of small cor-
rections to account for those differences in the Mo and
Ar contents, the data suggest that the magnetization
primarily depends on film composition and not the sput-
tering process per se, whereas the anisotropy energy
density K exhibits a more complex behavior. For in-
stance, compare the curves of Fig. 3(b) corresponding
to gallium backed and unbacked samples.

The processing factors that influence K are poorly
understood. As reviewed by Vossen [29], properties of
sputtered films depend strongly on a multiplicity of in-
terdependent effects related to target and film composi-
tion, target and substrate potentials and temperatures,
sputtering gas pressure, substrate bombardment by var-
ious energetic species, gaseous inclusions, etc. Attempts
to vary deposition conditions to separate these effects
suggest that although K appears to correlate well with
some of these variables over limited ranges, no definite
correlation has yet withstood close scrutiny over a broad
data base. Understanding of these effects is essential
for the ultimate achievement of optimum film properties.

The stability factor Q = K/2aM*® as a function of
substrate bias voltage is illustrated in Fig. 4 for an argon
pressure of 3 X 107 Torr. The vertical line at =55 V
denotes the 25°C compensation composition (M = 0).
This behavior is typical for this class of film materials.
The numerals 0.5, 1, and 2 denote room-temperature
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Figure 4 Relation of stability factor Q to substrate bias
voltage.

Table 2 Some data showing reproducibility of amorphous
films, sputtered in Ar, for seven consecutive deposits with fixed
processing parameters.

Stripe width Stripe collapse field

W, (um) H, (10'A/m)?
0.87 4.170
0.83 4.249
0.88 4.074
0.87 4.631
0.80 4.170
0.82 4.249
0.81 4.090
Average: (.84 4.233
Std. dev.: 0.03 0.112

"1.0 0e = 79.577 A/ m.

bubble diameters in micrometers. This result suggests
that although K is large near compensation, it does not
allow for attainment of arbitarily large Q values for films
with large magnetizations. The implications and gen-
erality of this result are discussed in the next section. It
is often equally easy to “‘tune’” desired bubble diameters
on both sides of the compensation point. However the
temperature dependence is usually too pronounced in
films having a compensation temperatures above room
temperature.

Films deposited in this manner have been successfully
used to implement experimental T-I bar devices with
bubble diameters of 2 um [2]. With the exception of
a much larger temperature sensitivity, their operating
characteristics are remarkably similar to those of equiva-
lent garnet-based devices. The use of 12-cm targets
readily allows for deposition on seven substrates 2.5 cm
in diameter with wafer-to-wafer and run-to-run repro-
ducibilities better than five percent. The uniformity of
properties is adequate to implement arrays of devices
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Figure 5 Relation of stability factor Q to characteristic ma-
terial length / for a garnet system, compared with four different
amorphous films. Plotted points are for Gd-Co-Mo films with
different Mo contents (open circles, 12 percent; squares, 15
percent; and solid circles, 17 percent) and for Gd-Co-Au films
(X, 10 percent Au).

with excellent overlaps of operating margins over 2 X 2
cm of each of the seven substrates [2].

Representative film properties: comparison with
garnets

~ Stability factor Q

Attainment of stable but stationary bubbles in a film
usually requires that Q = H,/47M X 1. However, as
pointed out in the section on submicrometer physics and
also in a recent investigation of nucleation in T-I bar
type devices, reliable propagation of bubbles without
spurious nucleation due to the driving fields from the
magnetic propagation overlays requires Q’s substantially
greater than 2.5, most likely in the range 4 to 5 [7]. Con-
sideration of any bubble material thus requires a critical
assessment of attaining sufficiently large Q values. In
Fig. 5, Q is plotted vs ! for several bubble materials:
three Gd-Co-Mo alloys with varying content of Mo,
limited data for Gd-Co-Au films, and data for one garnet
system [33]. Note that Q correlates strongly with [ in
all cases. In particular note that Q’s corresponding to
films having a bubble diameter of 0.5 um (/= 0.05) are
expected to be only in the range one to two, a marginal
value relative to the considerations discussed here. In
both types of materials, decreasing / requires increasing
the magnetization of the films. This increase is usually ac-
companied by an increase in anisotropy energy density
K; however K does not increase rapidly enough to retain
the Q values of larger-/ materials. These data also show
why previous investigations were not usually concerned
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with Q. These emphasized bubble diameters in the vi-
cinity of five um, where a Q as large as 10 can be readily
achieved.

With reference to Eqs. (1) and (2), constant ratios of
@ /! imply a constant ratio of 4 / K (constant domain wall
width) for these materials. It is not surprising that this
ratio varies slowly for small composition variations, but
at present there is no physical basis to support this rela-
tionship for large compositional and material variations.
The alloys considered in Fig. 5 cover broad ranges (3:1)
for the magnetization, anisotropy, and exchange con-
stants at each of the indicated / values. However, the
trend is sufficiently clear to warrant future attention to
whether film growth conditions can result in larger aniso-
tropies for fixed composition in the small-/ materials.

Although these considerations are likely to be critical
in T-1 bar type devices, it is not clear how these apply
to other devices, such as contiguous disk structures and
bubble lattice arrays, which employ different means of
propagation. Contiguous disk devices use fields from do-
main walls in capping layers. Lattice arrays generally
require conductor-line propagation. Both may lead to
stray fields which would not nucleate unwanted domains
in materials of lower Q.

& Coercivity and mobility

Although little is known about the specific mechanisms
that define coercivity, experience suggests that it could
be affected by film parameters suchas H,, O, 4wM, prox-
imity to the compensation temperature, surface effects,
and defects. At present very limited data exist on co-
ercivity in submicrometer materials.

Figure 6(a) illustrates the coercivity and ! parameter
for the (EuTm), Ga, Fe, , O, garnet system as a func-
tion of Ga content. The coercivity in all cases was de-
duced from the zero-M crossings of the perpendicular
magneto-optical [34] or Hall effect [35] hysteresis loop
for amorphous films and from the perpendicular sus-
ceptibility technique [36] for garnet films. Both tech-
niques correlate well and with coercivities deduced from
bubble translation experiments. The results clearly sug-
gest that coercivity monotonically decreases with de-
creasing / parameter, a desirable trend. It is expected to
be only a few tenths of an Oersted for submicrometer
bubble diameter films. These films were specially grown
to have constant //h ratios, with w_= h. However, it
should be noted that changing / requires changing other
film properties. Thus the observed trends in H_ may not
be related to [ per se.

By contrast, measurements in Gd-Co-Mo films show
that coercivity is consistently higher than that of typical
garnet films, but that it also decreases with decreasing /.
Specifically H, is typically 3-5, 2-3, and 1-2 Oe for films
with [ = 0.2, 0.1, and 0.05, respectively, approximately
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five times higher than that observed in the garnet system
of Fig. 6. However the H /47wM values for the amor-
phous films are only 0.1% for | = 0.05, and are not ex-
pected to pose any problem for T-I bar type devices in
which the predominant term defining the minimum propa-
gation field is due to the magnetization of the film [8, 9].
The higher coercivities could be of concern in other
devices.

The coercivity of amorphous films depends on the
aspect ratio of the domains (i.e., ratio of stripe width to
film thickness) as is illustrated in Fig. 6(b). The aspect
ratio was varied by decreasing the sputtering time, and
therefore the film thickness, for material of constant /
parameter. This behavior could be ascribed to surface
effects at the film-substrate and film-ambient interfaces.
Resputtering is known to admix substrate and film con-
stituents to depths as great as 500 A [37]. Exposure of
films to atmospheric conditions is known to alter the
outer 200 A of the film because of oxidation [ 34]. These
regions become proportionately larger for thinner films.
Oxidation could be easily avoided by passivating the
film prior to atmospheric exposure [34]. These results
suggest that it may be desirable to use thicker than nor-
mal films, w & h, to achieve lower coercivities.

This dependence of coercivity on thickness has also
been observed, but not characterized systematically,
in garnet films having bubble diameters of S to 10 um.

In addition to minimizing the coercivity, it is essential
to eliminate defect-induced pinning sites. The defect
levels in garnet films can be reduced to a few defects
per cm” [38, 39]. The minimum defect levels in amor-
phous films have not yet been determined. The main
contributors to defects in amorphous films are the sub-
strate quality and debris on the substrate. There is no
fundamental reason why debris cannot be removed from
glass substrates, although, as was pointed out in the sec-
tion entitled “General Considerations,” the additional
costs involved may justify the use of polished Si sub-
strates.

Defects can also be introduced during the sputtering
process by debris dislodged from the target or the system.
A sputter-up configuration has been suggested to mini-
mize target debris [ 16], whereas general system cleanli-
ness will minimize the latter source of defects.

Bubble mobilities in both the amorphous film and
garnets have been discussed in the literature [40, 41].
A mobility of 1000 cm/s-Oe has been observed for
one-um bubbles in EuTm garnets [41]. This can be
compared to mobilities in excess of a few thousand cm/ s-
Oe in amorphous films [41]. The mobilities observed in
garnet films are probably adequate for current device
designs operating up to one MHz, whereas the higher
mobilities of the amorphous material may be of value for
higher-data-rate devices. It should be noted, however,
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values are open circles and / values are Xs. (b} H,. vs the domain
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that achievable mobilities in both materials may require
reassessment if Q is substantially increased over present
values, since the mobility is inversely proportional to

0 [42].

e Film stability and temperature sensitivity

Processing and packaging constraints suggest tempera-
tures as high as 250°C. Most devices utilize Permalloy
features for propagation elements and magnetoresistive
detectors. The maximum safe temperature for Permalloy
is in the vicinity of 300°C.

Neither limit is expected to be of concern for garnet
films; however, even 250°C may be excessive for amor-
phous films. Gd-Co-Mo films have been shown to change
magnetic properties measurably at annealing tempera-
tures as low as 200°C [30]. The significance of this sen-
sitivity to annealing will depend on whether such changes
are reproducible and accompanied by the retention of
adequate magnetic properties. The films could thus be
stabilized by preannealing at a temperature greater than
the maxima expected from realistic processing and
packaging. To date, many devices have been success-
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fully fabricated on amorphous Gd-Co, Gd-Co-Au, and
Gd-Co-Mo films without such a preannealing step. How-
ever, this factor remains to be carefully assessed.

It has been shown in the discussion determining the
optimum amorphous film composition that it is possible
to obtain good temperature-insensitive behavior in the
magnetic properties of amorphous films. Similarly, any
garnet film composition that exhibits a large exchange
stiffness (high Curie temperature), and does not contain
ions which produce magnetic compensation near room
temperature (e.g., Gd), leads to temperature-insensitive
behavior. For example, Gd-Co-Mo films designed to
have bubbles 0.9 um in diameter have been found to
show a 20 percent increase in stripe collapse field and a
20 percent decrease in stripe width over a range of 0° to
100°C [43], and (EuTm),(FeGa) O,, garnet films with
1.0-um diameter bubbles have shown decreases of 20
and 4 percent for stripe collapse field and stripe width,
respectively, over a range of 20° to 130°C [44].

Another related issue that warrants consideration in
amorphous films is corrosion. In principle, it should be
possible to hermetically seal any device. In practice,
there will always be defects which, in devices based on
amorphous films, could permit corrosion of the storage
layer in addition to corrosion of the conductor and propa-
gation overlays.

Summary and conclusions

We have outlined general considerations dictated by
device requirements for defining micrometer and sub-
micrometer amorphous bubble device materials. Attain-
ment of these characteristics requires optimizing the
growth process and composition of the films. We have
described the growth processes and specifications nec-
essary for achieving better than five percent reproduci-
bility of film properties in amorphous materials.

A comparison of equivalent garnet and amorphous
films reveals that materials made to date have very com-
parable properties except for considerably larger, but
not necessarily prohibitive, coercivities in Gd-Co-Mo
films.

Application of either material to submicron T-I bar
devices depends on achieving sufficiently large Q values.
Future device and material investigations are expected
to lead to establishment of minimum acceptable Q values,
as well as means for achieving larger anisotropies in
these films.

Dielectric breakdown, corrosion, and sensitivity to
annealing at relatively low temperatures are key factors
that may limit application of the amorphous films. Accept-
ing these deficiencies will require establishing clear
superiority over garnets in factors such as higher mobil-
ity, lower processing cost, larger substrate areas, and
lower defect levels.
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In amorphous films further work is required to estab-
lish how sputtering parameters, especially geometry,
influence uniformity. The use of rotating substrate holders
can improve the uniformity of films sputtered from arc-
melted targets, but associated with the rotating holder
is the difficulty of controlling substrate temperature.
Recent results, however, show that hot-pressed targets
do not require substrate rotation, and thus the tempera-
ture of the substrate holders can be controlled adequately.
Substrate temperature is expected to influence film prop-
erties and, when precisely varied, could result in higher
anisotropies and therefore higher Q values.
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