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FOREWORD

The work on Contract NAS1-12981 has been divided into two separate but
concurrent efforts, Item 1 and Item 2. This report covers the work performed on
Item 2 during the interval 18 February 1974 to 31 October 1975. The results of Item 1
will be reported separately.

The contents of this report represent the contributions of many individuals.
Dr. P. J. Besser, Staff Scientist, Applied Magnetics Department was principal
investigator on the program. Program respcnsibility was assigned to the Applied
Magnetics Department, Mr, J, L. Archer, Manager. The bulk of the program effort
was distributed between five groups: Magnetic Circuits, Mr. R. F. Bailey, Group
Leader; Magnetic Devices, Dr. L. R. Tocei, Group Leader; Garnet Film Processing,
Mr. R. G. Warren, Group Leader; and Magnetic Materials, Dr. D. M. Heinz,
Group Leader. Other individuals who made major technical contributions to this
program and/or report aud their areas of effort are: Mr. R. G. Warren (Task 2),
Dr. D, M. Heinz (Task {), Dr. R. D. Henry (Task 3), Dr. M. T, Ellioft (Tasks 1
and 3), Dr. T. Kobayashi (Tasks 4 and 5), Dr, P, K. George (Tasks 6, 7 and 8),
Mr. R. G. Wolfshagen (Task 8), Mr., O. D. Bohning (Task 8}, Mr, J. L. Williams
(Tasks 7 and 8), Dr. L. R. Tocci: (Task 8), Dr. T. T. Chen {Task 8), and
Mr. J. P. Reekstin (Artwork and Mask Fabrication).
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e ._-:DEVDLOPMENT OI‘ A HIGH CA_PACITY BUBBLE DOMAIN MEMORY ELEMENT
AND RELA’I‘ED EPITAXIAL GARNET MATERIALS FOR APPLICA’I‘ION IN
o "‘SPACECRAFT DATA RECORDERS
ITEM 2
Tbe Optumzatlcn of “V.[aterml—Dew ce Parameters for Appllcatmn -
in Bubble Domain Memory Dlements . ‘
for Spacecraft Data Reccrders

b SEN_QPSIS -

‘The chectwes cf th1s 1tem of the contract are: (1) to dcvelop and cptmnze a
llqmd phase epitaxial garnet material for application:in: Spacecraft data recorders, .-

g (2) to evaluate techniques to obtain‘high level, 16w noise detector outplits for

bubble memory ‘elements and to provide optimizing eriteria for the material/device
interface charactensfucs. To meetl these 6bjectives, work under this item has been

..+ divided into eight parts; Task 1'is concerned with the design and evaluation of a
: _materlal system which will provide the hecessary bubble material properties. Task 2

- conccrned with the glcwth and yield of useful bubble marerir} films greater than
© 1,25 in, in diameter,  Task 3 is concerned with hard bubbie suppression techniques

= which will permit dev1ce operation at the data rate and over the temperature range

| “desired for the spacecraft data recorders. Task 4 is concerned with device evaluation

* - of the matevial produced snder Task 1 and:the hard hubble’ suppressmn techniques,

 Task 5 is an evaluation of the effects of hard habble suppression layers and crystal

».orientation on device performance using pulsed laser stroboscopic microscopy .

o .(PLSM) .Task 6 is concerned with detector optimization and Task 7 with improved
. passive rephcatcr dcs1gns. Task 8 1s the fabrication of an operatmg bubble domain :
i_memory cell o o N _ y

The detalls of the approach to each tasls and the results obtained are described !
in i:hc hody of the report,  Because of the close 1nterrelat1onsh1p of Tasks 1 and 3
N they are p1 esem‘:ecl sequcntmlly in Sectmns 2 ancI 3 S o _ 5,

_ _ The p1 mmry goal c*‘ the TasI\ 1 wc1k was. tc dcvelop a material capable of
operating in'16m period devices at data rates of 150 kHz over the temperature range
- of <100C to +609C, An additional objective was to obtain a temperature. coefficient of

S less than 0y 85 perisent 1/C°-for the characteristic length parameter of the material.

- Severalirial compositions were evaluated in the conrse of the program. Two cand1date

'i"“rcomp 051t10ns were- selected for device evaluation, ¥ 2. 69 Mg 20La0 110‘3‘1 13 €3, 87012

and ¥, ]31_1 e Germ’mmm-substltuted garnets were excluded from .

5.57%0, 592107783, 93012
i conslderatmn to avmcl cvcllap ws.th Air Force Ccntraci. F33615-75-C-5010.



Task 3 was directed toward selection and evaluation of a hard bubble suppression
technique which would permit reliable circuit operation at 150 kHz from -10°C to
+G00C. Two candidate techniques were chosen to be evaluated with the material
candidates in the device testing of Task 4. These are ion implantation and & muiti-
layer garnet technique which produces a 90 deg domain wall at the interface between
the bubble layer and the suppressing layer. The latter approach is referred to as
the Type II layer technique in most literature references and throughout this report.
In the course of the Task 3 work it was discovered that the Type II technicue also
had the potential of suppressing dynamic conversion, which, although not a problem
for the data rate goals of this program, is a potential barrier to the achievement of
device operation at megahertz data rates,

The development effort of Task 2 established confidence that garnet wafers as
large as 1.5 in. in diameter and as thin as 0. 012 in, can be produced with the same
high quality as that demonstrated in the previously standard 1.0 in. diameter,
0.020 in. thick wafers. This verification and the development of large area films
is essential to meeting the eventual cost goals of Ifem 1.

The device evaluation of the candidate materials and hard bubble suppression
techniques has been the subject of Task 4. The test vehicle for this evaluation was
intended to be the partially populated 105 bit (~10% bits capacity), 16uin perioad device
to be developed under Task 4 of Item 1. Difficulties in the fahrication of working
masks of this device delayed its development to the point where it was no longer useful
to the program. Consequently the work on the partially populated device was discon-
tinued and the Task 4 evalnation was performed with the detector test pattern used in
Task 6. All combinations of materials and hard bubble suppression techniques operated
satisfactorily at 150 kHz over the temperature range of -100C to +G0°C, It was
concluded that the selection of the final material and hard bubble suppressivn technique
for the spacecraft data recorder program should therefore be based on other consider-
ations such as ease of fabrication, reproducibility of properties and maximum mobility
requirements for domain stripout.

On Task 5, a recently developed high speed optical sampling technique was used
to investigate dynamic effects in materials and devices. The bubble expansion and
contraction measurements showed a domain wall velocity saturation which was essen-
tially independent of composition and hard bubble suppression technique. The device
studies determined the relation of domain stretching velocity in chevron expanders to
an in-plane anisotropy resulting from a misorientation of the <111> axis from the
normal to the film plane.

The detector optimization studies of Task 6 can be separated into the categories
of stretcher dynamics (margins), detector output and detector noige, The dependence
of chevron margins on chevroa angle, stack length, period, mobility and geometry
was determined. Detector output was characterized as a function of its dependence
on period, stretch length, permalloy-to-garnet spacing, drive field and permalloy
thickness. Zero and one state noise measurements were performed on one and two
level detectors, These studies have greatly increased the insight into the operation
of buhble domain detectors and have resulted in guidelines for optimizing detector
output.



Part of the Task 6 requirement was the design and test of an on-chip bridge.
The information on the drive field dependence of the detector noise indicated that the
preferred configuration for an all-permalloy bridge was one with the completion arms
oriented 90 deg from the active arms.

A total of 30 different passive replicator configurations were designed and
tested under Task 7. Several of the new designs are promising in terms of their
operation at high bias and the insensitivity of their characteristics to garnet-to-permalloy
spacing.

The Task 8 effort consisted of (1) memory element design and fabrication,
(2) memory cell package design and fabrication, and (3) chip-package integration and
cell test, The 104 bit chip design selected allowed the evaluation of two potential
final chip configurations for Item 1: (1) dual passive replicators with off-track
annihilators to alternate detection between two halves of a split guard rail detector,
and (2) & single passive replicator feeding a guardrail defector. The package design
is derived from the commercial Rockwell POS/8 configuration. The package has
been extensively characterized for its stand-alone properties and for package
interaction effects. :
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2. TASKl; DESIGN OF IMPROVED BUBBLE COMPOSITION

2,1 Tntroduction

The objective of this task has been the design of an improved bubble material
which will have the necessary properties for application in spacecraft data recorders,
The material requirements for this program specify the development of 2 hubble
composition which provides the following: :

a8l _
ot T
which is less than -0, 25 percent/ ¢ over the temperature range of
~10°C to +60°C.

(1) A temperature coefficient of the characteristic length %;

(2) A domain mobility sufficient to provide a data rate of 1.5 X 105 bits per
second in a continuous mode over the temperature range.

(3) Four micron diameter bubbles.

(4) Stable device operation which calls for an estimated room temperature
quality factor q = 4,

The influence these requirements have on the choice of other material properties and
the rationale used in selecting materials fo meet these requirements will now be
considered.

(1 In selecting materials to meet the {7 requirement, the general direction
taken was fo utilize materials with high Neel temperatures, TN and low
compensation temperatures, Tcomp* For high Ty materials, the

temperature coefficients of wall energy

3
1 “w
W T 3T

and magnetization

1 3M

Mp = 3¢ 8T

should be small over the temperature range. gince I = o wr-2MT,
for high T)g waterials, ¢ should be smail also,

The magnetization of a garnet composition must be adjusted to the proper
1evel to obtain desirable bubble parameters. This adjustment may be
carried out by substitution of magnetic rare earth ions on dodecahedral
lattice sites or of diamagnetic ions on tetrahedral or octahedral iron sites.

s ez 2 e
~ I - )
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1

(2)

(3)

(4)

Bubble garnets with high Ty values can be obtained by minimizing the
amount of substitution for iron, This can be achievad either by

employing a rare earth ion with a large moment antiparailel to the major
iron sublattice and/or by more efficient diamagnetic substitution on the
tetrahedral lattice sites. The former was implemented by the incorporation
of gadolinium onto the dodecahedral sites. However, so smail a
concentration had to be used (so as not to produce a high Tgamp which
would cause M to be positive in the temperature range of interest) that
this idea was eventually discarded. Greater tetrahedral site preference

by diamagnetic ions results in a smaller total substitution for iron and a
higher Ty, This may be realized by the use of germanium instead of !
gallium to decrease the magnetization, With the reduction in the f |
values of the final candidate compositions, the change from gallium to =
germanium was not recuired,

SRR, T T

i o e e g T

From the required data rate and bubble diameter, a minimum wall mobility,
pyys of 120 em/sec-Oe may be calculated for an average drive field of 4 Qe
which is typically obtained from device propagation structures, If the fall~
off of pyy at low temperatures and the peak velocity required in some

device structures are taken into account, a vy of about 480 cm/sec-Qe at
room temperature is probably necessary to meet the data rate requirementis,

From bubble stability considerations it is desirable to have the operating
bubbie diameter, d, approximately ecual to eight times the characteristic
length, Ford = 4 pm, this leadsto £ = 0,5 pm, Assuming a wall
energy oy, of ~0.2 ergs/em?2 and using oy = 4w M2¢ yields a magneti~
zation, 4 v M, of 225 gauss, In characterizing bubble films it is more
appropriate to specify a demagnetized domain width, W (rather than the
bubble diameter, d, which is a function of applied field and more difficult
to measure accurately). The stripwidth to be used with a 16 pm period
device is about 3.5 |t m.

sensitive to M. Inasmuch as the magnetization of 4 pm bubble material is
greater than that of 6 pm bubble material, a larger Ky value is required
to produce the desired q. However, higher Ty materials have small K
and M values so that from dp = KuT - ZMT, the Ay should be T
lower than for 6 pm bubble materials, The indications are that a room
temperature value of g = 4 is needed to assure reliable device operation
with 4 pm bubbles at elevated temperatures.

1
Since g = Ky/2 sz, where Ky is the uniaxial anisotropy, ¢ is very %
%
|
\



2,2 Trial Compositions Containing Gadolinum

The first trial composition for the program was Yz’-OSmO' 2Gd0_.’ 4Tm0'_ 4Ga0- 95

Te 4 05012. It was selected on the basis of the stable device operation exhibited by
Y5, 62500, 38921, 1773, 857 12"
mobility, py, by decreasing the samarium content and, (b) to raise Ty by incorpor-
ating gadolinium, thereby reducing the amount of gallium required to obtain the

desired magnetization, The thulium was included for lattice matching to the gadolinium
gallium garnet (GGG) substrate and also to contribute to the growth induced anisotropy.,
The melt composition was designed to place the film in slight tension due to film-
substrate lattice mismateh and to contain the minimum amount of gallium consistent
with the desired magnetization, Room temperature characterization of a film from

this first melt is presented in Table 1. Dynamic measurements were made on an
ion-implanted film.

Modifications were made, (a) to increase the wall-

TABLE 1, — DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION

Y5, 05,28 4Ty 4580, 95784, 05%12 |
h (thickness) 3.1 pm ? (characteristic length) 0.58 pm
w (stripwidth) 4.5 pm ¢ (-10 to r60°C) ~1.3%/C°
Hcol (collapse field) 88.0 Qe ' ﬁa (anisotropy field) 1390 Oe
4 7 M (magnetization) 225 gauss ¢ (quality factor) 6.2
oy (wall energy) 0,24 ergs/cm? g (wall mobility) 370 em/sec-Oe
Aa (Jattice mismatdh) 0.002A Hc {(coercivity) 0.6 Oe
T); (eel temperature) 153. 5°C ‘

Although many of the measured properties are close to those projected for this compo-
sition, the £T value was too large and the pyy value less than desired. A compositional
change was made in an attempt to reduce £ T and raise j1w (at the expense of o'w) by
reducing the samarium content. The second melt composition thus became Yg 995m
Smo, 15Gd0, 40TmQ. 23Ga0, 95 Fed, 05012. Characterization of an ion-implanted

film from this second melt yielded the static properties at room temperature and
dynamic properties at -10° C presented in Table 2, The reduction in samarium
content was obviously only partially successful in meeting the material goals, The L
value was reduced about a third but was still much too large, I addition, oy and H
were reduced more than expected, On the other hand, the -10° C dynamic properties,
Figure 1, were becoming very attractive for the My value exceeds the requirements
for this program. Also the H, value was appreciably reduced, The sharp turnover,
sttributable to dynamic conversion (Ref 1), is seen not to occur until AH 27 Oe and

v 21300 em/sec. Additional data on the variation in the bubble diameter with applied
field are shown inTigure 2. A plot of the bias field required to keep the bubble diameter
constant with temperature, Figure 3, revealed that the only range in bubble diameter
stable over the entire temperature interval was 4,75 + 0,2 pm. (Even so, the biasing
magnst would have to be capable of tracking non-monotonically with temperature.)




'TABLE‘ 2, — DOMA]N A.ND MATERIAL PARAMI}TDBS OI‘ TRIAL COMPOSI’I‘ION :

Yz 223mo 15%%, 40Ty, szao 95"%4,05%12
h (thickness) 3.4 pm ‘ ¢ (c:ha;rar’:teristic 'ler'lgth)'ro} 53 pm
- w (stripwidth) 4,3 pm P e (R +60% Cy--0, 86%/C®
HCol (collapse field) 83,6 Oe : Ha (anisotropy field) 770 Oe
4 M (magnetization) 195 gauss -~ .- .q"(qua'l:ity -factdr)'s 9.

(wall mobility, -10° C)

oy (wall energy) 0. 16 ergs/ em?
_ 8th cm/sec—Oe

Aa (lattice mismatch) 0, 00154 H, (coercivity, -10° C), 0.1 Oe

T, (Neel temperature) 148,5° C
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It was concluded at that time that the values of £T might be reduced further by
lowering the gadolinium content of the films, The nominal composition for the next -
melt was YZ. 4351110. 15Gd0‘ 20Tm0__ 15La0. 07Gz§.1_ osFea. 97012. Due to the reduction

in gadolinium, it became necessary to increase the gallitm content of the film to

~ adjitst the magnetization, and to add a large ion, lanthanum, for lattice constant match~
ing with the GGG substrate, The samarium content was left unchanged since the
previous dynamic properties were satisfactory, Room temperature static characteri-
zation and -10° C.dynamic characterization of an ion~implanted film of this composition

‘yielded the properties presented in Table 3.

- TABLE 3.~ DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION

Y2.48%Mg, 1509, 29Ty, 1518y 5702 (aFeg 0.0,
h (thickness) 5,0 pm _ £ (characteristic length) 0,44 pm
W (stripwidth) 4,28 pm Ly (-10 to +60° C) -0, 45%/C°
H001 (collapse field) 123, 6 Qe H_ (anisotropy field) 860 Oe
4= M (magnetization) 223 gauss ¢ (quality factor) 3.9
T (wall energy) 0, 17 ergs/cm2 HC_ {coercivity, ~10° C) 0. 13 Oe
Aa (lattice mismateh) -0, 0004A K (wall mobility, -10° Oy
o 820 cm/sec-Qe

TN (Neel temperature) 189° C o

V., {eritical velocity, -10" C)

800 em/sec

These static properties were close to the anticipated values for this composition. The
dynamic characteristics ai -10° C are shown in Figure 4, The critical velocity (V)
value is that for the onset of dynamic conversion (Ref 1), Tor 150 kHz operation

with a 4 pm diameter bubble the average bubble veloecity is 240 em/sec, Thus, having
a critieal velocity in the vieinity of 1000 em/sec should ensure that device operation is
not approaching the dynamic conversion region of the material, In addition, the
temperature dependence of the characteristic length was half the value of the previous
composition and scaled well with the change in the gadolinium content, Also the
quality factor q at +60° C was 3,2, Figure 5 shows the variation of the diameter of
bubbles with applied field at different temperatures, The bias field changes with
temperature (Figure 6) needed to keep the bubble diameter constant requires a biasing
magnet temperature coefficient of -Q, 09 percent/C° which represented a significant
increase in the stability range, Also this coefficient can be obtained with existing
commercial permanent magnet materials,
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A fourth variation of the origilial com'p'osil:iori was 'i:h'eﬁ prepared.- The nominal
composition was Y2 4GSmm 15Gd0. 15 O 15La QgGal 05 €3 g5 1& Again the

gadolinium content was lowered in an altempt to further reduce £, Aga consequence,
the gallium content was slightly all:el ed to ad]ust. for the magnetization change, and the
yttrium and lanthanum contents were alterved to obtain the desired film-substrate
Jattice parameter mismatch, The Samamum content was again left unchanged. Room
temperature statie characterization and -10° c dynamic characterization of an ion-
implanted film of this composition yielded the properties shown in Table 4. The
decrease of 6 C° in Ty from the previous composition was accounted for by the addi-
tional substitution of gallium needed to offset the slight reduction in gadolinium. The
tempelature coefficient of the characterisiic length was reduced very little by this
reduction in gadolinium. Of particular note was the fact that the mobility had decreased
in this composition, In addition, the quahty factor, q, was measured at +60° C to he
2.7. The sharper decrease in ¢ from room temperature to +60° C exhibited by this
composition (1.7 compared to 0,7 with the previous composition) and the lower wall
mobility indicated that fur ther reduction in the gadolinium content was nnwarranted.
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TABLE 4. — DOMA.]N AND MATERIAL PA_RA.METERS OF TRIAL COMPOSITION

: Fe.
¥y, 465, 15%%, 1577, 15%%. 09921, 0573, 950 12
h (thickness) 4,7 pm | # (characteristic length) 0, 47 pm
w (stripwidth) 4,4 pm £ (-10 to +60° C) -0, 41%/c°
Hm1 (eollapee field) 107, 0 Oe Ha (anisotropy field) 890 Ce
4 =M (magnetization) 203 gauss g (cuality factor) 4.4
T (wall energy) 0, 16 ergs/ crnz H o (coercivity, —1_00_0) 0.27 Qe
Aa (lattice mismateh) -0, 0014, by (wall mobility, -10°% ¢y
o o 740 cm/sec-Oe
Ty {Neel temperature) 133~ C o
V_ (critieal veloeity, -10~ C)
950 cm/sec

2.3 Comparison of Compositions from Item 1

In order to relate the properties of the gadolinium-containing compositions to
the parameters exhibited by the compositions utilized under Item 1, material
characterization was performed on the two Item 1 compositions and the last trial
composition at -10, 25, and 60° C, These results are presented inTable 5. It can be
seen that all of these g_a]lmm -substituted garnets have £ values slightly in excess of
the objective of -0, 25 percent/C% Data on the temperature variation of the bubble
stability range and the bias field needed to maintain a constant bubble diameter are
also shown inFigures 7 through 9, The stability range data shows that operation at a
constant midrange diameter is possible over the entire temperature interval without
dangar of close approach fo collapse or run-ouf at the extremes of -10° ¢ and +60° C,
For both Item 1 materials, the temperature coefficient of the nias field needed to
maintain a constant diameter (HT) over this range is ~ 0, 25 percenl:/Co This value
of Hp can be realized with commereially available permaneni magnet materials,
Therefore, stable device operation can be achieved over the -1¢ i» +60° C temperature
range with these materials even though their £ values are in the rasge of -0. 3 to
-0, 4 percent/ c®, Considerations of such data led tc the conclusion that the £ goal
of -0, 25 percent/ c° was more. stringent than required, and a £ of ~0.4 percent/ c®
would be sufficient. Dynamic characterization was carried out on ion~-implanted films.

2,4 Trial Composition Not Containing Gadolinium

Another gallium-substifuted garnet, related to the samarium composition of
Iem 3, was the next trial composition, The new formulation contained Iess samarium
fhan. the Item 1 composition, but contained no gadolinium, The ahsence of the large
- gadolinium ioh required that ancther large ion (e.g.. lanthanum) be incorporated for
lattice matching with the GGG substrate, The nominal composition based on melt for-
mulation and growth conditions was Y2, GQSmQ a0Lag.11Ga1, 13 Fes, g7012. Room
temperature static characterization and ~10° C dyne mie characterization of an ion~
-implanted film of this composition yielded the properties shown in Table 6.
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TABLE 5. -DOM’A]N AND MATERIAL PARAMETERS-O'F THREE COMPOSITIONS

AT -10, 25, AND 60° C

Item 1 Sm Cﬂmpnsitiun: YZ.EQSmﬂ.3BGai.ITFE3.B3U12 (h = 4.6 p.m}

Temp([_'_[:] Heol (Og) HBS(DB) Wip.m) 4-rii{pauss) u‘w(ergsicmzl 2{m) pw{cmlsec-l]e)
10 119.5 93.0 4.3 247 0.28 0.57 180
25 114.7 83.0 4.5 225 0.20 0.60 200
&0 106.2 BA.4 - 43 2m 0.15 0.47 300

Item 1 Eu cﬂmﬂﬂsitiﬂﬂ: Y2.1HEUB.BUTmD.3UGal.15F83.85012 (h = 5.0 p.m)

-10 _135._9 1060 - B0 210 . 0.34 0.58 220
25 130.0 104.0 4.7 248 0.25 0.51 - B0
60 117.8 "43.3 4.5 220 - 0.18 0.48 1108

{tem 2 Cnmp'nsiti'nn: Y2.4Bsmﬂ.'[EGdUJETmO.‘IELHD.BQGaI.UEFES.SEG‘I2 “’l = KD p.m]

-18 87.7 69.3 6.2 20 0.24 0.76 320
25 - 808 74.0 5.3 188 0.17 0.61 440
60 87.5 73.9 4.6 166 o.11 0.49 650

The average valves of QT and HT, and bubhie diameter variation aver this temperature range are:

Compasition Dri%/c®) He1%/C°) dfami

item 1 Sm 0.3 0.29 375 £0.75

Item 1 Eu ' 0.36 0.22 50 + 1.0

Jtemn 2 041 D.10 45 0.8
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TABLE 6,

~DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION

Yy g5, 2020, 11021, 137¢3, 87012

I (thickness) 4,4 pm

w (stoipwidth) 3,8 pm

H, 1 (collapse fieldy 108.5 Oe

47M (magnetization) 200 gauss

- (wall energy) 0 13 ergs/ cm”

Aa (lattice mismatch) Q. 002A

TN (Neel teraperature) 122.5° C

(Original Melt)

¢ (characteristic length) 0.41 pm

Ly (10 to +60° C) -0.44%/C°
Ha (anisotropy field) 820 O¢
q (quality factor) 4,1

w. (wall mobility, -10° ©)

W ig0 em/sec-0e

H, (coercivity, _10° ¢} 0.4 Oe

V_ (eritical veloeity, ~10° )

P5130 cm/see at 10.1 Oe

These static properties were close to the anticipated values for this composition but

the 47 M and T

valuss suggest that the gallium content is too high.
coercivity and decrease in mobility (Figure 10) of thi

The increaseé in

containing samples. suggested that more samarium was present in this film than was
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intended from the melt formulation and growth conditions. That would also account for
the small observed lattice mismatch even though the gallium content was slightly high.
Figures 11 and 12 show the bubble diameter variation with temperature and the bias
ficld coefficient needed to keep the bubble diameter constant over this range of temper-
atures (HT =~ -0.18 percent/C’).

In order to reduce the samarium content of films from this melt, a 10 percent
addition of both yttrium and lanthannm was made to the melt. Room temperature
static characterization and -10° C dynamic characterization ur an ion-implanted film
then revealed the properties presented in Table 7. These properties are quite
attractive for meeting program goals so that this trial composition was made a candi-
date for Task 4.

Since the damping of wall motion due to europium is only about one-sixth that of
samarium, the coutrol of the concentration of europium in a film need not be so criti-
cal in preparing a large number of films with matched properties. Consequently, a
europium composition, Y9 5Eup, 5Ga1, o7lFes, 93012, was prepared. It exhibited the
room temperature properties presented in Table 8. Dynamic characterization was
carried out on an ion-implanted film. In addition to the very good £ T, the values of g
and gy were very desirable. Also the lattice matching to the substrate was achieved
without the addition of another large ion so that this composition contained only four
cations. The properties of this trial composition are also quite attractive so that it
too was made a candidate for Task 4.
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Figure 11, Variation of Bubble Diameter with Bias Field for a
¥y 95M0, 20100, 11801, 137 ¢3. 47012 FH™
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TABLE 7. — DOMAIN AND MATERIAL PARAMETERS OF TRIAL COMPOSITION

Y La

2, 695™p, 2020, 11

Ga

1, 1373,87%12 \

(Melt Modified with Increased Yitrium and Lanthanum)

h (thickness) 4.8 pm
w (stripwidth) 4.1 pm
1 .
Hcol(col_apse field) 113.2 Qe
4 1M (magnetization) 204 gauss
Ty (wall energy) 0.14 evgs/ c:m2

TN (Neel temperature} 122, 0° C

¢ (characteristic length) 0.42 pm
2y (-10 to +60°C) -0.36%/C°

H (anisotropy field) 820 Oe

q (quality factor) 4.0

T (wall mobility) 1040 cm/sec-Oe

Hc (coercivity) 0.2 Oe

18
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TABLE 8. — DOMAIN AND MATERIAL PARAMETERS OF TRIA L COMPOSITION

g
/

Y, sEvg, 502, 077%3,03%12
h (thickness) 4.0 pm { (characteristic length) 0.45 pm
w (stripwidth) 4.0 pm QT (-10 to +60° C) —0.28%/C° ’
Hcol (collapse field)y 113 Oe Ha (anisotropy field) 1077 Oe 'I
4w M (magnetization) 223 gauss q (quality factor) 4,8 E
v (wall energy) 0. 18 ergs/ cm2 B (wall mobility) 2270 cm/sec-0e 1
Aa (lattice mismatch) 0. 0047A H,, (coerciviL)) 0.2 Oe
TN (Neel temperature) 130.8° C 1’;

2,5 Candidate Compositions

A review of all the trial compositions suggested that the program goals were

pest met by the Y 2, 5Eu0. SGal. 07Fe3.93012 and the Y 2, 69sm0. 20La0. llGal. 13

0} compositions. Six films of each of these compos itions were grown to be

evaluated under Task 4 of tem 2. Of the six films, two were ion-implanted to

suppress hard bubbles, two were double layer structures with a suppression layer

grown below the bubbie film, and two were double layer structures with a suppression

layer grown on top of the bubble film. Funding did not permit the preparation and ‘
evaluation of triple layer films for Task 4. The stripwidths of the layered films were !
adjusted by annealing in an oxvgen atmosphere to coincide with the stripwidths of the '
implanted films. Before being processed for device testing, all the films were fully
characterized. Characterization data are presented in Tables 9 through 12.

The {7 values shown in Tables 9 and 11 indicz{te that not only can as-grown
films exhibit stripwidths which are relatively insensitive to temperature changes over
a wide range of temperatures, but also capping these films further improves this
stability. In fact, the use of a triple layer structure instead of the double layer
allows these values to be even lower, For the Y2. Ggsmo, 20149.0. 11Ga1. 13Fe3' 87012

triple layer structure, T data of less than 0. 08 percent/CO has consistently been
measured. Perhaps the effect of the capping layer on the stripwidth (see Task 3)

compensates for the change in the bubble film stripwidth with temperature, This
potential advantage must be weighed against the additional processing complexity

involved in growth of a third layer.
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TABLE 9, —STATIC DOMAIN AND MATERIAL PARAMETERS OF

- - CANDIDATE COMPOSITION YZ, 5Eu0. 5Ga1. 07F63. 93012
W(p.m) hilpam) Hyg) (02} o-w(ergs!nm‘) 4 TiM{gauss) fippm) QT(%C“)

Implant 1 4.1 3.4 95.8 0.18 212 0.49 0.39
Implant 2 3.8 3.7 107.0 0.17 220 0.45 -
Top Cap 1 4.1 1.2 107.7 0.25 250 G.51 0.24
Top Cap 2 4.1 33 109.3 0.25 243 0.51 -
Bottom Cap 1 4.3 3.7 111.5 0.22 237 0.48 0.34
Battom Cap 2 3.9 39 109.3 pig - 237 0.45

TABLE 10. - WALL MOBILITY VALUES OVER THE TEMPERATURE RANGE

FOR CANDIDATE COMPOSITION YZ. SEHO. 5Ga1' 07F83. 93012
Temperature -10%¢ +25°¢ +§0°C
Implant Na. 1 610 cm/see-Oe 1000 em/sec-Ce 1430 cm/sec-Oe
Top Cap No. 1408 1700 3250
Bottom Cap No. 1 1380 1470 1890

TABLE 11. — STATIC DOMAIN AND MATERIAL PARAMETERS OF CANDIDATE

COMPOSITION Y, goSmy 50Ta, (. Ga, (oFeq o0y

Wipm | blpm) | o 06 | o lergsem® | 4mMigaosst | Btpm) | £d%/c?)
Implant 1 3.6 4.1 102.9 0.18 227 043 | -
Implant 2 3.7 3.3 109.8 £.19 233 0.43 0.16
Top Cap 1 4.0 3.3 119.0 0.27 267 0.49 -
Top Cap 2 49 3.3 118.3 0.27 265 0.48 0.14
Sottam Cap 1 3.8 3.3 120.6 0.26 266 0.47 -
Battom Cap 2 4.1 3.8 121.0 0.24 251 0.48 0.13

TABLE 12, — WALL MOBILITY VALUES OVER THE TEMPERATURE RANGE

FOR CANDIDATE COMPOSITION qu GE}Smo. ZOLaO. 11Ga1- 13Fe3' 870 12
Temperature 0P +250¢ +60°C
Implant No. 2 750 cm/sec-Oe 800 cm/sec-Oe 800 cm/sec-Oe
Bottom Cap Ne. 2 850 - 750
Top Cap No. 2 1408 1000 750
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Also of note is the strange temperature de%endence of the mobility of

YZ. GQSmG. 2020, 11Ga1‘ 13F63.87012‘ The +60° C values are seen to be, Table 12,

lower than the values at _10° c, for both the botiom and top capped films. These
mobility values were measured in the drive field region hetween ~3and ~8 Oe. The
measurementis were made within this range because of the correspondence to realistic
drive fields used in device operation. The initial mobility data listed in Table 13 does
not show this anomolous temperature dependence. The difference between the initial
mobility values and those obtained at 3 to 8 Oe drive is probably due to the occurrence
of nonlinear velocity-field effects at the higher drive fields.

TABLE 13, — INTTIAL MOBILITY VALUES FOR

Y, o5, 205%0., 11921, 15¥¢€3,87%12

| . 0 o
Tilm Py (-10° C) em/sec-0O¢ - (+60" C) cm/see-0¢
Bottom Cap No. 2 1000 1500
Top Cap No, 2 1400 1500

Although both of these compositions meet every material recquirement initizlly set, the
only evaluation of these films that is really meaningiul is {heir performance in device
circuits. Consequently these 12 films (six of each composition) were forwarded for
device fabrication. The results of this testing is reported in Section 5.
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.3, TASK 8; HARD BUBBLE SUPPRESSION TECHNIQUES -

3.1 Introduction

A determination of the collapse fields for bubbles in films of garnet compositions
shows the existence of a range of values. The low collapse field value is associated
with normal bubbles while the higher collapse field values are attribufed to hard
bubbles., A well-known property of hard buhbles is their tendency to propagate at
veloeities much below the values exhibited by normal bubbles. Characteristics of this
nature make the suppression of hard bubbles mandatory in order to obtain reliable
device operation at frequencies corresponding to 1, 5x10° bps in a continuous mode
over the temperature range of -10 to +60°C,

At the start of this program, five hard bubble suppression techniques had been
utilized. Four of those methods involve the deposition of an additional (suppression)
layer (Refs 2, 3, 4) while the fifth involves ion-implantation into the upper region of
the bubble film (Ref 3}, Three of the four multi-layer techniques use garnets for the
second layer while the remaining one consists of a thin permalloy layer on the bubble
garnet (Ref 2). All of these techniques have been shown to suppress hard bubble
generation at room temperature. However, problems with certain of the methods are
evident from device data and variable temperature considerations. One of the 180 deg
domain cap techniques (Ref 3) is of dubious value because of spurious bubble nucleation
problems while the other 180 deg domain cap technique (Ref 3) suffers from a very
limited temperature range of operation. Serious problems with the other techniques
were not immediately obvious at the start of this program. Consequently, the techni-
ques of hard bubble suppression that were investigated included ion-implantation, the
Rockwell Type III 90 dey cap, and the use of a permalloy layer. All of these techniques
were studied not only in terms of their effectiveness in suppressing hard bubbles but
also in terms of their temperature range of applicability. In the course of this work

evidence was obtained which indicates that some of the techniques offer greater
resistance to dynamie conversion than others,

3,2 Hard Bubble Suppression Techniques

Permalloy layer. - A hard bubble suppression technique which utilizes a thin
permalloy layer his been reported by Lin and Keefe (Ref 2), This technique pre-
sumably works in the same manner as the Type III layer reported by Henry, et al
(Ref 4), but could represent a considerable cost savings compared to ¢ither layering
with another garnet composition or ion-implanting the bubble film. Prior to the
initiation of this program, workers in this laboratory made a cursory examination of :
the effect of a 2004 permalloy layer on the dynamic properties of ;

U 0 1 : . .
Yz. 14Eu0_ 56Tm0_ 30Ga1‘ 1I‘e3. 9012. The bubble velocity data was taken using the a

Vella-Coleiro method (Ref 6) without the bias field correcting ramp. The data
{(Figure 13) showed that although the wall mobility appears to be unaffected by the
permalloy layer, the threshold field for initiation of bubble motion has increased
from 0.4 to 3,0 Oe. This experiment was repeated on this program using a film of

Yl. 57Eu0. 78Tm0. GSGaL 05Fe3. 95012. The results of thic study (Figure 14).
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confirm that the threshold field has been significantly inereased, in this case from 0.5
to 1.0 Qe, by the addition of the 2004 permalloy layer. Although bubble behavior was
essentially isotropic in the garnet, gross inhomogeneities appear to have been intro-
duced into the film by the addition of the permalloy layer. Regions could be found
where bubbles translated in one direction with low drive fields but required nearly
twice as great threshold fields for motion in the opposite direction. The total signi~
ficance of this increase in threshold field can only be understood when one remembers
that dynamic conversion (Ref 1) can limit the useful velocity of a hubble. The critical
velocity, Vp, is related to the maximum useful drive field, Hp, by

_Fw
v, = =5 (H-H
where ., is the wall mobility and H; is the threshold field. If H is increased by layering
with permalloy while V.., iy and I (all garnet film properties) remain constant, in an
extreme case it is possible to obfain a situation where Hy >H,. As a resuit, a bubble
can only move in the dynamically converted state., Even if this extreme is not reached,
it is still undesirable to cut down the operation region of the drive field (Hp >H >H,).
To ascertain if this increase is a function of permalloy film thickness, the 2003 fitlm
was removed from the garnet film and a ].()(}ﬂluJ film of permalloy was deposited.
Unfortunately, the 100A layer did not suppress hard bubbles., From these preliminary
experiments, the conclusion was drawn that for applications in which the threshold
drive field is important, the permalloy hard bubble suppression technique should not
be employed until the cause of the high coercivity variation is identified and eliminated.

Ion-implantation. - At the present time, jon~implantation is the standard technique
for hard bubble suppression. Wehave shown that suppression by ion-implantation is tem-
perature dependent. It maydisappear at low temperature ifthedosage is too small (Ref 4)
or at high temperature if the implant depthistoo shallow (unpublished data of P.J. Besser),
However, under proper conditions ion implantation effectively suppresses hard bubbles
over the temperature range of interest, In addition to verifying that ion-implantation
did indeed result in hard bubble suppression over the temperature range of interest for
the compositions studied under Items 1 and 2, ion-implantation was investigated with the
purpose of determining the dependence of suppression on the orientation between the
ion beam and the crystallographic axes of the film. The technique was also investi-

gated to determine the uniformity achieved in the dynamic properties over the surface
of the films.

In an attempt to determine if channeling is oceurring during ion-implantation for
hard bubble suppression, the following experiment was performed. Eight (111)
samples cut from the same film were oriented 0, 15, 30, 45, 75, 90, 105, and 120 deg
from an arbitrary direction in the plane. These samples were then implanted with
neon ions at 2x1014 jons/cm? (80 KeV), five degrees from normal. The bubble collapse
field was then measured for each of the samples. For significant channeling, one
might expect the collapse field to vary with the degree of channeling and hence the
orientation angle. Within experimental uncertainties, it was found that all the films
exhibited the same collapse field after implantation; hence it appears that channeling
during implantation does not occur,




While conducting these investigations, it was discovered that the LPE garnet
films under study were covered hy a thin red film. This red film ig believed to be
formed from' a closed-volume LPE growth when the waferis removed from the melt, and
as such,might be characteristic of this type of growth process. The composition of
this film has tentatively been identified as a high lead-content garnet and consequently
it is difficult to remove. Evidence has been obtained that this red post-growth film is
responsible for some of the problems in the dynamic response of bubble domains to
drive fields. A local coercivity variation has been observed in fon-implanted films.

It is hypothesized that ion-implantation into and/or through the extraneous film results
in local inhomogeneities which are reflected in the coercivity variations. In addition,
the pink film might be responsible for the coercivity variations found with permalloy
layering. Growth of films without this post-growth layer might then allow the permalloy
suppression technique to be used.

The following conclusions can he drawn from these experiments and the
characterized results on the candidate compositions presented in Para 2.5, Ion-
implantation is a practical method for hard buhble suppression over the temperature
range of interest (-10°C to +60°C), The currently oceurring local coercivity variations
are not important for data rates in the range of 1. 5x105 bps. However, if a device is
to be operated at velocities approaching the material critical fields, then either these
local coercivity variations will have te be removed, or another method must be found
to suppress hard bubbles,

Type IIT layers. - The Rockwell Type III hard hubble suppression layer was first
described by Henry, et al (Ref 4). The method consists of producing a 90 deg capping

layer by growing a Yz. 65Gd0. 3 5FeSOl2 (YGAIG) film on the GGG substrate followed by

the overgrowth of the bubble film, or by growing a thin layer of YGAIG overthebubble
domain film. The growth-induced anisotropy in this composition is small and the easy
axis is in or nearly in the plane of the film. In additica, the suppressing layer is
grown in compression on GGG (or the bubble domain film). Since the magnetostriction
constant of YGdIG is negative, the stress-induced anisotropy and the demagnetizing
field of the film also tend to force the magnetizatioa into the film plane, producing the
90 deg capping layer. <

Tue itial study of the Type II layer addressed the static changes intro-
duced by the additinnal layer, For this work, a YGAIG cap was used with the

gallimn-substituted film Yz. 6281110. 3803‘1 .ITFGB.S 3012_ » Data taken on the variation

of the static bubble parameters as a function of the suppression layer thickness revealed
that both the collapse field and the demagnetized domain stripwidth increased with the
layer thickness (Figure 15), For a layer 0.5 um thick, there was a 50 percent increase
in the stripwidth and a corresponding increase in the bubble stripout and collapse
diameters, The stripwidth is a linear function of the layer thickness. Static charac-
terization is unable to determine the optimum thickness of the YGAIG to use for hard
bubble suppression. One must wait for detailed device propagation studies to determine
this dimension. However, with a capping film layer as thin as 0.09pm, there is
suppression. Films 0.2um or greater in thickness suppress hard bubbles, but planar
domain walls form within this layer which attract bubbles. Thus, the Type III suppres-
sion layer should be less than 0. 2pm in thickness. These capped films were tested for
hard bubble suppression at -10°C, and +60YC, aswell as room temperature. Inall cases,
the YGAIG layer suppressed the formation of hard bubbles.
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An experiment was performed fo determine the bubble properties of annealed
triple layer films. A triple layer gallium—substituted film of composition Y, %Smo. 15

O. . was broken into a number of sections. These

Gdy_15Tmg, 155%0.09%%1.05" °3.95° 12
sections were annealed at various temperatures

. The results indicate that annealing

a triple layer film is no different than an oxygen anneal of an as-grown bubble film.
At temperatures above the equilibrium temperature, the stripwidth decreases and the
magnetization increases. The effect was shown to be reversible.

A check was made to determine whether the extra suppression layer introduced
additional defects which might reduce the possible device yield. This experiment was

performed by mapping the bubble film defects w

hich visibly pinned an ac excited

domain pattern. A poriion of such a standard defect map is shown inFigure 16-A. A

Type III suppression layer was then grown on to

p of the bubble film, and the mapping

process repeated. As evident inFigure 16-B, the addition of the suppression layer has

introduced no extra defects and in fact seems fo

have removed some. A slight reduction

in defect densities has been the trend observed during the course of this Type III layer

investigation. Of course, the "defects' remove

d were not dislocations but most likely

only surface contamination removed in the extra cleaning process before the top cap was
grown. Inany event, the capping procedure introduces no additional defects.
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Figure 16. A. Portion of a Defect Map of a Unsuppressed Bubble Film
B. Defect Map of Same Region of Film with Suppression Layer on Top
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The remaining effort on this study was devoted to a comparison of the dynamic
properties of bubbles in films which have a Type ITI hard bubble suppression layer and
those which have been ion-implanted. Three variations of the Type III suppression
technique were studied, viz: (1) a suppression layer between the bubble film and the
substrate, (2) a suppression layer above the bubble film, and (3) a suppression layer
above and below the bubble film (triple layer). In the two double layer samples, as
well as in the jon-implanted films, the velocity versus drive field characteristic of
bubble domains shows a pronounced nonlinearity or saturation effect which has been
attributed to "dynamic conversion" by other investigators. The saturation effect in.
gallium-substituted garnets typically has its onset at a velocity of ~2, 000 em/sec. :
This is approximately the value of the theoretical critical velocity. No such saturation
is observed in the triple layer films at velocities up to~5, 000 cm/sec (Figure 17) ona
film of composition Yp 468mg, 15Gdg, 15Tmg, 15Lag, 09Ga1, o5Fe3, 95012. Consequently
the preliminary conclusion is that this triple layer hard bubble suppression technigue may
also be effective in supporessing velocity saturation. * This would be extremely signifi-
cant since such saturation or "eonversicn" has been one of the major obstacles to high
frequency bubble domain device operation. It should be mentioned that further studies
of the dynamic conversion suppression using double layers were carried out on company
funds. These studies gave a preliminary indication that the double layer structure can
have the same suppression effect as the triple layer provided the bias field is applied

- with the correct choice of polarity. The use of the incorrect polarity did not seem to
prevent dynamie conversion. The type of wall structure which must be present (on the
capped films) to allow this dependence on bias field polarity is not yet understood and
is still being investigated.

3000 -
g 2000
@
=
Y
-
. ALL SAMPLES ARE THE SAME BUBBLE COMPOSITION

-
5 A _TRIPLE LAYER
= O — DOUBLE LAYER (TOP CAP)
5 1000 @ - DOUBLE LAYER (BOTTOM CAP)
> O - ION IMPLANTED

o LZ I | i 1 i

0 2 4 ] g 10

DRIVE FIELD, AH{Oe)

Figure 17, Velocity as a Function of Drive Field for
¥2.,46Gdo, 155mg, 15Tmy, 15Lag, 0gGay, g5 Feg, 95012 (lon-implanted, Top
Suppression Layered, Bottom Suppression Layered, and Triple Layered Films)
* See note added in proof, page 55.
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3.3 Conclusions

The studies conducted under this task have shown that the Type III multilayer
suppression technique is sufficiently promising so that it should be included, along
with jon-implantation, in the device evaluation of Task 4. Samples of the candidate
compositions were prepared both with Type:III suppression layers and with ion~+— £
implantation as the suppression technique. These films were statically and dynamically
characterized (data included urder Para 2.5). The device data on these samples is
reported in Section 5. ' : ' I -

-
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4, TASK 2; LARGE AREA FILM GROWTH

4,1 iroduction

The objective of this task was to develop techniques for the LPE growth of films
on substraies greater than 1,25 in, in diameter. As a result of our cost/yield
analysis for large capacity elements, 1.5 in. diameter wafers were selected for this
work, In addition, it was decided to evaluate the feasibility of changing the substrate
thickness from the standard 0,020 in, to 0,012 in, since this would further reduce the
garnet material contribution to the cost of the memory element. As a control sample,
a group of 1 in. diameter, 0,020 in, and 0,010 in, thick GGG substrates were processed
a’ong with the 1.5 in. diameter material. The results reported here were obtained in
the interval 18 Feb 1974 to 18 May 1974 and are representative of the processing
techniques used at that time.

4.2 Substrate Processing

Thirty two 1.5 in. diameter, 0.029 in. thick, GGG slices, were purchased in as-
cut form and were committed to the substrate processing procedure. The 32 slices were
separated into two groups of 16 each, since this is the maximum capacity of our double
face lapping equipment for this diameter substrate. The first group was lapped with 9u.m
A12203 abrasive, down to a thickness of 0.023 in. This is to remove wafer sawing
damage and to provide flat parallel surfaces for the subsequent polishing procedure,

The second set of 16 was lapped down fo 0.017 in. thick. To obtain 0,010 in. to 0.012 in.
finished wafers by the standard process, the starting slices would be 0.020 in. thick to
result in a material cost savings of approximately 30 percent.

Twelve wafers of each thickness were wax mounted on two 9 in, diameter polishing
blates, which are used on our 24 in. Speedfam polishing machines, Twelve 1.5 in.
diameter substrates are the maximum capacity of these plates for the mounting con-
figuration we use, The initial polishing pressure was 6.4 psi, which is the pressure
normally used for processing 1 in. diameter substrates. Under this pressure,
excessive polishing plate temperatures occurred in both the 9 in, diameter top plate
holding the substrates and the 24 in. plate which holds the polishing cloth., Excessive
temperatures can result in mounting wax softening and loss of samples, Subsequent
polishing of the 1.5 in, diameter material was done at z loading pressure of 2, 3 psi.
The polishing media for the final polishing vas Syton* HT. The wafers were polished
to a thickness 0,020 in. on the first plate and 0.012 in, on the second plate. Both
sides of each wafer were polished with the material removal being equal on hoth sides.
The second polished surface was designated the "epi" surface on which the device
quality film was to be grown., Table 14 shows the arocessing steps and gives yields
and causes for processing losses,

Twenty 1 in. diameter x 0.017 in. thick GGG substrates were cut from a boule
for the thin 1 in, diameter substrates. These were lapped to a thickness of 0, 0145 in,
and were processed in the same manner as the 1,5 in, diameter material to a final
thickness of 0,010 in. I all cases the final hour of polishing was done at a substrate
loading of 0,82 psi. For the 1 in. material 20 sukstrates were processed since this is
the capacity of each polishing plate for that diaraeter.

GGG wafers for the 1 in, diameter <0, 020 in, thick portion of the effort were obtained
from our standard inventory of substrate material,

A summary of the process yields for the 1 in. wafers ig shown in Table i5.

*A product of the Monsanto Corporation,
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The yield losses at the lapping process step are shown in Table 14 and 15
to be caused by a malfunctioning pneumatic 1ift, The top plate of the double faced
planetary action lapping machine is raised and lowered by a pneumatic cylinder,
The compressibility of the air in the cylinder plus the less than pexfect guide rail
mechanical action of the plate caused a sporadic lowering action. This cauged

the problem.

The polishing loss indicated as "Syton flow restriction, " in Table 14 wag
caused by a plugged orifice of a fow control needle valve in the Syton gravity feed
system. This caused heating of the polishing plate (ran too dry) and thus softened
the wax used to hold the substrate, Greater care in flushing the delivery system
between runs, valve replacement to a configuration less likely to plug and filtering
of tae Syton were ail actions taken to avoid this as a further problem,

A phosphoric acid (HgPOy) etch was used as a post polish evaluation step. The
polished substrates were immersed in a bath of H3P04, held at 180°C, for 30 sec,
This etch in conjunction with a microscopic inspection of the substrate surface at
110X using Nomarski attachment illumination was used as the quality control of the
polished surface. Thermal shock problems were encounterad primarily with the
larger diameter—thinnes walers during the etching process. The addition of a pre-
heater section just ahove the H. POy bath eliminated the problem. The preheater
allowed both the larger thin wafer and the wafer holder to slowly attain the bath
temperature prior to imm ersion.

4.3 Garnet Film Growth

Films of (YEuTm)g(GaFe)solz were grown on the polished substrates discussed
in the previous sections. The films were divided into two groups having nominal
strip domain widths, w, of 4.5 Mm (for 16 um period devices) and 6.5 um (for 24 pm
period devices), The latter group provided a control sample since that was the
domain width which has been in standard use in our laho ratory at that time, All of
the films were grown from the same melt hy making a slight Ga addition to obtain the
films with a w of 6.5 pm after the films with w of 4.5 pm had been grown., This film
composition was selected for the large area LPE development because it was one of
the two candidate materials for the initial Ttem 1 work.

The melt flux system was the commonly used 50:1 PbO:ByOg weight ratio with
a FegOs/RE904 molar ratio of 20 where REgQ3 is the sum of thie rave earth and
yttrium oxides, A melt solute concentration of 9 mole percent was used, The melt
volume was approximately 650 ml and it was contajned in a one liter platinum crucible,
Figure 18 is a photograph of six LPE stations in our laboratory, Each pair of
furnaces have their own laminar flow station to provide a clean loading and unload
area. Also shown are the raising and lowering mMmechanisms which also provide
rotational motion during 8rowth and post deposition spin. TFigure 19 shows a platinum
substrate holder used for single or double film growth. This holder is used in the
horizontal position with axial rotation and rotaiion reversal. TFigure 20 shows 1 in.,
1.5 in and 2 in, diameter substrates and grown films, Using this equipment and
methods, 45 growth runs were made. All of the runs were done at the same
growth temperature of 918YC, which was 15°C helow the melt supersaturation
temperature, Film growth rates of = 0.5 wm/min resulted from the above conditions,
All films were grown in the horizontal position with an axial rotation rate of 140 rpm
and with the direction of the rotation reversed after each one revolution,
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Figure 18. Six LPE Growth Stations with Laminar Flow Benches

Figure 19,

Platinum Substrate Holder fer LPE Film Growth



Figure 20, 1.0, 1.5 and 2,0 in, Diameter
GGG Substrates and Bubble Domain Garnet Films

Twelve of the growth runs were made with two films grown per run by placing
two substrates back to back in the holder, Earlier work with this configuration here
and elsewhere (Ref 7) suggested that no problems would be encountered using 1 in.
dia substrates with a thickness on the order of 0,020 in., however, this work was
our first experience with the larger (1.5 in.) diameter and thin (0,012 in.) material.
The technique of separating the substrates after growth with a razor blade, (required
because of the melt flux which gets between two substrates) worked very well withthe
larger diameter thinner material. There was no breakage or film loss caused by the
separation technique. No film processing losses were attributable to the thimmer sub-
strates. Because of the thermal shock problem encountered during the HgPOy4 etch,
the insertion and withdrawal rates of these thinner wafers in the LPE furnace were
decreased. A short handling learning curve for the processing personnel appeared
to be the single most important aspect of the thin samples.

Tables 14 and 15 include film processing yield data as well as cumulative yields
for all process steps. Table 16 presents film growth—characterization yields and
gives causes of the losses. The 1 in, - 0,020 in. samples have the better overall
yield bt no lapping-polishing lesses are included since the substrates were from the
finished substrate inventory. The highest loss cause of the 1 in,-0,010 in. samples
was film defect density and not handling . The defects are both substrate and film
growth related and do not adversely reflect on the thinner material. This is also true
for the thin 1.5 in. samples. The larger starting sample size for the 1 in. dia
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material is also in part responsible for the better yield values. The problems
encountered at the lapping and chemical etch process steps have been corrected.
Improved process procedures should decrease the largest single film growth reject
cause, defect density. The inherent nature of each processing step is such that only
the ability to process without breakage is of concern. Defect density of the finished
substrate is dependent of removing the "damage" from the previous process step
(e.g., lapping). For the final "epi" surface the polishing operation cannot result in
added surface damage caused by particulate contamination or excessive loading.
Therefore the processing steps used can produce good surfaces on the thinner wafers
and the defect yield as seen in Tables 14 and 15 do not condemn the 0.010 in.
substrate as would appear by first glance.

Processing the larger 1.5 in, diameter and/or thinner (0,010 in.) material is
not a processing problem and will, in fact, provide increased cost saving for bubble
device films,

TABLE 14. —SUMMARY OF GARNFET PROCESSING YIELD FOR
1.5 IN. DIAMETER SUBSTRATES

Process Step Finished Wafer Thickness
0,020 in. 0,012 in.
Started | Out | % Yield Started| Out |% Yield
Lapping 6 | 14| 7.5 | 16 |13 | 81.2
Polishing 12 11(3).1. 91,1 12 12 100.0
Chemical Etch 11 11 100,0 12 10(4) 83.3
Film Growth-Characterization 11 7(5) 63.6 10 6(6) 60,0
(Cumulative Yield) 51% 40,6 %

Notes:
1, Malfunction pneumatic lift on lapping machine
2. Malfunction pneumatic lift on lapping machine
3. Syton flow restriction-heating-1 substrate came off of polishing plate
4, Thermal shock HgaPOy etch.
5, See Table 16.
6. See Table 16.
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TABLE 15, ;SUMMARY OF GARNET PROCESSING YIELD FOR

1 IN, DIAMETER SUBSTRATES

Process Step

Finished Wafer Thickness

0.020 I, 0.010 n,
Started | Out | % Yield |Started| oOut | % Yield
Lapping 20 (191 | o5
Polishing 20 19 19 100
Chemical Etching 20 |10®] ‘950 19 |19 100
Film Growth and Characterization| 19 |16®) | sz | 19 [1a® | o4
(Cumtlative Yield) | 80,0% 70, 0%

. Notes:

1. Malfunctioning pneumatic 1ift on lapping machine,
2. Thermal shock H_ PO, etch,

3
3. See Table 18.

4, See Table 16,

TABLE 16.~SUMMARY OF FILM GROWTH

4

(45 GROWTH RUNS WITH 57 SUBSTRATES)

(3¢ -1 1IN, 23 - 1,5 IN,)

AND CHARACTERIZATION YIELD

Cause of Loss Number Lost Related to SubstrateSize and Thickness
1In. Dia 1.5In. Dia
0.020 in. 0.010 in. 0.020 in, 0,012 in,
Handling 0 1 1 1
High Defect Density (>10/ cmz) 3 4 1 3
Post Growth Cleaning(l) 0 0 1 0
Lost(? 0 0 1 0

(1) Post deposition cleaning involves a scrubbing oper

contamination caused scratching of this sample,

(2) Film misplaced - not found.

ation - at this step

35

L e £ B

e —

Tt e s

B A R AN TR T S mastTWE Syt i



5. TASK 4. - DEVICE EVALUATION OF CANDIDATE MATERIALS AND
HARD BUBBLE SUPPRESSION TECHNIQUES

The objective of this task is to evaluate candidate materials and hard bubble
suppression techaiques in terms of device operation at 150 kHz in a continuous mode
over the temperature range of -10°C to +600C. YEuGa and YSmLaGa iron garnets
have been chosen for candidate materials and ion-implantation and double-layering have
been chosen for hard bubble suppression techniques. The samples chosen are listed in
Table 17 along with their material parameters.

Notice that the demagnetized domain stripwidth, Wg, lies in the range of 3.6 to
4.1 pm for these samples. The mid-range operating bub%le diameter is nominally

equal o Wg. Material /device parameter studies have shown that the desirable ratio

of stripwidth to device period is ~0.20, which, for a 16pm,period, corresponds to

Wg = 3.2 pm, However, in order to effectively ufilize this value of Wy in a 16 pm period
device reguires that the gaps between the permalloy elements be ~0,80 pm. At the time
these film samples were grown the standard artwork/mask fabrication and device pro-
cessing procedures were such that the 16 pm period device gaps were ~1.3 pm. Having
this large gap with 2 Wgof 3.2 pm would result in very poor device margins.
Consequently 2 compromise was reached by increasing the target value of W to

4,0 pm. By the time the devices were actually completed the artwork/ mask%processing
effort on item 1 had progressed to the point that gaps of ~1.0 pm were obtained in the
samples of this task. At this time it was not possible to attempt to reduce Wq by
annealing because of the effect on program funding and schedules. As a consequence
some of the device data obtained reflects the use of a less than optimum ratio of strip-
width to period. :

it was originally planned to use the partially populated 104 bit device for this task.
But since a good mask of the 104 bit device was not made available in time, Task 4 was
carried out using the 16 pm period test pattern mask. This mask is described in
detail in Section 7. These samples were also used in Task 5. Since the high speed
optical sampling technique used in Task 5 requires 2 special sample preparation, the
processing of these samples will be discussed in Section 6. However, one remark has
to be made. That is, the top-capped sample from candidate material IT (Wafer No.
4-27-7) was totally damaged during the process and no replacement was made, -

5.1 Device Characterization

~ The conventional margin measuring technique was nsed. A die was mounted on 2
printed circuit test board and put inte r bius ficid and rotating field coil structure.
Temperature was contolled by controlling the flow rate of Liquid nitrogen cooled air
blown into the coil structure and monitored by & $i diode mounted close to the sample
on the board. The accuracy of temperature control was somewhat better than +19¢C.

The 90 deg chevron detector test loop (defined as pattern 10 in Sectivn 7) was
chosen somewhat arbitrarily since there was very little difference in the operating mar-
gin between different test loops. The margin was measured by monitoring detecior
output. The operating frequency was 150 kiz.
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TABLE 17. MATERIAL PARAMETERS FOR CANDIDATE MATERIALS

Candidate Material T (YZ. SEHO. SGal. 07Fe3' 93012)

Wafer Suppression | Hg Ho T 4nMg | Wg h £
No. Technique | (O€) e | (erg/em?| (G) @m) | (em) (em)

4-25-21 Ton-Implated 95.8 T2.5 0.175 212 4.06 3.4 0.489
4-25-22 Bottom-Capped 109,3 85,2 0.192 231 3. 806 3.4 0. 452

4-25-30 Top-Capped  107.7 845 0,254 250 414 3.2 0.452

Candidate Material I (Yg_ 6QSmO' 2Lao' 11Ga1. 13Fe3. 87012)

Wafer Suppression Hy Ho T 4TM g Wg h ¢
No. Technique (Ce) 08) (erg/ cm2 (& (Lm) {pm) (e}
4-27-2 Ton-Implanted 109.8 87.0 0.186 232 3.68 3.3 0.432
4-27-3 Bottom-Capped 120.6 94,0 0.2063 265 3.93 3.3 0.468

4-27-7  Top-Capped 119.0 100.4 0.274 266 4. 00 3.3 0, 133

Ho =  hubble collapse field

H2 =  hubble stripout field

o = domain wall energy

4rrMS = magnetization

Ws =  demagnetized domain strip width
h =  film thickness

2 = characteristic length

5.1.1 Bias Margin at Room Temperature, - A die representing each candidate
material and each hard bubble suppression technique was first characterized at room
temperature (25°C). If a die did not show a satisfactory margin, it was replaced by
another die until a reasonable margin was obtained.

Typical results are shown in Figures 21 to 25, In the figures the solid circles
( ) represent the lower margin and the open circles ( o) and crosses ( x) represent
the upper margin of the consecutive bit and alternate bit patterns, respectively. At
first glance, the margin diagrams look very different from one another. If should be
pointed outy however, that the variation of the margin diagram among dice from the
same wafer can be as great. Therefore, every feature should not be considered as
representing differences between materials or hard bubble suppression techniques. In
fact, most of the features seem fo be attributable to differences in material parameters
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Figure 21. Bias Margin as Function of Drive Field at Room
Temperature for YEu Ion-Implanted Sample
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Figure 22. Bias Margin as Function of Drive Field at Room
Temperature for YEu Bottom-Capped Sample
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Figure 24,

Bias Margin as Function of Drive Field at Room
Temperature for YSmLa Ion-Implanted Sample
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Figure 25. Bias Margin as Function of Drive Field at Room
Temperature for YSmLa Bottom-Capped Sample

and/or fabrication conditions. Tor example, the large differences between consecutive
bit and alternate bit margins at higher dr.ve field can be attributed to oversized bubbles.
For comparison purpose, the consecutive Lit and alternate bit margins at g = 50 Oe
are tabulated in Table 18. Note that the difference between consecutive bit and aliernate
bit margins (percentage-wise) is roughly proportional to the stripwidth. The difference
is only ~1 percent for 3.(° .m stripwidth whereas it is 23 percent for the stripwidth
exceeding 4 um. Also given in Table 18 are the minimum values of the drive field for
consecutive bit propagation, which may also be correlated with the stripwidth.
Returning to the figures, we notice that when the bias margin extends info lower drive
fields (235 Oe), it tends fo shrink abruptly (Figures 21, 22, and 24). Visual observa-
tions revealed that this is caused by strip domains stretching ouf into the loop from the
detector feedthrough to which part of the chevron guard rail is shorted as a consequence
of a mask defect.

In any case, the blas margin at Hg = 50 Oe is 210 perceit and this can be
increased considerably by optimizing the bubble size. Further, spontaneous nucleation
was not observed in any of the samples tested. Thus it is fair to say that both materials
(YEuGa and YSmLaGa) and both hard bubble suppression techniques (ion~-implantation
and double-layering) are adequate as far as room temperature margin is concerned.

5.1.2 Temperature Dependence of Bias Margin. - Temperature dependence of the bias
margin for each sample at a fixed drive field of 50 Ce is shown in Figures 26 to 30.
For one sample {1-25-2), it is shown for HR = 40 Qe as well for comparison (see
Figure 26(a) and (b). It is seen that each sample shows the general profile of bias
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TABLE 18. BIAS MARGINS AND MINIMUM DRIVE FIELDS AT ROOM TEMPERATURE
Surface Domain HIJ{ min ZHB at HR = 60 Oe
Sample Composition Treatment Stripwidth Consec Bits Consec Bits Alternate Bits
4-27-2 YsmlLaGa [on-implanted 3.68 pm 27 Oe 11.0 Oe (10.7%) 12.3 Oe (11.9%)
4-27-3 YSmLaGa Bottom-capped 3.93 pm 30 Oe 12.2 Oe (10.9%) 16 Oe (14.1%)
4-25-21 YEuGa Ion-implanted 4,06 pm 30 Oe 10.9 Oe (12.0%) |14.9 Oe (16.1%)
4-25-22 YEuGa Bottom-capped 3.86 pm 25 Oe 12.8 Oe (12.7%) 15.7 Oe (15.4%)
4-25-30 YEuGa Top-capped 4.14 um 35 Qe 9,1 0e _(9. 8%) 12.0 Oe (12.7%)

+ Minimum value of the drive field

* Bias field margin
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Figure 26. Bias Margin as Function of Temperature for
YEu Ion-Implanted Sample
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Figure 27, Bias Margin as Function of Temperature at Hp = 50 Oe
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margin as a function of temperature characteristic of YEu and YSm compositions, It
more or less matches the temperature profile of Ba ferrite permanent magnets in the
required temperature range as ecan be seen from the dashed curve which is drawn in
each figure assuming a temperature coefficient of -0, 19%./9¢C,

The effect of oversized bubbles manifests itself even more markedly in the
temperature dependence of the bias margin. Let us look at the cases where the strip-
width is greater than 4 um. In Figures 26(a) and 28 we see that the consecutive bit
margin shows a maximum at around room temperature while the alternate bit margin
monotonically inereases with decreasing temperature, the effect of oversizing is enhanced
at lower temperatures, resulting in shrinkage of consecutive bit margins, This is further
evidenced by the temperature dependence curve plotted in Figure 26(b) for a lower
drive field at which the eftect of bubble-bubble interactions is expected to be greater.

In summary what the temperature dependences of the bias margins have revealed
is that thereis little difference between the materials and the surface treatments. The
temperature profile of Ba ferrite permanent magnets matches the temperature depend-
ence of the bias margins fairly well and as seen from Figures 26 and 28, the matching
will be much better if bubble size is optimized to increase consecutive bit margins at
lower temperatures. Spontaneous bubble necleation was not a problem at any
temperature.

9.2 Bummary and Conclusion

Two candidate materials, YEuGa and YSmLaGa iron garnets and two hard hubble
suppreasion techniques, ion-implantatic n and double-layering were evaluated in terms
of device operation at 150 kliz in a 2ontinuous mode over the temperature range of
~-10°C to 60°C. Although each sample representing each material or surface treatment
exhibited somewhat different features in the bias margin diagram, most of these
features can be attributed to differences in material parameters, especially the
stripwidth, The temperature dependence of the bias margin showed that it matches
that of the Ba ferrite magnetization adequately.

Thus it is concluded that hoth materialy and both hard bubble suppression
techniques are adequate for use in flight recorder application. The selection of the
final material and hard bubble suppression technigue for the recorder program sheuld
therefore be based on other considerations such as ease of fabrication and reproduci-
bility of properties.



6. TASK 5 - EFFECTS OF HARD BUBBLE SUPPRESSION LAYERS AND
CRYSTAL ORIENTATION ON MATERIAL AND DEVICE CHARACTERISTICS
STUDIED USING A HIGH SPEED OPTICAL SAMPLING TECHNIQUE

It has been reported in Section 4 that various hard bubble suppression techniques
(ion-implantation, multilayering, etc) have different effects on the dynamic properties
of bubbles. Most notable is the absence of velocity saturation in triple-layered films.
The misorientation of the [111} axis of the substrate relative to its surface normal is
also known to have appreciable effects on the dynamic properties8. It is the objective
of this task to study the effects of hard bubble suppression layers and crystal orienta-
tion on material and device dynamic properties.

Much of the fundamental static and/or quasi-static characterization of materials
and devices is done using an optical microscope. It is only natural to turn to optical
methods also when the dynamic character of bubbles is investigated. The high speed
optical sampling microscope system 9 developed by Humphrey and co~workers at the
California Institute of Technology has the capability of optically sampling a dynamic
event with a 10 nsec single exposure photograph and is well suited for studying the
dynamic behavior of bubbles. This system was made available to us and used
throughout this task,

6.1 High Speed Optical Sampling Technique

The optical sampling microscope system ? used here, which was developed by
Humphrey and co-workers at the California Institute of Technology, is capable of
making a series of single exposure photographs at known sample times with a 10 nsec
exposure time. It thus allows a detailed analysis of the dynamic behavior of bubbles
during their high speed motion. The system as it is used for free bubble measure-
ments and for device studies is shown in Figures 81 and 32, respectively.

Figure 31 shows a block diagram of the opiical sampling system as it is used
for free bubble measurements. It consists of the laser illuminated optical micro~
scope, 16 mm movie camera, sampling oscilloscope and pulse generators. An obser-
vation is initiated by a timing pulse originating from the movie camera (indicating that
the shutter is open) or by an external clock at the same frequency (not shown) if a
photographic record is not desired. This timing pulse triggers the pulse generator
and the sampling oscilloscope horizontal sweep external trigger as indicated. The
sweep unit then triggers the laser light source after adding a delay appropriate to the
position in the sweep. A portion of the light from the laser shines on a fast photo-
diode (PIN diode) giving a pulse that triggers the vertical sanple gate coincident with
the light pulse. The time of the light flash can then be adjusted in relation to the
applied field pulses in any desired way by using the delay internal to the pulse gener-
ator and observing the field pulse on the sampling oscilloscope. The time relationship
between the laser pulse and the magnetic field pulse is therefore adjusted avoiding all
ambiguities due to instrumented delays, ete. Time sweeps of events can be taken by
using the horizontal sweep generator of the oscilloscope and movie camera with each
frame representing a single exposure of the transient domain shape at that time.
Although the results look like motion pictures, they are not; they are photographs
taken at 16 Hz of a repetitious event taken at various delays.
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Device investigations require a slightly modified electronic arrangement. A
block diagram with this change can be seen in Figure 32. The general timing pulse
originating from the camera triggers the bubble exerciser which generates a burst
of rotating fields. This timing pulse also triggers the auxilliary delay sweep oscillo-
scope on which the burst pattern is displayed. The delay sweep trigger is used to
choose the desired clock cycle of the rotating fields and the time sweep through the
cycle is provided by the sampling oscilloscope.

Special sample preparation is required to minimize the extreme interference
pattern obtained when coherent light illuminates the symmetric repetitious structures
typical of devices. Figure 33 is a schematic representation of device configurations
that can be satisfactorily observed with coherent illumination. Epi-illumination is
used for observing the bubble domains through the substrate. It is necessary to
remove the epitaxial layer from the back side of the substrate to reduce light absorp-
tion and improve the contrast of the bubble image, The most satisfactory sample,
illustrated on the left of Figure 33 has 150 to 200 A layer of metallic reflector (e.g.,
chromium) labeled mirror A, directly on the surface of the garnet film. The usual
SiOy spacer and the permalloy overlay is placed over the mirror. The coherent light
reflects from the mirror and does not diffract; yet the device pattern can be seen
through the mirror, In other words, the metallic reflector acts as a half-silvered
mirror. Somewhat less satisfactory but still usable and more readily available is a
modification, Mirror B, in which the reflector is placed over the permalloy structure
as indicated on the right of Figure 33. Mirror A is especially effective for small
devices whose circuit period is less than 20 um. Mirror A was used for the devices
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MAGNETIC GARNET
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l_l/ o gy e g =
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Figure 33. Schematic of Special Device Preparation
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{16pm period detector test loops, see the previous section) for the study of the
effects of hard suppression layers, while Mirror B was used for the devices (28pm
period quad circuits) prepared for the study of Lhe effects of crysial misorientation.

G.2 Effects of Hard Bubble Suppression Layers

it has been reported in Section 4 that various hard bubble suppression techniques
have different effects on the dynamic properties of bubb'es., TFor example, permalloy
coating increases dynamic coercivity considerably. Ion-implantation causes local
coercivity variations while top-capping does not. Most notable of all, however, is the
elimination of velocity saturation by triple-layering. The cbjective of this subtask is
to study the effects of multi-layering on material and device dynamic properties.

6.2.1 Radial Velocity Measurements. - The bubble expansion techniquewwhich was
introduced along with the optical sampling technique? provides a new method for
measuring the radial wall velocity of bubble domains!l, This technique is very useful
for determining saturation velocities. Thus, the bubble expansion technique was used
to evaluate multilayered samples. The samples including an ion~implanied one
selected for evaluation are listed in Table 19,

In the bubble expansion experiment, uniform expanding pulse fields were
provided by a small pancake coil driven by an HP 214A pulse generator, The rise
time of the field was 7 nsec. A field of sparsely distributed bubbles is photographed
at various known times after the application of an expanding field pulse. The diameter
is then measured from the photograph and the radius plotted as a function of the time
at which the photograph was taken.

TABLE 19, SAMPLES USED IFOR RADIAL WALL VELOCITY MEASUREMENTS

Hard Bubble Suppression
Sample Number Composition Technique
4-25-21 YEuGa Ion-Implanted
4-25-22 (I}4) YEuGa Bottom-Capped
4-25-30 (D6) YEuGa Top~Capped
T17 YEuGa Triple-Layered
T10 YSmGa Triple-Layered

Figures 34 through 36 are representative of the results taken at three charac-
teristic drive fields. Figure 34 is for the low drive region where a 12 Qe pulse is
applied for 0.3usec. It can be seen that the bubble expands to the new cquilibrium
size appropriate for the applied field (bias plus pulse field) before the end of the
pulse. Figure 36 shows a bubble expanding in a 60 Oe pulse field. Exceptionaily
linear plots such as this one are characteristic of all the data at high pulse fiecld
amplitudes, Figure 35 is characteristic of some intermediate drive where an initial
linear portion is observed followed by the exponential~like character of the lower
drive region. A bubble does not remain round when expanded for a prolonged length
of time at high drive fields10, Therefore, all measurements made here are limited
to the time before this shape distortion ocecurs,

49

i'
!
]
i
i



G|

RADIUS (um)

0.5

0.5

6
5 - SAMPLE 4-25-21
PULSE FIELD 12 Ge
PULSE DURATICN 0.3 uS
4 —
3 X
xxxxx"xxxx"xxxx XX XXK 5, Xy X
x X%
| X
2%
‘i | —
] ] ] ]
0 0.1 0.2 0.3 0.4
TIME {usec}
Fipure 34. Bubble Radius as a Function of Time Typical of Low Drive Cases
6
5 —
4 |-
— XyxXX XX xxx
E’: XXX X% xx ¥ oo
% 3 x X x
g X SAMPLE 4-25-21
= Jxx PULSE FIELD 24 Oe
2 - PULSE DURATION 0.3 S
'l —
1 1 1 [
0 0.1 0.2 0.3 0.4
TIME (usec}
Figure 35. Bubble Radius as a Function of Time Typical of

Intermediate Drive Cases




6
x X%
X
X X
5 — . x X
% X
Xx X
. 4 [~ o x X
£ XX
83k N SAMPLE 4-25 -21
g g ® PULSE FIELD 60 Oe
£ |x, X PULSE DURATION 0.34S
27
1 =
1 I | |
0 0.1 0.2 0.3 0.4 0.5
TIME (usec)

Figure 36. Bubble Radius as a Function of Time Typical of
High Drive Cases

Radial velacity is the slope of the radius vs time plot. Figure 37 shows the
observed radial velocily as a function of applied pulse field for Sample 1-25-21 (ion-
implanted). Each bar indicates the range of two independent measurements (iwo
bubbles). For fields 240 Oe, where the data ig linear as in Figure 36, a least square
straight line fit was made to the dala and the calculated slope of this fit was used to
represent the velocity. TFor pulse fields <40 Oe, data similar to Figures 34 and 35
was obtained where the linear portion of the radial velocity curve was limited. Thus,
the accuracy of the calculated velocity becomes poor for pulse ficlds 15 Qe. In any
case, the velocity is seen to saturate at 1000 ~1500 cm/sec.

Figures 38 through 41 show the results for the multilayered samples. It can
be seen that all samples unambiguously exhibit veloeity saturalion. Samples D4, D6,
and T17 which have the same composition as the ion-implanted sample and similar
material parameters show more or less the same velocity profile as the ion-
implanted sample. It should be noted that within the experimental error no appreciable
differences have been observed for the reversal of the bias field for the double-layered
samples (D4 and DG},

Bubble collapse measurements werc made on Sample T10 to compare Lhe two
techniques and the results are shown in Figure 42, The number plotted indicates the
number of bubbles that collapsed at the same time in the field of view fora given
pulse field amplitude. The velocity was caleulated using the collapse time 7 and the
initial and collapse diameters measured from the photographs. It can be seen that
the saturation velocity agrees with that obtained from the bubble expansion technique
fairly well,
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1t is thus concluded that all the samples investigated exhibit velocity saturalion
in the bubble expansion measurement regardless of the surface treatments. This
seems to contradict earlier ohservation (FFigure 17) that the triple-layered sample
did not show veloeity saturation in bubble transport measurements. There are
several possible explanations for the contradiction. Firsi, the bubble transport
measurements were made at low drive fields (AH 210 Oe), while the bubble expansion
technique does not provide sufficient accuracy in this drive field range. 1t is thus
possible that triple-layering does eliminate the Slonczewski breakdownl? which is
believed to be responsible for velocity saturation and dynamic conversion and that
the veloeity saturation observed in the bubble expansion measurements is due {o an
entirely different mechanism such as the Walker breakdownld which is caleulated to
take place at higher drive fields than the Slonczewski breakdown for Lthe samples
under consideration. A second possible explanation is related to the ballistic over-
shoot reported recently hy dMalozemoff and DeLucal4 on their transport measurements,
Using high speed laser photography (similar to the technique used here) {o measure
bubble position as a direct function of time, they observed a large displacement after
the gradient pulse turned off, with a relaxation time of several microseconds. The
true velocity calculated from the distance the bubble traveled "during the pulse™
exhibited a sharp saturation. Although the overshoot effect has not been examined
for triple-layered films, it is conceivable that ballistic overshoots in these films are
such that the bubble velocity calculated from the "final position" looks as if it were
linear with drive field. * It thus seems important to undertake bubble transport
measurements in triple-layered films using a high speed optical sampling technique
to resolve these questions.

6.2.2 Device Characterization. - As was mentioned in Section 4, 16um period
detector test loops were fabricated on t.ue ion-implanted and double-layered samples
listed in Table 19 for Tasks 4 and 5. It was concluded from the data of the previous
section that no appreciable differences due to the surface treaiments were observed
in the operating margin measurements, It became apparent that this was also the
case in the device characterization study using the optical sampling microscope. The
optical sampling microscope did, however, reveal some useful information on the
dynamic behavior of bubble propagation in actual devices. That is, the bubble motion
is very nonuniform, resulting in a large amount of variation in the domain wall
velocity, Typically, the maximum velocily is as high as four times the average value
for the T-bar structure and the ratio is nearly five for the chevron structureld.

*Triple layer samples have since been shown to exhibit large halistic overshool. The
authors wish to thank A.P. Malozemoff and L. C. Deluca of the IBM Research lLabs
for supplying this information.
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In summary, the optical sampling technique did not reveal any distinction in
device performance between the different hard bubble suppression techniques., How-
ever, it provided basic knowledge of the dynamic behavior of bubble propagation in
actual devices.

8.3 Effects of Crystal Orientation

It has been reported in the literaturel6:17:18 that a relatively small
misorientation of the [111] axis relative to the substrate normal causes a considerably
larger misorientation (~3 times) of the magnetic easy axis of the epitaxially grown
magnetic garnet film, If a misoriented film was used for a field access bubble device,
the rotating "in-plane" field would have an ac field component along the direction of
the magnetic easy axis. Such an ac component would modulate the bias field and
presumably result in device operating margin degradation, The effect of isubstrate
misorientation on device operating margins was examined by Tocei, et al Y'for a
sample having a tilt angle (of the [111] axis) of 1.4 deg. Although the magnetic easy
axis tilt was found to be as much as 4..75 deg, it did not have an adverse effect on the
operating margins,

It was also found that substrate misorientation induces an in-plane anisotropylﬁ.
The induced in-plane anisotropy was in turn held responsible for a domain wall
velocity anisotropy observed in a misoriented film8., The velocity anisotropy may
have important implications in bubble devices, in particular, at high frequencies
since it is the lower velocity that determines a limiting frequency. It may also be an
important consideration even at moderate frequencies since the chevron stretcher
detector commonly used in the devices may have considerably different domain stretch
rates depending upon the orientation of the stretch direction relative to the velocity
anisotropy axis.

It is the objective of this subtask to investigate the effects of substrate mis-
orientation on material and device characteristics with the emphasis on the determin-—
alion of an in-plane anisotropy and its effect on domain stretch at the detector.

Two samgles have been chosen for this subtask which had been characterized
by Tocci et alld in their margin measurements, One sample has a tilt angle of

1.4 deg and the other 0 deg determined by x-ray Laue photography. The accuracy of
the x-ray measurement is estimated to be %0, 2 deg for the larger tilt and £0. 4 deg
for the smaller tilt. Both samples have nominal composition

Yz. stmo. 38Ga1. 15F33_ 8 501 o The material parameters for these samples are
given in Table 20. The relationships between the surface normal and crystallographic
axes are illustrated for the tilted sample in Figure 43 where 8¢ is the tilt angle of
the [111] axis from the surface normal and ¢ is the azimuthal angle of the tilt plane
measured from the projected [112] direction in the sample plane.
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TABLE 20, MATERIAL PARAMETERS FFOR UNTILTED
AND TILTED SAMPLES
Sample No, 8, {deg) W (m) - {erglnmzl H, (Oe} AxM G} | hipm) | 2{um)
2-18-55 _D 6.0 0,163 87.4 174 553 | 0.678
2-18-83 1.4 5.66 D.154 93.0 177 6.06 | 0.614
]

6.3.1 Radial Velocity Measurements, - The radial wall velocity of an expanding
_bubble in a misoriented sample was found to be anisotropic8, The portion of the wall
moving perpendicular to the in-plane easy axis expands at o igher velocdily than that
moving parallel to it. Thus the bubble expansion technique is well suited for charac-
terizing a misoriented sample since it can determine the velocity anisotropy and
in-plane easy axis simultaneously. We have therefore used this technique to charac-
lerize our tilted sample,

In the bubbie expansion experiment, as we have described in Para 6.2.1, a
uniform pulse field is applied fo expand a bubble and photographs are taken at various
known times after the onset of the field pulse. Because of the in-plane anisotropy in
the tilted sample, the shape of the original static bubble is ellipitcal with its major
(minor) axis along the in-plane easy (hard) axis20, However, the velocity anisoiropy
is such that the portion of the wall parallel to the in-plane easy axis expands at a
higher velocity than does the portion perpendicular to it, Thus, the original minor
axis of the elliptical bubble expands mwore rapidly than the major axis and soon
overtakes it.

SURFACE
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Figure 43, Rélationslﬁp Between the [111] Axis;
Surface Normal, and Crysiallographic Axes



Figures 44 chrough 46 show the major and minor axes of the expanding bubhle
as a function of ‘ime after the onset of a 1usec pulse for three characteristic pulse
amplitudes. It can be seen from the figures that the original minor axis quickly over-
takes the major axis as menticned above. For low drive fields the bubble expands to
new equilibrium size and therefore the major and minor axes interchange again in
respense to the static stability requirement {Figure 44), At high drive fields the
velocities along both directions are constant with time resulting in linear plots such
as those of Figure 46, This of course, implies velocity saturation. For intermediate
drives initial linear portions are followed by nonlinear curves as seen from Figure 45.

The velocicies along both directions were calculated from the initial slopes of
the dimension plots and are plotted vs pulse field in Figure 47, It is seen that the
veloeity is quite anisotropic. The saturation velocity along the origina) major axis
(in-plane easy axis) is 1200 cm/sec and that along the original minor axis (in-plane
hard axis) is 2500 em/sec. The ratio of the latter to the former is about 2:1.

The in-plane easy axis was found to lie at -40 deg from the [112] direction
defined in Figure 43, The axis relationships are illustrated in Figure 48 along with
the orientation of the chevron stretchers of the quad circuits used in the device
characterization. According to theoryl6, the in-plane easy axis lies at the angle 4
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The angle ¢¢ for the present snmple was measured to be 70 deg. Thus, the theoretical
value for ¢, is ~35 deg in good agreement with the value ~40 deg determined from the
velocity anisotropy.

The above theoryl6 also predicts the in-plane anisotropy energy as

22

p " 3 o) o

where 8, is the tilt angle of the [111] axis in radians and A and Bg are growth
anisotropy parameters., For YSmGa garnet films A and Bo are roughly 4x104 ergs,’cm3
and -3x104 ergs/cm3, respectively2l; so Ky should be roughly 1250 ergs.’em3. On
the other hand, Schiémann22 has recently given a theoretical consideration to the
effect of in~plane anisotropy on the Slonczewski critical velocityl2, v, The result
is shown in Figure 49, where the ordinate axis (V,) is normalized w itﬁ respect to the
critical veloeity with no in-plane anisotropy {Vpo) and V,, and \'pit imply the critic:l
velocities in the direction perpendicular and parallel Lo {)he in-plane easy axis,
respectively. TFor our sample K /2mMg= ~1 and the theory predicts V. J_/\’ Nl ~ 2
which agrees with the observed saturation veloeily ratio. Vpn for our sample is
calculated for the straight wall * to be~1600 em/sec assuniing 1.76 rad/sce Oc,
A = 2x10-7 erg/em, and K, - 7400 erg,'em3, The saturation veloeity, Vg, is then
~300 cm/sec on the basis of the Slonezewski formulal2 (Vg 0.3 Vpj or~900 cm/sce
on the basis of the Hagedorn formula (V4 - 0. 55 Vp). Thus the Hagedorn formula
combined with Schi6mann's theory provides the anisotropic saturation velocities in
reasonable agreement with the observed onss.

4

K m-%u (2)

!/ VpL
/
/

0 05 1.0 1.5

2
KPIZﬂMS

Figure 49, Slonczewski Critical Velocily as a Function of
In-plane Anisotropy (After Schibmann22)

* 1t is not clear how to take into account the curvature of an expanding hubble,
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Since the saturation velocities in both directions are known, the saturation
velocity in an arbitrary direction, Vsa’ can be given by

V. =V _ +(V

So s” s.L

2

-V sin’ 3

SII ) o (3)
where « is the angle between the direction of wall motion and the in-plane easy axis
and Vgl and Vg, are the saturation velocities in the direction parallel and perpendi-
cular to the in-plane easy axis. In the present sample V_, = 1200 em/sec and V
V_, = 2500 cm/sec. sli

sl

6.3.2 Device Characterization. - In the previous section we have shown that the
domain wall velocity in the tilted sample is quite anisotropic. It is therefore expected
that the domain stretch rate in the chevron stretchier will be quite different depending
upon the orientation of the stretch direction relative to the in-plane easy axis.
Although the effective drive field for domain stretch is not known, it is estimated to
be sufficiently high to drive the wall to its saturation velocity. Let e be the angle
between the domain stretch direction and the in-plane easy axis. Then from Eq (3)
the domain stretch velocity for our sample is expected to be

Vo, = 1200 +1300 sin’a (cm/sec) ®

Our sample has quad circuits A, B, C, and D as illustrated in Figure 48. The angleco
is 70 deg for circuits A and B and 20 deg for C and D. Thus, the stretch velocities
for circuits A, B and circuits C, D are estimated to be

\'370 ~ 2350 em/sec (A, B)

\4320 ~1350 cm,’sec (C, 1)

(5)

Domain stretch velocities were measured for the quad circuits _sing the optical
sampling microscope. Measurements were made at the chevron step stretcher
sketched in Figure 50, At time t = 0 the rotating field is in the +x direction as sh.wn
in Figure 50, The length of the strip domain (along y direction) was measured as a
function of time at an operating frequency of 150 kHz. A typieal result is shown in
Figure 51. At t~ 2usec (108 deg) the domain reaches the stretcher and starts to
expand. Expansion is more or less linear in time until t exceeds 4psec (216 deg).
For t 24.5usec (245 deg) the domain starts to leave the left-hand side of the stretcher
and the streteh velocity decreases. Bit patterns (consecutive or alternate) make little
difference in the stretch rate presumably due to the short stretch.

It can be seen from Figure 51 that there is indeed a difference in the stretch
velocity but the difference is not as large as expected from Eq (5). It should also be
noted that both stretch velocities, 3250 em/sec and 2450 em/sec, are considerably
higher than the saturation velocities given in Eq (5). Similar observations were
experienced in the measurements of the velocity of bubble propagation in field access
devicesl®; i, e,, the bubble veloeity ean reach a value considerablv higher than the
theoretically predicted critical velocity or experimentally observed saturation
velocity for free bubbles. We believe that this discrepancy is attributed to the
presence of in-plane fields (rotating field plus permalloy stray field) in devices. It
appears that the effect of in-plane fields is to increase the saturation velocity by

~1000 em/sec in the present case,
G2
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Similar measurements were made on the untilted sample and a typiecal result is
shown in Figure 52. It is immediately made apparent that there is also a considerable
difference in the streteh velocity between the two orthogonal stretchers. An in-pline
anisotropy is therefore suspected. Indeed, bubble expansion measurements showed a
non-negligible velocity anisotropy. The saturation velocities along the two principal
axes are 1350 cm/sec and 1900 em/sec. It is seen from Figure 49 that I\’p/znl\’ls ~0,3
would give rise to a velocity anisotropy of this order, I /27Mg“ ~ 0.3 in turn corres-
ponds to a tilt angle of only ~0. 4 deg. Since the accuracy uf the x-ray measurement
for a nearly 0 deg tilt is +0.4 deg, it is conceivable that the supposedly untilted sample
does actually have a tilt of ~0,4 deg.

The in-~plane easy axis was found to lie at 30 deg from the y axis defined in
Figure 48, This means o= 60 deg for circuits A and B and o = 30 deg for C and D,
Thue, we have

Vago ~ 1800 cm/sec (A, B) G
Vigg ~1500 em/see (C, D),

Again the observed stretch velocities are much higher than these values. An
increase of 800 ~900 cm/sec presumably due to in-plane fields in the cireuit would
bring these values close to the observed stretch velocities,
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In summary, the substrate misorientation produced a considerable domain
"stretch anisotropy" but this anisotropy is not as large as the saturation velocily
anisotropy of a free bubble wall, This is probably attributable to in-plane [ields
present in the device. The effect of in~planc fields seems to be such that they
increase saturation velocities in all directions thus diluting the anisotropy. Since
the results obtained here are based on the limited number of samples, the intentional
tilting of the [111] axis is not recommended until more data are accumulated and the
effect of in-plane fields on domain wall motion is fully understood.
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7. TASK 6 - MAGNETORESISTANCE DETECTOR STUDY

The two main goals of the detector study were to ensure that a system error
rate of 10-8 could be met and that the output would be on the order of 5 myv over the
-100C to 60°C temperature range. As it turns out the latter requirement is the most
restrictive of the iwo, hence considerable effort was spent investigating detector
sensitivity as function of geometry and this work is reported in Section 7.2. Because
the stretcher design plays an important role in determining whether consecutive or
alternate bits can be propagated the problem of stretcher dynamics is considered in
Section 7.1. There it is shown that by increasing the period the bit-bit interaction
can be significantly reduced allowing consecutive bit operation over the entire
operating margin, TFinally in Seetion 7.3 the magnetoresistance and noise properties
of the one and two-level chevron stretcher detectors are considered yielding further
insight into the operation of the detectors and indicating how the detection electronics
can be improved to reduce error rates.

The detector magnetoresistance study was fundamentally aimed at establishing
how the permalloy geometry affected the detection process. No attempt has been
made to determine what effect permalloy processing or garnet material parameters
have on the sensitivity. Our feeling is that the material parameters are largely
constrained by other device requirements and that aside from the magnetization most
other parameters are relatively unimportant. Since the magnetization is related to
the minimum drive field it is generally agreed that it should be chosen to be as small
as possible consistent with other constraints., Hence studying the effect of garnet
material parameters on the detection process does not appear to be fruitful. On the
other hand, previous experience has clearly indicated that permalloy processing is
very important from the standpoint of sensitivity and reproducibility. Also the effect
of second order permalloy parameters such ag in-plane anisotropy remain largely
unknown. For this reason we regard the processing area as a candidate for future
work. No attempt was made in this study to explore the effect of processing other
than examining several runs made under supposedly similar conditions.

7.1 Stretcher Dynamics

Involved in any chevron stretcher design are considerations such as period,
linewidth, angle, etc in connection with the basic chevron element itself, It has been
the custom to integratc many of the input-output functions into a five chevron-track
which cither contains an in-linc detector or a replicator connected to a guard-rail
dotector@3). 110 deg chevrons are almost universally employed in this track and
also in the detector arca itself., Because these elements play a role in determining
the overall operating margin it is important to know which chevron designs are optimum
and also compatible with the storage loop olements. For this reason a study was
undertaken to determine how to optimize the basic chevrons. Also considered was the
effect on margins of adding permalloy interconnections to the stretcher to form a
onc-level detector.

7.1.1 90 Deg vs 110 deg chevrons and stacking properties of the chevrons. The
first experiments performed were designed to determine whether a 90 deg angle
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chevron propagated better than one with a 110 deg angle. At the same time the
dependence of the margin with stacking was determined. The results are sum-
marized in Figure 53 and show almost no difference in margin with angle for 3 or
more chevrons in the stack. The results did show, however, that as the number of
chevrons in a stack is increased the locations in bias of the lower margin decreases
about 2 to 3 Oe in going from 1 to 5 chevrons. Figure 54 shows that for a three
chevron stack the margin overlap between chevron and T-bar elements is nearly opti-
mum. Hence decreasing the number of stacked chevron elements does not appear
advantageous. Increasing the number from three to five will make little difference in
the margin overlap. According to our measurements the largest shift in location of
the lower margin occurs in going from one to three chevrons.

7.1.2 Period and mobility dependence of chevron margins. - The optimum period

for a chevron track is determined by a compromise between bit-bit interactions at

the low end and mobility limitations at the high end. In order to resolve this problem
consecutive and alternate bit margins were taken electronically on a series of gold
interconnected detectors (two level) for which the period was varied from 24 to 40
microns. Forward-reverse propagation through the detector in a region of 12 chevrons
was used to obtain the data at 100 kHz shown in Figure 55. The detection limit is
defined as the point at which any bit in a series of five fails to elongate while transvers-
ing the detector. The effect may clearly be seen electronically as a "hole' in the output
pattern produced by the detector. Figure 55 shows that for a given drive field as the
period is increased a point is reached where the mobility is no longer great enough to
maintain propagation with a wide margin. It also shows that the bit-bit interaction
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becomes important at shorter periods, This is reflected in the consecutive bit

detection limits which lie below the

corresponing alternate bit margins for short

periods, If detection is to be achieved over the whole operating margin for consecu-
tive bits at 35 Oe drive field the period should be about 32 microns for this sample.
If only alternate bit detection is desired over what normally would be the consecutive
bit operating range then a period anywhere between 24 and 32 microns would be
satisfactory. At 25 Oe drive field the mobility limit sets in at about a 28 micron

period, At this field value because

the bubble field is a significant fraction of the

drive field it tends to dominate in this regime with the result that both consecutive
and alternate bit detection limits fall below the margin limit.

Clearly these results are mobility dependent and therefore to obtain some feeling

for this aspect the previous measurements were repeated in connection with a much
higher mobility sample. The results, which are summarized in Figure 56, confirm
more or less what is expected. At 35 Oe drive field the consecutive bit margin and
detection limit coincide. At 25 Oe bit-bit interactions cause the detection limit to

fall slightly below the margin limit,

Because the mobility is so much higher here

the maximum operating period can be 40 nicrons withnomarginnarrowing. Athigher
freqguencies this clearly will not be the case and therefore in designing the detector

one should choose the shortest possible period consistent with the operating frequency

and consecutive bit detection (if so desired).

FFigures 55 and 56 allow one to make

reasonable estimates of optimum period designs.

Figures 55 and 56 irdicate that the

maximum allowable velocitics in the two samples considered differ by about a factor
of 1.25 even though the mobilities differ by more than a factor of 3. Since the peak
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velocity in a chevron pattern is about a factor of 5 greater than the average velocity,
if the critical velocity for a material is known an estimate of the maximum allowable
period for a given operating frequency can be made. Such information on the critical
velocity is just now becoming available for various materials. The measurements
presented in Figures 55 and 56 are based upon chevrons for which the gap and separa-
tion were equal to 1.8 . m which was one-half the linewidth.

7.1.3 Permalloy interconnect geometry and margins. - It is possible that th=
permalloy interconnection scheme used in a one-level detector will affect its nutput
and also its margins. In Section 7.2 the former aspect is considered and here we
present margin data on closed propagation loops each containing a different one-level
detector geometry. The layouts of the loops were made all the same SO that if differ-
ences were found it could be attributed to the effect of the detector geometry. The
test pattern is shown in Figure 57 and was also used in the study presented in Sec-
tion 7.2 on detector sensitivity. Several different geometries were chosen baserd upon
existing designs or variations which were likely to improve the output (end shorted) or
the propagation margin (fine interconnection, horizontal). The half end shorted version
was selected based upon past experience in connection with a two-level version which
could be used to generate an output limited to 180° of field rotation (useful for multi-
plexing). The data taken on these patterns are summarized in Table 21 and is the
result of making measurements on two different samples from the same wafer. For
comparison purposes, results for a two-level decector are also included. The effect
of adding the permalloy appears to be reflected by an increase in the minimum drive
field of the one-level patterns. We expect the minimum drive to be around 15 Oe at
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Figure 57. Detector Interconnection Test Patterns

TABLE 21. GEOMETRY DEPENDENCE OF MARGINS (28um PERIOD) GAP = 1.5um,
NORMAL SEPARATION = 1. § pm (WIDE SEPARATION = 3.6 pn),
ANGLE = 110° (UNLESS SPECIFIED)

150 kHz 150 kHz
GEOMETRY | PATTERN DESCRIPTION MIN DRIVE FIELD | MARGIN AT 40 Oe
Q\g 5 Two Level (Conductor 15 Qe 15 Oe
Shorted at Chevron Ends)
% 1 One Level 18 Element 20 0e 14.5-15.5 Oe
Set-in Shorted
y 8 One Level 36 Element 20 Oe 17 Oe
Set-in Shorted
@ 3 One Level 18 Element 20 Oe 16-17 Qe
End Short
9 One Level 18 Element 20 Qe 12.5-13.5 Qe
End Short Wide
Separation
g/; 6 One Level 18 Eiement 15 Oe 13 Oe
e Horizontal Wide Separation
y 12 One Level 9 Element 19 Oe 15.5 e
Set-in Shorted
% 10 One Level 18 Element 17 Qe 16.5 De
End Short 300 Chevron
% q One Level 18 Element 15 Oe 16.5 Qe
End Short Fine
Interconnect
7 One Level 18 Element 16 Oe 16 Oe
Half End Shorted
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150 kHz when no permalloy is added, as for Pattern 5. Patterns 6 and 4 not
nexpeetedly have minimum drive fields quite close to this value. Apparently this is
because of the fine interconnections (<1} employed in these detectors rendering them
similar to the two-level detector. The fine interconnections make them extremely
difficult to fabriecate consistently and for this reason their actual use in a device design
18 not contemplated. They have, however, been very use.ul in understanding how the
one-level detector works.

Patterns 12, 11, and 8 form a serics of set-in shorted detectors of increasing
length. The minimum drive fields for them is about 20 Oc¢ and the margins about
15,5 Oe. The slight inerease in margin in going to the 36 element stretcher (FPat-
tern 8) is probably not signifieant and therefore it appears reasonable to concluce that
stretcher length does not affect the margins significantly for this many chevrons in a
stack. The slight modification of moving the permalloy interconnections out to the
chevron ends (Pattern 3) seems to have little effect on either the minimum drive field
or margins. This is somewhat uncxpected in view of the common assumption that at
the ends the permalloy tends to act like a short circuit to the flux. Stroboscopic
microscopy, however, does indeed indicate some differences in propagation behavior
due to interconnect placement. One finds that for end shorting (Pattern 3) the strip is
disterted in a wavelike manner considerably more than for set-in shorting (Patterns 8,
11, 12). The phase-lag in both casus is comparable so that the low bias failure modes
are probably nct much different, At hi gh bias the strip eontracts to a bubble and the
transition from the chevron end to its centor is probably the limiting step. In this ease
the end shorting (Pattern 3) would appear more desirable because the shorts are
farther away from the bubble when they form competing poles for the ficld orientation
along the detector., Hence the similarity of the end and set-in shorted results is really
quite reasonable.

Patterns 6 and 9 are different from all the others in that the vertical Separation
between chevrons is one linewidth (3.6 pm). Clearly this has a detrimental effect on
the margins, It is believed that for this case that the larger separation hetween
chevrons causes the bubble to collapse prematurely as it passes from one chevron to
another during propagation at high bius. The effect is analogous to simply having large
gaps in a T~bar cireuit. The result is that the upper portion of the margin is lost as is
found experimentally here.

The margin results for Pattern 10 indicate that the 90 deg chevron works as
well as the 110 deg chevron when end shorted (Pattern 3) which offers a cross-check
on the data taken in Para 7.1.1. The slightly lower drive fielr. found for this case
seems to be a real effect, Stroboscopic measurements indicate the wave-like distor-
tion of the strip is more severe for the 90 dcg chevrorn (Pattern 10} than for the 110 deg
chevron (Patterns 8, 11, 12). This is not reflected in the margin data of Table 21,
howcver,

The overall impression left by these results is that as long as the chevron-to-
chevron separation ‘s on the order of the gaps the interconnection scheme has litile
cffeet on the continuous propagation margins. This presumes that stripout near the
ends of the chevron stack is prevented by zig-zagging out to the desired configuration
from the stack ends as was done here. Hence the choice of interconnection scheme
depends more on output sensitivity than margin considerations.
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7.2 Detector Sensitivity

In order to establish which of the one and two-level detectors considered in
connection with the stretecher dynamics study had the highest output sensitivity several
different experiments were performed in which chevron period, permalloy thickness,
and permalloy to garnet spacing were varied. The interconnection geometry was also
varied. The results indicate that from the output standpoint the two-level detector is
superior to the one level. The reason for this is explained in some detail in
Para 7.3.3. The two-level detector, however, has the disadvantage that it requires
several processing steps and a eritical alignment. The critical alignment makes the
use of this detector impractical for bubble circuits of 24 pm period or smaltler from
the process yield standpoint. On the other hand onc expects to find some similarities
between the one and two-level detectors and therefore optimization of the twu-level
detector should yield some information useful to once-level deteetor design.  For this
reason experiments were performed initially on the two-level detectors.

7.2.1 90 Deg vs 110 Deg Chevrons - Two-Level Detector. The results of Section
7.1.1 revealed that the 90 deg chevron has as good a margin as the 110 deg chevron.
Accordingly measurements were made on the output at 30 and 40 Oe drive field for
these detectors. Because the results for the 90 deg and 110 dez detectors turned oul
to be so similar further measurements were made to determine the basie drive field
dependence of the magnetoresistance. It was expected that the flatter 110 deg chevrun
should magnetize more rapidly with drive ficld (along the propagation direction). In
fact the reverse was true. The results are shown in Figures 58 and 59 ~long with
waveform insets showing the measurced outputs at 30 and 40 Oc drive field. The loca-
tion in drive field of the low to high magnetoresistance transition differs by only 3 Oc
for the two cases and henee not much difference in output behavior is expected since
the form of the two curves is similar., This conclusion is further cnhaneed by the all
bubble magnetoresistance curves showing about the same drive field shift from the

no bubble state.

It has been pointed out that the output of the two-level detector shows a
pronounced after-cffect particularly at low drive fields(®4). A comparison of this
effect for the 90 and 110 deg ehevron at a drive field of 24 Oc also appears in Iig-
ures 58 and 59. The motivation for making both no bubble and all bubble measurements
is discussed in Section 4. 3.4 in detail. The fact that these measurements were made
at different bias fields is unimportant as we are looking for differcnces hetween the
results for the 90 deg and 110 deg detectors. These results do scem to indicate that
the 110 deg chevron suffers more from the after-effect. At higher drive fields (30 to
40 Oe), however, the after-cffeet becomes small and slight diffcrences in signal wave-
form become more important, From the output standpoint it appears that therc is very
little difference between detectors based upon 90 and 110 deg chevrons. This is con-
firmed in Para 7. 2.3 for the one~level version.

7.2.2 Period dependence of the output. - While the drive field at which the transition
from the low to high magnctoresistance state occurs shows little sensitivity to chevron
angle it docs show sensitivity to period or equivalently to the demagnetizing factor
along the propagation direction. Figure 60 shows a scries of magnetoresistanee curves
for two-lev 'l detectors with varying period, As is discussed in Para 7. 3.4 (noisc
study) and is also suggested by Figures 58 and 59 the low drive ficld output of a two-

level detector may be regarded as the difference in voltage between a curve such as
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is shown in Figure 60 and onc shifted about 8 Oe lower in field. This is because the
bubble field is equivalent to about an 8 Oc uniform ficld, Hence if the operating drive
field happens to fall in the steep region of a eurve in Figure 60 the output will be high,
Conversely varying the period (and possiblv the permalloy thickness) allows one to
adjust where the transition lies relative tc e operating drive field and therefore
enables onc to control the output. Figure 61 supplies proof that this can indeed be
done. Shown in a plot of the detector output for 25 and 35 Oe drive tields versus period.
Referring back to Figure 60 confirms just what is found experimentally, As the period
is increased the transition moves to the left becoming at first more optimum for the
detector output and then less optimum as it passes to the left of the operating drive
field. The output apparently does not go down at the larger periods because the net
detector resistance is still increasing linearly with period. The output at 35 Oe for
any given period is higher than that at 25 Oe because the drive ficld is higher and
therefore lies ¢’oser to the transition.

The results of Figure 61 shows that the effective demagnetizing factor controlling
the location of the transition as well as its steepness vary almost linearly with period.
This is what one would expect based upon an ellipsoidal model for a chevron, For an
ellipsoid or a thin bar it is known that the dependence of the demagnetizing factor is t/L
where t is the thickness and L the length. A similar dependence is expected for the
chevron where the period becomes analogous to the bar length., The permalley cannot
be made too thin, however, or clse it will be saturated by the drive field possibly
resulting in a reduced margin and higher minimum drive fields. If a low transition
drive ficld is required the combination of period (subjeet to mobility limitations) and
thickness can be used to avoid this situation. Henee, it is fairly clear how one should
go about optimizing the two-level detector. There is some question as to whether the
active and dummy detectors will be properly matched in the transition region due to
slight differences in demagnetizing factor associated with processing. Also the con-
trol of the drive field becomes more important when operating near or at the transition,
This problem can be avoided, however, by operating at a drive ficld slightly below the
transition allowing the bubble to switch the detector into the higher magnetoresistance
state only in the active detector. Operation in this way may allow one to eliminate a
permalloy dummy in favor of a resistor which further reduces the noise produced by
the detectors as is discussed in Para 7.3,5 {noise study).

7.2,3 90 vg 110 Deg Chevrons - Onelevel Detector. - In Para 7.2.4 it is shown
that at 36 Oe drive field 90 and 110 deg chevrons produce about the same output in a
one-level detector. To further confirm this a series of output measurements were
made on 18 element 90 and 110 deg detectors. The results are summarized in
Table 22 and show that at normal drive fields the 90 and 110 deg set-in shorted detector
has less output probably due to its lower resistance, Measurements were also made
of he magnetoresistance characteristics of Pattern 11 and a 36 element set-in
shorted detector, The results showed that the 90 deg chevron magnetizes in the

¢ - 0 deg direction somewhat more rapidly than its 110 deg counterpart which was
also confirmed previously in connection with the two-level measurements. Hence it
appears that there is very little difference in output between 90 and 110 deg chevrons
whether they are part of a two-~level or one-level detector.
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TABLE 22, SUMMARIZED RESULTS (9¢ VS 110 DEG)
Output* @ Hy,, =

Pattern Description 25 Qe 37.0 Oe 50 Qe

10 18 element 90 deg 120 pv/ma | 125uv/ma | 93 .v/ma

chevron end shorted
3 18 element 110 deg 86 pv/ma | 125uv/ma | 93.v/ma

clhievron end shorted

11 18 element 110 deg 80 uv/ma 86 v/ma | 73.v/ma
chevron set-in
shorted

*Hypothetically clamped and strobed for maximum 0 to 1 output

7.2.4 Length, geometry and drive field dependence of the detector output, -
Figure 62 summarizes the results of making detector sensitivity measurements on all
of the one- and two-level 28 mperiodtest patterns of Figure57. The results ire

based upon maximum 0 to 1 detection window for an unclamped signal. The mieasure-
ments made on detectors of varying length indicate clearly a linear dependence of the
output on chevrons in the stack (N). This taken together with the noise results of

Para 7.3 (noise study) implies a \N dependence of the signal to noisc ratio. Figure 2
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also shows the output supcriority of the two-level detector over its one-level

counter-part. It is interesting to note that if the gold shorts on the output side of a

two-level detector are moved to the chevron center the amplitude of the output remains
relatively unchanged. The form of the output, however, is altered making bi-phase

detection possible by multiplexing together two such detectors-oriented 180° out of

phase. Of the onc-level detectors the end shorted configuration gives the highest out- ¢
put followed closely by the sef-in shorted version, All of the other detector outputs

fall near or below these results. This suggests that on the wholc the shorting con-

figuration produccs no fundamental changes in the operation of the one-level detector.

These results were taken at a drive field of 36 Oc and for the onc-level detectors
are characteristic of a fairly wide range of drive ficlds about that point. This is
‘llustrated in Tablc 23 where the outputs for 25, 37.5 and 50 Oe arc tabulated. While
there is certainly some variation with drive ficld for the one-level detectors the value
at 36 Oc is on the whole characteri stic of the particular pattern tested, TFor the two-
lovel detectors the vaviation with drive field is considerably more proncunced. The
reason for this is discussed in dotail in Para 7.3.4 (noisc study) and occurs duc to a
change in the way the dotector works at higher drive fiolds. At high drive ficlds the
detector odtput resualts from a phase shift (of the magnetization) mode of operation
rather than an amplitude shift mode. For a one-level detector the amplitude shift
mode oxtends to higher drive fields, Whereas the magnetoresistance amplitude for a
two-level detector saturates at about 40 Oc for & = 0 (direction of propagation) this
does not occur in a one-level detector until about 60 Oc. Hence at 50 Oe the one-level
detector is still operating in an amplitude shift mode whereas the two-level is not,
thas resulting in the difference in drive field behavior. As for the two-level detector,
the point at which the one-level detector saturates is controlled by the demagnetizing
factor of the chevron and ean be va ried by changing the period or permalloy thickness.

Finally in Figure 63 are shown the results of making output sensitivity measure-
ments on the one-level test patterns of Figure 57 for a 16Gp period mask. Comparing
Figures 62 and 63 shows a considerable reduction in output in going from a 28,8 toa
LG period. 1t is likely that this is caused b the increased relative thickness of the
16 patterns which were fabricated on 3200 A permalloy. kxact secaling would yield
a thickness of 2200 A which means that the resistance is about a factor of 1.5 lower
than it should be. This is just about the same faclor difference in output obtained in
our measurements., The reason for increasing the relative thickness was motivated
by the higher drive fields required to produce propagation in the 161 device, Minimum
drive field considerations indicate a factor of 1.25 is involved in going from a 28u to
a 16, period pattern (41Myy = 200, 2mMjg = 250), Hence the optimum design thick-
ness should be about 2200 x 1,25 = 2500 A which is somewhat less than used here.
For this thickness we would expect the outputs of Figure 63 to increase by about !
1.1 percent.

7.2,5 Spacing dependence of the detector output. - Before output sensitivity
measurements were made on the 16p period detectors it was necessary to establish
the correct permalloy to garnet spacing, This was done by taking 150 kHz continuous
margins on four different spacing samples cut from one wafer, The same circuit
Pattern (11) was fabricated on each. The results indicated that in the range of
spacings from 3500 to 7000 A the minimum drive fields were substantially unchanged
as were the margins, The maximum 0 to 1 sensitivity in this range was about

50 v/ma and varied little over the drive field range of 40 to 50 Oe corresponding

to normal operation for a 16u period dev'ze. When the spacing was increased to 1p

o




TABLE 23. 28pm PERIOD DETECTORS

Qutput* @ ny

shorted

Pattern Description 25 Oe 37.5 Qe 50 Qe
5 18 element two-level 200 pv/ma 230 uv/ma 110 uv/ma
120 deg chevron
5 18 element two-level 210 pv/ma 190 pv/ma 150 pv/ma
90 deg chevron
5 18 element two-level 210 pv/ma 230 pv/ma 100 pv/ma
120 deg chevron (wide
separation)
5 36 element two-level - 430 uv/ma 200pv/ma
120 deg chevron
5 18 element two-level 86 pv/ma 140 pv/ma 80 wv/ma
120 deg chevron half-
shorted
11 18 element 110 deg 80 pv/ma 86uv/ma 73 uv/ma
chevron set-in shorted
3 18 element 110 deg 86 v/ ma 125 uv/ma 93 uv/ma
chevron end shorted
10 18 element 90 deg 120 uv/ma 125 pv/ma 93 .v/ma
end shorted
8 36 element 110 deg 150 pv/ma 170 uv/ma 180 uv/ma
set—-in chorted
6 18 element horizontal GG pv/ma 53 uv/ma 10 wv/ma
wide separation
4] 18 element 110 deg 80 uv/ma 100 uwv/ma 80 pv/ma
chevron end shorted
wide separation
12 9 element 110 deg 40 pv/ma 53 pv/ma 10 uv/ma
chevron set-in shorted
4 18 element 110 deg - 66 uv/ma 66 pv/ma
chevron end shorted
fine interconnection
7 18 element half end 53 pv/ma 66 uv/ma 53 uv/ma

*Hypothetically clamped and strobed for maximum 0 to 1 output
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about a factor of two reduction in margin occurred and the minimum drive field
increased by about a factor of 1.6. Accompanying these changes the output sensitivity
decreased very slightly from 50uv/ma to 40pv/ma at a 50 Oe drive field in going from
7000 to 10,000 A spacing. Hence it appears that spacing has very little effect upon
the detector output particularly near the optimum of 0.5u (for 16 period devices).

7.2.6 Thickness dependence of ouiput for one-level detectors. - As was mentioned
in connection with two-level detector optimization decreasing the permalloy thickness
can be used to improve the output. This is also expected to be the case for the one-
level detector and to investigate the effect of varying this parameter a magnetoresis-
tance characteristic was taken on a 28y period pattern of 3000 A, The results which
are summarized in Figure 64 when compared with those of Figure 68 (noise study)
for a 4000 A thick pattern show the expected decrease in drive field corresponding

to saturation in the ¢ = 0 deg direction (direction of propagation). Also one finds a
corresponding increase in the slope of the ¢ = 0 deg curve as might have been antici-
pated on the basis of the two-level results. The similarity of the ¢ = 0 deg curves
for one- and two-level detectors is discussed in detail in Para 7.3.4. Comparison
of the ¢ = 90 deg curves in Figures 64 and 66 reveals that reducing the thickness
increases the slope of the thinner detector. As is pointed out in Section 7.3.4, the
total output for this detector consists of a contribution from the ¢ =0 deg amplitude
shift due to the bubble and a & = 90 deg amplitude shift. Hence the higher ¢ = 90 deg
slope contributes to an improved output in the 30 to 40 Oe drive field range. In view
of the increase in resistance of the detector with decreasing thickness these results
are not unexpected. The limit on thickness is set indirectly by the operating drive
field and the device margins. These depend in turn upon the device components
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employed and the mobility of the garnet. From the standpoint of being able to optimize
the detector output Figures 64 and 68 show that a low drive field (20 to 30 Oe) is desired
so as to move the operating point into the region of highest slope for the & = 0 deg curve.
When this is possible reducing the nermalloy thickness from its common value of 40004
appears advantageous. Note that the 1w to 2 wtransition (see p 87) remains around

15 Oe although the effective demagnetizing .actor for a given direction is reduced by
three-quarters due to the thickness change since the effective demagnetizing factor is
expected to be related te t/L where t is the permalioy thickness and L is the chevron
period. Based upon a thickness reduction from 40004 to 3000A we expect a 75 percent
reduction in saturation field.

7.3 Detector Noise Study

7.3.1 Introduction. ~ Veiy little fundamental device work has been done in the area of
magnetoresistive detection us it relates to field access bubble domain devices. Most of
the work reported in the literature(@5-28) ig either aimed at optimizing permalloy
deposition parameters or simply presents device characterization data such as drive
field dependence of the output, etc(29-30), The noise properties of such detectors have
been studied only indirectly in connection with limited error rate measurements{24).
Because detection represents a fundamental function required for device operation it is
surp*sing that so little device work had been done in this area. Thus this portion of
<ne detector study was aimed at characterizing the noise properties of magneloresig-
tive detectors, the results of which are described in the following sections. This study
is usrful from two standpoints: (1) the estimation of device error rates, and (2) the
understanding of the detection process. As it turns out the noise properties of the vari-
ous detection states (0 or 1) give one a clue as to how the detector actually works which
is an invaluable result in itself.

Historieally, field access detection has evolved from the Chinese character
detector(31-34) to the thin chevron strip detector(35-37) and finally to the thick
permalloy chevron strip detector(29,30,38,39), This evolution basically reflects a
change in philosophy from stretching the bubble along the propagation direction to
stretching perpendicular to it. The thin to thick transition was made as an accommo-
dation to processing simplicity., Elongating the bubble into a strip is necessary to
increase the detector signal output particularly for the thic - detector where the effect
of the bubble stray field must overcome the high demagnetiz.ng fields involved,
Expanding the propagating bubble into a strip serves to increase the flux available
for switching thus enabling the interaction to occur over a larger volume of permalloy.
The one level thick detector(29,30,39) clearly has an advantage from the processing
standpoint particularly for smaller bubble circuits where alignment becomes eritical.
For this reason the noise study was aimed at understanding the thick chevron strip
detector, To provide contrast, however, measurements were also made on a thick
chevron strip detector in which the permalloy interconnections were replaced by gold.
As will be discussed the effect of replacing the permalloy by gold is prefound both
from the noise and signal output standpoints. In essence it is the permalloy inter-
connections which are responsible for the large output seen by Bobeck at low rotating
drive fields(39) and discussed in detail in Para 7.8.4. A hint of the origin of the
lw to 2w instability responsible for the large output may be seen in the basic magneto-
resistance variation which is presented in Para 7. 3.3 as an introduction to the noise
properties of the detectors studied. The experimental apparatus and electronic
circuits used to obtain these results as well as those in Para 7.3.5 to 7. 3. 7 are
described in some detail in the following section.
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7.3.2 Experimental apparatus - electronic circuits. - A photograph of the experi-
mental kit setup used for much of this study is shown in Figure 65. A simplified
version of the magnetoresistance sense channel used for the detector study is shown
in Figure 66. This sense channel utilizes a differential preamplifier (733) to amplify
the differential voltage induced to ground across the detector active and detector
dummy arms of the detector bridge circuit formed by two internal 1 KQ resistors and
the externally connected active and dummy elements. For much of the study a
passive (graphite resistor) dummy detector was used. For detector resistances on
the order of 1009, the signal amplitude reduction due to voltage division across the
bridge elements is approximately 10 percent. The detector bridge is dc coupled to
the 733 differential preamplifier.

The 733 differential preamplifier is ac coupled to both a second stage (315)
amplifier and an 7528 signal diseriminator. The values of the interstage capacitors
are chosen to bandwidth limit the signal to the 10 to 300 kHz frequency range for

150 kHz operation. The detector signal is frequency analyzed using the signal available

at the output of the 218 second stage amplifier. A Type 1L5 Tektronix Spectrum
Analyzer plug-in and a type RM35A Tektronix oscilloscope are used. The signal
clamping circuit is not employed in order to permit evaluation of the entire signal
when used in conjunction with the spectrum analyzer.

Figure 65. Photograph of Experimental Test Station Used for
Making Detector Error Rate Studies
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A 7528 externally injected threshold controlled signal discriminator circuit is
used to convert the amplified analog signal of the 733 into TTL level digital bubble -
no bubble puises capable of controlling the exerciser logic. A 7474 coincidence gate
ensures that only those pulses occurring at the detector strobe time are transmitted
back to the exerciser. The use of this gate permits systematic noise such as

uncancelled db/dt pickup to be ignored.

The logic level data generated in the sense channel is fed back intc the main
part of the bubble exerciser where the data are compared with that data indicated as
having been read into the bubble memory loop. Non-agreement between the sense
channel logic level signals and the exerciser write/read indicator leads to the
generation of an error pulse which is fed info a Dana Model 8010B counter. The
error rate curves can thus be obtained by counting the number of error pulses
generated for a given number of exerciser clock pulses. For simple closed loop
operation soit errors are readily discernakie from hard errors and each clock pulse
corresponds to one detector operation.

7.3.3 Basic magnetoresistance variation. - As a first step in understanding the noise
properties of the thick permalioy chevron strip detector measurements of the angular
variation of the magnetoresigtance were made on the gold-shorted version and the '
results appear in Figure 67, Here the peak-to-peak response of the magnetoresistance
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output voltage with thc dummy detector renlaced by a passive resistor is plotted

vs drive field. The form of the output is indicated schematically in the insert. A dc
measurement of the output indicates that the signal develops symmetrically about the
zero de level, This means that the dc response at &= 0 deg is just one half of value
of the curve shown and the response at ¢ = 90 deg makes up the other half, The de
response at $ = 90 deg decreases with drive field thus producing the total peak-to-peak
output shown. What Figure 67 indicates is that the isolated chevron does not begin to
magnetize significantly until the drive field reaches in excess of 30 Oe and then an
abrupt transition occurs between the low magnetoresistance state and the fully satu-
rated state. Assuming the permalloy switehing noise to be proportional to the degree
of magnetoresistance saiuration the drive field region extending from 0 to 30 Qe is
expected to be very quiet while above 30 Oe is expected to be noisy. This is indeed
copfirmed experimentally as will be discussed in connection with the zero state

(no bubbles) noise properties in Section 7. 5. On the other hand experimentally

one finds that for such a device operating in the zero state at 25 Oe (quiet) the one
state {all bubbles) is noisy. The paradox can be resolved by realizing that the effect
of the bubble field is equivalent to an increase of the uniform drive field by about

10 Oe which means that while the zero state at 25 Oe is quiet the one state at 35 Oe
will be noisy according to our understanding of Figure 67. Hence the zero state noise
properties of a detector give us an indication of how it actuz!ly works - when combined
with other information. For this reason the emphasis of our noise measurements was
placed on characterizing the zero state of both the gold and permalioy interconnected
thick chevron strip detectors.

The basic magnetoresistance variation of the permalloy interconnected detector
(one level) as well as a schematic of its layout is presented in Figure G8. The
angular variation of the magnetoresistance with drive field is very different from that
shown in Figure 67 for the two-level detector. Whereas the magnetoresistance is
highest in Figure 67 when the field is oriented along the propagation direction
(¢ = 0 deg) in Figure 68 the magnetoresistance is highest when the field is oriented

perpendicular to the propagation direction or along the axis of the detector (=90 deg).

Also to be noted is the pronounced transition at 15 Oe of the signal waveform from a
92 wfundamerital frequency dependence to a lw dependeace at lower drive fields. A
similar transition is found in connection with the gold shorted version but because the
magnetoresistance is so low in the accompanying drive field range its importance is
minimal, For the permalloy shorted version, however, the transition occurs in a
region where the detector magnetoresistance is high which means that there is the
possibility of obtaining a large output signal if the operating drive field is low.

1t is our contention that the large 40 mv output observed in ref 40 is
associated with this transition. The following physical model is proposed to explain
these experimental results. The key to understanding what is going un in Figure 68
lies in recognizing that the highest magnetoresistance state occurs when the drive
field is essentially zero. The only way that this can be the case is if the domain
structure is highly ordered along the current path when no field is applied. Experi-
mental confirmation of such a configuration has been provided by ferroflnid measure-~
ments made on permalioy detector patterns deposited on glass. TFigure €9 shows two
sketches of the observed domain configuration for detectors which are end shorted and
set-in shorted. As can be seen a domain pattern is formed so as to minimize the
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occurrance of external poles thereby reducing the magnetostatic energy. In this case
domain closure is achieved by forming a serpentine pattern along the entire length of
the detector. (Of course the magnetization directions may also be reversed by 180 deg
from those shown in Figure 69). Because the current flows along esgentially the same
path and is parallel or anti-parallel to the magnetization direction the associated mag-
netoresistance is high. With this picture in mind the interpretation of Figure 68 is
relatively siraighiforward. At very low drive fields the ordered state of the detector
persists whether the field is oriented parallel (¢ = ¢ deg) or perpendicular (® = 90 deg)
to the propagation direction. The detector resides in a ordered state with the magneti-
zation direction along the detector determined by its past history or, if an in-plane
component of the bias field is present, by this field itself. To completely reverse the
magnetization direction apparently involves overcoming some sort of a magnetostatic
energy barrier with the result that at low drive fields the magnetization is not switched
in the reverse sense thereby giving rise to the 1w behavior illustrated in the inset.

For ¢ = 0 deg the magnetoresistance is lower than for ¢= 90 deg because the
applied field tends io partially reverse the magnetizations of adjacent chevrons thus
destroying the closure domain formed along the permalloy and thus decreasing the
magnetoresistance from its ordered value at H = 0 Oe. Above about 15 Oe the drive
field is enough to completely reverse the magnetization along the detector and saturate
it in the reverse sense with the result that a 2. dependence of the magnetoregistance is
obtained, As the drive field is increased beyond this point it becomes strong enough
to rotate the magnetization in the chevron parts of the detector away from the current
direction with the result that the output at ¢ = 90 ceg decreases slightly from its zero
field value. What appears to be happening for ¢ = 9 deg is that as the drive field is
increased adjacent chevrons magnetize in the same direction more and more-similar
to what happens for ¢= 0 deg for the two~level detector of Figure 87. At a drive field
of 70 Oe the adjacent chevrons are essentially saturated resulting in nearly the same
magnetoresistance state as for a drive field of zero. Hence the curve for ¢ = 0 deg in
Figure 68 may be thought of as being the same as the ¢ = 0 deg curve for Figure 67,
(divide plotted curve by 2), The major difference in the permalioy interconnected
detector is that as the field is reduced it becomes saturated with the result that the
magnetoresistance for ¢ = 0 deg increases and approaches an asymptotic value instead
of going to zero. In reality the smaller bumps shown in the insert of Figure 68 at
¢ = 0 deg can be thought of as the tops of the output signal shown in the insert of
Figure 67. Thus this domain closure mode] can be seen to explain the qualitative
features of the experimental data on one-level thick permalloy detectors.

Becausethe magnetoresistance state of the permalloy interconnected detector
in the low drive field region is high in contrast to the gold intercomnected version the
noise properties are expected to be quite different. For very low drive fields (<10 Oe)
very little change in magnetoresistance state is involved so the noise output is expected
to be small. At or around a drive field of 15 Qe corresponding to the lwto 2w transi-
tion the incomy 'ete switching of the magnetization should give rise to an extremely
large noise signal, At higher drive fields (>40 Qe) the permalloy switching is expected
to become more coherent with the result that the detector noise goes down as also
holds true for the gold interconnected version.
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A more complicated consideration than the drive field cependence of the noise
is its angular variation. Because the bubble produces an output over a restricted
range of drive field angles it is important to know where in relation to this signal the
permalloy switching noise occurs, In the following section, therefore, we discuss
how and where the detector signal is produced in relation to the basic angular variation
shown in Figures 67 and 68.

7.8.4 Detector operation and origin of the large 1w output at low drive field. - To a
first approximation the effect of the bubble as it passes through the detector is to
increase the effective drive field acting on the permalloy during the time of transit.
Thig is because the bubble generally follows the magnetostatic energy minimum
closely which means that geometrically it is in a position to aid the

uniform applied field. Strictly speaking, however, the bubble field is spatially
rapidly varying in contrast to a uniform field. If one takes this equivalent uniform
field viewpoint then the process of detecting a bubble may be thought of in terms of
Figures 67 and 68 and as shifting the drive field temporarily to the right by about

8 Oe. The bubble output then is the difference between the signal waveforms for the
states corresponding to the drive field and the drive field plus 8 Oe., This type of
detector operation is referred to as the amplitude shift mode in contrast to the phasa
shift mode which will be discussed subsequently. Clearly the output for the amplitude
shift mode will be highest in the neighborhood of abrupt magnetoresistance transitions
such ag encountered in connection with the gold interconnected detector at about 30 Oe.
Accordingly a study of this mode of operation has been made for this detector and the
results are summarized in Figure 70. Shown are two magnetoresistance curves

taken with no hubbleg in the circuit and with bubbles in every hit position. The effect
of the bubble field is equivalent to about 8 Oe uniform rotating field as is confirmed

by the translation of the no-bubble field curve to the left. Experimentally it is
impossible to obtain all bubble data below about 10 Oe drive field because the bubbles
fail to propagate at 150 kHz. Also shown as insets on the plot are various signal
waveforms meant to illustrate the amplitude chift mode. At 23 and 50 Oe drive field
the all-bubble and no-bubble waveforms are shown to be nearly identical thus con-
firming the equivalence of the bubble field and an 8 Oe uniform drive field, At 28 Oe
the bubble-no-bubble state overlap is shown which corresponds to a vertical transition
(as opposed to the just mentioned horizontal transition) between bubble and no-bubble
magnetoresistance curves. The latter transition corresponds to the zero to one-state
used to distinguish between bubble and no-bubble in a actual operating device, Also
shown at 54 Oe is the no~bubble waveform once again confirming the equivalence of
the all-bubble signal at 28 Oe and the no-bubble signal at 34 Oe. The vertical distance
hetween the all-bubble and no-bubble curves in Figure 70 is a measure of the amplitude
shift output of the corresponding detector and therefore one would expect an increasing
signal with drive field which goes through a maximum at about 25 Qe and then decreases
at higher field values. This is confirmed experimentally by the dashed curve at the
bottom of Figure 70. This curve was obtained by measuring the output at the peak
magnetoresistance point of the no-bubble signal (¢ = 0 deg). Because the two solid
curves are for the peak-to-peak output a factor of two is required in comparing their
difference with the dashed curve.

in reality at higher drive fields the output of the gold interconnected detector
does not drop off as rapidly as indicated in Figure 70 and this is because another mode
of operation becomes dominant. This is illustrated by the waveform inset at 60 Oe
and is referred to as the phase shift mode. As can be seen from Figure 70 at this
drive field little amplitude change occurs between the all-bubble and no-bubble state.
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As a result it is the slight phase shift between signals which dominates the magneto-
resistive output. This phase shift is believed to be caused by the bubble phase lag
developed with respect to the rotating field as the bubhle moves off of the end of the
chevron and moves toward the apex. Because the bubble sits for a relatively long
period of time on the end, the effective field seen by the permalloy lags the rotating
field with the result that the first magnetoresistance bump is broadened giving rise

to what essentially is a phase shift signal. A similar but smaller effect occurs when
the bubble moves from the apex to the other chevron end in leaving the detector,
giving rise to a characteristic double bump output with the second bump being smaller
than the first.

In general the output for the gold interconnected detector will be a combination
of the amplitude and phase shift modes in the normal drive field operating range
(35 Oe). As a result the phase at which the output occurs will be drive field dependent.
For low drive fields (28 Oe) the optimum signal may be obtained by unclamping the
signal at & = 0 deg and strobing at ¢ = 90 deg thereby utilizing the full extent of the
bipolar output. This means that the noise in the vicinity of & = 90 deg will be important
in determining the detector error rate. At higher drive fields clamping at ¢ = -45 deg
and strobing at ¢ = +45 deg is appropriate, Hence the noise at ¢ = +45 deg is important
in thig case. With this in mind zero state (no bubble) measurements have been made
to characterize the noise in these regions and the results are presented in the
following section,

The operation of the permalloy interconnected detector may be understood using
the same reasoning as applied to the gold version in the preceding paragraphs.
Figure 71 shows the drive field dependence of the magnetoresistance for the bubble
and no-bubble states. The equivalence of the bubble field to a uniform rotating field
of about 8 Oe holds very well for ¢ = 0 deg but not so well for ¢ = 90 deg. Again insets
are provided in Figure 71 comparing various signal waveforms. The comparison
between all bubbles at 30 Oe and no bubbles at 40 Oe shows that it is reasonable to
regard the detector as operating in the amplitude shift mode in the 30 to 40 Qe drive
field range. As the magnetoresistance curves in Figure 71 indicate, the signal
amplitude at ¢ = 0 deg will be increased by the presence of the hubble just as for the
gold interconnected version. For ¢ =90 deg the amplitude shift is less pronounced
than for ¢= 0 deg due to the slower variation of the magnetoresistance with drive field.
Comparison of Figures 70 and 71 reveals that in the amplitude shift mode the output
for the gold interconnected version should be considerably higher than for the perm-
alloy interconnected detector. In Figure 71 the amplitude shift output may be
obtained by adding up the differences in bubble-no-bubble voltages for both &= 0degand
& =90 deg, The result then corresponds to that which would be obtained by unclamping
at ¢ = 0 deg and strobing at ¢ = 90 deg. In Para 7,3.5 the noise properties of the
associated zero state are examined in this neighborhood.

Figure 71 also shows at what drive fields the 1w to 2 wtransition for the bubble
and no-hubble states occur. Normally for a 28 p period pattern the no-bubble 1wto 2w
transition oceurs at about 15 Oe which places it somewhat below the normal high
frequency propagating drive field range making it difficult to observe. For the parti-
cular 20 p period pattern studied here, however, the transition occurs at about 28 Qe
for the no-bubble state and 20 Oe for the all-bubble state. What this means is that at
a drive field of 24 Oe a passing bubble will switch the detector from the 1w mode to
the 2 w mode. Physically the bubble field added to the rotating field becomes just
enough to completely reverse the magnetization along the detector pattern, When no
bubble is present this reversal does not take place and the associated magnetoresis-
tance is quite different from the (reversed) saturated value. The output corresponds

92



£6

DETECTOR OUTPUT (VOLTS)

0.3

0.2

LOT NO. 289

20 um PERIOD 100 ELEMENT
ONE-LEVEL

T =25°9C, 150 kHz
l,=1TmaR=4172

BIAS FIELD 85 Oe

g ~ B
K ¢ =0° ALL BUBBLES

PHOTOGRAPH VERTICAL
SENSITIVIES 50 mv/cm

NO BUBBLES

¢ =90°
NO BUBBLES

\D ¢=900

ALL BUBBLES

l | | |

0
0 10 20 30 40 50 60 70 80
DRIVE FIELD (Qe)
Figure 71. Magnetoresistance Variation of One-level Detector Illustrating Amplitude Shift Mode




S

to just about the difference between the ¢ = 0 and 90 deg no-bubble curves at 24 Qe
which is large.compared to normal amplitude shift outputs. The inset at 22 Oe shows
the hubble-no-bubble signals for this mode of operation. The noisy no-hubble output
is a result of the nearness of the drive field to the lw to 2wtransition. Reducing the
drive field somewhat can be used to improve the noise but at lower fields propagation
becomes erratic, Our overall impression is that in terms of device operation this
mode of detection is impractical. The main problem arises from the incompatibility
of the drive fields required for its use and those required to produce viable propaga-
tion margins, If extremely high mobility materials were used resulting in low drive

fields then considerations might change. Normally it is difficult to obtain quiet bubble

and no-bubble states simultaneously due to the drive field breadth of the transition.

Tor these reasons very few measurements were made in connection with this low drive

field instability.

7.3.5 Geometrical and drive field dependence of the zero state error rate. - If the
switching noise produced by wall motion Tn the permalloy is described by a Gaussian
distribution as might be expected for a random process then the prohability of
obtaining an output at the threshold voltage V., may be describer by: '

2
2\ Vv
P(Vy) = N (7

T

where, the voltage Vyy is a measure of t he deviation of output signal from the
mean due to a noise signal. The error rate at a given thresghold is just the proba-
bility of finding the signal ahove the voltage VT which is:

2
-1 (VT>
v
ER (V N av

a e é_
) = [
™ T’ (8)
YT '

and yields the characteristic curves shown in Figure 72 for both the zerc and one
states. In genrv-! the standard deviation for these states will be different. Usually
one finds that 1 ; (8) provides an excellent fit to experimental data. To further check
the validity of the assumed distribution, measurements were made to determine the
dependence of Vy on the number of chevrons in the detector. For independent
clements such as found in the gold interconnector detected Vi is expected to vary
like N. While this does not necessarily follow for the permalloy interconnected
version due to the non-independence of the elements it has been shown true for

the latter case also. This means that for hoth the gold and permalloy intercommected
detectors the signal to noise ratio increase as the VN. The confirmation of the \N
noise dependence is shown in Figure 73 by two methods.

Error rate measurements were made on the zero state and the asym ytotie
slopes of the resulis compared in the neighborhood of an error rate of 107V, These
results appear in Figure 73(a). As a cross-check on these data a 0 to 1 MHz
spectrum analysis of the backeround noise was recorded for each different detector

length, The ar-plitude of the noise signal at the fundamental frequency was then taken

as a measure oL the noise output, The results of these measurements appear in
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Figure 73(b). The Jatter technique gives information on the noise amplitude through-
out an entire field rotation whereas the error rate technique gives information on the
noise at a particular field angle where the detectirn ctrobe occurs. The interest in
the spectrum analyzer technique stems from its possible use as a processing monitor.
The permalloy noise can be characterized extremely simply with this technique in
contrast to making error rate nieasurements.

The results of Figure 73(a) correspond to a strobe phase of ¢ = 0 deg which is
the point at which the first large output cceurs in both of the detectors at normal
drive fields. The strobe position in this case has not been optimized for maximum
zero to one output nor has clamping been employed. The difference in noise between
the end shorted permalloy interconnected detector and the set-in shorted version is
most likely simply a reflection of the increased permalloy involved. From data
taken on the output of these detectors it appears that while the signal output for the
end shorted detector is larger, the signal to noise ratio is probably the same as for
the set-in shorted detector. The fact that the gold interconnected detector is quieter
than the one-level versions is not of particular significance gince the strobe position
is not optimized. Also shown are results for a 16um period pattern.

Figure 74(a) shows the drive field dependence of the noise for the same detectors
of the previous figure. As was anticipated in Para 7.3.3, the noise for the gold inter-
connected detector increases almost like the magnetoresistance curve of Figure G8
and then at higher drive fields begins to decrease rapidly presumably due to more
coherent switching at these field values. In contrast the resul’ s for the one-level
detectors simply fall off rapidly even at low drive fields. 1t is felt that this behavior
supplies further confirmation of our hypothesis that the one-level detector isina
high magnetoresistance state at low drive fields. In Figure 74(b} the specirum
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an: lyzer results qualitatively confirm the error rate measurements. Figure 74(a)
shews that a factor of two decrease in noise is obtained when the drive field is
inereased from 30 to 50 Oe.

The fact that as additional chevron elements are added to a detector the noise
inereases like N suggests that when a detector is placed in a bridge configuration
with a matching permalloy dummy the roise should go up by a factor of \'N unless
there is some sort of correlation between the switching in the separate detectors.
For true random noise there should not be. To further test this idea error rate
measurements were made on a 36-element detector, two 36-element detectors in a
bridge and on a 72-element detector. The results which are presented in Figure 75
show that the noise from the two 36-element detectors in a bridge is exactly the same
as for the 72-element detector and furthermore is about a factor of ~/ 2 higher than
for the 36-element detector alone. Also checked at the same time wa s t he eff ect
of clamping the signal to ground and unclamping 1 ps before strobing. As can be
seen the results indicate virtually no difference between the clamp and strobe mode
and strobing alone. This is because the ac coupling capacitors filter out the low
frequency noise components making clamping redundant from the low frequency noise
standpoint. Also checked was the efiect of increasing the detector current. Figure 75
indicates that the slope of the error rate curves increases linearly with current.
This means that the signal to noise ratio is independe it of current and thus as
expected the error rate cannot be improved or degrac :d by increasing the current
assuming that no temperature change takes place. Finally it should be mentioned
that since dé/dt is a systematic mode the only effect of uncancelled dé/dt "noise" is
to shift the detection threshold. It does not in any way change the slope or form of
the basic error rate curve determined by the random permalloy switching.
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7.3.6 Frequency dependence of zero state noise. - The specirum analyzer results of
the previous section indicated a 1/f dependence of the switching noise which suggests
that going to higher frequency might improve the signal to noise ratio. However,
comparison of the noise spectrums shown in Figure 78 shows why this might not be
the case. The spectrum for 200 kHz contains as much integrated noise as that for
50 kHz. Furthermore the noise amplitudes in the region of 2w are comparable even
though the high frequency noise spectrum fails off above this like about 1/f* 5,

Figure 77 confirms that the error rate is essentially frequency independont from

0 to 200 kHz. Spectrum analyzer results at frequencies up to 500 kHz suggest that
thig holds true up to much higher frequencies. Hence, the common observation that
the permalloy switching noise goes down with increasing frequency is misleading.
While this may be true for some of the low frequency components in Figure 76 it is
not true for the whole spectrum, The gaps in the spectrums in I'igure 706 are caused
by saturation of the spectrum analyzer by the large 2w magnetoresistive component.

7.3.7 Zero and one state noise for one- and two-level detectors, - To further confirm
how the one- and two-level detectors worlk and als» the x/N dependence of the one state
error rate, measurements were made on detectors in a bridge configuration operating
as they would in an actual memory. Clamping and strobing was optimized for maxi-
mum zero to one output in all cases, Figure 78 indicates clearly that for the one-
and two-level detectors the effect of the bubble field on the permalloy is equivalent

to increasing the uniform field by about 8 Oe.. The data for the two-level detector
show that the zero states lie below the low fo high magnetoresistance transition
normally found for this detector. In this state the detector s quiet. When the

bubble passes through the detector it is switched into the high magnetoresistance
state which is reflected in the noisier "0 + 1" state output. If the bubble field were
exactly equal to 8 Oe then this state would be zpproximately N2 less thanthe zere

‘state with H,, = 40 Oe. The deviaition from this ideal behavior is probably caused

by detector miismatch, For the one-level detector the effect of the hubble is to
decrease the detector noise. This is because one detector sees a higher drive field
than the other thus according to Figure 74 reducing its noise slightly from that of the
zero state at Hy,, = 40 Oe. Hence the noise output of the "0 + 1" state is lower than
that of the "0" s%(ate. These observations tend to confirm the model of detector
operation as presented in Para 7.4. As might be expected the "0 + 1" state and hence
n1" gtate exhibit a ' N dependence. This is not unreasonable if one regards the one
state as simply higher drive field zero state as seems reasonable to do in view of

the data obtained.

7.4 Conclusions and Recommendations

The sensitivity measurements made on one- and two-level detectors clearly
show that the former have about half the sensitivity of the latter. 7This is because the
drive field dependence of the peak-to-peak magnetoresistance for the two-level
detector exhibits an abrupt transition in the neighborhnod of 30 Oe whereas the com-
parable transition is more gradual in the one-level counterpart. As has been shown
the amplitude shift output for the two-level detectc. is by far the largest and therefore
if one wishes to optimize the output from this detector it is simply a matter of
adjusting the drive field or geometry so that the zero state falls in the low magneto-
resistanze region and the one-state in the high magneloresistance region. Any
number of possible solutions can be proposed. The most desirable is to reduce the
drive field by employing high mobility materials. Since the location indrive field of
the transition is determined by the effective demagnetizing factor along the direction
of propagation the permalloy geometry can also be used to adjust the transition=-
subject to several limitations, Mobility places an upper limit on the period and so
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this parameter is largely fixed, The thickness is also limited on the low end by
margin narrowing and increased driving fields. Hence the only parameter really
qvailable for detector output optimization of a particular geometry is the line width.
Just as the thickness (f) and peried (L) can be used to control the demagnetizing factor
so can the linewidth (W). While the exact dependence is more complicated the demag-
netizing factor is expected to vary roughly like W. Thus decreasing the linewidth is
equivalent to increase the period (note: HpDw Wt/L). By analogy with the period meas-
pyrements narrowing the line ghould produce an improved output up to the point where
the transition moves below the operating drive field - at which point the amplitude

shift output begins to decrease and the sensitivity is expected to saturate. A procedure
for doing this optimization would be to (1) first establish the minimum thickness of
permalloy required by the components in the cireuit for good margins and low drive
field, and (2) adjust the linewidth to move the transition to a point just above the oper-
ating drive field. This procedure assumes that the operating drive field normally falls
below the transition.

While the two-level detector has a much greater sensitivity than the one-level

version it suffers from processing complexity. For this reason it is almost universally

agreed that the hest approach is to use the one-level detector and increase its sensiti-
vity by =imply making it longer. Tor large capacity devices the added chip area isin-
significant compared to the total chip area. As has been shown the operation of these
two detectors is largely the same in that they both operate primarily in the amplitude
shift mode. The similarity of the drive field dependence of the magnetoresistance in
the propagation direction was also pointed out, The optimization of the one-level
detector therefore is largely the same as the two-level. The idea is to adjust the drive
field to fall in the region of maximum magnetoresistance change for a change in drive
field. The magnetoresistance transition in this case is less abrupt; however, basically
the same principles apply. The magnetoresistance transition we are referring to here
falls in the 20 to 60 Oe drive field range and should not be confused with the 1w to 2w
transition which occurs at about 15 Qe for a 28 pperiod pattern. 1t is, however, inter-
esting to compare the ultimate capabilities of the detector in both the 1w and 2w modes.

This can be done with the aid of Figures 64 or 68. The maximum lw output occurs when

the zero state corresponds to about 14 Oe and the one state to 22 Oe. The change as
measured on Figure 68 is approximately the difference between the respective ¢ = 0deg
and ¢ = 90 deg curves. We obtain about 0.9v as compared to 0,3v for the 2w output
corresponding to a 30 Oe zero state and a 38 Qe one state. The outputs differ by

about a factor of three. Figure 68 suggests that if the transition is made more abrupt
by varying the permalloy parameters the difference between the two modes can be
made considerably smaller. In principle it appears to be possible to obtain as much
output in the 2w mode as in the 1w mode provided the abruptness of the transition can
be controlled. The results for the two-level detector suggest that this is probably
possible, Figure g4 indicates that thickness certainly changes the transition - it is
likely that linewidth will also. It appears, however, that if the optimization procedure
ig to increase the 2w output to be on the order of the 1w, output drive fields in the
neighborhood of 15 to 20 Oe will be required, Thus, low drive fields appear to be a
fundamental requirement for achieving high detector outputs in hoth one- and two~level
detectors. Whether such low drive fields can be achieved will depend upon innovation
in the basic propagation element design. Currently the drive fields for the T-bar are
excessively high due to the permalioy mediated bit-bit interaction, Improved designs

currently exist which minimize this effect and, therefore, it is likely that with material

improvements (low coercivity and high mobility) the low drive field requirement can
be approached. The chevron itself presents a difficuly when the bubble size becomes
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small (large 47 M) because it requires a large minimum drive field. Here again it is
likely that a modification will be discovered which will eliminate this problem. Our
feeling is, therefore, that eventually the optimum drive fields for propagation and
detection will begin to approach each other more closely.

The question of optimum detector shorting arrangement has been answered
experimentally - it bas been shown that end shorting yields maximum sensitivity. It
is interesting to altempt to explain the result in the light of our understanding of the
magnetization process in the permalloy. If we assume that the bubble produced
magnetization (bubble sitting on input side of detector) in the chevrons is independent
of the shorting arrangement then the dominant (2.) output signal produced at ¢ = 0 deg
will increase as the active length of the chevron is increased by moving the shorts
toward the ends. Experimentally one finds AR/R is independent of geometry for end
and set-in shorted detectors which means that since R is higher for the end shorted
version it will have a higher output. Fundamentally both of these arguments are
equivalent and suggest that increasing R should be one of the prime objectives of
detector optimization, If this is indeed the case then end shorting is the ultimate
chevron base configuration. It also corroborates the increasing output with period
found for both one- and two-level devices. The only mitigating factor revolves
around what the effect the bubble phase delay has on the output. Experiments on the
set~in and end shorted detectors show that the position vs field angle of the bubble as
it passes through the detoctor element is virtually independent of the shorting. Hence
we attribute the differences in sensitivity to the differences in resistance particularly
since the corresponding ratios correlate well experimentally. There is, however,
the possibility that by proper placement or design of the shorting arrangement a phase
shift mode rather than an amplitude shift mode could be accentuated resulting in
improved output. In this case end shorting may not be desirable and our eriterion
of maximum R may not necessarily be the correct one. Our feeling, however, is
that not much more bubble phase shift can be tolerated in existing circuits without
producing margin degradation. Presently the bubble lags the drive field by more than
45 deg in going from the end to the center of the chevron, It is difficult for us to
imagine how to increase this phase lag since experimentally both end and set-in
shorting produce nearly identical results. One possibility is to end short the chevrons
adjacent to the detector with the hope that this will decrease the pushing effect and
hence increase the phase lag. Modifications to the detector itself seem to be limited
due to the tight tolerances involved and reluctance to decrease R.

The sensitivity and noise measurements made on the detector test patterns also
pointed out another important aspect of detector design and that is in connection with
cancellation of the background magnetoresistance in a bridge configuration. To obtain
excellent cancellation it is necessary for the active and dummy to be identical and
oriented in exactly the same direction (not for example rotated by 180 deg). The lcad
layouts for both the active and dummy must also be identieal to provide exact cancel-
lation in the bridge configuration., Also it is advantageous to malke the intcrconnection
leads as short as possible and to place the active and dummy as close together on the
chip as possible. Tor this reason a guardrail detector is viewed as more desirable
than the in-line detector because it allows one to realize these features much easier.
Whether one uses the layout tested in connection with the on~chip bridge or a side-by-
side arrangement is probably unimportant (aithough the latter generally requires
more chip real estate) from the cancellation standpoint. Experience indicates that
either approach will produce better results than those obtained for the in-line detectors
in connection with the detector test mask,

103




The real problem with a permalloy dummy and its interconnection leads is that
they produce switching noise while failing to improve the signal output. Hence the net
effect is a decrease in signal to noise ratio. Since cancellation is usually not perfect
anyway and since clamping and strobing techniques are used, there seems to be no
reason to employ the permalloy dummy in the first place, The bubble-no-bubble
change is present whether or not the sensor is placed in a bridge with a permalloy
dummy or with a carbon resistor one. Hence one important conclusion coming out
of the noise study is that the permaliloy dummy should be eliminated. This change
will increase the signal-to-noise ratio by a factor of «/2. While the magnetoresistive
sensor is intrinsically very good from the error rate standpoint, the effect that further
increasing the signal-to-noise ratio has is to increase the threshold margin at a given
error rate. When constructing a system this is desirable because one threshold is
employed for many chips and the larger the net threshold margin the better. The
elimination of the dummy detector has yet to be considered and studied from the sense
electronic standpoint.

The frequency analysis of the detector output and noise indicates that filtering
will improve the signal-to-noise ratio. This is because normally the bubble output
is principally 2w while the noise extends over a broad spectrum from de to several
megahertz. Hence by bandpass filtering &% 2w the high and low frequency components
which are assoeciated with the permalloy switching will be eliminated with little loss
in signal amplitude. Exactly where to cut off the pass-band was not determined in
our study but is a simple matter to determine experimentally. All that is required
is to take several error rate curves as a function of the cutoff frequencies, Currently
for 150 kHz operation the coupling capacitors are chosen to produce cutoff points at
10K and 300 kHz. These values are based upon rough qualitative judgements and
should be refined in the future.

Finally we conclude by mentioning areas which we feel require further
investigation in connection with the detector study. Foremost is the problem of
permalloy film reproducibility, Our measurements indicate that boti. the magnitude
and shape of the zero state signals differ from lot to lot, Whether this is a result of
placement in our test coils or intrinsic in the permalloy itself is unknown. Differences
observed on the wafer prober suggest that it is very likely the permalloy. Cther
areas such as drive field dependence of the optimum strobe position as well as lot to
lot reproducibility merit investigation. Also the processing dependence of the
switching noise should be examined using the spectrum analyzer to characterize its
amplitude.
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8. TASK 7. PASSIVE REPLICATOR AND ON-CHIP ERIDGE
DESIGN AND EVALUATION

In order to avoid the additional time and expense involved in obtaining a separate
mask for the passive replicators and the on-chip bridge, the decision was made fo
incorporate both designs in a single mask. For this reason both of these topics will
be covered in this section of the report,

8.1 Passive Replicator Design

The passive replicator design reported by T. J. Nelsond0 suffers from what we
consider to be two undesirable features, It is suggested in the description of this com-
ponent that the permalloy to garnet spacing is extremely critical, This has subsequently
been confirmed by our measurements. In terms of 16} device fabrication the optimum
sp~cing should be about 35004 which means that in a two-level design the conductor
height and step coverage becomes 2 problem. Another potential problem area is what
happens to the bubble when it does not replicate at high bias. Does it run out the second

different patterns were proposed to eliminate the previously discussed difficulties. The
test loops are shown in Figure 79 and are motivated by basically four ideas: (1) stripping
ouf at high bias ean be improved Ly making the potential wells deeper and hence a

series of long bars should work better than a chevron stack (Patterns A3-A10, C1, c2,
C5), (2) a longer cutter means that the replicator should work at a larger spacing
(Patterns A3, A5, A8-A10), (3) at high bias the bubble entering the parallel bar
stretcher/T-bar configuration should continue in the main track (Patterns A3-A10), and
(4) bars inserted in the center of chevron stacks (or between) may be used to steer the
bubble at high bias along the desired propagation path (Patterns B9, C3, C4, C9).

The loop layouts simplify testing which may be done by trapping bits in the chevron
portion of the test loop and gating these bits all the way around the loop. When this is
done a matching bit pattern across from the main loop bits is obtained on the output
track thus verifying operation, In Para 8.2 150 kilz results are presented o
for the test patterns of Figure 79 for permalloy to garnet spacings of 3500 and 58004,

8.2 Tabrication and Characterization of the Passive
Replicator Test Patterns

Two wafers of SmGaYIG were selected for testing with nominal stripwidths and
thicknesses of 4pm. The sample parameters are presented in Tahle 24. On one of
these wafers was fabricated the test mask of Figure 79 including A1/Cu conductors for
controlled generation and annihilation. The spacing between the permalloy and garnet
was 5800A in this case. On the other wafer only the permalloy patiern was fabricated
after depositing\ 35004 of Si0Og as a spacer, The thickness of the permalloy was
nominally 3000A for both of the processed wafers,
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TABLE 24, WAFER FABRICATION

Composition Hcol W Tw ArM h 0

‘ : : ?" . * 8
Yo, 625™ 39689 15F¢5,85012 | 1072 | 3.9 .24 50 | 3.0 485
Yy, 425™M 39621 15Fe3 ggCpp | 181.9 | .88 | 231 4 259 3.92 .431

Preliminary margins were taken before dicing at 25 kHz to determine which of
" the test patterns looked promising. Only the bits at the output of the replicator were
Examination of the data revealed that Patterns

observed in these preliminary tests.

A-1, A-8, A-9, A-10, B-10, B-8, B-3, B-2,

C-10, and C-8 showed promise.

as well as some of the other patterns were then tested at 150 kHz for start-stop in

the direction of propagation (solid) and in the opposite direction (dzshed). The results

at large spacings shown in Figure 80 indicate that the parallel bur type replicator
(A-8, A-9, A-10, etc) works considerably better than the variations of the design in

Ref 43 and that in fact Pattern A-9 works the best, having a 14 Oe stari-stop margin.
The patterns based on variations of Al suffer from the problem that the bit one period

away from the replicator bar and in front of it is lost prematurely. This occurs for

either divection of shut-down and whether or not a holding field is present.

In contrast the results for a smail spacing shown in Figure 81 reveal that the Al-
based designs have a good margin whereas the parallel bar designs do not.
employing 90 deg chevrons instead of 110 deg chevrons in the replicator generally does
not have as wide a margin as that for 110 deg chevrons (B-8 vs B-3).
tions to the basie design (such as the substitution of parallel bars) operate well which
further confirm the infrinsic properties of the original design.
of 3500A is not practical nor desirable for a 16um period design from the standpoint of
drive field and also from the standpoint of step coverage.
fabricated with $900A of SiO, spacer appear to operate satisfactorily yielding typical

Slight modifica-

The version

Unfortunately a spacing

Devices which have been

margins of 15 Oe drive field, In the future it is likely that with the advent of higher
mobility materials the spacing may be increased. When and if this oceurs it will be
In any eventi

necessary to employ the parallel bar version (A-9) of the replicator,
passive replicator designs for large and small spacings have been tested and shown to

operate well,

In most magnetic bubble device designs a dummy magnetoresistance detector in

8.3 On-Chip Bridge Design

addition to the bubble sensor is included on the chip to balance out the rotating field

component of the output, These magnetoresistive elements are usually connected in a
bridge configuration; however, there remains the question of where to place the bridge
completion resistors. Since it iz desirable to keep the size of the memory substrate

as small as pogsible to reduce the coil volume and module power dissipation, including
these resistors (and/or preamplifiers) on the substrate is undesirable, The remaining
alternatives are fo place the completion resistors outside of the module or on the chip
itself, From the standpoint of induced d&/dt noise both approaches are probably equally good.
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The on-chip approach involves more chip leads and is likely to involve more switching
noise if magnetoresistive elemeats are ‘sed as the completion resistors but would
reduce the total parts count of the detector portion of a data recorder system. if a
bridge configuration is used the former approach is probably the best one to use since
the module package is simplified without suffering any loss in sensing capability. How-
ever, in order to determine whether an engineering advantage could be obtained by
trading some noise for parts count and to investigate the feasibility of the on-chip
approach, it was decided to construct and test an on-chip bridge for a 16 pperiod
device.

It is possible that non-permalloy bridge resistors could be incorporated into a
chip design, however, the increased processing complexity makes this approach
unappealing. The other alternative is to make everything out of permalloy. As has
been pointed out in the section on detector noise, permalloy being swi tched b, a
rotating field acts like 2 noise generatoT. From the detector study, halancing the
bridge with a permalloy dummy is undesirable from 2 noise standpoint and incorporat-
ing permalloy bridge resistors would seem to be even more S0« Clearly this is true
if all of the elements are lined up in the game direction. On the other vand rotating
the two permalloy pridge resistors by 90 deg places their main noise output away from
the detection region possibly improving the overall signal to noise ratio. Because

the detectoxs must be very large to obtain the target 5 mV output it is natural therefore
to place them along adjacent edges of the chip. This allows direct interconnection
between them and places the associated bonding pads near the edge of the detector. It
is clear that adjacent legs of the bridge must be aligned in the same direction to provide
cancellation of the rotating field magnetoresistance. The only remaining wnanswered
quesiions are: (1) should the dummy be placed inside or outside of the active detector?
and (2) how long should the permalloy bridge resistors be? Figure 82 shows the
geometriual arrangement that was finally chosen. BY allowing the bubble to pass
through the dummy first the problem of stray bubbles is eliminated. Furthermore, in
this configuration both dummy and active can be matched exactly. In this test

pattern gold bonded interconnections between bridge components are made. This
arrangement, however, allows the {nterconnections to be made using only permalloy.
When done in this Way four bonding pads result - two for the supply voltage and ground
and two (located at the chip corner) for preamp inputs. Testing is facilitated by the
addition of a 1oop generator {0 the input track. The other multiple input detector on
the same chip is used in connection with electronic testing of the replicator loops.

For maximum bridge sensitivity the length of the bridge resistors should be
made as large as is compatible with the chip geometry. Unfortunately as the length
increases SO does the corresponding noise. For this reason it was decided to use
bridge resistors with the same resistance value as the active and dummy even though
this cuts the gensitivity in half.

3.4 Test Results for an On-Chip Bridge

Based upon our previous noise measurements it was likely that the effect of

adding on-chip permalloy bridge resistors would increase the magnetores'\stive switching
noise of the bridge thereby decreasing the signal to noise ratio and inc reasing the
ultimate error rate. Inorder to test this observation,sensitivlty and error rate
measurements were made on a bridge with both permalloy and carbon completion
resistors. The carbon resistor was chosen to have about the same value (1K) as the
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Figure 82. On-chip bridge Test Mask Arrangement

permalloy one (1.2K) which meant that only about half of the true bridge sensitivity
could be achieved. As was mentionad in the previous section (for the all permalloy
bridge) this was done from the layout and noise standpoint. Choosing the carbon
resistors to have similar values was done to allow direct comparison of the
sensitivity and error rate data.

Figure 83a shows the zero and one outputs for alternate bits in both bridge
configurations. Even for the on-chip bridge the cancellation of the rotating field
component of the magnetoresistance is exceptionally good, This is presumably due
to the close physical proximity of the elements and also the attention paid to matching
the physical layout of both bridge and active detectors. Figure 83a shows that the
sensitivity of the detector is unchanged by the substitution of permalloy resistiors
for the carbon bridge resistors which is expected. C(areful examination of the zero
and one outputs, however, reveals that the additional permalloy causes the background
noise to increase, This is shown more dramatically in Figure 83b where the zero
outputs are compared at much higher sensitivity. Clearly the noise level of the on
chip bridge is higher. To further quantify this observation error rate measurements
were made on the zero and one states at the strobe position corresponding to the
second positive going peak in Figure 83b,
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Ordinarily one would unclamp at the peak of the first negative going output
and then strobe at the peak of the second positive going peak. In this way the sensitivity
Is essentially doubled from the obtained by simply strobing at a given point in time,
Because the bridge was not optimized for sensitivily in the first place this refinement
was not employed in our measurements, Figure 84 shows a comparison of the error
rate results for the on-chip-bridge and the carbon resistor version. What is of major
significance is the difference in slopes of the error rate curves. Clearly using
carbon bridge resistors is advantageous from the ultimate error rate standpoint.
Figure 84 is somewhat misleading in that had clamping been employed the sensitivity
would be essentially doubled which means that the zero and one state cu rves would
be moved twice as far apart. In addition a factor of two in sensitivity is involved
due to our choice of the 1K values of bridge resistors. Hence, the ultimate error
rate of the on-chip bridge configuration is quite good. On the other hand of the
resistor version is much better. At an error rate of 10™° the threshold margin is
55 percent of the zero-one state sensitivity (clamped) for the on-chip bridge whereas
it is 75 percent for the resistor version,

8.5 Conclugions and Recommendations

The replicator design B-10 has a very good operating margin below spacings
of 0.5 Lm, Preliminary tests on its reliability also have heen favorable. On the
other hand stroboscopic measurements indicate that at larger spacings bubbles are
lost at high bias by propagation out along the replicate path, This is not the case for
the diagonal bar design (A~9) and for this reason it is felt that it has the potential for
better operation over a wider range of spacings, Stroboscopic ohservations indicate
that at large spacings strip-out along the bar farthest away from the T-bar to
chevron transition is the limiting factor at low hias, This can be rectified by either
adding another parallel bar or one perpendicular lo the propagation track in the
vicinity of the parallel bar to chevron transition, At smaller Spacings multiple
culting of the strip in the vicinity of the cuiter becomes a problem. This problem
probably can be eliminated by shortening some of {he parallel bars. Also in our
original design the separation between bropagation paths was excessive. This can
easily be corrected by reducing the numher of parallel bars, OQur recommendation,
therefore, would be to pursue the development of the parallel bar version of the
replicator by making another test mask incorporating the forementioned modifications,

The on-chip bridge has been shown to have an adequate error rate for a 400
clement streteh, There is, however, considerable loss in threshold margin due to
the noise produced by the bridge completion resistors. In view of the fact that a
svstem invaolves the overlap of a2 large number of these characteristics this is not
desirable. Furthermore, it is impossible to achieve the full sensitivity of the
detector because the noise from the bridge completion resistors then begins to
dominate when their resistance values are made large. The additional leads per
chip and added power dissipation and chip complexity are also unfavorable factors,
For all of these reasons we tend to favor the external bridge completion approach.

A further simplification can also be considered by eliminating even the on chip
dummy detector, In this way the noise can be reduced by\2 and the signal to noise
ratio is increased by the same factor and only two leads per chip are required. The
only reservation we have about this approach stems from the dg/dt noise imbalance
which is li*ely to occur. However, this is not an unsolvable problem and shouid be

investigate further. 117
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9. TASK 8 - MEMORY CELL FABRICATION

The objective of this task is the fabrication and delivery of an operating bubble
domain memory cell. In this respect it is unique among the Item 2 program tasks in
that it results in deliverable hardware as well as technical information. The work

on this task falls logically into three distinct categories which form the basis for this
section of the report;

1. Design,fabrication and evaluation of an improved memory element with a
capacity of =10~ bits. The basis for the design is the information gained
in the previous tasks.

2. Design, fabrication and characterization of a memory cell package.

3, Integration of memory elements into the package and characterization of
the memory cell,

9.1 Memory Element Design and Characterization

9.1.1 104 Bit Chip Architecture. - Several alternative chip layouts exist for the
realization of a simple register. The principal factors indicating which approach
is more desirable stem from detector and system requirements. From the system
point of view it is desirable to have the read, write and erase functions coincident.
This simplifies the electronic control and housekeeping requirements. From the
sense electronics standpoint a several millivolt output is desirable from noise con-
siderations as well as sense channel availability. In order to get an output of this
magnitude from the magnetoresistive sensor it is necessary to make the stretcher
one hundred cr more chevrons high. Tigure 85 summarizes several possible
arrangements 1n connection with a simple register and indicates their advantages.

For the no replicator in-line detector approach, Figure 85a, coincidence of the erase
function with read and write cannot be realized. This chip architecture is the one
employed in the first and second 100K bit chip versions (sec Item I report), TFor
the prototype recorder it is desirable to have this coincidence condition thus this
architecture is not very attractive. In addition, for the long detector stretches
anticipated this approach becomes rather impractical because of the large area
required fo reduce the strip back to a bubble,

By employing a guardrail detector in conjunction with a replicator, coincidence
of the read, write and erase function can be realized, Also detectors with stretches
greater than 100 elements can be easily attained in the guardrail where gradual
reduction of the strip to a bubble is not required. The simplest approach uses one-
passive replicator and has the same number of leads as the no-replicator design.

Some problems in the single passive replicator approach may be encountered with
consecutive bit stripout, especially in the asynchronous mode., Since the design of
this 10 Kbit chip is considered to be intermediate between the second and third 100 Kbit
versions it was decided that two replieators leading into separate detectors {Figure 85c)
be used to enable the comparison of alternate and consecutive hit detection. Such an
approach requires an additional set of annihilators and pads. The operation with two
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passive replicators and two annihilators is such that alternate bits are collapsed in
each replicator stream and these resulting streams are separated by one bit in time
when entering the detectors. In this way each half of the detector detecis every
other bit with the other half acting as the dummy at the instant of detection. By
adding 2 third leaa it is possible to collapse one stream entirely and in this way

to test the one replicator version which is really the most desirable if it works !
well. |

e

K

Figure 86 shows the phase diagram for the two passive replicator chip layout and |

Tigure 87 shows the actual chip layout and components we have chosen to realize the
desired design. The chip capacity is 10,240 bits. T-bar storage is used along with
chevron-based intput-output components. The basic linewidth and gap parameters in
this design were changed from2.4 pm and 1 um values of the second version of the 109
bit chipto 2 um and 0.8 pm respectively. These changes were based on the scaling of
larger bubble test patterns and the refinement of mask and device fabrication technigues.
The gradual chevron corners leading into the detector are required because no tested
alternative exists for an outside chevron corner. The inside corner does, however,
exist and is used in going into one of the detectors. The detectors are end shorted as
it was felt that this would give the highest output (See Section 7). The detector stretch
was increased to aporoximately 280 chevrons. This streteh can provide an uitimate
signal sensitivity of at least 2.3 mv/ma which is 2.8 times that of the second version
100K bit chip. About 20 periods is allotted to stretch-out which should be adequate
for even the lowest mobility materials provided the bit-bit interaction does not
become excessive. Based on the results of Section 7 the period in chevron area was
increased to 18 um whereas it is 16 pm elsewhere in the pattern.

The T-bar to chevron merges have been tried in connection with a previous 10
bit design and appear to work well. Dummy T-bar loops are providea outside of the
storage area and further act to eliminate stray bubbles from entering the register
on the sides. The dummy loops feed out to the guard-rail which is made out of over-
sized T's to cut down on plotting time. In the vicinity of the detector, standard
chevrons are used to isolate the permalloy bonding pads from the register region.
The last four chevron stacks of the detector act as a guardrail.

In connection with T=bar storage,the bent-H 4nd T-X corners are employed
as has been done in second 100K bit design. The T-X corner has been modified
slightly to facilitate the pattern generation and to improve the margin based on
comparative testing. The input/output comporents are chevron based and are the
standard loop annihilator and generator design that has been used in the past. The
alignment of the loop annihilator has been changed slightly, however, so that the
loop is centered on the input side of a chevron rather than in the gap. This alignment
inerecases the phase margin of the annihilators to at least 90 deg because the bubble
sits on the input side of the chevron considerably longer than it doesin the gap. This
has been confirmed experimentally by siroboscopic measurement of the bubble
position. No such change has been made in connection with the loop generator because
its phase margin is already on the order of 270 deg,.

122



REPLICATOR GENERATOR
ANNIHILATOR ¢ PULSE (G)

PULSE (R,) ANNIHILATOR
PULSE (A)

= - J DETECTOR
S/S DIRECTION WINDOW
@Hz
N
\H C
e ™
7 Ra
G A Ra D D D R

Figure 87. 10K Bit Chip

12:



9.1.2 Design Evaluation (Continuous Operation). — The first device characterization
measurements made on the 10% bit chip were for continuous operation at 150 kHz and
at room temperature. The material and device parameters for the tested chip are
presented in Table 25. As was pointed out in connection with the replicator study
permalloy to garnet spacing is a critical parameter in-so-far-as replication is con-
cerned. Acccrdingly as Table 25 indicates the spacing was chosen to be considerably
less than #500A for which margin degradation in the replicator was known to occur.
The continuous propagating margin is shown in Figure 88, Various bit patterns were
written into the chip and the chip operation was observed using the linear detector
output signal. It should be noted here that in Para 9.1.3 the chip mzrgins are deter-
mined by using the logical detector output which can record errors much faster than
by observing the linear output. Thus, the margins presented in this subsection on
design evaluation will usually be about 4 or 5 Oe greater than those in the next
subsection. As can be seen from Figure 88 at about 50 Oe drive field the full chip
margin is 14 Oe for the worst case bit pattern. Note that the minimum drive field is
on the order of 36 Oe. Even though a replicator component is being used the minimum
drive field is slightly better than the second version 100 K bit chip. This may possibly
be due to the reduction in !inewidth and gap dimensions, not to mention the reduction

in the material siripwidth from 4.1 pm to less than 3.5 um.

Turther measurements were then made to determine what the limiting com-
ponents were in the design. This was done by pulsing the bias field as a stream of
bubbles passed the component in question. The data stream was subsequently electron-
ically detected and the margin limits for that component determined. The results of
these measurements appear in Figure 89 and indicate that either replication fails to
occur or alternatively collapse occurs in the curved chevron section of track between
the replicator and detector. Because the data in latter section of track is a duplicate
of that stored in the register this results in a soft error margin limit which falls below
the hard error limits of other components and in particular the replicator itself. It is
believed that this soft error limit may be a result of the larger permalloy-to-garnet
spacing which occurs at the chevron portion of the circuit due to an underlying con-
ductor. Remaoval of this conductor (added for testing purpose) should improve the
margin, and according to Figure 89, yield an overall margin limited by the replicator
at the high bias end and the bent-H corner at the low end.

Finally to ensure that the chip would operate over a broad temperature range at
150 kHz continuous margin measurements were made at -10 °C and 60 0C. The 60 °C
results are shown in Figure 90 and are lar%ely similar to the 25°C results and for
this reason will not be discussed. The -10C results which appear in Figure 91,
however, are somewhat different, particularly at low drive fields. Examination of

TABLE 25, MATERIAL AND DEVICE PARAMETERS

'3
w -

Wafer Hcol {Oe) (ergs/ cm2) 47M (gauss) wi{m) h{jam)
(SmGaYIG) 128.8 .22 2606 3.31 3.09
Process SiO2 AfCu 8102 NiFe
Layer
Thickness 800 4100 4500 3100 A
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the margin shows that the low drive field end is considerably blunt :r. This is believed
to be a result of the higher wail ecuergy of the garnet which makes replication more
difficult at low drive fields. Had the permalloy to garnet spacing been smaller than
5500A it is likely this effect would not have been observed. On the whole Figures 88,
90 and 91, show that the design operates continuously quite adequately over the -10 to
60°C temperature range at a drive field of 45 - 50 Oe.

Start-Stop. - Because the test chip is to be operated asyncronously it is neces-
sary to ensure that no loss of data occurs during start-stop. For this reason gated
measurements were made at the temperature limits of ~10°C and 60°C. These measure-
ments were made by filling the register with several words and then gating the informa-
tion around to the detector during whichtime the bias is pulsed positive or negative.
Turn-on and turn-off was made to coincide with the direction of propagation in the
chevron portion of the register in these measurements which corresponds to the most
favorable start-stop direction in the T-bar section of the storage loop. From nrevious
measurements on the replicator it was known that for tuis component shut-down parallel
or anti-parallel to the chevron propagation direction would produce favorable margins.
The results for -10° appear in Figure 92.

A reasonable margin was obtained for this particular orientation; however
measurements made on the domain stripout for the bit in the detector indicated that
extremely long precharge times would be required in orderto detect the first bit upon
initiation of the field rotation. The domain for this orientation rests in or near the gap
of the chevron columns in the detector. These measurements were obtained in connection
with an in-house study in support of this program and are presented in more detail in
the Item I report. These data suggested thai this start/stop direction will not allow
first bit detection. More recent data on a 109 bit chip of a similar design indicates
that first bit detection can be attained at the expense of reduced margin. Other
measurements on the stripout indicated that reasonable stripout times could be
obtained for the start/stop direction parallel to the chevron propagation direction in
the detector. However, for this case the start/stop direction is such that the bubbles
would stop on the apex of the chevrons in the composing track and on the ends of the
T's (or H's) in the T-bar area. Preliminary data on the start/stop reliability for this
direction for the chip as a whole indicates that reasonable margins can be expected if
large holding fields (~6.9 Oe) are employed. Therefore, the start/stop direction for
this type of guardrail chip layout should be parallel to the direction of propagation in
the detector in order to accomplish first bit detection in the asynchronous mode. It
should be noted that this problem was not observed for the in-line chip because the
most favorable start/stop direction for the storage region was also the one required
for the detector.

Components. - The data of Figure 92 do not indicate that the bent H corner is an
important factor in limiting the margin. This is apparently due to the tilt of the chip
relative to the Z-bias which makes other components appear worse. It has been noted,
nowever, in connection with other designs that for unfavorable field orientations the
diagaonal bar bent H corner caused margin narrowing, and therefore investigation of
the start/stop characteristics of this corner was made. As the chip is presently laid
out diagonal bars produce both favorable and unfavorable environments for turn-off due
to the presence of the bent H corner and a 90 deg corner modification. For comparison
purposes start/stop measurements were made on the T-bar track alone (bent H region)
and these results appear in Figure 93 for both favorable and unfavorable in-plane field.
As can be seen, the upper margin shows very little sensitivity to the in-plane field in the
0 to 6 Oe range with the margin limit falling at about 26 Oe for orientation B. At 43 Oe
drive Figure 94 shows that for the bent H with the diagonal bar and associated 90 deg
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corner the situation may be less favorable. Independent meausrements made on
another sample in a different coil fail to show the same behavior, so that these results
currently are in question. The fact that the bent H in the last column of the storage
area where there are no adjacent diagnonal bar bent H corners shows such a large
difference from the other bent H's is particularly puzzling since a special effort was
made to maintain identical environments by placing adjacent T's in that area. Figure
03 indicates that nearly 8§ Oe favorable in-plane field is required to maintain the

upger limit at 126 Oe. Further measurements are still in progress fo crosscheck these
results.

9.1.3 Testing of devices for the memory cell-wafer level data, - A SmGaYIG waler
was selected for 104 bit device fabrication. standard magnetic bubble device process-
ing techniques were used to fabricate these devices. Prior fo the dicing operation

the individual registers are tested using the wafer nrobe station. The wafer prober
station provides the necessary magnetic fields and bondless contacts to singularly
establish the integrity of each register on the wafer. The operating bias for the
continuous mode was measured for Hp - Oe at a fixed temperature (~40° C}), and

100 kHz. A device was considered acceptable for further die level testing when the
wafer level bias margin was 10 Oe or greater. The results obtained from wafer 8-3-1
were 18 good die of which 13 had at least a 13 Oe overlap in margin. An additional 5
die, designated as backup units, had between 6 and 10 Oe margins. A wafer fracture
during dicing caused the loss of some of the better dice.

Die level characterization. - The die level characterization procedure is accomplished
by first establishing the validity of each die at nominal bias settings. The nominal
annihilator and generator settings were derived experimentally from the first few
devices. Once device operations are confirmed, the following test procedures are
applied to evaluate the device.

Propagation margin, - The propagation margins are tested by generating a specific
bit pattern (11111010) in every 8-bit word and adjusting the exerciser detector
circuit (strobe and threshold to be discussed later) for logic detection and error
checking. The drive field is then set at 52 Oe and the temperature of the device is
stabilized at 25 +59C. The z bias field is then increased until a logic error is
detected by the exerciser. The bias field is then slowly lowered until error free
annihilation, generation and propagation is achieved for >10 seconds («:10'6 error
rate). This establishes the upper margin limit (Hz max). The lower margin

(lly min) is then established by decreasing the bias field until errors again appear,
The bias is then raised slightly to establish error free annihilator, generation and
propagation for »10 seconds. This procedure is repeated for Hp = 45 and 60 Oe
while maintaining a constant temperature. The bias is then set to center bias

Hy max =~ 1z min

2 for Hpy = 15 Oe. The drive field amplitude is then reduced until

failures occur establishing the minimum drive field (HD mip)e This value varied
from 42 to 14 Oe over the eight devices used in the memory cell, It appears that
this relatively high valie is peculiar to this run since data on devices from other
lots (Para 9.1.2) showed minimum drive fields of ~35 Oe. Minimum z bias field
for most devices js limited by annihilator operation. As the bias field is decreased
the annihilator either fails to annihilate or generates bubbles along the outside edge
of the loop. Maximum z bias is a function of the replicate and curved chevron
track, This test scheme does not provide for further isolation of the high bias
failure point but the field interrupt technique mentioned in Para 9,1.2 more clearly
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defines these failures. The details of this diagnostic testing will be covered in the
Item 1 report.

Generation., - The minimum exerciser pulsewidih of 200 ns was used exclusively
throughout the generator evaluation, To evaluate the generator the drive field is
adjusted to 52 Oe and the device temperature stabilized at 25 +50C, The bias is then
adjusted to one Oersted less than the maximum (Hy pax-1) value previously estab-
lished. The generator phase margin is then determined by varying the pulse (set at
200 ma pk) over 360 deg of drive field rotation. The nominal phase is then deter-
mined by placinw the generator pulse at a position where reliable generation is
achieved and the detected signal is not affected by any crosstalk or feedthrough. The
pulse amplitude is reduced to determine the minimum effective amplitude for error
free generation (ip min)., The pulse amplitude is then set for the nominal (200 ma)
value. On this device, three annihilators exist. One is in-line with each of the two
detectors and the third is the standard serial on track annihilator. All are of the
same configuration and differ only in that the detector annihilators are physically
rotated 270 deg from the on track annihilator. The detector annihilators are arranged
so that a single pulse serially applied will annihilate alternate bit positions. This
technique will allow alternate hits to be passed to each detector, one detector detecting
the even bits (0,2,4...) the other the odd bits (1,3,5...), when a serial pulse is
applied every other clock pulse. I an annihilation/pulse is applied continuously to one
detector annihilator all bits to that detector will he annihilated and consecutive bits
will be detected in one detector. The continuous bit annihilation technique was used
for all parameter testing. The detector annihilator pulse was set for 200 ns, 100 ma
at 0 = 10 deg referenced to the rotating X field. The in-line, on track annihilator was
examined at a pulsewidth of 200 ns and an amplitude of 80 ma. The drive field is sct
for 52 Oe and the z bias is adjusted for the minimum bias plus one Oersted (H; min-1)-
The phase of the annihilator is then measured over 360 deg of drive field rotation.

The nominal phase is selected to minimize cross talk and provide reliable operation.
At the nominal phase setting the pulse amplitude is reduced to determine the minimum
current necessary for annihilation (iz yjn). The amplitude is then increased to deter-
mine where the annihilator disturbs the propagating domain or creates bubbles along
the outside edge of the loop (ig max). The pulse is then reset to the nominal 80 ma pk.

Detection. - The detected signal sensitivity for the 104 bit chip is about 2.2 mv,/'ma
for a three to five ma dc total excitation at room temperature (25 : 5°C). The maxi-
mum signal occurs as the strip domain passes the detector chevron apex. The
threshold was varied according to signal amplitude and dé/dt unbalance.

The device temperature is then allowed to restablize at -10 : 59C and then
~60 = 59C, At each temperature the test procedures are repeated. Table 26 is an
nutline of the tests required for device comparison, TFigure 95 is a typical margin
piot of one of the eight memory cell dice. The bias margin versus drive is shown for
all three temperatures. The phase referenced chart depicts the area of operation for
the annihilator and generator as well as the conditions existing during measurement,
The sine wave represents the X-current and produces a magnetic field vector liy as
indicated, The Hy relationship to the components is also shown. The numbers 0, 90,
180 and 270 refer to the phase in the NASA cell (wherein the coils are rotated 45 deg
from those in the test setup). The table in Figure 95 shows the minimum generator
current (ig min), the minimum annihilator current (iy yip) and the maximum annihi-
lator current (iz max) in milliamps for all three temperatures. The notation
WFR104-118 Oe indicates the margin value obtained at the wafer probe level, The
parameters thus obtained on all devices are then compared and those with overlapping
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TABLE 26. DIE LEVEL TEST PROCEDURES

PARAMETER
TESTED CONDITIONS
ALL TESTS RBIT PATTERN = 11111010; fxy = 150 kHz
DETECTOR ANNTHILATOR #2 (right) ON
ALL TESTS CONTINUOUSLY, DETECTOR #1 MONITORING
ALL BITS. ANNIHILATOR PULSE PARAMETERS
ik 100 Ma, Pw = 200 ns, # = 0 + 10 DEG
ALL TESTS DETECTOR STROBE POSITION = 180 + 10 DEG
THRESHOLD AND dg/dt ADJUSTED AS NECESSARY
o s H HpRIve - 45, 52, 60 Oe
z Xy T = -10 + 5°C, 25 + 50C, 60 + 5°C
H -: 50-52 Oe, T = -10 = 5°C
GENERATOR ) DPIVE -
ig = 200 Ma, Pw = 200 ns
PHASE 0 - H 1
MARGIN Z Z max
= - = - . O
MINIMUM Hypryg © 50752 Oe, T =-10+ 5°C,
GENERATOR Pw = 200 ns, § = NOMINAL (see text)
CURRENT (g min) H, = H, oy
B - = + 50
HORIVE 50-52 Oe, T = 60 + 50C
ANNIHILATOR i - 80 Ma, Pw =200 ns
=1 . -1
Z min
T - L =0
IXI&II%}J&TOR ggn_j\;g:o nzo ; 2— (IJ\IZR’:I[‘INAGLO —s:.e Sext)
CURRENT (i . = ' (
a min) H =H .1
A Z min
1 MUM = 50~-52 =60 + 50
iﬁ;{g}éikTOR EDR;I \2750 nZO ; - 2::1\::11@:1.0 s:e ('jext
CURRENT (i ) W » BT { )
a max H =H .1
A Z min

margins are selected for
die selected for the cell.
die existed to preclude the use of die No. 58, a rather marginal specimen. The

margin overlap is signi
excluding die No. 58).
temperature, 2 composite

composite generation pha

lator from the ~G60 deg data.

phase window was desi
with all eight devices,
The annihilator phase w

cell operation.
Due to the fracture problem mentioned earlier, insufficient

Figure 96 shows the comparison of the eight

ficantly reduced by the inclusion of die No. 538 (note the plot
By plotting the center of the overlapping margin versus
temperature coefficient of ~0.21 Oe/OC is achieved. The
se overlap was plotted from the -10 deg data and the annihi-
The dashed lines indicate the overlapping regions.

The minimum generator current varies from 150 to 180 ma. The generator

gned to exist between 50 and 145 deg and has complete gverlap
The minimum annihilator current varies from 75 to 100 ma.
indow completely encloses the o

verlapping phase margin. The

detection strobe phase at the cell jevel is 185 + 1 deg. All eight devices performed
adequately at this position and allowed for a :5 deg variance thereby completely
encompassing the cell specification.
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9.2 Memory Cell Package

This self-contained memory cell package contains all necessary mechanieal
hardware for the operation of 8 bubble memory chips (1/4 x 1/4 in. or less) including
magnets for the static Z-field and coils for the generation of a rotating field, Major
design emphasis was applied toward providing a superior heat conduction path to a
cold plate and in producing a uniform field over the &chip area.

9.2.1 Mechanical Design, — In assembly, the two machined ceramic substrates
(Figure 87) and a ceramic cover are plated with 2 mils of copper (to linearize the
rotating field) and bonded to two poiyamide tape carriers (Figure 98) which were
previously soldered to connectors.

Bubble chips are aligned and cemented in the substrate cavities and each chip pad
electiriecally strap bonded to the tape carrier., The two tape cables are then folded over
the loaded chip carriers as shown in Figure 99 (middle left) and inserted inside of the
Y coil and in turn inside the X or outer coil. The coil assembly is fastened to the coil
base while the chip carriers are nestled and clamped on the ceramic and teflon posts.
Three rows of connectors line up on one side of the coil base, two rows for the chip
interface and one row for the coil connection,

The bias structure is of three main parts, an aluminum frame which has holes
for magnets, two permalloy plates which complete the mas net circuit and a couple of
trimmers which provide a variable amount of 7-field shunt. The assembly is shown
in Figure 97.

~ ~N ~\
0.300 x 0.300
4 PLACES
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o Y, \ Y,
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Figure 97. Machined Ceramic Substrate
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Figure 98. Flexible Circuity
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The set of four photographs (Figure 100 through 103) also show the cell assembly
at various stages. An optional Z-bias coil not shown in the photos was installed on the
top permalloy plate so that Z-bias can be modulated.

9.2.2 TField Coil Electrical Tests. - The figures and tabulations of this section are
electrical data taken on the serial 03 coils and bias assembly which is identical {o the
NASA cell being delivered under this contract (NAS1-12981).

Figure 104 is a plot of Q, resistive and reactive loads in a series tuned resonant
circuit. The plot reflects all effects from the assembled magnetic modules with the
coils installed in the bias structure and with the plated chip carriers installed.

Table 27 is a tabulation of coil @, and resistive and reactive data taken for
several states of module assembly. The data show loading effects of the various
components on coil performance. The most significant effect is coupling with the bias
structure, which for the outer coil at 150 kHz, increases resistance 38 percent and
decreases inductance 14 percent.

9.2.3 Field Coil Distribution and Variations. - A coil pair (X03, Y03) was evaluated
for field distribution and Z field component: (1) with the coils only, (2), with 3-2 mil
plates within the coils, and (3) within the magnetic assembly and using the copper plates.
Exact measurements of the closed assembly is not possible because of the necessity

to insert the ac probe but simulation was done by using part of the assembly and
aluminum plates properly placed. The axial field was measured at 100 kHz using an

ac probe (approximately 20 turns, 15 mils high, 15 mils thick and 200 mils long) while
the Z conversion of rotating field was measured both with a small probe of similar
dimensions and a large 1/4 in. spiral.

Figure 100. Assembled Cell
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Figure 101. Memory Cell Parts

Figure 102.

Magnetic Bias Assembly (Left) and Drive Coil Assembly (Right)
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Figure 103. Memory Cell Snowing Magnets

Plating the three ceramic substrates with 2 mils of copper significantly improved
the field distribution uniformity and reduced the 7 -conversion of the rotating field.
Field distribution for the two cofls with and without surrounding magnetic structuie
is shown in Figure 105 and Figure 106. The 7-conversion curves are not included
in this report because for the test with the 3-2 mil copper plates (simulating plating)
separated by 50 mils within the coils there is a barely perceptible variation (=.1 Oe/A)
over a centered square of 0.6 in. on a sice.

As far as a value of Z-conversion using the coil without copper the maximum
value using a quarter iuch wide spiral sensing loop appears to be 0.6 Oe/A hut for
safety and acknowledging a factor for local variations a value of 0.9 Oe/A would be
recommended. If the coil were to be driven with 3 amps peak then the maximum local
7 -field modulation would be +2.7 Oe from the operating point. The copper plated sub-
strates are clearly superior and as such will be incorporated in the NASA cells.

9.2.4 Bias Shunt, Tilt, and Z-Bias Modulator Characteristics. - Four sets of barium
ferrite magnets aie used to provide the Z-bias field which is parailelized by top and
bottom permalloy plates as shown in the mechanical sketch of Figure 107.

Shunting pins have been installed in the bias structure (adjacent to magnets) to
enable a 100 gauss midrange with +10 gauss variance using the adjustable shunts
located on the sides of the structure. The two shunts have somewhat different charac-
teristics as tabulated in Figure 107a, the "B" shunt having a greater effect on field
than shunt "A". For best uniformity, the shunts should have about the same displace-
ment from horizontal for a desired field setting and should be set using a gaussmeter.
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TABLE 27. TUNED RESONANT

ELECTRICAL DATA

Frequency - MHZ

X Coil (Outer ) SN X03

1.

9.2 TImner Coil meerted

4.,

Coil Alone

Installed in Bias
with Inner Coil
mmserted

nstalled in Bias
with Platea Chip
Carriers

¥ Coil (Inner) SN Y03

1.

Coil Alone

mnserted in Outer
Coil

Tnstalled in Bias
with mer Coil
Insertion

Installed in Bias
with Plated Chip
Carrviers

o5 .05 .10 .15
R, .48 4T .53
x, 583 1L3 167
q 12.3 243 3L3
R, .48 .50 .53
Ay,

Q

R, .53 .63 .73
X, 453 9.67 143
o 9.1 153 19.6
R, .53 .63 .73
X, 483 9.67 143
Q 1 15.3  19.6
Ry .43 .50 .53
x, 8.50 7.33 101
Q 1 14.6  20.2
R, .43 .50 .53
XL

Q

R, .47 .58 .60
X, 817 6.33  0.07
Q  6.73 120 161
Ry 50 .57 63
x, 8.07 61t 9.3
Q  6.13 10.8 147

.20

.60
22.4
37,2

.63

. 87
19.3
22.2

.80
19.3
24,2

.60
i4.3
23.8

.60

.30

.73

33.3

45,
.80

28.
27.

29.0

29.

.73

21.3
29.2

19,
23.

.73

18,7

.83
44.7
53.6

.93

1.23
38.0
30.9

1.20
37.7
31.4

.83
28.0
33.8

.83

.50

1.00
55.0
55.0

46.7
33.4

46.7
33.4

97
35,0
36.1

.97
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Figure 107b shows the orientation of the X~plane component of the bias field
resulting from 1,25 deg of fixed tilt of the biag relative to the X-Y coil pair. TFor a
100 Oe bias field setting the measured in-plane component is 2. 27 Qe,

Once the bias field is set, bias field excursions can he made for the purposes of
characterization hy using the auxiliary bias coils. These are the two coils wound on
the bias structure each consisting of 20 turns with individual two-pin connectors. TFor
correct operation the connections and polarity are illustrated in Figure 107c.

3.2.5 Z-Bias TField Gradients and Variances. - Figures 108, 109 and 110 show bias
field gradients and X and Y component variances for three shunted conditions;

Figure 108, both shunts horizontal, Figure 109, both shunts veriical, and Figure 110,
one shunt horizontal with the other vertical. The data was taken over a region of

0.8 in.  Comparison of the three sets of curves shows that maximum gradient occurs
for the condition with one shunt horizontal with the other shunt vertical. Bias field
gradient for this condition is about 1 percent compared with about 0.3 percent for the
concitions when both shunts are in the same position. The X-Y plane component
variances are approximately the same for all three conditions. X-direction component
variance is 0.6 percent maximum and Y-direction component variance is 0.8 percent
maximum within the .8 in. 2 region.

9.2.6 Bias Structure Proximity Effects. - Measurements were made to determine

the effects of placing the bias structures in close proximity to one another for several
physieal arrangements and field polarity. The results are tabulated on the Figures 111
through 116. Figures 111 through 114 are Z bias field measurements at the center of
the bias structure while Figures 115 and 116 are measurements of the X and Y directed
components of the bias field at several locations within the bias structure,

Notice that the proximity effect is virtually imperceptible in the X and Y directions.
Therefore, once the bias structures are mounted it becomes possible to mechanically
adjust the trimming shunts to compensate for the change in bias field resulting from
stacking or from placing the structures adjacent to one another.

9.2.7 Memory Cell Temperature Measurements. - Temperature measurements were
made with the serial 02 coils and hias assembly attached to an aluminum plate, 3-1/2
X 14 x .18 in. thick, acting as a heat sink, Running temperatures were maintained by
measuring constant current voltage drop across miniature diodes appropriately loeated
in the assembly.

The eoils were driven at 150 kliz with eurrent levels providing representative
drive fields (42 and 47 O¢). A chip self-heating load of about 80 mW each was simulated
with miniature resistors maintained on the chip carriers.

The TFigures 117, 118 and 119 are time-temperature plots of the measurements
obtained and provide an indication of both time variant and steady state temperature
characteristics of the memory cell. As shown, the temperature gradient between the
chip carrier and the magnet frame is established within several minutes of continuous
running, is less than 5°C with no chip self heating and increases about 3°C with the
simulated chip heat of 620 mW (8 chips). The maximum gradient will occur for a con-
dition where chips and coilg are powered up simultaneously from ambient. This is
seen hy comparing Figures 117 and 118,
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Figure 111. Cell-Cell Bias Interaction (3 Cells Stacked)
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Figure 117. Temperature Gradient at 3 Amp (Chips Switched)
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Figure 118, Temperature Gradient at 3 Amp (Chips On)
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Figure 119. Temperature Gradient at 3.35A (Chips switched)

The data shown permit prediction of memory cell temperature effects on chip
bias margins. For example, for barium ferrite magnets with a temperature charac-
teristic of .2 percent per oCc, a nominal room temperature bias setting of 100 Oe,

drive field of 50 Oe and chip self-heatir g of 80 mW or less, the data implies that a
worst use temperature related excursion on the order of 1. ¢ Oe from chip nominal can
be obtained provided the magnet and chip temperature characteristics match over the
operatir.g temperature range. For the other power loadings, the temperature gradients
can he rationed from the data shown.

9,2.8 Test Fixtures and Connector Cabling Identification. - In order 10 evaluate cell
performance and chip matching requirements two test fixtures which interface our
characteri?.ation exerciser with the memory cell were constructed. A switch box was
built (Figure 120) to allow independent testing of each of the chips within the cell.

This fixture was used to verify performance and operational limits after chip installa-
tion in the cell. Tor more critical evaluation of chip performance and especially of
detector performance a strobing detector (Figure 121) was built. This circuit allows
evaluation of open circuit detector output and the use of high current short duration.
bridge current pulses.

As shown in Figure 99, the signal and drive lines from the chip are brought out
of the coil on & flexible circuit. Connections between the four chips and the flexible
cable are given in Figure 122. The name of the function describes polarity, function
and location according to the legend given on the figure. Connector pin identification
is given in Figure 123. The assignments are specifically applicable to the 104 bit
chip presently being delivered.
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35
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38 NC

39 NX=
40 NX

41 PX

42 PX

1RC1B
2NC
3NC

4 NG1B
5PG1B
6 PA1B
7 NA1B
8 NRL1B
9 NG2B
10PG2B
11 PA2B
12 NA2B
13 NRL2B
14 DR2B
15 DC2B
16 DR2B
17 PRR2B
18 RC28B
19DL1B
20DC1B
21 DR1B
22 PRR1B
23 PG48
24 PA4B

5 PIN SPACINGS
NOT USED ON
EITHER END

1ST LETTER

HOLDING +y
FIELD
;x \
z

T42 CONNECTOR
M4z JND LETTER
B42 SUBSTRATE

T
M
M

Tigure 1

25 NG3B
26 PG3B
27 PA3B
28 NA3B
29 NRL3B
30DL3B
31 DC3B
32DR3B
33 PRR3B
34 RC3B
35 NA4B
36 NRL4B
37DL4B
38 DC4B
29 DR4B
40 PRR4B
41 RC4B
42 NG4B

1 RCI1T
2NC
3NC

4 NG1T
5PG1T
6 PAIT
7 NATT
8 NRL1T

M 9 NG2T
10 PG2T
* 11 PA2T
2 NA2T
13 NRL2T
14 DL2T
15 DC2T
16 DR2T
17 PRR2T
18 RC2T
19DLIT
20DCIT
21 DRIT
<2 PRRI1T
23 PGAT
24 PAAT
25 NG3T
26 PG3T
27 PA3T
28 NA3T
29 NRL3T
30DL3T
M 3* DC3T

3. Connector Pin ldentification

M 32DR3

| 33PRR3T
34 RC3T
35 NAAT
36 NRLAT
37 DLAT
38 DCAT
39 DRAT
40 PRRAT
41 RCAT
M 42 NGAT

e

*PUTTING CURRENT INTO THE
COIL AS DESIGNATED WILL
CREATE A FIELD DIRECTED
AS SHOWN ABOVE AND A
CLOCKWISE FIELD ROTATION



9.3 Memory Cell Characteristics

9.3.1 Cell Testing. - A series of tests was run to determine how well the selected
chips perform as a ccmposite in the magnetic bias assembly. Results confirm opera-
tion of the module from room temperature to equilibrium at approximately 50° C with
the cell mounted on an aluminum "bud' box without individual adjustment of chip param-
eters. The only adjustment made in switching from chip to chip was in balancing the
d¢/dt noise to zero each time which is a reflection of cabling layout and routing rather
than chip performance.

The raw test results and observations are given in Tables 28 to 30 listed in
chronological order from the receipt of the assembled cell. This data was compiled
into the list of composite parsmeter matching tolerances given in Table 31 within which
the cell can be set up and operated.

9.3.2 Test Results. - Because the chips were selected and individually characterized
before installation on the substrate little difficulty was experienced in setting up the
cell for composite operation as indicated in Table 28. A minor difficulty was encoun~
tered with a wire bond which was contacting the plated substrate causing a differential
line to be unbalanced. All assembly and bonding operations were done in a clean
room to minimize potential problems with dust or magnetic particles.

The sequence of testing started by determining composite Z margin as given in
the left column of Table 29 while holding all other parameters fixed at the nominal
values listed. Tor the first trial of 112 Oe all chips exceeded the eriteria chosen as
1 min of operation which roughly corresponds to 107 field rotations or detection trials,
The next two trials at 110 Oe and 116 Oe established the room temperature limits of
Z'bias excursion. Notice that chip 8 faiis under high bias while chip 5 fails under low
bias which is the expected result based on data taken on individual die given in Fig~
ure 96. The next step was to determine annihilator amplitude and phase margin for
the worst condition which is a low % bias. From a system design standpoint the 23
degree or approximately 100 nanosecond or phase margin and the 50 milliamps or
nominal +20 percent of margin is more than adequate. Next a test of maximum anni-
hilator amplitude to determine susceptibility of spivials bubble generation was done and
finally the last room temperature test listed on the right of Figure 29 was to determine
Replicator/annihilator amplitude margin.

Table 30 gives the results of temperature testing of the cell. The 2 margin as
shown on the left was determined to be about 4 Oe at 49 deg. Bince the high tempera-
ture operation has the least margin the Z bias was adjusted to be in center margin at
507 C by tighting the adjustment plates on the side of the cell.

Temperature tracking of 2 bias magnets compared to chip requirements was
evaluated next. When the bias assembly was evaluated by itself a temperature coeffi-
cient of -0.2 Oersteds per ° C was found which perfectly matches the thermal coefficient
of this batch of chips. With the bias assembly mounted on a piece of aluminum, a the
thermal drop of approximately 8° C oceurs between magnets and substrate which
effectively reduces the magnet assembly thermal coefficient to ~0.15 Qe/° C. This
tracking error reduces margin to about 2 Oe over temperature. The composite mar-
gin for the eight chips is about 4 Oe as shown in the left columns but tracking error
of the assembly reduces the margin to approximately 2 Qe.
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TABLE 28. SETUP NOTES

1. Calibration of Temperature Sensing Diodes.
Thermometer reads 27.5°C - Top Substrate Diode 0.583 Volts
- Bottom Substrate Diode 0.585 Volts
2. Scope Calibrated
3. Gaussmeter Calibrated: Measured standard magnet of 205 Gauss as 203 Gauss
4. Frequeney Set at 150, 198 Hz,
5. Set X and Y current at 4 Amps for initial test,

. Read/write test failure on No. 1 bottom substrate and No. 2 top.
In hoth cases the symptom was extraordinary d¢ dt noise.

7. Disassembled Cell: Found hond wire ends which were high and which probably
were shorting to plated substrate. Bond wire ends were pushed down.

%, Suspicions Confirmed. All eight chips passed read- write test.

The third column gives the results of varying X/Y field amplitude - 10 pereent at
the higher temperature while the last column gives results of the final room tempera-
ture test.

Figure 124 shows the Linear outputs from the ecight detectors. Maximum phase
shift 2s indicated hy the "zero” and "one'" crossover is about 9 deg on chip number 4
and 6. This is probably due to a slight misalignment of the chips since the whole
waveform is delayed in phase, not just a portion. The large systematic noise at
15 deg is due to the replicator/annihilator which is required during read time. The
high frequency systematic noise is symptomatic of uncontrolled cabling of the test hox
and exerciser. Minimum sensitivity of the composite is about 0.9 mV 'ma at 50°C,
Open eireuit sensitivity of the detector is 1.1 mV’/mA. Annihilating every other hit
in ping~pong fashion provides a bi-polar signal, as shown in Figure 125 unclamped
and clamped. The problem of placing equal and opposite polarity thresholds within
the signal is clearly shown. Under these conditions the excreiser will run error [rec
for a [ew minutes but only after much adjustment. Testing lor parameter matching
was done by annihilating all bubbles in one track and sensing consecutive bubbles in
the other. Other waveforms obtained during cell test are shown in Figure 126; df. dt
voltage is on the order of 20 mVolts peak as shown in the top two photos. The
current pulses shown in the next photo are supplied by a high impedance driver.
Because of the large loops on the cable and the uncontrolled impedance (open on one
end, shorted on the other) the currents are distorted.

The last photo shows signals in the sense channel [rom the detector output on
the bottom to the digital output on the top.

This raw data is compiled in Tahle 31 as a list of compesite matcking require-
ments. Most of the requirements allow amplitude variations of - 10 percent und
timing variations of :200 nsec which is the typlcal pexrformance of integrated circuit
and transistorized circuit design. Figure 127 is a definition of the timing used in
setting up the cell. Timing is defined as rom the peak X current into the positive
terminal of the X coil to 50 percent amplitude on the leading edge of a pulsc.
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TABLE 29, COMPOSITE MARGIN TESTS - I. ROOM TEMPERATURE
Initial Reom Temgperature Test Annihilator Phase and Amplitede Replicate

Lo Bias Lo Bias Hi Bias Min Max Max Ampl Annihilate Test
Hz {De) 112 110 116 110.0
Hxv (Oe) 48.8 48.8
& (y respect to x) g50® gg?
Temp (%C) 20.5 20.5
Ig (ma) 200 ma 200 ma

22.5° Wide 22.5°
$yg (Deg) gq° g0°
Ia (ma) 80 ma 100 ma 100

22,57 Wide {22.5%) 150 ma 125 ma
‘DA (Deq) 160 13§ 11 112% 150 125?

Except as
noted below

R/A (ma) 130 ma 130 ma {See below)

22140 22% 22 Wide
dgaa (Deg) 22Y, 22% 22%
Bridye Drive (ma) 3.2
Each Side
Pattern 1111 1110
& Strobe 202°
Chip Na. 1 All >1 Min >1 Min >1 Min >1 Min »>1 Min 110 - 200
No, 14
Chip No. 2 >1 Min 45 Sec >1 Min Lirgiz 1008 - 200
No. 28 145°
Chip No. 3 > 1 Min >1 Min Limit at 120 - 200
No. 43 135°
Chip No. 4 > 1 Min All >1 Min >1 Min All 100 - 200
No. 78 2
Chip No. & 20 Ses 20 Sec Limit at 120 - 200
No, 43-h 1359
Chip Ne. & >1 Min >1 Min 1 Min 80 - 200
No. 65
Chip Na. 7 > T Min > 1 Min 10 Sec 110 - 200
No. 29
Chip No, 8 >tMin | 208ec 3| 20Sec 2| >1Min 100 - 200
No, §8 -31 Min

1  Soft Error

2 Haed Error

3 Atlimit or<asionally fails

162




TABLE 30. COMPOSITE MARGIN TESTS - 11, VARIABLE TEMPLERATURL
High Temperature Test Z Bias Tracking Test Rotating Field Test Final Reom Temp
Z-Field Room
le 2 HiZz Set-Up Temp
H, (De) 105.3 i09.0 1081 3 1108 108.5 108.5 11
ny (Qe) 4883 45 54 488
® ly respect to x) gn” 90
Temp (°C) 49 50" 27 48 a8 21°
lg (ma) 200 ma 260 ma
22% Wide 22% Wide
b g (Deg) 90° aq®
15 (ma) 125 ma 125 ma
22%° Wide 227" Wide
¢ p (Deg) 125 125
R/A (ma) 130 ma 130 ma
22%° Wide 22:° Wide
® oy (Deg) 22% 22%
Bridge Drive {ma) 3.2 12
Pattern 1111 1010 1111 1010
< Strahe 202° 202°
Chip No. 1 =1 Min +§ Min + 1 Min =1 Min -1 Min
Chip No. 2
Chip No. 3
Chip No. 4 All All Al All
Chip No. 5
Chip No. 6
Chip No. 7
Chip No. 8 5 Sec 2
i Sott Err
2 Hard Err
3 Depends somewhat on set-up accuracy

probe placement ete. is probably ¢ Oe

163




TABLE 31. COMPOSITE PARAMETER MATCHING REQUIREMENTS

UNITS' MIN, NOMINAL MAX. TOLERANCE
Z Bias Composite Chip
Operating Limits
at 25°C Qe 110 116
at 50°¢ e 105.3 108
8 Chip and Z Bias Magnet
Composite Operating
Limits
Chips at 25°C Magnet 25°C Oe 110.0 111.0 116.0
Chip= at 509C Magnet =40°; De 105.0 108.3* 109.0
Thermal Coefficient
Composite Chips 0«/°C - 2 -
Magnet Frame - 18 -
Ratating Field
Hy DOe 45 50 55 +10%
Hy De 45 50 ] +10%
Phase Hy to Hy Degrees - gp® -
Rotation Freg. Hz 150, 198 -
Detector Resistance KQ 1.375
{Each Side)
Detector Mateh 94 50
Ditferential Dutput Millivofts 2.1
e _rege
Bridge Drive MA 3.2

*The Z Bias Magnet was set to this value after running for an hour
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TABLE 31 (Cont)

UNITS MIN, NOMINAL MAX. TOLERANCE
Generator (Z) Q
Resistance 3
Current mA 180 200 +10%
By Degrees - ggo - 2200
By \ Degrees 221)2 - - +20°
Annihilator (2) Q
Resistance 3
Current mA 100 17 122 110%
Ap Degrees 112 125 135 +12%
Ay Degraes 221/2 - - +20°
Replicate/Ann. (2}
Resistance 2 (each) 3
Current mA 120 133 147 +10%
Ap Degrees 20 i} a8 £1p0
Ay Degrees 2402 - - +20
Bestore
Releasa Degrees - 165" -
Strabe (ST) Degrees - 202°
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ALL CHIPS FROM
WAFER 8-3-1

CHIPS NO.1, 2
-14;-28

CHIPS NO.3 4
—43;-78

CHIPS NO.5.6
—43b; —65

CHIPS NO.8,9
—29; -58
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150 KHz, 50°C OPERATION
HORZ — 45°/DIV, VERT - 1.43 MV/DIV
A = 140; X DRIVE CURRENT SHOWN AS

REFERENCE

Figure 124,

Module Detector Outputs



(a) UNCLAMPED

VERT - 1.43 MV/DIV
HORZ — 45 DEG/DIV or 833 NANOSEC/DIV
BOTTOM IS X CURRENT FOR REFERENCE; CHIP 8

(b} CLAMPED

Figure 125. Ping-Pong Detection
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UNBALANCED OUTPUT FROM CHIP NO.1
VERT — 14.3 MILLIVOLTS/DIV
HORZ — 45°/DIV

SAME AS ABOVE EXCEPT FROM CHIP NO.2

CELL CURRENTS

LEFT — REPLICATE ANNIHILATOR
MIDDLE — GENERATOR PULSE

RIGHT — ANNIHILATOR

VERT — 50 MA/DIV

HORZ — 45°/DIV OR 833 NANOSEC/DIV
BOTTOM IS X CURRENT FOR REFERENCE

SENSE CHANNEL SIGNALS
TOP — DIGITAL OUTPUT

SENSE AMP GUTPUT

PREAMP OUTPUT CLAMPED
BOTTOM — PREAMP QUTPUT UNCLAMPED

Figure 126. Cell Waveforms
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Flgure 127, Timing Relationships
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