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I. INTRODUCTION

The purpose of this research was to study the feasibility of com=-
pletely integrating e small magnetic memory on a single substrate. The
ultimate goal is envisioned as a substrate of silicon with the complete
complement of electronic circuitry formed by diffusion processing around
the outer periphery. The memory axrray, per se, would be fabricated by
muelti leyer vacuum deposition in the central region of the substrate. In-
terconnection of the array transmission lines and electronic circuits would
be affected by thin film metallizatbtion employing vacuum evaporation,

A memory of this type would be extremely compact and lightweight.
Because there are no hand-formed interconnections the scheme provides for
potentially high reliability. Once fabricated the memory becomes essenti=-
ally a single "block” and as such should be physically rugged, and able to
operate under high ambient accelerations and vibration without failure.
Finally, a compact memory plane of this type complete with selection, drive
ing, and sensing electronics provides a basic modular unit which can be
easily stacked to form a wide variety of larger memories. These character=
istics make a memory plane of this type ideally suited for space applica-
tions where reliability and flexibility, coupled with small size and light=
welight, are of utmost importance.

As an initial step toward completion of this overall memory concept,
this one year program has concentrated on developing a hybrid system. The
memory array has been fabricated on a separate substrate., This array con-
tains all the drive and sense transmission lines and the thin magnetic film
memory cells, In addition, the selection diodes are mounted on the word
lines of this array. The electronic circuits are mounted on daughter boards
by type, i.e., driver gates, bit drivers, sense amplifiers, etc., and these
are, in turn, interconnected with each other and the memory plane by a sys=
tem mother board. This latter printed circuit board contains a centrally
located recess which accepts the array substrate and provides the intercon-
nection patterns to complete the system. The electronics are designed to
be completely fabricated by monolithic techniques. Howeﬁer, in the system
constructed, some discrete components were used to avoid the excessive cost
of fabricating prototype integrated circuits for this ihitial model,

The program effort was divided into the four major areas: system de=-

sign and analysis, keeper develqpment, circuit desjgn and aralysis, and
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memory array fabrication. In the system design and analysis phase the over-
all parameters and performance-fabrication trade-offs were decided. Digital
and analog computer programs were written to perform general memory array
analysis. These should be useful to M.S.F.C. in fukure memory system analy-
sis problems. A flexible keeper material was designed and tested which has
a relative permeability of approximately 10 to above 200 MHz. This is a
critical component to all flabt thin f£ilm memory systems. As a result of the :
circuits effort a completely integrable system of memory electronics was de- “
signed and evaluated. A system power consumption of 1 watt at a 250 kiz
read-write cycle was achieved. It is also significant that a high degree of
modularity weas achieved within this design so that a basic circuit module is
used for each function. This permits redundancy techniques to be employed
in fabrication of the ultimate memory plane and thus provides for a potenti-
ally high yield. The fabrication effort was responsible for developing the
techniques of multilayer evaporation necessary to fabricate the memory array
plane. This involved the selection of a combination of materials that were
chemically and thermally compatible and could be evaporated to large thick-
ness. One of the major problems solved in this phase was that of achieving
stable insulating layers of SiO over relatively large planar areas. A new
type of evaporation source was conceived and developed during the contract

for this purpose.

Because of time limitations an operable system was not attained.
Peeling problems associvted with the permalloy-SiO interface within the film
array prevented a completely satisfac.ory plane from being constructed.
There is little doubt, however, that this problem can be solved wit. addi-

tional future effort. All olher mgjor fabrication problems have been solved

and a compatible system developed. It is believed that the results of this
research do indicate the feasibility of the proposed thin magnetic film in-
tegrated memory concept. Using the techniques developed a memory of 106 bits
can be packaged in a volume of approximately lO3 cubic inches thus providing 5
future space probes with a highly sophisticated computer memory with high
reliability and low power consumption.




II. MEMORY SYSTEM DESIGN

A. INTRODUCTION

The design of the overall memory system involves trade-offs between
physically realizable fabrication paremeters and electronics capabilities.,
As an overall goal, drive currents of less than 200 ma and sense signals
out of the transmission line of approximately 2 mv are desired. Although
this particular program required a design operating at 100 kc repetition
rate, all work is being carried out with a 200 ns cycles time as a basic
goal., This small system is directed toward studying the fabrication and
electrical constraints for an all evaporated memory of this type with all
integrated circuits. Satisfactory achievement of such a system should
provide future space craft with main processor memories of high reliabil-
ity, low power consumption and small physical size.

B, BASIC MEMORY PLANE
The basic memory plane consists of the array of magnetic bits and

all assoclated drive and sense lines pius word selection buss lines and
selection diodes. The configuration is shown in Figure 2.1. The magnetic

" film storage media consists of strips located under every other sense line

with the easy axis along the length of the strips. In this arrangement,
there 1s no critical alignment of the word line mask since the film is
continuous in the easy axis direction. Bit isolation along the strip is
effected by domain walls. Such walls have been shown to be stable under
pulse conditions in previously published systems. A ferrite keeper covers
the entire array.

Structurally the array consists of a substrate with successive
layers evaporated to form a ground plane, magnetic film, bit-sense lines
and word lines. Intermediate layers of insulation are also evaporated.
A vertical cross-section is shown in Figure 2.2. A keeper over the en-
tire array minimizes demagnetizing fields, and eddy current spreading
effects in the ground plane. |

System analysis and design can be broken down into the areas of
magnetic film properties, transmission line effects, keeper effects, and

circuits.
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C. MAGNETIC FIIM

Although there are wvarious materials which can be employed for
the storage, film Ni-Fe has been chosen because of previously demonstrated
capability.

From & system design point of view, geometry must be chosen to
achieve as much stored flux as possible, consistent with stability from
creep and low dispersion. In the structure chosen for this system, ‘the
film is continuous in the easy axis, i.e., there is no physical point of
discontinuous M. Although rigorous analytical treatment is impossible
with nearly any practical geometry, it should be reasonable to assume an
oblabe spheroid approximation for demegnetizing calculations. This
approximation has been shown reasonable by a number of experimenters and
is employed here,

For calculation the bit size is assumed equal to the bit line-
word line intersection. Assuming the word line is 10 mil wide and the bit
line 20 mil, the magnetic storage location is then rectangular with dimen-
sions of 10 mil X 20 mil. Thickness is chosen to be a compromise of creep
sensitivity and stored flux. Middelhoekl has shown a maximum in stability
occurs at approximately 750 B which is the thickness QorresPonding to the
transition from cross-tie to Block wall structures. This thickness is cho-
sen in this system., The demagnetizing field is approximated (as an open
flux element) by the expression

Hy (cersted) = —— (bmM)A (2.1)
where
¢ = film thickness
b = length in hard direction
M = discontimuity in magnetization at film edge
Ad = demagnetizing factor which is a function of the

ratio of easy axis length/hard axis length

A plot of Ad is included as Appendix A of this report. If the film is

considered to have no keeper then M is equal to Ms’ the saturation magnet-

8

ization, or approximately 800 gauss. For ¢ = 750 A =75 X 10" meter;




b L

b =10 mil = 2.5 X 10" ' meter and a, the easy axis length, of 5 x 10~ %
meter the calculation yilelds i

Hy = 0.96 Oersted .

If the f£ilm is 10 mil X 10 mil, tpe demagnetizing factor from Appendix I
is 0.79 and the open flux structure demagnetizing field becomes

A

H

g - 2.37 Oersted.

This shows the effects of changing the easy axis length, i.e., the width
of the bit line. BSince the dispersion is very sensitive to easy axis de-

magnetizing field strength and disturb margin is decreased with increasing

demagnetizing field, the value of 2.37 Oersted is probably impractical.
However, it will be shown later that the keeper affects a flux closure of
gpproximately 80%. Thus, with a keeper, M~ 80 gauss and Hd reduces to

H, = 0.57 Oersted (with keeper, 10 X 10 mil £ilm)

H, = 0.2 Oersted (with keeper, 10 x 20 mil £ilm) 1

In either case, this 1s small with respect ‘to normal values of Hc and the
film should be quite stable on a dc basis. Demagnetization effects on write
currents will be discussed later.

The film properties we are then aiming for are these values:

Thickness = 750 A

Hk I Gersted

il

Hc Z 2 Qersted

dispersion + skew = + 3°




D. KEEPER EFFECTS

A magrnetic keeper closely situated to the memory array provides
significant improvement in a number of ways. With respect to the magnetic
£ilm itself it decreases the demagnetizing field, as previously discussed, :
and it pernits nearly 100% flux linkage to the bit line by providing a low 5
reluctance flux path around the film. It is well-known that the flux |
penetrating into the ground plane causes a damping effect of eddy current
origin as the film is switched. With a keeper this effect is nearly elim-
inated.
It can also be shown that the keeper plays a significant role in
minimizing the reduction of the H field due to eddy current decay when
currents are passed down the drive lines. These effects can all be ana-
lyzed by straightforward image techniques which are developed 'in Appendix
By From the derivations in Appendix B it is found that the effect of the
keeper is to produce a magnetostatic image of a magnetic f£ilm equal to

1= v
M; = <"'JTTJZ") Mo (2.2)

and an image of a current carrying conductor equal to

W o= 1
Ii = (—J-.r—’*’_u;-) I (2.3)
where

Mi = magnetization of the film image

Ii = amplitude of current image ;
Mf = magnetization of the actual film i

I = amplitude of the actual source current %
W, = relative permeability of the keeper %

With these image solutions it is possible to estimate the effect of the
keeper on demagnetization fields and current spreading effects.
The effectiveness of the keeper in reducing demagnetizing fields and

increasing bit line flux linkages can be illustrated by the following exam-

ple. If the relative permeability of the keeper is Mo, = 10 then the material




creates an effective magnetic image of the film magnetization of 0.8 Mf.
Within the film itself, the total internal field is the algebraic sum of
its own demegnetizing field and the external field of the image. Since
the film-to-image separation is very smell this external field is spprox-
imately equal to the imege demagnetizing field, which is in turn 0.8 times
that of the actuwal film, Thus, the effective demagnetizing field is only
20% of what it would be without the keeper.

Similerly. the flux linkage to a bit-sense line located between the
£ilm end image is the sum of tie linkages due to the image and actual film.

In the case described:

A = -%%4-;%@1 =%(§f+o.8 3,) =0.98%, (2.14)

where

>
il

total flux linkages
= total flux in film
total flux in image

~En
N
H

1

thus, nearly complete flux linkage may be realized with the keeper.

In the ground plane below the film the flux from the image 1s oppos-
itely directed to that from the film, thus causing a canellation. This
nearly eliminates eddy current breking of magnetization rotation which nor-
mally occurs with films over conducting ground planes.

With these considerations of keeper effects in mind, it is seen that
a keeper with W, ~ 10 is desirable. Higher permeabilities are not neces-
sary. From a practical point of view we have specified for this program the
development of a keeper materials with W, Z 8 and made in such a way that
separation between line and keeper should be approximately 2 u or less.

E. WORD LINE AND DRIVE FIELD ANALYSIS

In considering operation of a memory system,transmission character-
istics into and out of the array are of prime importance. In a memory of
the type being developed here, word line and bit-sense line characteristics

are different and must be analyzed and designed separately. Computer pro-

grams have been developed to aid in the analysis of the transmission system.

T e




While the mumerieal examples In this report are directly related to the
system undey eontraet, 1t chould be emphasized that the programs and tech-
niques are eompletely poneral. Thus, a wide variety of memory problems
eon be analyzed with thoese techniques,

There arc two hacle problems to consider when designing the word
drive line syotem, Firot, the drlve efficiency, i.e., the resulting H
ficld por ampere of eurrent in the line, and secondly, the pulse attenua-
tion along the line lencth must be determined,

. line Efficicney

The probiom of determining the field for a given current through a
wvord line ean be broken up into three parts., These are the field due to
the deive euprent in free gpace, the f£leld due to the magnsto-static effects
of the keeper, and finally the field due to eddy currents in the ground
nlane.,  All three effects ean be caleunlated from the basic equation of the
finld penerated from n current carvying flat ctrip. The derivation for this

equabion io careied ont in Appendix C, yielding the result

2w

0= — [m:n.'l J—%—‘i"@-—) . mn'l(—l—l-;i’@—-)] . (2.5)

In this expresoion:
H = horizontal component of the total field
w = width of the current carrying strip
h = wvertical separation frem sbrip to point of field
caleulation

-~
i

horizontal distance from center of strip to point of
field caleculation

1.1 Field From Actual Currcnt. Note that for the case where
i = 0, i.e., directly beneath the current carrying strip, the above ex-

pression reduces to

I =Ll w
Hy (center) = —=— tan (—EE—) . (2.6)

From this expression it is easy to see that the ratio of w/h must be as

10




large as possible and w ac cmall as possible in order to maximize the
field, Note, however, that luzcouse of the shape of the tanfl funetion, no
appreciable increase in ficld strength oceurs for w/h > 12, At this width
to separation ratio the resulting field is approximately 90% of its maxi-
mun atteinable value of Hy(mon) = I/2w. In design of the line system then
we strive for a geometry where

2 swh .

To achieve maximum drive fields it is desirable to reduce w. It
was previously shown, however, that the stored flux in the film is directly
proportional to w, assuming the film to be the same width as the drive line.
Therefore, the final dimensions chosen must be a comgromice so as to yield
a satisfactorily large cense signal abt drive current compatible with inte-
grated circuit electronies.

1.2 Field From Ground Plane Currents. The field resulting from
eddy currents in the ground plane is difficult to determine in general.
Recently Liniger and Schmidt2 have presented a completely general solution
to a single filamentary current over a ground plane of finite resistivity.
The resulting equations must be solved by numerical techniques of an exten-
sive nature. Fortunately under limiting conditions of either a very thin
ground plane or a very thick one, the calculations are considerably simpli-
fied. In this report only the case of a very thin ground plane is described.
This is the condition existing with an evaporated conducting layer.

Smyths shows that for a thin ground plane the field resulting from
induced currents can be accounted for by an image of the original source.
The polarity of the image is such that the vector potential A at the con-
ducting surface does not change instantaneously. The decay of the eddy

currents 1s accounted for by letting the image recede with a velocity gov-
erned by the resistivity and permeability of the ground plane.

For example, consider the case of a current carrying strip at height
h above g thin ground plane. The vector potential at the surface of the
ground plane is zero., Now if a current step I =o0, t<o0; I =1, t Z o is
applied to the strip an image will appear at a height h below the ground
plane such that I = o0, t < 03 I = -1 t Z o. Thus, the image is a negative

i
i
i
&
i
&
i3
[
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current, i.e., oppositely directed from the original source. The H field
on the positive side of the ground plane duve to this image can be calcu-
lated directly from the previous equation as

.. = _Eﬁ;.“' ,an'l&rl;i;lﬂﬁi_) tan~t _l_;;lﬂﬂé_}] (2.7)

Tl

where how Ii is the image current, i.e., Ii = - I and hi is negative. It
can, therefore, be seen that since both Ii and hi are negative numbers the
resulting image field adds to the field of the strip which would exist if
the ground plane were not present.

Since ground plane eddy currents are transient in nature Hil
time dependent. Smyth shows that this can be taken into account by 1ett1ng

the image recede from its initial t = o position of -h, with a velocity of

v = — (2.8)

where Py is the sheet resistivity of the ground plane. Thus for an applied
current step at t = o, the H field resulting from ground plane currents is

) = [ () e )] L o

The velocity associated with a 2 micron aluminum ground plane can be shown
to be

= 2,2 X 10+ m/sec

since p_ = 1. b1 x 1072 and b =u,. This means that in only 10 ns the image
w1ll have moved 220 microns. |

To determine the field for an arbitrary current pulse shqpe a com-
puter program was written. For this program, an arbitrary pulse shape is

approximated by a sequence of positive and negative steps. Up to twenty

12




steps may be used to approximate a pulse., The actual program and operating
instructions are not given in this report; however, complete information
can be obtained at any time by eontacting the Solid State Circuits Lab at
Georglia Tech. Some selzcted results obtained from this program during the
system design phase of this contract are shown in the following four fig-
ures. In these computer runs the total field under a strip line, with a
thin ground plane present, is calculated. Thus, the computer program cal-
culates the sum of the fields due to the current in the strip line and the
induced ground plane currents.

Figure 2.3 shows the effect of approximating a finite rise time
current with a single step and a combination of two steps. It is seen thatb
a single step approximation is optimistic at very small time periods but
pessimistic at extended times, The difference in peak amplitude of fields
predicted is less than 10% in this case. The fields were calculated for a

10 mil wide strip line located 10 p above a ground plane. The sheet

resistivity of the ground plane is assumed to be 0.014 ohm per square. Note

how rapidly the field decreases from its peak value.

Figure 2.4 shows the field resulting from a 1 amp, 10 ns wide cur-
rent pulse., Four steps have been used to approximate the leading edge and
three have been used at the trailing edge. Note that the peak field cal-
culated is identical to that previously obtained with a two-step approxi-
mation. This indicates that rather crude approximations can be used with
little loss in information. The interesting aspect of this calculation is
the observance of a negative H field at the trailing edge of the current
pulse. While such a reverse hard axis field might aid the writing process
of a film element, it is undesirable as a disturbing influence since bi-
polar hard axis disturbs create worst case creeping.

Figure 2.5, however, illustrates that adjacent word line disturb
fields are of negligible amplitude for a thin film structure. In this
figure the drive current is identical to that used in Figure 2.4. The
filelds calculated are at three different horizontal distances along the
ground plane. These are (1) directly under the center of the 10 mil drive
line, (2) directly under the edge of the line, and (3) 20 mil from the cen-
ter of the drive line. TFrom this data two features are apparent. First,
the drive field under the line is non-uniform, falling to half amplitude

at the edge. It can be shown, however, that the field under the line

13
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decreases only about 15% over the center 80% of the strip width. Secondly,
1t is important to note the drastic drop in field outside the strip line.
Note also the reduction in negative field. Thus, the integrated drive line
structure is well suited for film memory application because of the ability
to confine the fields to the vicinity directly beneath the drive lines.
This is nut generally true for plated wire or mylar sheet systems.

Finally, Figure 2.6 shows the effects of a leading edge peak of the
applied current. This is a normal characteristic of actual drive currents,
resulting from the reactive impedance of the line. Note that the peaked
current provides a significant increase in field during the time when read
out would occur in a memory. Thus, some overdrive is provided for the read
field and a larger peak sense signal will be obtained. Of equal importance
is that the field at the trailing edge of the pulse is not affected, hence
the write operation is not hindered in any way by the leading edge peaking.

1.3 Field From Keeper Images. The previous calculations are based
on fields resulting from drive line and gvound plane currents only. The

results are somewhat discouraging since the effective field drops so rapidly
with time. Thus, where it was anticipated that the ground plane currents
would create an effective field doubling it has instead been found that the
time constants are so short that a 20% increase at best, occurs for prac-
tical pulse widths. It is at this point that the effect of a good magnetic
keeper becomes imporvtant.

Consider ncw the resulting field under the strip line resulting from
the sum of the drive current, ground plane currents, and magnetostatic image
currents in the keeper. Recall from the derivation of keeper properties
that the effect of a keeper can be taken into account by imaging every ex-

ternal current with one symmetrically located and of magnitude

I. =

=
L

p,r-i-l)I )

Consider a strip transmission line 250 y wide situated hS = 10 u
above a ground plane of Pg = 0.014 ohm per square. In addition, we locate
a keeper of y = 10 a distance h, = 2y above the strip line. Assume the

dimensions are referenced to the center of the strip line thickness. If we

now assume a current step is applied to the drive line a first order
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approximation of the resulting field can be obtained by considering the
following sources:
1) Strip line alone,
2) Magnetostatic image of strip line current in the keeper,
3) Eddy current imege of the strip line from the ground plane
receding with veloeity v = 2 ps/u,
4) Magnetostatic image in keeper of 3) which also recedes with
velocity v.
A diegram of these is shown in Figure 2.7.
The total field as a function of time can be approximated by summing
the contributions of each current source shown. The current strength in

each source is:

(1) =«

b=
@ ()t
(3) -1

® () ()

Note that at t = « images (3) and (4) are at h = + », respectively and con-
tribute nothing to the resulting field. Thus, the steady state field value

is given simply as

L+ % t - X
- I -1 2 .
Hll(s.s.) = 5= [tan \ Y ) - tan y )]
(w. - )T . 1+ 2 -2
r =1 2 -1 2
+ (“r Iy o Ltan (hs — Ehk) ~ tan K I ) . (2.10)

Recall in the above equation { is the horizontal distance from the strip
line center to where the field is to be determined. See Figure ¢.1l. For
design purposes of a memory system, one needs no more than the stzady state
equation., IHowever, to illustrate the effect of the keeper more fully we

have calculated the time varying field at the center of a strip line with
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and without the keeper., This is shown in Figure 2.8. Both calculations
are based on a single step of current at t = o. The geometry is a 10 mil
line 10 p above a 0.014 ohm per square ground plane. In the case where a
keeper is present Mo, = 10. The keeper solution is based on the 4 image
approximation of Figure 2.7. Word line to keeper separation was assumed
to be 2 w. From this it is observed that a good keeper can offset many of
the limitations of a poor ground plane.

As a result the studies carried out on field efficiency as a function
of line geometry we have choss=n a drive line 250 u wide with up to 12 mil
line to ground plane separation. In addition, we specify a magnetic keeper
with relative permeability equal to or greater than 8. While a narrower
line would allow lower drive currents the stored flux would also be propor-
tionately smaller. However, since the greatest single source of power dis-
sipation in a memory is associated with the sense amplifiers it is desirable
to keep them as simple as possible. The decision then is based on the cri-
teria of achieving maximum stored flux and still meintaining drive currents
of.under 200 ma., The 200 ma limit is somewhat arbitrary but experience
shows it to be a practical rule of thumb value. The dimensions chosen re-
sult in a drive system requiring approximately 150 me for a film with
B = 4 Oersted. Detail calculations of this will be shown in Section II-H.

2. Pulse Shape Distortion
Having studied the field efficiency aspects of an evaporated trans-

mission line the second important consideration is the lines effect on pulse
shape.

2.1 Pourier Analysis Concept. In the small memory structure to be

fabricated the lines are electrically short, i.e., the delay frém one end

to the other is much shorter than a period of the shortest component wave-
length in the pulses. Thus, a lumped circult approximation can be used for
the line parameters. Even with the simplification afforded by using lumped
equivalent circuits, however, pulse analysis by hand calculation is too
complicated to be practical. A Fourier analysis computer program was there-
fore developed which not only allowed pulse analysis of the word line system
but is also used for sense line and sense amplifier design analysis. The
program is completely general and can be used in any analogous pulse trans-

mission problen.
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The concept of the analy..s is that the signal under investigation
35 dncomposed into a series of sinusolidal Fourler components. Then, know=-
ing the gain-phase characteristics of the transmission path each component
is attenuated and phase shifted accordingly. The resulting components are
subsequently reassembled and the resulting waveform is the desired output
gignal. The information which must be given to the computer is a set of
sample points on the input waveform and the gain-phase characteristics of
the transmission network (transmission lines, amplifier, two port network,
ete.), Appendix D gives a complete description of the operation of the
program including detalls for coding the required informaetbion on punched
cards,

2.2 Calculation of Iine Parameters. For transmission line analysis
it is thus necessary to calculate the gain-phase characteristic of the line.
The information required for such caleulations is the resistance, induc-
tance and shunt capacitance of the transmission lines. Since the lines in
an integrated film confipguration are wide with respect to the separation ’
from ground, reasonably accurate results can be obtained by neglecting frin- !

ging fields.  Thus the basic transmission line parameters are given as i

€ €,
¢ = —-QEL—— farad/meter (2.11)
b B8
L= ( Q + -ELEL—) hy/meter (2.12)
w w
ERS .
R =~ ohms /meter (2.13)
where |
w = line wldth in meters
h = line height above ground plane in meters
Rs = gsheet resistivity of conductors .
d = +thickness of any magnetic film between the line and
ground
W, = relative permeability of megnetic f£ilm

The line and ground plane resistivities are assumed equal. Also since the
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conductor thickness is less ‘than a skin depth, even at 200 me, the de
sheet resistlivity is used.

The word line alone is assumed to be 10 mil wide located 10 p above
the ground plane. Intervening dielectric is S10 with a relative dielectric
constant of approximately €, = 5. Iine and ground plane conductors are
assumed deposited to a sheet resistivity of R ~ 0.01% ohm per square. In
addition, the line is loaded with a permalloy f£ilm 800 R thick. If
B(max) ~ 0.8 Weber/m2 and H, = 320 amp turn/meter the relative permea-
bility is Wy = 2,000.

From these data we obtain the word line parameters as

R = 110 n/meter

¢ =9 x 1090

farad/meter
L= (49.5 x 1077 + 9.4 x 10°7) hy/meter .

The word line in the memory system proposed is aprioximately 1 inch long.
Thus, with a lumped parameter model the tofal R, L, and C, become

R=2.8a4a

=12 . ) .

¢ =22.8x 10 farad Word Iine j
L =5% 107 hy

Note that in the calculation for L the term corresponding to magnetic
loading was multiplied by (8) + (5 X 10'“ meter) since each word line con-

tains 8 bits each 500 W long. A word line is thus electrically character- §

:

1

i

:
1
P
i

]

ized by the cirpuit shown in Figure 2.9,
Carrying out the same type of analysis for the buss lines, i.e.,
the selection lines connected to the high gates, we obtain lumped element

values of
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Figure 2.9 Equivalent Circult Diagram of Word Iine Over a Thin Film
Ground Plane




R=28n

¢ =17 X 107 faraa Buss Tines

L=1x 10" hy

Here we have assumed 20 mil wide lines separated 10 y above the ground
plane. The line is approximately 4 X ILO"2 meters lone.

2.3 Equivalent Circuit Pulse Analysis. It is now possible to

construct a network representing the path of current flow down a selected
word line in the memory. The result is shown in Figure 2.10. The 25 pf
capacitor represents the effects of the remaining 7 lines connected to the
buss via back biased selection diodes, plus the capacitance to ground of
the high gate transistor. Each back biased diode has a capacitance of
approximately 2 pf and the output capacitance of the high gate transistor
is assumed to be 10 pf. The 2 ohm resistor is the buss line resistance;
the inductance is considered negligible. The 17 pf capacitor represents
the total buss shunt capacitance to ground. The 5 ohm resistor is the sum
of the selection diode forward resistance, 2 olm, and the 3 ohm word line
resistance. We previously calculated the word line inductance as 5 n hy
and this is included in the diagram. The 184 pf capacitor at the end rep-
resents the total shunt capacitance of eight word lines since each line is
connected int~ a group of eight. Finally, the 5 ohm terminating resistor
represents the ::turated low gate transistor. The current IW is the word
current flowing down the word line. We want to determine the waveshape of
this current. The approach to the problem will be to obtain the gain-phase
charsiteristic, of the network of PFigure 2.10, i.e., the transfer ratio

-%?— (w) = A(w) |8(w) (2.1&)

Rather than calculate the above relationship for the three loop network,
it was measured.

Note that direct measurement of a bread board circuit of Figure 2.10

is impractical in practice because of the small component values. However,
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by performing a simple frequency transformation practical values can be
obtained and measurements can be performed at much lower frequencies. To
take the required data we let w(meas) = lO'Bw(actual), where w(meas) is
the experimental measuring frequency and w(actual) is the corresponding
frequency for the actual memory. The capacitors for the bread board are
then 0.024 pf, 0,017 pf and 0.184 uf and the inductor becomes 5 g hy. The
resistors are unchanged.

In the actual memory system the drive supplied to the network is
essentially a step voltage through a current limiting resistance, For the
gain-phase measurements a sinusoidal voltage source with a 50 a source
impedance was used. At each frequency the current Iw was measured, both
amplitude and phasje, and the transfer ratio, equation (2.14) was calcu-
lated., Here Ei was the internal source voltage. The results, plotted in
terms of actual frequency are shown in Figure 2.11.

Using this gain-phase data in the Fourier series program, and apply-
ing a flat top voltage pulse with 3 ns rise time the resulting current in
the word line was computed. The result is shown as Figure 2.12, Note that
the rise time of the current is only slightly increased. This is a result
of the shunt capacitance but at worst it is now only 4 ns. There is some
slight current peaking but because of the low inductance it is nearly neg-
ligible. Additionally, it is observed that the dc current level is
approached within 10-12 ns. Thus, we have shown that system calculations
can be made on the basis of dc impedances, for the word line, with confi-
dence that the resulting current pulse will not be materially distorted.
Note, however, that this is not generally true and each line system under
study must first be analyzed in detail before such simplifying assumptions

can be made,
F, ESTIMATE OF SWITCHING SIGNAL

With the knowledge that the word current rise time will be approxi-
' mately 4 ns it is possible to estimate the peak sense signal to be expec~
ted. A reasonable first order approximation for the switching waveform

is a sine-square function. Thus assuming

o}

1A
ct+
JIA
=]

S m . T ] (2'15)
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. Figure 2.12 Current In Word Line for 3 ns Rise Time Applied Voltage Pulse
as Calculated By Fourier Series Program
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where
T = gswitching time

it is easy to show that the area under the e (t) curve is equel to (B T.).

Since the area under the volbtage-time curve is also equal to the total flux
switched we have

§ =% E,T - (2.16)

The film is 750 A thick and 10 mil wide, and for permalloy Bsze 0.8 weber/meg
thus, the total stored flux is found to be

& =15 ¥ 10712 weber (2.17)

The switching time will be slightly larger than the driva current rise bime
because of shielding due to the intervening bit-sense line and some flux
trapping in the ground plane. As & worst case estimate assume Ts s 6 ns.
Using this value for switching time we estimate the peak sense voltage to
be

E 25mv .

This value agrees well with actual measurements made by Reardon’ on thin

g

f1lm structures.

G. BIT-SENSE LINE SYSTEM

In order to design the bit-sense line system properly it is neces-

sary to first study the interrelationships between line parameters and:

Demagnetization of Film
Drive Current Requirement

Capacitively Coupled Noise

Distortion and Attenuation of Sense Signal,




The following paragraphs present these considerations independently and
8 line geometry is then specified.

1. Demagnetization Effects

Probably the greatest deterent to reducing bit-sense line width is
the increasing apparent dispersion which accompanies higher demagnetizing
fields. This in turn results in higher bit write fields and thus lowers
the disturb threshold ratio HE/HB'

It was previously shown that with a keeper the demagnetizing field

could easily be much less than the coercive force. Thus, no de stability
problems enter the considerations. However, the increase in effective dis-
persion is not insignificant. Crowiher6 has shown the relaticnship between
demagnetizing field and dispersion to be

Hy = H (sin a' - sin o) (2.18)
where
o' = effective dispersion which must be overcome to store
information
@, = intrinsic dispersion in the absence of demagnetizing
fields

Since the bit field required during the write operation is

Hp = H sin of (2.19)
we see then that

HB = Hk sin ao + Hd .

(2.20)
It is therefore necessary to deliver an "excess" bit field equal to the
demagnetizing field.

Thus, for an eighty percent efficient keeper, i.e., Moy A 10, the
required bit field for 10 mil and 20 mil lines can be found using the

demagnetizing fields calculated in the section on film properties. We

f
b
£
i
i
&
¥




assume H, = I Oersted and (v, +B) =3°. Then

Hk sin @, = 0.21 Oersted

and

1

HB(lO mil) = 0.57 + 0.21 = 0.78 Oersted
and

0,2 + 0.21 = 0.41 OQersted

il

HB(ao mil)
% The respective HZQ/HB ratios,which indicate creep stability, are

(Hy/Hp) 1o myn = 2:56

P s A K S A I RN

(Ho/Hg) oo a1 = %9

assuming a film with H = 2 Oersted. Thus, the 20 mil wide line provides
for much greater stability of the stored state.

2. Drive Field Considerations

We have previously developed the expressions for field~-current
| relationships of integrated film transmission lines. For a line with a

perfect keeper, the maximum field attainable is simply

amp/meter . (2.21)

o
I
=

max

Using the previously derived values of required bit field the minimum
possible bit currents for 10 mil and 20 mil lines would be

I, (10 mil) = 15.5 ma




Ig (20 mil) = 16.4 ma .

Therefore, the reduction in bit current is negligible for the narrow line.
In fact, for a given height sbove the ground plane the efficiency of a i
narrow line is somewhat less, thus tending to equalize the actual currents %%
required. §

3. Induced Nolse Configuratilons

One of the major problems in any memory system ls nolse on the sense N
line induced by capacitive and inductive coupling to the word drive line, |
In a word orgenized memory, the orthogonality of the word line and bilt-sense
line eliminates any significant inductive coupling. However, in an inte-
trated film sysbem capacitive coupling is relatively large.

Using a lumped parameter model for the lines involved it is easy to
see the effect of line to line and line to ground separations. Consider a
word line crossing a single sense line as shown in Figure 2.13a, TIigure
2.13b shows the equivalent circuit of the noise producing components. The
voltage source represents the voltage rise of the word line as word current
is transmitted. The output terminals represent the volbtage between a single
gense line and ground.

The Laplace transform of the noise voltage is found to be

. Cor

B, (s) 8 K"c%’)
E (s) = 5 . (2.22) |
LL i ‘ t

@+ s+ | T -
ROp(2 * T /-

LG

For a word line voltage which rises approximately linearly such that

E =Kt 0=Et<T
r
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Figure 2,13 Capacitive Noise Coupling
(a) Physical Geometry
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the noise voltage peak becomes

T
r
e ise (peak) = KR Crr, (L=-¢e 1) (2.23)
where
o
T = RCLG (1 + TIZ;—) . (2.24)

It is apparent, therefore, that to minimize noise the line to line capaci-
tance CLL should be as small as possible and the sense line to ground
capacitance should be as large as possible. In terms of physical separation
we should evaporate the sense line close to ground and provide thick insula-
tion between sense and word lines. Fabrication problems govern what minimum
and maximum thickness of dielectrics are practical to consider. Experience
has shown that 3 to 4 p is probably a minimum thickness to assure no shorts
oceur.

To appreciate the size of the noise voltage consider a sense line 20
mil wide located U4 p above ground. The word line will be 10 mil wide sepa-
rated from the top of the sense line by 4 u. In this memory the bit-sense
line is about 4.4 x 1072 meters long. The insulation is 810 with ¢ ~ 5.
With these dimensiont we obtain

Cpp = 1.4 pf
and

Cro = 242 pf .
If the word line voltage rises 2 volts in 4 ns, then K = 5 X 108. For a
- sense line terminating resistor of 10 ohms the peak noise voltage is then
calculated to be

R g Sn e s g e e

€ ot se (peak) ~ 6 mv; (20 mil sense line).
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For a 10 mil wide sense line, other dimensions being held constant, the
induced noise is reduced to approximately 3.5 mv. In either case, the
signal is approximately equal to the expected sense signal. This shows

the necessity for the balanced sense line incorporated in the memory. With
the balanced line the noise 1s coupled into each half and hence is rejected
with a differential sense amplifier.

From a system point of view then we would like to have line to line
separations around 4 p or larger, yet not so large as to reduce field gen-
eration efficiency. With a halanced sense line the width is not a critical
factor; however, 1f one considers a single bit-sense line system a narrow

line is desirable.

L. Frequency Response
Design of the sense line must also take into account attenuation of

the induced sense signal. Oince the lines are thin the resistance is rela-
tively high and the close spacing to ground creates large values of shunt
capacitance. This results in high attenuation per unit length. In general
then we desire a wide line to minimize resistance and inductance and large
separation to reduce shunt capacitance. Actual evaluation of pulse degrad-
ation, however, can best be done with computer analysis. During this con-
tractural effort both the Fourier digital progrem and an analog computer

. approach were used to obtain this information. It has been found possible
to generalize the results in terms of the effective 3 db frequency associ-

ated with the sense line. This is illustrated in the following paragraphs.

L,1 Sense ILine Equivalent Network. The worst case situation for

attenuation is where maximum line length separates the induced voltage and
the sense ampiifier terminals. Thus for the following analysis we assume
a bit switches at the exact center of the balanced sense line. Due to the
symmetry of the line structure, and the location of the assumed induced
voltage, the equivalent circult is as shown in Figure 2.14. The elements
shown represent total line parametcrs as previously discussed in connection
with the word line. Thus Rl and R2 are the total sense line plus ground
plane resistance of one leg of the U shaped line. The same holds for Ll
and 12, and Cl and 02. RT is the sense line terminating resistor.

Due to the geometry of the lines the inductive reactance at all

frequencies of interest is negligible compared to the series resistance.

It is therefore possible to characterize each leg as a simple R-C low pass
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Figure 2.14 Equivalent Circuit of Worst Case Sense Iine System
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filter where the 3 db frequency is given simply as

- 1 ;
£ = 2mRCy ]
where
b
Ry + Ry

4.2 Computer Analysis. Using the gain-phase data for this type

of network the Fourier series program can be used to determine the pulse
distortion of the sense line. Por this analysis we have used a switching

waveform representative of an actual film output.

Figure 2.15 shows the differential output signal for a 50 me line,
i.e., fc = 50 me, with a 5 mv peak switching voltage induced at the far A
end. Note the large attenuation in peak signal and the broadening effects
resulting from the limited bandwidth of the transmission line. Taking this
type of data for lines of different bandwidths we can plot graphs of atten-
uation and peak time delay as a function of fc. This data is shown in Fig-
ure 2.16. The upper curve of Figure 2.16 shows a plot of the ratio of sense
line output peak voltage to switching peak voltage. Note that even with a
100 mc bandwidth line the signal is attenuated by a factor of two. It is
seen here that very high bandwidths are required to obtain low peak atten-
uations.

The line parameters for a bit-sense line 4 y above the ground plane
and deposited to a sheet resistivity of 0.014 ohm/square are:

R = 110 ohm/meter
10 mil line: ,
¢ =2.25X 1077 farad/meter
R = 55 ohm/meter
20 mil line:
¢ =5.5x 1077 farad/meter
39
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GRAPHS SHOWING CALCUIATED SIGNAL ATTENUATION
AND DELAY AS A FUNCTION OF SENSE LINE BANDWIDTH
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Figure 2.16 Attenuation and Delay Characteristics of Sense Iine System
as a Function of line Bandwidth
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For the 4.4 x 10”2 meter bit-sense line of this memory and a 10 ohm
termination resistor the bandwidths of 10 mil and 20 mil lines are found
to be

£, (10 mil) = 485 me

£, (20 mil) = 40O me

In either case the bandwidth of the line is sufficiently large that
terminal voltages should be approximately 80% of the switching signal.

5. Coneclusion

The bit-sense line design problem has been annlyzed considering four
prime limiting effects. These are:

1) Demagnetization

2) Drive Current Requirements
3) Capacitively Coupled Noise
4) Pulse Distortion .

Demagnetization considerations provide a strong impetus to choose wide bit-
sense lines, The other three areas produce a tendency to go to narrower
lines but the benefits gained are minor. Since creep has been such a sig-
nificant problem in magnetic film memories in the past, achieving maximum
stability by system design is of the greatest importance. For this reason

20 mil wide bit-sense lines have been selected for use in this memory.
H. SYSTEM DESIGN PARAMETERS

In this final section on system design the decisions of the previous
sections are brought together and the predicted characteristics of the array

are calculated.

1. Avrray System Specifications

Planar Iine Dimensions

Word Lines =~ 10 mil wide on 20 mil centers
Bit-Sense ILines ~~ 20 mil wide on 30 mil centers

Bit line pairs are therefore 50 mil wide on 60 mil centers.

L2




Vertical Dimensions (Referenced to Ground Plane)
Bit Sense ILine == 4
Word Line -=- 10 u
Keeper Surfeace -~ 12 u

These dimensions assume insulation layers of 4 p and conductor
thickness of 2 w.

I"Im Characteristics
Hk £ L OQersted

Hc 2 Oersted

wr O
(0gy + B) 237
Thickness 750 A

1

Keeper Characteristics
by, 2 8 for o 8 £ = 200 me

2. Predicted Characteristics

From the previous specifications the following system characteris- %

tics are calculated.

Stored Flux

8 =15 X 107*2 yeber

Flux Linking SenserLine

Ry
§ o= 2 x 10 [1 4 —g—;—%—] = 13.3 x 10~2 weber

Peak Induced Switching Voltage

2%

Ts

E(max) = = L4 mv for T, = 6 nsec .

£ S e e

Peak Output Voltage of Sense Iine

EO = 0.8 E(max) = 3.5 nv
This is for sense line bandwidth of 400 mc.

Word Iine Efficiency (H/I)
We calculate only the field directly beneath the center of

the line, i.e., 1 =0 .

L3




- l 3
w_ . _1 -1( i Pr s ponml ( W ']
I v ,[tan Wb ) T N1 TN )

5
]

250 u

T B
H
n u
(OB v ]
T

Bit Iine Efficiency

Using the same equation as for the word line efficiency but with

w = 500 u
hs = Ly
b = 8y
w, = 8
_EE_ = 1.73 103 _ﬁﬁéﬁ_
I ' ' amp
Required Word Field

H, = H +Hg ,

where

H = Shape Anisotropy Field .,

S.A.
From Appendix I
HS.A. (NO Keeper) = (Ab - A&) (‘-'g— LFTTM) Qersted

and with

500 W
250
750 k-
M = 8,000 gauss

o’
H

Q
i




Hy o (No Keeper) = 1.5 Oersted .

With the keeper the total required word field becomes:

H o=h+ 1.5 [1,- -EEL:_E~” = 4,33 Oersted

[w B P I I ]Jir 1 J . ey
or

= 2
H_ = 346 a.t/m .
Required Bit Field
Hy = H sin (o + 8) + Hy

where

Hd is the easy axis demagnetizing field. From Appendix I,
using the film parameters listed in the previous calculation
we find
Hy (No Keeper) = A, (hnMS) Oersted
and since Aa = 0.32

Hy (No Keeper) = 0.77 Oersted .

With the keepev then, the required bit field is §

= b sn(@) + 077 [1 - (F5E]

H

bed = 3p 2L
B~ 0.4 Oersted = 32 = .

From the line efficiencies calculated and the drive fields estimated




the minimum required word and bit drive currents can be determined., These
are found to be:

Required Word Current

I, = 346 = 105 X 1073 amp
3.3 X 10
Required Bit Cuzrent
I, = —3& T = 18.5 X 1073 amp/1ine
1.73 X 10

Since the bit generator must also supply current down the balance line the
total *urrent required is:

IB(total) = 37 ma

Realizing that these are minimum currents the driver circuits for the
system should be capable of delivering 150 ma of word current and approx-
imately 60 ma of bit current. These magnitudes are within the present
state of the art of monolithic integrated circuits.

L. CONCLUSIONS

In this section on system design, the significant design parameters
have been discussed and general approaches to the required analysis have
been illustrated. The results demonstrate that a thin film memory compat-
ible with integrated circuit drivers is feasible. The features of high
density, nearly ideal transmission line characteristics, and high reliagbil-
ity are inherent in the approach. It seems likely that systems of this
type will find applications in a variety of space missions in the future.
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III. XEEFER FABRICATION AND ANALYSIS

A. INTRODUCTION

The feacibility of operating a high density, low power magnetic f£ilm
memoxy depends upon ubilization of a keeper. The keeper consists of a rel-
atlivaly thick plane of high permesbility mebterial adjacent to the plane of
the magnetic bitec and drive lines.

One of the purposes of the keeper is to provide a flux closure
path for the magnetic blts. This path reduces the demagnitization or stray
field of the bit, thereby increasing the bit gtability and reducing inter-
ference between bits. The keeper alno causes more of the exbternal flux to
*lose about the bit-sense line thereby increasing the output efficiency.

Another major beneficial effect is %o provide enhancement of the
drive currents by the moagnetic image or the drive currents. This image also
reduces the stray field interference of the drive currents.

In order to perform these essential functionsit is necessary that the
keeper have reasonable permeability, low electrical conductivity and losses,
and retain these parameters from static conditions up to frequencies commen-
surate with the memory c¢ycling time. In addition, it is necessary to assure
that a close proximity of keeper to memory plane is achieved without damage
to the memory and that adheslon and dimensionul stability be sufficient to
maintain good contact between the surfaces.

B. FABRICATION

Commercially available ferrites have many of the properties desired
for a keeper. However, the difficulty with using these materials in their
bulk, sintered form is manifold. Ferrites do not have linear frequency
characteristics or a linear magnetization curve. They also have consider-
able remanence and consequently, high losses at large fields. They are also
hard and abrasive and cannot be machined with ease to fit closely and mate
well with the surface of the memory plane without the danger of scratching
or puncturing the memory strucvture. Ferrite powders in some form of binder

7

Three samples of ferrite powder were obtained from the Indiana Gen-

have been used with success in keeper applications.

eral Corporation in Keasbey, New Jersey. Their designations and descriptions
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of the materials in bulk form are as follows:

Type Initial at Freq. Max.
Perm. Freq.
Tl 2000 100 Klfz 400 Kz |
H 850 1 MHz 1 MHz
Q-2 4o 1 MHz 50 MHz

As received, all powders were screened to -60 mesh (250 u). How-
ever, the H and Q-2 powders appeared to be much finer than the T-1. The
T-1 powder was the most dense, asbout 3.10 gm/cm3, and also had the highest
permeability in powder form as well as in bulk. Due to the higher permea-
bility, the T-1 powder was used extensively to the exclusion of the other
two.

Three binder materials were investigated. All three were supplied
by the Dow Corning Corporation and are designated as follows:

RTV 3110 Silicone Rubber  Low Viscosity ;
RTV 3120 Silicone Rubber  High Viscosity i
Sylgard 184 Silicone Resin Iow Viscosity %

Associated with each is a particular curing and thinning agent. Working !
time of the RTV rubbers can be adjusted from a few minutes to several hours |
by the selection of proper amounts and types of curing agets. The addi-
tion of thinning agents generally increased curing time and reduced mech-

anical properties.

Test samples for determining the permeability were made by mclding
a mixture of RTV 3120 and T-1 powder. A toroidal mold with a rectangular
cross-section was used. This configuration was used to correspond with the §
form used to measure inductance on the loose powders. The mold was machined ;
from brass. No release agents were used when molding the samples.

The density of the powder within the sample was determined from the

mix ratios and thé final weight and size of the finished test sample. Four

powder-bearing toroids were made with powder densities as follows: o
(1) 1.15 gn/em
(2) 1.43 gm/cm3
(3) 1.9% gm/em3
(4) 2.36 gm/cm3A




Torroid No. 5 was fabricated as a standard and conteined no ferrite,

A sixth toroid was constructed using a different method. Ferrite
powder was packed lightly in the mold and a thinned mixture of Sylgard 184
was poured over the powder. The resin, however, did not completely pene-
trate the mold and only about two thirds of the sample could be removed
intact. Thin sections of keeper were also fabricated by the same method.
However, the resin tended to channel through the powder and create a
non-uniform structure. Keeper sheets were also made by mixing powder and
rubber as in the electrical samples, and pressing the mixture between mi-
croscope slides. The mixed material was difficult to remove from the glass
slides, and later teflon blocks were used to reduce sticking; however, this
was still unsatisfactory. Keepers were made from Sylgard 184 with and with-
out 10% thinner and also RTV 3110 with and without thinner. The T-1 powder
was dry-sieved through a 320 mesh screen (50 p) for the keeper so that the
particle size would be small with respsct to the bits and lines.

The final process evolved from the trials consisted of mixing the
ingredients under vacuum. The vacuum typically measured about 29 in. Hg.
After mixing, the paste was pressed into sheets between two teflon blocks
also under the same vacuum. One side of the sheet was cast very smooth
by placing a sheet of 0.001 in. stainless steel foil against one of the
blocks. The keeper was allowed to cure in atmospheric pressure at about
L0° ¢ for 12 hours or longer. The mixture decided upon for the final ma~
terial was a compromise between high density and ease of mixing in the vac-
uum. The ratios by weight were: 5 parts T-1 powder, 1 part RTV 3110, 0.1
part thinner, and 0.1 part standard curing agent.

The test samples No. 2 and No. 4 were examined after testing by
sectioning. Both were found to have a great number of air bubbles. It
is not unlikely that the rest were similar to these. In order to success-
fully eliminate these bubbles in the thin keeper, it was necessary to mix
under vacuum and cure at atmospheric pressure. This was not done with the
samples. Kbepers*made by vacuum mixing had a higher density than the test
samples and showed no evidence of air holes.

The mixing process consists of placing the ingredients in a cup
which is cemented to the bottom of the vacuum chamber. The vacuum is slowly
applied to prevent boil-over of the liquid. The vacuum is held for about

30 minutes, then the ingredients are mixed. The mixture is then removed
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from the chamber and placed on the stainless foil. The foll is pleced
between the teflon blocks and the press is put beek in the vacuum chamber. i
The vacuum s applied for about 15 minutes, then the blocks are pressed
together to form the sheet. The sheet is allowed to cure as stated above
while the blc ks remain over it.

The purpose of the stainless foil is to form a very smooth surface
to place against the memory plane. It is slso necessary to provide a
flexible form which could be easily peeled away from the keeper without
damaging the surface. Both the RTV and the Sylgard adhere strongly to
most surfaces and it is impossible to break apart a large surface at one
time without demege to the keeper.

The resulting sheet was then cut to the desired size and pressed
gently over the memory plane. This pressure is sufficient to cause a
slight adherence of the keeper to the memory and when removed some days
later, the keeper face clearly showed the impression of the memory plane
face. This indicates that the keeper flows slightly on prolonged contact
with an uneven surface. This flow is fortunate in that it improves the

closeness of contact essential to good keeper performance.
C. PERMEABILITY MEASUREMENTS

1. Inductance Technigue %

The first series of electrical measurements to determine the per-
meability of the ferrite powders involved measurements of inductance of a :
toroid of rectangular cross-section. The powder was contained in a plex- :////\
iglas form which had the windings fixed to it. The relationship of the t
measured inductance to the permeability can be computed if one considers
the toroid to be a long narrow solenoid bent around upon itself. The flux

density of such a solenoid is given by
B = uiT/t

For the toroid, the length ! is given by the average circumference of the
toroid which is 2n(ri + ro)/E. The total flux in the toroid is given by
$ = BA where A = (rO - ri)t. The inductance is the number of flux linkages
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divided by the current or

uNz(ro - ri)t

= . Ol
L mir, f r,) (3.1)
The above solved for Mo, gives
- mL(r_ + r,)
“‘r = N (}O - rl).t ¢ (3'2)
' Hot2 Vo i

A similar calculation using slightly altered assumptions yields a
similar result and has the advantage that it may be applied to the later

measurements directly. One :wy assume that tlie toroid behaves as though -

a single wire carrying a current of NI passes through the center and that
the flux in the toroid is a function of the radius from the wire only.
Then, by usinrg Ampere's Law

The lefY, side = 2rrH, therefore

B = BNT_ (3.3)

The total flux within the toroid is then easily computed as

NIt (Fo 1 NIt
5 = uzn jr° = dr = -HEE-— tn ro/ri . (3.4)
i

The expression for L then becomes

T = B - (3.5)
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and solving for p gives

2nk
o . .6
& poNgt tn (ro/ri) (3-6)

Thus under these assumptions Ko, may be directly determined by a measurement
of the inductance.

The inductance of such a toroid containing the ferrite powder as a
core was measured initially by using the toroid in a series I-R circult,
As oscilloscope was used to measure ‘the voltage across the resistor and
across the series pair. By measuring the ratio of applied voltage to ‘the
voltage drop across the séries resistor the inductance can be calculated as

L=-2 [Q IfR )2 - 1:\% . (3.7)

E and ER are taken directly from the oscilloscope. Since the ratio is all
that is important, the absolute accuracy of the oscilloscope is unimportant
(see Figure 3.1la).
The above method is incomplete since it does not account for the
errors due to dissipation in the inductor or stray capacitance. To elimi~
‘ nate the effect of dissipation, an L-C series resonant technique was

adopted. It may be shown by a straightforward calculation that for parallel . §
resonance }

where R is the series equivalent loss resistance of the coil. For series
resonance, the resistive term disappears. In the series resonant circuit
 the effect of the stray shunt capacitance may be readily computed. The

resonant frequency is

_ T
‘”"«/ I(C + Cg)
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Figure 3.1 Relative Permeability Measurement Techniques
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where GB is the stray capacitance. In our experiment,ics~was determined
to be about 5 pf by the following method. The resonant frequency was
measured by observing the null on an oseilloscope across the circuit.
Silver-mica capacitors of known value were used to resonate the toroid.
At the three lowest values of C corresponding to the three highest fre-
quencies, three equations of the form

Y
Wy = [ IC, ¥ Cy) (3.8)

were solved simultaneously in pairs for CS. The average value was then
used to compute the inductarce (see Figure 3.1b).

The inductance of the toroid with varying densities of the ferrite
powders was measured at frequencies from about 0.7 MHz to about 35 Miz.
These frequencies varied because for a given toroid, the same set of known
capacltors was used. The density of the powders was varied by mixing the
ferrites in varying amounts of baby powder.

The same test was applied to the first of the toroids which was
made from the silicone rubber and ferrite powder. Duplication of the same
winding geometry as on the powder core was attempted. However, it was not
possible to correlate the results with those obtained from the powders be-
cause any variation in the placement of the windings caused large changes
in the inductance of the toroid. The rubber toroid was then wrapped uni-
formly with 174 turns of wire so that the conditions previously described
in the calculations would be more nearly met. This toroid was then meas-
ured with a standard impedance bridge and the result compared to the meas-
urement by the series resonant method. 1In this case the inductance did
agree fairly well; however, the permeability indicated by this wvalue of
the inductance did not agree with that for the same density of powder in
the previous measurements.

2. Long Wire Comparison Technique

The previous methods of measuring permeability have the disadvan-
tage that the computation of inductance from the geometry is very inaccur-
ate unless the toroid has a very large number of closely wound turns. In
such a case, the losses and stray capacitance are quite large as is the

inductance. Therefore, only measurements taken at relatively low




-~ %,

frequencies would have any chance for accuracy. An alternste method was
developed in which the field configuration could be controlled., The geo-
metry which produces fields having a symmetry compatible with the toroid
is a long straight wire. Near the center of the wire the B and H filelds
are concentric sbout the wire and given very nearly by

and B = -&I-—-

I
=R WITR (3.9)

where I is the current in the wire and R is the distance from the wire.
Since the boundary of the magnetic material of the toroid is always tan-
gent to the fields if the toroid is concentric with the wire, the flux &
in the toroid is computed as in the calculation for the case above except
that N = 1.

- It ,
§ = -5 in (x /r,) (3.10)

Faraday's Induction Law states

%
=y
Y

1
5

‘-é-f

oy

dt

and

b -
B*ds = §

if the surface of integration conbains the cross-section of the toroid.
Ir

- -jwt
I Ipeake ;

then N turns of wire about a section of the toroid will develop a voltage

E = jNw®, where & = Qpe'jwt
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Hera«%p corresponds te I "Ipeak' Working now only with peak values

I wEN A
Epeak w1y pegﬁ /n(rori) , (3.11)

and solving for Hon glves

E

'peak L
= . 12
Hy ( Ipeak uothtn(ro/ri) (3.12)

Both E and I were measured on an oscllloscope. I was measured
using a Tektronies PC-L current probe (see Figure 3.lc).

This method had the advantage that the system could be calibrated
with an absolute standard., A toroid was irade conbaining no ferrite go that
the permeability was known to be unity, and the performance of the apparatus
could be determined through the use of this standard sample. The system
was continuously improved. The wire was replaced by & long aluminum rod
which supported the sample on a plexiglas centering guide, Various coil
configurations and measuring instruments were tried. The most satisfactory
arrangement consisted of using a short plece of coaxial cable, the center
conductor of which formed a single turn pickup coil and the other end con-
nected to a Tektronies high impedance oscilloscope such as the Tektronics
545-A with type CA dual trace amplifier.

At frequencies sbove about 5 MHz standing waves on the line create
variations in current at different positions elong the line. By necessity,
the current probe was located about 2 feet from the position of the sample
meking it desirable to measure the current at the zame position as the tor-
oid. At this point it was decided that instead of relocating the current
probe, the all-rubber toroid alongside the ferrite-bearing toroid being
measured would serve as a direct comparison. In fact, the output voltage
from each toroid is directly proportional to its permesbility. Thus, the
permeability of the sample being measured is just the ratio of the output
voltages, These voltages are readily compared on a dual trace oscillo-
scope.

The above method greatly ihproved the effectiveness of the permea-

bility measurements. However, considerable R.F. noise was encountered
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using an open linre at frequencies above 15 MHz. The reason for this is
thet the output of the signal generator is very low and the inductance
of the line limits the current to a low velue. Thus, the useful signal
is of the same order as stray R.F. fields In the vieinity. To eliminate
this problem 1t was decided to enclose the experiment in a large dlemeter
coaxial line. Such a line was constructed from hard copper tubing. The
outer conductor was 2.45 in. I.D. and the inner conductor 1.125 in. 0.D.
Using the well-known relation for an air dielectric line

Z,w~ 60 inr /r, = LT ohms

The length was 57 in. Reducing cones were used to match the large diameter
line down to & standard BNC cornector. A 50 ohm and a shorting termination
were made so ‘that full advantage of the generator power was possible. A
narrow slot was cut along the outer tube to allow exit for the RG 584/U cable
from the toroids under test. The all rubber toroid and the torold under
test were placed side by side on a plastic guide near the shorting termine-
tion. Using six inch cables on the toroids, the coaxial line allowed per-
meability measuvements up tr 50 MHz (see Figure 3.14).

The useful frequency range of the measurements above described was
actually limited to about 35 MHz because of the support equipment. The
output from the rubber toroid wes quite small due to tre small driving
power available. In order for the measurements to be mesningful, no cur-
rent must flow in the pickup coils, These currents are difficult to elim-
inate at high frequencies. ZEven the short lengths of connecting cables,
combined with the capacitance of the oscilloscope input create consider=-
able leading of the pickup coils. A technique for high frequency measure=-
ment was agdapted to our equipment which enabled measurements to he made up
to 250 MHz.

3. Resonant Iine Techniques

Method cited utilized a length of coaxial line as a resonant
cavity. When a coaxial line is resonant at a quarter wavelength from a
shorting termination, the line may be thought of as a lumped L-C parallel
circuit. The same is true for the section of the line nearest the short
when the resonances are at 3/4, 5/4, etc. That is, one may neglect the

o7




portion of the line ahead of the last quarter wavelength. The pesonant
frequency and ‘the inductance of a line are related by

and hence differential chahges in line inductance can be related to changes
in resonant frequency as

aw 4L .
2 i (3.13)

Near the end of the line, the flux density as a function of posi-
tion along the line may he considered constant over distances small com-
pared to a quarter wavelength. Also, the E field is very nearly zero so
that loading the line in this region does not alter the lumped capacitance
of the line. If the length of the line is changed slightly the change in
lumped inductance is very nearly linear with this change due to the in-
creased number of flux linkages there. If, however, the frequency is held

constant, the effect of moving the shorting termination merely moves the

position of the null. If the end of the line is loaded with a permesble
material the increase in flux in the material has the same effect as
lengthening the line. In order to return the current null to its origin-
al position, the line may be shortened by moving the sliding termination
toward the source an amount to equalize the inductance in the last quarter
wavelength of the line. Thus, a simple measurement of the length of the
line, the interior dimensions of the line, and the dimensions of the tor-
oid, will suffice to determine the permeability of the toroid. However,

a simpler technique is to construct a toroid of aluminum or copper identi-
cal to the ones to be measured. At high frequencies, the surface currents

induced in the metal toroids completely shield the interior of the toroid

from magnetic flux and the line must be accerdingly lengthened to restore ;
~the position of the null. Thus, the metal toroid behaves as though it had ;
a permeability of zero. | |

Iet lo’ ;m’ and lf

line empty, the metal sample in the line, and the ferrite sample in the

» be the length of the line at resonance with the
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line respectively. It is understood that tm > 1,2 Lf. The relative
permeability ic then simply

or factoring the above expression

b =14 (= 1) /(1 - 1) (3.14)

Actually, the line length is not measured but, as shown, only the
changes in length when the appropriate loading is inserted. The resonance
is measured by observing an input current null with a current probe in the
feed line at the cormector end of the large coaxial line. If desired, a
length of oxdinary 50 olmi coaxial cable can be added to increase the effec-
tive line length and lower the fundamental quarter wavelength frequency.
However, below about 50 MHz the null point is quite broad and the accuracy
of the experiment becomes poor. Detection was made using a Telonic R.F.
Detector and a Hewlett-Packard D.C. VIVM with 1 mv full scale sensitivity
(see Figure 3.le).

The upper limit of frequency occurs when the circumference of the
toroid is about one wavelength for a wave in the material of the toroid.
Assuming that By = 8 and €. = 3, which is the value given for the rubber
alone, this occurs at £~ 300 MHz. A smaller sample and line might be
used to even higher frequencies. A further discussion is contained in the

8, 9

references.

4., Torque Magnetometer Technique

The methods of permeability measurement described above utilize
a large toroidal shaped sample., The finished keeper is a thin flat sheet
not amenable to measurement by these means. It was considered necessary
to make some sort of measurement on the actual keeper material to assure
its conformity with the results of measurements on the toroidal samples.
A static torque test was developed for this purpose.

A uniform field was obtained by incorporating the experiment into
the Helmholtz coils of the Kerr apparatus. A calibrated 1 mil diameter
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Tungsten fiber attached to a rotating holder with suitable indicating
apparatus was used for determining torque. A disk 1-1/16 in, diemeter
was cut from a sample of the keeper sheet., The thin disk is a conven-
ient shape for the calculations of demagnetizing factors. The disk was
suspended by the fiber over a line drawn 45° to the applied field. The
field was increased in small steps and the torque required to hold the
disk at 45° was measured.

The measured torque can be directly related to the susceptibility.
The relationship, derived in detail in Appendix E, is found t0 be

X~ % [A +J A% + (a/m) ] (3.15)
where
A= — (3.16)
VHo sin 6
In this expression
T = measured torque
V = sample volume
H = applied field
8 = angle between field and sample plane.

An expression taking into account the exaci demagnetizing factors of an
ellipsoidal sample shape is given in Appendix k.

Using this technique it has been possible to show that the permea-
bility, given as

=1+ UiX (egs units) (3.17)

is independent of field strength up to 5 Oersted and the material exhibits

no appreciable remnant magnetization for fields of practical interest in

memory operation.




D. QUANTITATIVE RESULTS

The keeper material made by vacuum mixing and pressing was deter-
mined to have a density of T-1 powder of 2.36 gm/cm3. This is approxi=-
mately 85% of the maximum attainable density of 2.77 gm/cm3 for the T-1
powder which has passed through the 50 u sieve. The permeability of the
powder is approximately 10.4 and that of the finished keeper, measured
statically, is 9.5. |

Inductance measurements on the ferrite powders in varying densities
indicated that the permeability of the powders is nearly independent of the
initial permeability of the corresponding bulk materials. It was indicated
that the permeability was also independent of the frequency over the range
from about 1 to 50 MHz. The permeability was, however, very much related
to the packing density of the powder. Unfortunately, the inductance exper-
iment did not allow calculation of the permeability and the above conclu-
sions were based on the behavior of the inductance for a fixed geometry,
which is only some undetermined function of the permeability of the powder.
The relation of inductance to frequency and density is shown in Figures 3.2
and 3.3,

The actual magnitude of the permeability of the powders was deter-
mined by the Faraday Induction Law method described above. The frequency

‘range for these measurements was from 1 to 50 MHz. The results of these

measurements on the four test toroids confirm the general results of the
inductance measurements. The highest permeability measured was about 7.5
for 2,36 gm/cms of T-1 powder. The results of these measurements are shown
in Figures 3.4 and 3.5.

The frequency range of the permeability measurements was extended
to VHF frequencies as described above. Again, the powdered ferrite showed
no significant change in permeability due to frequency.

Finally, the finished keeper sheet was tested for static permeabil-
ity. The permeability was determined to be 9.5. The torque test confirmed
that the keeper material had a linear magnetization versus applied field
relation at least up to about 5 Qersted applied field. Also there was no

indication of remanence in a field up to 8 Oersted. The magnetization

curve is shown in Figure 3.6.
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E. DISCUSSION

The keeper must be an integral part of the design of any magnetic
memory system which utilizes open flux elements such asg thin films, In
particular, if the storage density of the array is to be large enough to
be useful, the stray fields from the elements are certain to interfere
with each other as will the driving fields.

In order to construct a suitable keeper for the all evaporsted
memory plene, it was decided to utilize the favorable properties of the
ferrites while hopefully elimineting their disadvantages. It was decided
to use finely crushed ferrite powder held in a flexible binder so that the
keeper might be molded sgainst the memory surface or at least molded against
a very smooth surface and then applied to the memory. At the same time, it
was hoped that the powder would yield sufficlent permeability.

The question of the permeabllity isg basic to the keeper since it has
been shown that the expressions for both image strength and current enhance-
ment contain the factor -ﬁ-ﬁ—%- . Thus an efficiency of greater than 80%
is attainable with a relative permeability of only 10. In the present work
a permeability of 8 was projected from the experimental results. This fig-
ure gives an efficiency of 76%. In order to gain a much greater permeabil-
ity other characteristics might be sacrificed.

l. Theoretical Model for Permeability

A calculation was made to estimate the attainable permeability with
a powdered material. This calculation is similer to Lorentz' calculation
for the electric pclarizability. The keeper is assumed to be made of dis-
creet, spherical particles which occupy some fraction of the volume of the
material. The rest is filled with a non-permeable substance. The field
inside of a given particle is computed as though the particle were interior
to a large spherical cavity in the material. The other particles in the
cavity are assumed isotropically located so as not to affect the particle
of interest. Quite naturally, this last assumption is not wholly wvalid.
In particular, if several particles happen to touch, the demagnetizing
fields of the particles will be greatly disturbed. There is no doubt that
such effects occur. However, the important features of the keeper are pre-
dicted by the simpler assumption.

Iet Mb,'xo and Mo denote the magnetic quantities associated with the
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keeper and M', %', and p’ denote those of the particles. On a macroscopic
scale M = | M' where I'p is the fraction of the total volume occupied by
the particlas. The field H' within the particles has three components;
H_ the applied fileld, hrr/3 M, the demegnetizing field due to the imaginery
cavity, and 4m/3 M’ the demognetizing field due to the particle itself,

H = H +—5-Ts’- (M, - M) . (3.18)
Then since M = yH,
M= +h§§:H%L z ¥) (3.19)
From this we obtain
Xo = X'[‘ 3+ I+nifpil - Fp) (3.20)

and recalling that u = 1 + Uy we can solve for the permeability

3F (' - 1)
uo=l+ 3+(p.li-l) (l_FP) (3'21)

The family of curves generated by this relation for differing values
of FP are shown in Figure 3.7. These curves approach the value

p, l+——-P——

for large values of u’. This behavior is similar to that in Figure 3.3
which shows the requltant permesbility much more strongly dependent on
density than on the bulk permeability of the powder. The fact that the
permeability of the keeper does not seem to be affected by the frequency
may also be explained by the results of this calculation. The permeability
of the T-1 ferrite is known to decrease sharply at frequencies above 1 MHz
yet the permeability of the T-1 powder and the keeper made from it does not
change appreciably with frequency even up to 250 MHz.
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The one quantity which does not agree too well with the calculation
is the magnitude of the permesbility. The volume fraction of the fabri-
cated keepers is considered to be no greater than 0.6 for which the predic-
ted maximum permeability is 5.5. The measured permeability, however, has
been found to be 7.5 in the toroidal samples. This would indicate that

assumptions made in the calculation of the permeability are not so simple.
The assumption of no interaction between near particles is probably the

greatest source of error.

The fact that the magnetization curve, as shown by the static torque
data, is quite linear is undoubtedly due to the large demagnetizing fields
acting on each particle. Thus, the magnetization of each particle is still
in the linear region. This also gives a good explangtion why there was
no detectable remanence.

2. Accuracy of Measurements

Very little has been done to ascertain the losses in ‘the keeper.

As noted, the keeper does not appear to have any remanence in static tests.
It must be assumed that the lossis in the keeper could be compared with
those of the bulk material when the latter is subjected to time varying
fields of the same magnitude as the internal field of the particles in the
keeper. However, the presence of high frequency losses due to the keeper
were noted in the resonant cavity permeability measurements. The indica-
tions were a decrease in the sharpness of the current null. Unfortunately,
the equipment was not calibrated for qualitative measurement of losses.

The methods developed for permeability measurements are considered
to be much more reliable than ordinary inductance measurements. If the
material is isotropic, the use of a toroidal test sample greatly simplifies
the test geometry. The Faraday Induction law method is much simpler to
implement and interpret than inductance measurements because the effects of
losses and stray capacitance are eliminated. By maintaining careful dimen=-
sional tolerances and obtaining sufficient driving power and detection sen-
sitivity, it is estimated that 5% accuracy is easily obtainable up to about
10 MHz. As the materials were soft and difficult to instrument, our accur-
acy is probably no better than 7% to 10% up to 10 MHz and probably decreases

- at higher frequencies due to limitations in the driving and detecting appar-

atus. In any case, 1t is difficult to provide a sufficiently high impedance

for accurate measurement at frequencies much above 10 MHz. Although a few




megsurements were made up to 50 MHz, dueto very low output from our standard
sample, it is doubtful that better than 20% accuracy could be obtained, i
For measurement at high frequencies, up to microwave regions, the
resonant cavity measurements of one type or another provide the only
reasonable way to o%tain permeability data. Accuracies of * 5% are attain-
able with this technique. As discussed, our own equipment limited us to
about 300 MHz because of the size of the coaxial line used and the samples
employed. For measurements above this range the slotted line method is
perhaps the most accurate and has the added advantage that loss factors
are readily obtained. TFor memory applications, it is usually not necessary
to extend permeability much beyond the 200 MHz covered adequately by the
methods described in this report.

3. Physical Properties

Once it was détermined that the ferrite powders mixed in a binder
of silicone rubber would meet the electrical needs of the keeper materisl,
it was necessary to form a sheet of this composite suitable fer application
to the memory surface. The electrical test samples were sectioned and exam=-
ined under low power magnification. They were found to have large numbers
of sizeable air holes. The literature from the supplier of the silicone
rubber indicated that the rubber alone should cure in deep sections free
from air holes. However, the addition of the ferrite powder greatly in-
creases the viscosity of the mixture. Attempts to cure a mixture of powder
and rubber in vacuum in order to reduce the number of air bubbles ravealed
that quite a large amount of air was trapped in the mixture presumably by
the mixing process. Therefore, it was decided to attempt to mix the sub=-
stances in vacuum and to cure them at atmospheric pressure. This resulted
in sheets of a very uniform internal structure and free from air holes.

The maximum density of the ferrite powder obtainable from this type
of combination seems to be limited to about 2.5 gm/cm3. The maximum den-
sity of the powder is nearly 3.1 gm/cm3. If the powder is mixed with less
of the binder the two will not mix well and dry spots will occur resulting
in pitting of the surface of‘the sheets when they are peeled from the form-
ing blocks.

The silicone rubbers and resins used have a good adherence to most

surfaces when cast against them. This was particularly true of the Sylgard

184 resin, For this reason the sheets were cast against a’stainless steel
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foil which could be peeled back more easily. This method worked particu- i
larly well with the RTV 3110 rubber. The silicone rubbers have the added
advantage that they will continue to flow for some time after curing and

the very smooth cast surface did flow about the crevices and depressions

vwn the surface of the memory when held against it for about two days.

F. SUMMARY

A suitable keeper can be readily fabricated from finely ground fer-
rite powder and a silicone rubber binder pressed into a sheet aid applied
to the mcmory plane. The magnetic properties of such a material are well
suited for keeper applications. The material retains its permeabllity for
very high frequencies, at least up to 250 MHz, and does not demonstrate any
significant remanence. The permeability of the material depends strongly
upon the density of the powder in the material. A permeability of 7 to 8
is readily obtained and is sufficient for a keeper. It is not likely that
significantly higher permeabilities can be obtained in this manner and, in
faet, it would not Te to any great advantage to increase the permeability
to a much higher value since other undesirable effects might be introduced.

Several methods of permeability measurement were investigated.
Methods involving the measurement of the inductance of fixed geometries
encounter many problems at high frequencies. These measurements are much
more easily made by uililizing the compatible symmetry of a toroid and the
fields about a long straight wir¢ or internal to a coaxial line and apply- :
ing Faraday's Induction Law. At frequencies betwsen 0.1 and 1.0 GHz per- ' /».
meability measurements are ;robably best made by resonant cavity methods. |
One such method is described in this work, Loss measurements can also be
obtained directly from this type of measurement.

The permeability of powdered ferrites can be estimated by assuming
that the model of a particle in a cavity is applicable and that nearby

particles do not strongly interact, or that effects of nearby particles

cancel each other. The result indicates that for spherical particles, the :

maximum attainable permeability is about 10. o
This investigation of keeper materials for a thin film magnetic

memory has accomplished the purpose of producing an adequate material for f

this application. It would be desirable to continue the study of the re- ;

lation of the keeper properties to memory operation parameters. There are, P




also, several variables whose effect has not teen investigated. Among
these is the effect of particle size and keeper sheet thickness.

Pechniques should be investigated for the experimental determination
of the eflect of the keeper on the stability, shape anisotropy, and disper=
sion of the magnetic films. It is likely that the Kerr Effect Apparatus
would be useful in this purpose. In addition, the beneficial effects of
the keeper as described above should be verified experimentally in the
operation of & memory test plane.
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IV. ELECTRONIC CIRCUITS EFFORT

Several goals were outlined in the original proposal. These
included development of analytical techniques to study the response of the
integrated array, design of drive and sense circuits, study of the possi-
bility of using field effect devices, and the protection of circuit per-
formance at higher repetition retes. Essentially the circuits effort was
a study of the feasibility of an all integrated electronics system. It was
hoped to define the problems associated with the use of integrated circuits
in drive and sense applications with thin film memories.

The following basic results were achieved. Analytical techniques
for studying transmission lines of the system were developed. These are de-
tailed in Section II. A Fourier series computer program for studying the
response of amplifiers in the time domain was developed. This program is
discussed in Appendix D. Performance of the integrated circuit amplifiers
can be predicted with the aid of simple models and this computer program.
Circuit designs which are compatible with the limitations of integrated
circuits were developed and tested. Not only are these circuits easily in-
tegrated, but they are all very similar and make use of a "basic circuit
module" which will simplify the completed system. A design technique for
solving the coupling p~oblem in multistage amplifiers is outlined. This
problem deserves more attention in the future. The relationship between
power consumptién, circuit speed or frequency response, and pulse amplifi-
cation is detailed. This relationship could make optimization with respect
to chip area and power consumption a tractable problem. The possibility of
using field effect devices was studied briefly but was rejected because of
the limited number of complete linear functions (such as differential ampli-
fication) available with field effect devices in integrated form. This does
not rule out their use in the future, but means only that it was more con-
venient at the time to work with monolithic bipolar circuits.

The circuits effort is explained in the following six sections.

" These sections describe

A. The basic circuit module, common to all circuit design,
B. The sense amplifier, | |

C. The word line driver,

D. The bit line driver,




E. The gates,

F. The timing chart, power consumption chart and the mother hoard.
A. BASIC CIRCUIT MODULE

It was desired to obtain as much similarity between the circuits as
possible., This makec the task of integration simpler and means that once
the basic circuit is understood and optimized, design of the various cir-
cuit functions is a routine matter. Optimization can be made with respect
to a variety of performance indices, e.g., power consumption,chip area of
the circuit, frequency response, radiation resistance, cost, and any other
attribute of a circuit design. The danger of standardization is that when
the basic circuilt is optimized with respect to some arbitrary performance
index, it does not do the particular job at hand in the best possible man-
ner. For example, a circulit which makes a good gense amplifier mey not 1
make a good word driver. Fortunately this is not true in the present case. i
When compatibility with emitter coupled logic and the limitations of mono- ‘
lithic circuits are considered, the basic ecircuit module is a best choice 5

for both the sense amplifier and the gates and drivers. ;

One of the greatest problems facing the digital circuit designer has
always been the achievement of high speed with low power consumption. This
basic challenge conbinues into the integrated circuit era. The over-riding
factor in the choice of circuits was the voltage gain/power consumption fac-
tor.

Reference to Figure 4.1 will show some of the general aspects of the
problem. The active element, the transistor configuration, is represented
as a voltage controlled current source. Equivalent input, outpu%, and
feedback impedances are shown for the device. It should be noted that these
capacltances and resistances are normally themselves functions of frequency.
The current source has a response characteristic which can be represented in
the frequency domain by a simple pole.

One immediately sees the possibility of Miller effect capacitance
adding to the input capacitance Ci' This Miller effect capacitance, essen- |
tially'cf multiplied by the voltage gain for the circuit, is typically sev- ?
eral times greater than Ci' To prevent loading of the preceding stage,

then, it 1s necessary that the preceding stage have a low output impedance.
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This is provided by emitter followers in the final circuit design. There- ‘
fore the driving source is represented as a voltage source. %
The output resistance RQ of the amplifier is typilcally many times |
higher than the load RL' Thus the low frequency volbtage gain is given by
ngL' The frequency response of the amplifier is not determined by the
frequency response of the current source, but rather by the pole of imped-
ance of the RL - Co parallel combination. For example, the devices chosen
for the basic amplifier have output capacitances of about 7 picofarads.
Add 3 picofarads of stray capacitance and a load resistance of 1000 ohms,
and the parallel combination has a pole at 16 MHz. This 1s in comparison
with the pole at about 50 MHz in the frequency characteristic of the cur-
rent source. The relationship between voltage gain and fregquency response
is thus established. The first break in the frequency characteristic is
inversely proportional to the voltage gain of the circuit, for a fixed B
The relationship between frequericy response and voltage gain may be

extended to ineclude power consumption. Most devices shoy an increase in %
transconductance as the quiescent current is increased, at least to a g
point. The integrated circuit devices chosen for this work show a direct i
increase in transconductance as the current level is increased. For these
particular devices, the proportionality constant is 8 millimhos per milli-
amp of quiescent current. This relationship is not affected by the quie-
scent collector voltage.

These conclusions may be drawn. The gain-bandwidth product for the ‘
circuit is gmBIWc’ but since w, = l/RLCo’ the product is simply gm/Co. The é
gain-bandwidth product is thus directly proportional to the quiescent cur-

rent consumption. The small signal characteristics of the amplifier are not /
affected by collector voltage if it is above 700 millivolts. Since collec- L
tor power, collector to emitter voltage times collector current, is in a
sense "wasted" power, it is desirable to operate the transistors in a low
voltage configuration. The most desirable configuration seems to be a low
voltage, high current circuit with small collector load resistors. Opera-
tion with low co.lector voltages will require precise control of collector
quiescent current. Typically the circuits chosen operate with 2 volts
dropped across the load resistor and one volt collector to base.

The greatest signal amplification takes place in the sense amplifier,

Since standardization of circuit types is helpful in integrated circuits
work, the requirements of the sense amplifier have heavily influenced the
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cholce of circuibs for the various drivers and gates. A differential
amplifier pelr was chosen for the basic module in the design of the sense
amplifier. This choice was obvious for the input stage, since the bit
line is balanced. However the advantages of the differential peir led to i
its use in all of the circuits. &

The adventages of the differential pair as a basic building block j
are 1list:d in Reference (10). The use of a balanced configuration allows E
many ambient effects, such as power supply variations and tempersture
changes, to be cancelled out. No capacitors are normnlly needed and the
resistance values are relatively low. Operation of the unit depends on
resistance ratios rather than absolute values., With the gidition of output
emitter followers, the quiescent output voltage can be the same as the in-
put voltage. Stages may thus be directly cascaded. This is an important
consideration if only one type of transistor, e.g., the NPN, is allowed on
the chip. Quiescent current levels may be strictly controlled with resis-
tor ratios.

Two other advantages are particularly important, These are the dif-
ferential amplifier's ahility to reject common mode signals at the two input
terminals and the naturel limiting ability of the amplifier. Suppose two
differential amplifiers are cascaded in a direct coupled circuit and the
quiescent current of the first amplifier changes. Both collector voltages
of the first amplifier then change and change the input voltages to the sec-
ond amplifier. But since this change is a common mode signal the output 5
levels of the second amplifier change little, if at all. The natural limit- |
ing ability of the differential pair enables its use as a non~saturating ///r
switch., This is the principle of emitter coupled logic, for example, Motor-
ole's MECL. The total collector current through the pair is determined by
a constant current source in the emitter lead of the differential pair.

The load resistors are selected so that when all of the collector current
flows through one load resistor, the transistor is still not saturated.

Thus there exists the possibility of using the same circuit module for both

B T e

logic and amplification in a digital system.

The basic module consists of a differential pair operating with low

collector voltages and with emitter followers on each collector load resis-
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tor. This configuration is shown in Figure 4.2. The differential amplifier
is the R.C.A. type CA3005. The emitter followers are type 2N918 discrete
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transistors. The 2N918 is a passivated epitaxial transistor that is very

gimilar to a non-gold-doped monolithic trensistor. Such a transistor is

used in high frequency linear amplifier applications. The 2N918 is also

uzed for gating applications in the final circults. Separate chips would

ellow the use of PNP transistors or gold-doped-collector transistors for

these satursbed switching jobs. Much progress is being made in placing PNP |
and NPN transistors on the same chip, but at the beginning of the program

few satisfactory high trequency combinatilons had been reported in the lit- |
erature.

The choice of the R.C.A. type CA3005 monolithic integrated circuit
was bgsed on the versatility, availability and economy of the unit rather
than on its absolute performance. The transistors in the CA3005 are not
the state of the art, This is reflected in its unit retall price of less
than three dollars. On the other hand, the CA3005 is very versatile for
broadband amplification work since no collector load resistors are included.
The user adds his own loads. Secondly, & variety of biasing networks is
included and are selected by shorting certain of the T0-5 can's pins to-
gether., Four different combinations are available and complete specifica-
tlions are given by the manufacturer for operation of each mode at three
different supply voltage levels. This variety of blasing modes was impor-
tant since it was desired to operate into specific load resistors and at
the same time have low collector to emitter wvoltages.

Operation of the differential pair is described both from an
analytical and from an empirical viewpoint in Reference (10), the RCA
Iinear Integrated Circuits Manual. These results may be summarized. The

small signal, single-ended transconductance of the pair is 8 millimhos/
milliamp at low frequencies. The current level referred to is the total
current following through the pair, i.e., the current through the current
source in +he emitter leg. The current consumed in the biasing network
for the current source is less than 1/2 milliamp and varies with the bias~-
ing mode. If the quiescent current through the emitter followers is added
to these currents, total power consumption is obtained by multiplying by
the supply voltage. The transconductance of the differential pair starts
to fall off at a =6 db/octave above 50 MHz. The input and output impedan-
ces in the model of Figure 4.1 are frequency dependent. The output resis-
tance R is typically 10,000 ohms at i MHz but falls to 2800 ohms at 4O MHz.
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C, 43 4 picofarads at 1 Miz tut rises to 7.6 picofarads at 40 MHz. All {
of thece data are developed in the reference, |

B, SENSE AMPLIFIER

The sense amplifier must amplify induced slignale from the magnetic
film to the logic levels employed in the system. The sense signal is in a
noisy environment; thus strcbiﬁg of the sense amplifier output is a neces-
sity. The sense "' :.al i8 induced in a balanced bit line and appears as a
differential signal at the input terminals to the scnse amplifier. Most
noilse, however, appears as a common wmode signal and is rejected by the sense
amplifier. Important design criteria for the amplifier are that the ampli-
fier have a differential input, have good common mode rejection, and have
the ability to strobe the output signal. Choice of system loglic levels sets
the required output levels for the amplifier.

Design criteria set by the requirement of limited power dissipation
were the most challenging. Additional requirements are that the noise level
of the amplifier be much less than the sense signal level and that the am-
plifier have adequate frequency response. The frequency response of the
unit is important from two aspects. First, time delay of a signal passing
through the amplifier is related to the phase shift of the amplifier. For
a network characterized by poles and zeros in only the left half plane,
phase shift B is directly related to the gain-frequency characteristics.
Group delay for the network is -d8/dw. For example, if the amplifier fre- ' §
quency response falls off rapidly about some wo,then phase shift will change i//k
rapidly about UR alsq. The resulting time delay will increase. The net “
effect for a signal possessing frequency components up and above the bresk
frequency of an amplifier is that the output waveform will be distorted
due to dispersion. One effect of distortion is that the output peak will
occur later in time than the input peak and the amplifier output will tend
to "hang up" after the input has returned to zero. Phase shift is reduced

. by wide frequency response. Given an amplifier with a fixed gain-bandwidth
product and characterized by a simple pole, the tradeoff is between a lLow
dc gain, wideband amplifier which gives a certain peak output signal with
little time delay, and a high gain, low bandwidth amplifier with a slightly
greater peak output but much longer time delay. Slightly‘greater output is

81




obtained in the second case since the low frequency components dominate in
the typical input waveform.
A second motivation to have a wideband, or flat, amplifier response
is u2 puevent excessive amplification of low frequency noise signals. Most
common mogle signals present at whe amplifier input will have lower frequency
components than the sense signal. The base of the sense signal is about 10
nanoseccnds long, whereas a typical common mode noise signal, the bit line
drive pulse, will last 20-30 nanoseconds. Excessive response of the ampli-
fier to low frequency signals makes the noise rejection problem more diffi-
cult.
Some circuits in the final design have their power supplies turned
on and off to limit total dissipation, but it was not possible to do this
with the sense amplifier. Thus power dissipation in the sense amplifier
is a critical factor. There are eight sense amplifiers and each amplifier
uses 80 milliwatts. The total power consumption is then 640 milliwatts for
sense amplifiers alone. This is an appreciable portion of the 1000 milli-
watt total dissipation allowed for the memory. Three stages are normally
required for sense amplifiers of this general class. This means about 27 ;
milliwatts per stage is allowed. Since the minimum reasonable voltage ?
supply is + 3 volts, 4,5 milliamps per stage is allowed. At this point the
importance of logic levels can be seen. High logic levels require much
more dissipation in the sense amplifier. Perhaps the lowest standard lev-
els are those of emitter coupled logic. These levels are separated by the §
drop across the emitter-base junction of a silicon transistor, or, about |
750 millivolts. The absolute magnitude of the levels depends on the supply
voltage levels to a logic gate. If O and -5.2 are used with Motorola's f
MECL logic, =750 millivolts and -1.55 volts are typical logical levels. é
These levels were used throughout the circuit design for this program.
1. Bit Line | ,
The bit line is the transmission line which carries the induced
voltages rom the switched film to the terminals of the sense amplifier. % :
The attenuation in this transmission line should be small since signal -
levels are very low and induced noise can become a problem. Design of
- this line must take into consideration fabrication problems. Typically
there must be a compromise between low loss characteristics and ease of

fabrication.




A first order analysis has been made of typical transmission lines
in evaporated film structures. When discrete transistors are used for the
sense amplifier, the physical size of the amplifier will be too large for
the amplifier to be mounted close to the bit line. Some fan out of the
transmission lines will be necessary. In the present system, this fan out
was accomplished on the printed circuit board rather than inside the evap-
orated structure. Thus there are two transmission lines between the induced
signal and the sense amplifier. The line on the printed circuit board is
characterized by low loss but a relatively high characteristic impedance.
The evaporated lines are low impedance, lossy lines. These differences re-
sult from the greatly different dimensions of the two lines. The differen-
ces in characteristic impedance will result in some reflection of the high
frequency components of signals traveling down the lines. These reflections
will be ignored since they are characteristic of the prototype design only
and not of an all evaporated and integrated structure. Complete analysis [
~ of the bit line is carried out in Section II. |

Analysis of the bit line indicates that, as far as the induced sense
signal is concerned, the line can be represented as having a frequency de-
pendent transfer characteristic and a certsin output resistance. The out-
put resistance is a function only of the resistivity and size of the bit
line conductors. It represents a loss at all frequencies. Above the cut-
off frequency of the line there is additional loss expressed by the declin-
ing megnitude of the transfer function. The transmission line can thus be
characterized as a 3 ohm, 40O MHz line, for example. The output resistance
of the line will form a voltage divider with the input resistance of the
sense amplifier. The input resistance to the amplifier happens to be 22
ohms. Thus 3/(22 + 3) = 129 of the sense signal is lost to conductor resis-
tivity. Additional portions of the signal are lost to the finite bandwidth
of the line, Design of the sense amplifier is based on an input signal at
the amplifier terminals of 2.5 or 3 millivolts peak and lasting about 10
nanoseconds. This is approximately 88% of the 3.5 mv peak induced switch-
ing voltage estimated in Section II. For actual evaluation of the ampli-

fier, such a signal is easily obtained ty differentiating the rising edge

from a fast rise time pulse generator. The actual signal used is shown in
Figure 4.3.
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2. O0Offset Problenm

The general requirements of the sense ampliZ'ier have been outlined

in the preceding paragraphs. Another problem, peculiar to integrated cir-
cults operating with strict power requirements, is low frequency noise or
drift. This problem is important because the traditional solutions of
coupling capacitors, or large collector to emitter voltages to absorb
changes in opersating point, can not be esasily applied. Extensive use of
coupling capacitors is ruled out by chip area limitations. Relatively
large capacitors would be needed to couple stages without excessive signal
loss. lLarge collector to emitter voltages (say, three or four velts) would
solve the problem at the expense of wasted power.

The magnitude of the problem can be easily demonstrated. The first
two stages of the sense amplifier have a pulse gain of 200 and a low fre-
quency gain of about 1000. These are typical numbers for a variety of cir-
cuits considered. The sense signal at the input terminals is 3 millivolts,
giving a 600 millivolt output swing. However, offset between the base-
emitter voltages of the input differential pair is typically 3 millivolts.
Thue the differential output signal due to offset is 3 volts, or five times
that of the sense signal. This could not be tolerated in a direct coupled
system.

Plausible solutions include a better match between the input trans-
ictors, applying an external bias signal which cancels the offset, and use
of capacitors. Since offset is a function of manufacturing tolerances as
much as temperature differences, and these tolerances are constantly being
improved, it was felt reasonable to use selected integrated circuits for
the input stages. The manufacturer, R.C.A., markets a device identical to
the CA3005 exc~pt for tighter offset tolerances. This device, the CA3006,
was used for the input stages. It has a typical offset voltage of 1 milli-
volt, compared to the 3 millivolts typical of the CA3005.

Cancellation of‘the offset voltage by an external bias signal was
nct felt to be reasonable in a large system and, in addition, would be
difficult since.the offset varies with time. The offset voltage can be
represented as a generator attached to the input of an ideal amplifier.
This generator would have strong frequency components up to several hertz.

The only complete solution to the offset problem involves the use
of capacitors. Capacitors may be used as coupling elements between stages
or as feedback elements. When used as a coupling element the capacitor
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reduces the low frequency gain of the amplifier. An equivalent circuit is
shown in Figure 4.4. Resistor R, is the biasing resistor for stage N + 1
and offers a dc retur: path to ground for any bias currents. Ro and Ri are
the small signal output and input resistances of the amplifiers. Ilet the

parallel resistance of Rb and Ri be represented by R. Then,

R = RbRi/(Rb + Ri)

and the transfer ratio EO/ES is easily shown to be

E
o_ _ R S
ES R + Ro s + 1/C(R + Ré)

The representation of the amplifier as a voltage source is reasonable

since the output stage of the module shown in Figure 4.2 is an emitter
follower. The output impedance Ro of the emitter follower is essentially
the base resistance of the 2N918 - several hundred ohms - since the col-
lector load resistor is about 2000 ohms and the emitter resistor is several
kilohms. Ri for the CA3005 is about 2000 ohms and it is reasonable to
assume that the equivalent resistance of the biasing network, i.e., Rb’ can
be made large compared to 2000 ohms. The low frequency pole is thus loca-
ted at about

s == 1/2000 C .

If C is chosen as 100 picofarads, the pole is at 800 kHz. A gain-frequency
plot is sketched in Figure 4.5 for the coupling network.

If capacitors are used to couple stages, two resistors, shown simply i
as Rb above, are needed for each side of the differential amplifier in addi-
tion to those shown in Figure 4.2, These are used to correctly bias the
differential pair of stage N + 1. If direct coupling could be used, the
input to one stage would be tied directly to the output from the preceding

stage.
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A series R, shunt C, type of feedback network can bhe used around the
direct coupled amplifier to solve the offset problem. The cutoff frequency
of the network would be relatively low so that the mid-band gain of the
amplifier would not be affected. A schematic representation of the scheme
is given in Figure 4.6 which shows representative gain-frequency plots for
the open and closed loop amplifier. It is seen that the pole of the feed-
back network introduces a dipole in the closed loop response. The exact
nagnitude and location of the dipole, i.e., the feedback ratio and the loca-
tion of the feedback pole, will be discussed later.

The significant factor is that the feedback network is easier to
fabricate than the coupling capacitor network and will likely occupy less
chip area. Reference (1l) gives models for typical monolithic capacitors.
These models show stray capacitances from each terminal to ground., It is
these parasitic capacitances which cause signal losses in coupling applica-
tions, but which are unimportant in the feedback application since one term-
inal of the capacitor is grounded. The feedback network is easier to fab-
ricate in the sense that the losses normally encountered in monolithic
capacitors do not adversely affect performance.

Design of the feedback network in monolithic form is outlined in
Appendix F. The transfer characteristics of a typical line 50 mil long and
3 mil wide have been computed for several excitation frequencies. These
are shown in Figure 4.7. The distributed line does not behave like a sim-
ple R=-C network; yet it is still useful as a feedback element. Care needs
to be taken in the design of the feedback loop, but once the loop is de-
signed, the fabrication problems should be less since parasitic capacitances
are unimportant.

There exists another possible use of capacitors in a feedback scheme.
This involves the use of active elements to multiply the apparent value of
a capacitor so that the time constant in the feedback network is more easily
achieved. The advantage of this method is that the resulting transfer func-
tion is characterized by a rational expression in the complex frequency
variable s. This is in contrast to the previous method using a distributed
R-C transmission line. The disadvantage is that the capacitor must have
both terminals above ground. This type of capacitor is more difficult to
fabricate than the capacitor with one terminal grounded; that is, the re-
sulting capacitor differs from the ideal more when both terminals are above

signal ground.
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Consider the schematic of Figure 4.8. The cireuit would be con-
gtructed as a differential pair; here only one side of the pair has heen
shown. The differential input impedance of the amplifier is shown as Roe
The output admittance of the amplifier has been ignored. Straightforward
node analysis ylelds the voltage trensfer function eo/ei'

1
S )
e R R, + By 1

5 + - /
RlRE c(l + gmBB)

It is seen that the apparent value of the capacitance has been increased
by the factor (1 + ngs). To give some feeling for the numbers, assume
that g = 40 millimohos, R, = 10 kilohms, R, = 10 kilohms (this is easily
achieved using input emitter followers), Ry = 5 kilohms and C = 20 pico-
farads, a very reasonable value. The equivalent time constant of the net-
work 1s then

6

=12y (1 + 200) = 20 x 10°° .

RC = (5 x 109) (20 x 10

The corresponding cutoff frequency is only 8 kHz. This scheme was not used
in the prototype because of the additional complexity of the circuitry.
This would not be the case when an all integrated structure is used.

3. Small Signal Performance

The requirements for the small signal performance of the sense amp-
lifier will be briefly reviewed. The sense signal amplitude at the input
terminals is about 2.5 millivolts. The logic levels of emitter coupled logic
differ by 750 millivolts. It follows that a pulse gain of roughly 300 is
needed. Pulse gain is specified rather than mid-band gsin since the sense
signal spectrum is far wider than the bandpass of the amplifier. Thus the P
pulse gain is far less than the mid-band gain of the amplifier, typically by
a factor of 5-10 for the particular sense signal and the CA3005. Analysis
of a two stage amplifier employinz CA3CO5's wes made using the Fourier series
computer program, described in Appendix D. A computer run was made with
each stage characterized by a simple pole at 10 MHz and a dc gain of 4o,

The output from a 5 millivolt switching signal into a 100 MHz bit line was
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2.47 millivolts peak. The peak output from the two stage amplifier was
450 millivolts. The pulse gain was 180 whereas the dc gain was 1600, about
nine times greater. The pulse gain per stage was a factor of three lower
than the de gain., Actual pulse gains measured are about 20% lower than the
predicted gains.

When the bandpass of the amplifier and the signal spectrum are com=-
pared, it is somewhat surprising that anything is obtained from the ampli-
fier., The signal has significant frequency components up to ten times the
cutoff frequency of the amplifier. The primary effects of this narrowband
amplification are that the pulse gain is less than the low frequency gain
and the output peek appears to be delayed considerably from the input peak.
For the present system, this delay is about 30 nanoseconds. The output
appears to be an integration of the input, with the output "hanging up" for
some time after the input signal has returned to zero. These characteris=-
tics will be seen in the actual waveforms of the amplifier. Again it should
be emphasized that the R.C.A. CA3005 is not the most sophisticated integrated
circuit on the market. It was used in this design because of its flexibil-
ity and economy. Improved frequency response of the integrated circuits
would allow more freedom in the design cof the feedback network.

The total amplification needs of the sense amplifier are easily
satisfied by a three stage amplifier. It would be difficult to accomplish
the amplification and the necessary level shifting in only two stages. The
sense amplifier may be divided into two parts, the preamplifier and the out-
put stage. The output stage can also include any strobing circuitry neces-
sary. The preamplifier has a pulse gain of 150-200, with the output stage
adding the additional factor of two. The output stage is similar in design
to a standard MECL logic gate. It was not constructed but a typical design
is illustrated later. The output stage was not considered to be the diffi-
cult portion of the sense amplifier.

The preamplifier was constructed and evaluated. It will be described
compietely., The output swing of the preamplifier is several hundred milli-
volts, so the signal is easily observed on an oscilloscope. In the present
system, the output stage would be constructed on separate printed circuit
cards from the preamplifier and would be connected by coaxial cable. There-
fore a low impedance output was accomplished with double emitter followers.

Were a complete system to be built, the output stage would be constructed as

ol




an extension to the preamplifier and the additional emitter followers
could be omitted. In the present system the output stage must be coupled
through capacitors since the offset stabilizing loop only extends around
the preamplifier. In a complete system, however, the stabilizing loop
would be carried around the output stage also, and the coupling capacitors
eliminated. These differences are sketched in Figure 4.9, The remainder
of the discussion will be devoted to the two stage preamplifier with feed-
back, but the principles of design apply also to a complete three stage
amplifier with feedback.

The small signal performance for ‘the individual stages is most easily
described in the frequency domain. The measured response for the circuit
of Figure 4.2 is given in Figure 4.10. It agrees essentially with the re-
sponse predicted by the model of Figure 4.l with Cy = 8.8 picofarads, a &
of 21 millimhos, and a load resistance of 1800 ohms. The output resistance
and feedback capacitance of Figure 4.1 can be ignored. This model gives a
low frequency gain ol 37.8 and a pole at 10 MHz. The measured response also
showed a second pole in the neighborhood of 50 MHz due to roll-off of the
transconductance,

The open loop performance of the preamplifier is the product of two
of these stages. The closed loop performance will now be described. A
glance at the frequency response of the individual stages indicates that
very little resistive feedback can be applied around the preamplifier. In
.terms of gain=-frequency plots, stability is assured if the slope of the
gain plot at O db is equal to or less than -6 db/octave. The total open
loop gain, the preamplifier in series with the feedback element, must sat-
isfy this criterion. It is easily seen that the amount of feedback is lim~
ited. An even more serious objection is that the mid-band closed loop gain
of the amplifier is reduced by the feedback. A simple way to assure maxi-
mum mid-band gain, and stability at the same time, is to reshape the gain-
frequency plot for the open loop by a dominant low frequency pole in the
feedback loop. This new pole rolls off the open loop gain at a low fre-
quency, giving the gain-frequency plot a =6 db/octave slope at 0 db. Fur-
thermore the mid-band gain of the closed loop amplifier is not seriously
affected since the feedback ratio, 8, is now small at these frequencies.

A sketch of the gain-frequency relationship for the forward amplifier and
for the open loop system is given in Figure 4.11. It is seen how the feed-

back pole dominates the open loop gain-frequency characteristic.
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Figure 4.9 Comparison of sense preamplifier constructed (upper), and a
complete amplifier as would be used in an operating system
(lower). Each stage is a basic circuit module
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Asymptotic gain-frequency plots for the sense preamplifier
with feedback dominated by a pole at 100 kHz. The two

basic circuit modules comprise the forward amplifier. The
feedback cascaded with the forward amplifier yields the open
loop. When the loop is closed, the output/input response is
the closed loop




This scheme is completely general and may be used around any ampli-
fier. Buccess depends on the ease of fabrication of the low frequency pole
in the feedback element. Given a maximum R-C product which can be fabri-
cated, it is necessary that the pole synthesized with this R-C be at a much
lower frequency than the first pole of the forward amplifier. In the pres-
ent case this means the feedback pole must be at a much lower frequency than
10 MHz. Thus, the wider bandwidth amplifier will require a lower R-C pro-
duct in the feedback loop to insure stability. In general, the greater the
reduction in gain at dc because of the feedback, i.e., the greater the loop
gain, the greater the R-C product required. Once stability is assured, the
resulting closed loop gain-frequency characteristic can be examined. The
closed loop frequency response will have a zero at the location of the feed-
back pole and will rise at a 6 db/octave rate until it intersects the for-
ward gain of the amplifier. If the feedback pole is too close to the first
pole of the forward amplifier, some peaking may occur in the closed loop
response. Both the stability and the frequency response of the closed loop
amplifier are most easily determined from a root-locus plot. The plot for
the preamplifier constructed is given in the next section (Figure 4.14).
The only generalization that may be made is that this feedback scheme is
useful when the R-C product, which can be easily fabricated, results in a
pole lower than the required low frequency cutoff of the closed loop and
considerably lower than the first pole of the forward amplifier.

4, Circuit Details and Performance

A circuit diagram for the preamplifier is given in Figure L4.12, ;
Bach differential amplifier is an integrated circuit; the remaining com-
ponents are discrete. Each component is identified on the photograph in
Figure 4.13. The feedback network is the R-C "T" formed by C1» Bgs Ryms ;
and by Cy, Rg, Rig. Bach "7 serves one side of the differential amplifier. %
The feedback ratio at dec is determined by

posls. M
R13 R5 + R17

In the present case this is 0.0055 = 1/180. The dec gain of ‘the amplifier
is about l/B, so any voltage offset appearing at the input terminals will
be multiplied by 180. The observed offset at the output was between 200




ade

S93B]TOA PUEB SqUSIIN)

SToAST quadsaTnd
*ISTITTdwesxd osuss JOF OTJBWSYDS 2Lt 2an3Td

————— JAoVEETES

34 00t
2
g

] Dy p——

|
S S|

Yo0yz
iy
% %
°
Tool vHOEE
I03I1K)
vookz COOEE
aum mMm
L)
&
=z 0g- 0042
STy

YOCHT

B GECT

8% %
—— e ]
AE+
0 HEOH
\llw
go@u
Ty
= NT L

T

4y & |

L — — — soveamss — ——J

100




pIeoq JoTJTTdureaxd asuas JOJ UOTBOTJITQUSPT Sqaed €1°# 2an3td

aNNOY¥9

S1NdNI

1lNndino

1Nnd1no

ey i




T 1 I | I J 3w
- Loy ~ 20
0 \
OPEN LOOP POLES \ TWO OPEN LOOP
— FROM B ROLL-OFF POLES FROM 1°
i \ COLLECTOR R-C  }* opmy 100P
L CLOSED | ' \ | PRODUCT /s | POLE FROM
; LOOF POLES \ ' ¢ FEEDBACK AT
. +_ .y ol o ¥ M ﬁ e
-60 -50 ) ™CLoSED 100P
\ ZERO AT
CLOSED R
100P POIE [ CLOSED LOOP \
a p / ; POLES WITH 4. 10
SCAIE: X 10 R
| / -1 - 20
. / . ,
L L | | | ] L -Jw

Figure 4.14 Root locus plot for sense preamplifier with 100 picbfarad
feedback capacitors and B = 1/180
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and 300 millivolts, indlcating that the offset of the CA3000 was & little
over 1 millivolt.

The design of the emplifier is very straightforward. Rl and R2
are terminating resistors for the bit line. The velue of these resistors
is limited by the common mode voltage developed across them by the bit
current during the WRITE operation. The amplifier can only stand a few
hundred millivolts of common mode voltage since the collector-base guies-
cent voltage of the input stage is 600 millivolts. R5 end R,, were chosen
to give the desired low frequency pole with Cl’ The value . Cl was arbi-
trarily set abt 100 picofarads. Larger values For Gl would esult in a
lower frequency pole for the feedback. The location of the feedback pole

is given by the parallel resistance of R5 and 317 combined with cl.

£, = (R5 + 317)/2”3531701

This is the pole of the voltage transfer ratio. g is then chogen to give
the desired feedback ratio.

Once ‘the open loop characteristics of the forward amplifier are
known, the feedback loop is designed with the lowest frequency pole allowed
by the fabrication process. The evaluation of the closed loop amplifier may
be made with either Bode plots or with root locus plots. The root locus
plot for the present amplifier is given in Figure 4.14. The feedback pole
is at 145 kHz. The open loop gain of the forward amplifier is 1200. The
location of the closed loop poles is given for 8 = 1/180. It is seen that
the amplifier constructed has complex poles with rather light demping.

This was done to check the design method since relatively small errors or
parasitic feedback would lead to instability. No insbability was observed.

The quiescent voltages and currents are given on the schematic of
Figure 4.12. The total power consumption for the preamplifier is 6 volts
X 10 milliamps, or, 60 milliwatts. The emitter followers are operated at
about the minimum current without excessive signal loss. Since the current
gain for the transistors falls off for quiescent currents less than 1 milli-

amp, the emitter follower becomes less effective at low quiescent current

- levels. The integrated circuit amplifiers are operated at 2.7 milliamps

total collector current in what the manufacturer refers to as "Mode C"
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blasing. This biasing mode has the advantage of maintaining constant the
total collector current over the temperature range from =55 degrees C to
+125 degrees C. This is achieved through the use of temperature compensat-
ing diodes in the constant current sink for the amplifier. An additional
advantage of this perticular bilasing mode is that the transconductance per
milliwatt of dissipation is one of the highest avsilable. This ratio of
transcondictance per milliwatt is a useful figure of merit. For Mode C
biasing with £2 volt supplies, it is 1.25 millimhos per milliwatt. It is
desirable Lo have a high transconductance to dissipation ratio at a rela-
tively high ~urrent level. This will be explained in the following dis-
cussion.,

Direct coupling between the stages requires a fixed quiescent drop
across the collector load resistors. This drop is the supply voltage minus
the desired output quiescent level, plus the emitter-base drop of the emit-
ter followers. Refer to Figure 4.2 again. The quiescent collector voltage

level is V_ - IORL/Z, for a balanced amplifier. ILet this fixed quiescent
drop be Va.

v, = IoRL/2

The power consumption for the c¢ircuit, neglecting the power consumption of
the constant current sink biasing network, is

for balanced voltage supplies. The voltage gain of the circuit at low
frequencies is

V.G.

&y,

Substituting,

R




V.G, = AVdVE(gm/P)

Given n supply voltape, the drop Vﬁ +8 fixed in order t~ achieve noupling.
These results follow. Given a supply v: lhage, choose the biasing mode
with the highest gm/P ratio, if the resulting gain-bandwidth product is
sebisfactory. Rememher that the gain-bandwidth product is ﬁm/Co for these
units. Since Bn 1s related to IQ by the constant 8 millimhos/milliamp, it
is decirable to have a good gm/P ratio ~* a high current level.,

If the supply voltage is to be chosen, the voltage galn is merely

V.G = L vavs(gm/e VI) =167,

since By = 8 I, millimhos, where I is expressed in milliemps. This ex-
pression has been verified since the measured de gain is 36 and the voltage
drop across ‘the load recgistors is about 2.25 volts. The choice of supply
voltage was made on the basis that since three stages were necessary, and
the total gain required is known, the voltage gain per stage can be deter-
mined. This fixed the supply voltage st 3 volts, the nearest "standard"
voltage. If the supply voltage can be chosen at random, the choice should
be studied with great care using the above principles. Total amplifier
voltage gain could be expressed as a function of total power consumption
for amplifiers consisting of one, two, three, ... stages. For most realis-
tic conclusions, the voltage gain used should be the pulse gain rather than
the low frequency gain. Thus each possible amplifier would have to be eval-
uated using the Fourier series program. Weighting could be given to the
increase in deley caused by low bandwidths. If this study were made, a
truly "optimum" selection of operating points could be made.

Thé procedure for selecting the operating point can be summarized
as follows:

1. On a supply veoltage versus supply current graph, plot constant
power consumption hyperbolas.

2. For a single stage amplifier determine the pulse gain with the

AT P B PR S ﬂ\,~

Fourier series program for a variety of supply voltages and currents. The
pulse gain alone, or in combination with signal delay, can be used as an
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an index of performance.

3. For selected points on the supply voltage - current graph note
the index of performance and cornect similar indices, thus forming con-
tours of the indei.

4. Foxm similar graphs for two stage amplifiers, three stage ampli-
fiers, etc. From the entire set of graphs select that operating point
(supply voltage, supply current, and number of stages) which mcets the min-
imum performance requirements with a minimum of power dissipation.

The measured gain-frequency characteristic of the closed loop ampli-
fier is shown in Figure 4.15. The resonant peak at 3 MHz is the result of
the feedback path. A lower frequency pole in the feedback path would remove
this peak. The primary effect of this peak is undershoot in response to the
impulse-like sense signal. The response of the amplifier for a typical ex-
citation signel is given in Figure 4.16. The excitation signal was that of
Figure 4.3 with an amplitude of 2 millivolts. This signal is formed by
differentiating a pulse from a standard pulse generator. This differentia-
tion results in a positive going signal at cne edge of the pulse and a neg-
ative going signal at the other edge. Thus Figure U4.l6a shows the amplifier
response to both a negative and a positive signal. Figure U4.16b shows the
same amplifier and excitation signal but with the 100 picofarad feedback
capacitor replaced by a 300 picofarad capacitor. The improvement in under- ;
shoot is obvious. In all other tests the 100 picofarad capacitor is used. !
Figure 4,17 gives a detail view of one of the output signals from the pre- E
amplifier. Figure 4.18 shows the output when the amplifier is overdriven. : ?
It is seen that the amplifier limits for inputs slightly greater than the '
expected sense signal.,

Besides differential amplification, the other important criterion
for the preamplifier is common moc. rejection. This is necessary because :
the bit current and induced poise from the word current will result in a é
common mode voltage at the input terminals. The bit current will result

also in a differential voltage due to any unbalances in the bit lines or

T

the terminations, but the differential signal should be relatively small.
The word current also introduces a common mode signal. Whereas the bit
current interference can be eliminated by strobing the amplifier output,
the word current signal camnot, since it occurs at essentially the same

time as the sense signal (the sense signal is the induced signal from the

magnetic film switching under the influence of the word current). Ideally
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Figure 4.16

Output of sense preamplifier. Part (a) shows output with
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the word current will result in common mode noise only, and no differential
signal will be induced. Any unbalances in the bit lines or terminetions
will cause a differential signal. Response of the amplifier to two levels
of common mode signal is shown in Figure 4,19. The common mode gain of the
amplifier is less than one in both cases. The exeitabion rignal in both
cases was the sense signal waveform. The differential inputs were tied to-
gether to give a common mode input. The common mode gain is relatively in-
dependent of signal frequency since the common mode rejection increases at
lower frequencies, but so does the differential gain of the amplifier. At
higher frequencies the common mode rejection decreases but so does the dif-
ferential gain.

5. Output Stage and Strobing Circuit

A proposed output stage is shown in Figure 4,20, It is similar to
the basic circuit module except for the addition of a strobing cireuit and
emitter followers on the input. This circuit was not actually constructed
but is similar to other circuits employed in the sonce amplifier. It would
be normally directly coupled to the preamplifier and the offset stabiliza-
tion loop wouldvbe taken from the collector load resistors. The stage has
a lovw frequency gain of 16 and the output levels are those of emitter
coupsled logic. With this gain any signal loss in the input emitter follow-
ers is of no consequence. Two strobing transiuvtors, Ql and Q2 of the dia-
gram, are provided. These are held in the saturated mode by a positive true
logical ONE from the central processor. Note that the emitter of each of
these transistors is returned to the r~“zrence voltage, -1.15 volts, of MECL
logic. The bases of the output emitter followers, Q3 and Qh’ are held at
about -~1.0 volts when Ql and Q2 are ON. The output would be about -1.7
volts in this case, or below the logical ZERC level. The saturation char-
acteristic for a non-gold-doped monolithic transistor is given for moderate
base drives by the Motorola reference as 100 millivolts in series with a 75
ohm resistor. It is seen that the collector current of the strobe transis-
tor will always be a small fraction of a milliamp. The base of the output
emitter follower will nevar rise above -1.0 volts when strobed off and, in
addition, the collector voltage of the differential pair will not be affec-
ted. Thus the integrity of the feedback loop is not damaged by the strob-
ing transistor.

Typical operating waveforms are sketched in Figure 4.21. These show
that the differential amplifier is actually switched hard over to one side
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Figure 4.19
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by the sense signal. Thus the cutput waveform and levels are standardized g
by this stage. Discrimination beitwesn a sense "L" and a sense "0" is §
nccomplished since only one side will rise to the "1" level of ~.75 volts. |
This side will set the associated R-8 flip-flop which serves as the output
register. The other side will actually drop below the "0" level of -1.55
volts, but this will have no adverse effect on the flip-flop.

Power consumption is easily determined and 1s essentially the same
as a single stage of the preamplifier. It is approximately 20 milliwatts.
Frequency response of the stage should extend out to about 20 MHz because
of the low collector load resistors (1000 ohme). This will mean that the
open loop forward amplifier will be characterized by two poles at 10 MHz
and one pole at 20 MHz. This is a much better situation than three poles
at 10 MHz.

C. WORD DRIVER

e, oy SRS e

The purpose of the word driver is to deliver positive pulses of cur-
rent with very fast rise times to the word line. The input signal is a
logical ONE which, with emitter coupled logic, corresponds to a shift from
«1.55 volts to =.75 volts. The word driver uses a basic circuit module,
similar to that shown in Figure 4.2, to amplify and level shift the input
waveform. One load resistor and emitter follower is omitted since it is
not needed. The output emitter follower of the basic ecircuit drives another
emitter follower which acts as the output stage. This single emitter fol-
lower can deliver up to 160 milliamps into the word line. If additional
current is needed, two such emitter followers can be used in parallel.

The circuit schematic is given in Figure 4.22, A photograph of one
such circuit is given in Figure 4.23 and the varicug components are identi-
fied. A single 2N918 discrete transistor is used as the output stage. This
transistor must be operated with a very low duty cycle in order to withstand
such high current levels. Paralleling two such transistors, or using a gold-
doped=-collector transistor, would provide a more sophisticated output stage.
The final design would depend on the exact current level required and the
capabilities of the monolithic transistors. The salient point of the design
is that the basic circuit module can conveniently amplify and level shift
the emitter coupled logic signals and drive a simple output Stage. This

same circuit topology can easily deliver 250 milliamps with different supply
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voltages and a different output stage (= higher capacity transistor or two
paralleled transistors).

A one nanosecond rise time is achieved with the use of a snap diode.
The operation of recovery snep diodes is adequately explained in Reference
(12), the General Electric Transistor Manual. ‘The diode is first forward
biased through R&' A certain amount of charge is stored in the junction.

The charge stored is a function of the bias current and the recombination
lifetime T of excess carriers. If the charging current is id’ then the
stored charge is

Qp = 147 (L - e t/Ty

where the charging current is turned on for t seconds. If the rise time
of the driver is much less than the recombination time, essentially all of
the stored charge is recovered. By recovered it is meant that the snap
diode will remain forward biased until the driver has delivered to it this
much charge in the form of reverse current through the diode. Thus when
the time integral of output current from the driver has depleted all stored
charge, the diode will "snap" off and the voltage across the input to the
word line will rise rapidly. If t-e output current from the driver can be
approximated as a ramp, then the snap diode must store at least ;max/QT
coulombs of charg:, where Imax is the maximum output current from the dri-
ver and T is the rise time of this current pulse.

In the present design the HPA type Ollh diode has a recombination
time of about 125 nanoseconds. This value is actually a function of the
forward current. The effective rise time of the driver current pulse is
about 15 nanoseconds (since the driver output voltage must rise consider-
ably to back bias the diode), and the maximum output current is about 160
milliamps. This gives a stored charge requirement of 2.4 nanocoulombs.
This requirement is met with a 25 milliamp forward current. Q2 switches
200 milliamps, but some current is absorbed in the diode biasing network,
so the actual word line pulse is only 160 milliamps.

The bias supply to the snap diode must be turned on about 150 nano-
seconds before the driver is activated in order tb store the required

- charge. Since it is assumed that the supply voltages can be turned on at
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the initiation of a memory cycle, this is a simple arrangement. The delayed
input to the driver stage could be furnished by the central processor. One
disadvantage of the simple resistor biasing network is that it absorbs some
of the driver output current. The input voltage to the word line is several
volts during the word pulse. Thus the driver must furnish enough current to
drop about 12 + 3 = 15 volts across Rh' A much more efficient method would
be to have a common emitter driver to bias the snap diode rather than RA'
The arrangement would be similar to the bit line driver. The common emitter
stage could be driven from the unused side of the differential amplifier.
This circuit modification is sketched in Figure 4.24. Rather than return to
-12 volts, as in the present driver, the emitter can be returned to -3 or -6
volts, thus saving power. The return is to -12 volts in the present circuit
so that Rh can be maximized and thus minimize the driver output absorbed in
RM' When the memory cycle is initiated with the modified circuit, the bias
driver would come on and charge the diode. The output driver would then be
activated by a delayed pulse. As the driver came on, the bias driver would
turn off. Operation of both the original and the modified circuit is ex-
plained by the chart of Figure 4.25. It is seen that R3 limits the maximum
output current from the driver since Q2 1s operated in a saturated mode when
ON. Choice of R3 selects the word pulse amplitude.

The rise time of the output driver is important in that a faster rise
time will require less charge stored in the snap diode. The differential
amplifier is never saturated, so the rise time can be estimated accurately
from small signal performance. From the discussion of the sense amplifier
it is known that typical bandwidths for the basic circuit module with resis-
tive loads betweeq 1000 and 2000 ohms are between 10 and 20 MHz. From the
well-known relation between rise time and bandwidth for systems with little

overshoot (systems characterized by a dominant simple pole),

BT 0.3

we have for a circuit with a 10 MHz bandwidth,

T, = 0.3/107 = 30 nanoseconds
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Similarly, a 20 MHz bandwidth circuit will have a rise time of about 15
nanoseconds. These figures agree with the observed rise time of 20 naio=
seconds for the base waveform of Ql' The fall time of the output stage
will show the effects of base charge storage since the transistor is sat-
urated when ON. The storage time can be minimized by providing a low im-
pedance path to the base of the output transistor. This is provided by
the emitter follower output of the basic circuit., The maximum discharge
current that Ql can handle is limited by RE' Fall time is thus minimized
by small values of Ry. On the other hand, R, absorbs current from Ql when
the driver is ON. This current would otherwise be base drive to Q. Thus

small values of R2 limit base drive to Q2. A compromise value for R, mist
be chosen.

Circult performance is shown in the photographs of Figure 4.26., A
one nanosecor: rise time is achieved with an output amplitude of 160 mil-
liamps. The load for this test was a 1N55 diode in series with a 15 ohm
- resistor and a two inch wire loop to simulate the word line,

D. BIT DRIVER

The bit driver must furnish either a positive or negative output ;
pulse of about 25 milliamps. The exact level is set by the characteristics ?
of the magnetic films and the transmission lines. The particular circuit :
shown in Figure 4.27 delivers 20 milliamps but the circuit topology can eas-
ily deliver 50 milliamps. That is, if resistor values are changed slightly
and power supply levels are increased, more output current is available.
Figure 4,28 shows a photograph of an actual circuit board. The exact output
level is set by Rl (for the positive driver) and by R7 (for the negative
driver). These would be precision resistors in an operating system. Cir-
cuits delivering larger currents will likely be slightly slower since lar-
ger resistor values have to be used.

Circuit operation will be briefly explained with the aid of the

g o g s e e e

schematic. As in the case of the word driver, a basic circuit module drives
an output stage. A logical ONE at the input of either differential ampli-
fier will turn the corresponding driver ON. The second side of the differ-

ential amplifier is taken to =1.15 volts, the reference voltage for emitter
coupled logic. A logical ONE turns the right hand side of the differential




Figure 4.26 Output current from the word line driver of Figure 4.22, Part

(a) shows the 160 milliamp pulse. Horizontal scale: 20 nano-
seconds/division, Part (b) shows the leading edge. Horizontal
scale: 1 nanosecond/division. Vertical scale: 40 niili”xns/
division. .
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amplifier off and Ql or Q3 on. In turn, either Q2 or Qh is turned on and
a current pulse appears on the bit line,

The rise time of the basic circuit module was discussed for the case
of the word driver. A similar discussion applies for the bit driver.
Photographs of actual circuit performance are given in Figure 4.29, 14
should be noted that the supply voltages must be well bypassed at the cir-
cult card, This is accomplished on the mother board by low impedance supply
busses over a ground plane, If these supplies are not well bypassed, the
rise and fall times of the circuits will be longer because of the increased
load impedanc2s, In addition there will be more noise on the lines,

The bit driver is capable of delivering closely spaced positive and
negative pulses, Figure 4,30 shows a negative and then a positive pulse,

By bringing the excitation pulses closer together in “ime, the pulses shown
can be brought together until they cancel each other. No loss in pulse fi-
delity occurs., This is useful in the case of the word driver if it is de-
sired to eliminate the bias resistor for the snap diode. This is a possible
improvement in the word driver and is discussed in the section on the word
driver,

E. HIGH AND LOW GATES

The purpose of the gates is to switch the output pulse from the word
driver to the appropriate word line. The HIGH gates select one of eight
groups of word lines and the LOW gates select the individual lines within
the groups. The input to the gates is a logical ONE from emitter coupled
logic. A tasic circuit module is used to amplify and level shift this
pulse, A common emitter output stage is then used as a saturated switch.

The gates can switch up to 200 milliamps.

The schematics for the gates are shown in Figure L4.31. Figures 4.32
and 4,33 show actual boards and identify the components. There are two gates
per board. It will be noted that the circuits are very similar to the dri-
ver portion of the word driver and the positive bit driver. All of the com-
ments on tradeoffs for resistor values and rise time computations hold for
the HIGH and LOW gates., Actual circuit performance is shown in the photo-
graphs of Figures 4.34 and 4.35. It will be noted that waveforms for various
points in the circuit are included. Simi' r we.2forms would le seen in the
word driver and the bit driver.
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Figure 4,30 Negative and then positive outputs from the bit line driver.

Horizontal scale: 100 nanoseconds/division; vertical scale:
10 milliamps/division.
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F. TIMING CHART, POWER CONSUMPTION TABLE, AND MOTHER BOARD

The timing chart for memory operation is a direct consequence of the
performance capabilities of the individual circuits. Based on the perfor-
mance shown in the figures of this report, the timing chart of Figure 4.36
can be constructed. The length of time that power must be turned on to the
circuits is determined by the biasing requirements of the snap diode in the
word generator. If this dlode were driven by a transistor, es suggested in
the word driver section, this biasing period could be reduced to about 50
nanoseconds. This would include the rise time of the snap diode bias dri-
ver. On the other hand, if the memory were to be operated continuously, or
in bursts with many consecutive cycles, it would be more economical to use
resistive biasing for the snap diode.

The maximum repetition rate is set by the settling time of the sense
amplifier, This settling time can be minimized by lowering the frequency of
the feedback pole. The waveform drawn is based on the performance of the
circuits delivered (with 100 picofarad capacitors).

In summary, the power must be turned on from the time bias is applied
to the snap diode until the bit current has written information back into
the memory. The maximum repetition rate is set by the time from the initia-
tion of the word pulse to the settling of the sense amplifier. Thus the
meximum rate is set by the 225 nanosecond time from word pulse to settling
of the sense amplifier. Power must be supplied for about 250 nanoseconds.
Both of these times can be reduced by the measures indicated above.

A power consumption table is given in Figure 4.37. The average power
consumption is 900 milliwatts at a 200 kHz repetition rate. This is below
the maximum of 1000 milliwatts allowed. The additional 100 milliwatts could
be easily "spent'" to lower the rise times of the various generators by low-
ering resistance levels and increasing current levels. Some thought has
been given to the problem of turning on and off power to the various gates
and drivers. Because of the fast response time of the circuits, no problem
will be experienced with ringing or instability. One set of circuits, the
LOW gates, was tested with the power switched on just before the circuit was
activated by the signal pulse. Performance of the low gates is shown in the
photograph of Figure 4.38. There is no difference between the observed cir-
cuit performance under these conditions and under steady state power
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Figure 4,37

POWER CONSUMPTION

Duty cycle is computed on the basis of a 200 kHz repetition rate. Since
power is on for 250 nanoseconds per cycle, the duty cycle is 0.05 or 5%.
Only the sense amplifiers and power gates are not switched on and vff.

Circuit Function Number in Memory Consumption per Total Consumption

Circuit
;
Power Gate 5 25 milliwatts 125 milliwatts |
(£3 volts, #6 volts,
-12 volts) i
Sense Preamplifier 8 60 480 é
Sense Amplifier Out- 8 20 160 |
put Stage
Word Line Driver 1 0.05 x 1200 = 60 60
Bit ILine Driver 8 0.05 x 100 = 5 4o :
HIGH Gates 8 0.05 x 42 = 2,1 17 /
1OW Gates 8 0.05 x 35 = 1.75 14
| g;g milliwatts




.
)

Figure 4,30 Performance of LOW gates under pulsed power conditions.

Horizontal scale: 50 nanosect :1:.'/1"1‘.‘1.'_]' Ne



conditions. The 25 nanoseconds between when the power is applied and when
the circuit can be switched by logical signals can be used to charge the
snap diode.

Typical power switches are shown in Figure 4.39. The design assumes
thet it would be permissible to use PNP transistors for this switching ap~
plication since only a few are required and they could be fabricated on sep-
arate chips or in a separate ilsolation region of the chip. Furthermore, the
performance of these transistors is not critical and low B transistors would
be acceptable. The primary requirement of these transistors is the ability
to handle relatively large currents. Fortunately none of the supplies which
directly furnish output current from the drivers has to be switched.

Commercial integrated circults were used as much as possible in
this design. Even so, because of the number of extra discrete transistors
and resistors required, the circuits for a completed memory will occupy
about 46 square inches of printed circuit board surface. This may be com-
pared to about 1.8 square inches of memory plane. It should be noted ‘that
1f all circuits were monolithic, as they may be, they would occupy less room
than the memory plane. Although 46 square inches of printed circuit board
surface 1s not excessive (approximately 7" x 7"), problems of fan-in and
fan-out from the memory plane suggested using small circuit boards mounted
perpendicular to the mother board. If all circuits are on small, seccndary
boards the design is modular and can be changed without changing the large
mother board.

The layout of the mother board is shown in Figure 4.40. Regions are
indicated for each of the circuit types, i.e., IOW gates, HIGH gates, bit
drivers, word driver and sense amplifiers. Each secondary board fits in a
milled slot in the mother board and is held firm by epoxy cement. Tabs are
placed on both sides of the small boards for soldering to the lines of the
mother board. These solder filets offer additional mechanical support. The
entire reverse side of the mother board is a ground plane to keep the imped-
ance of the lines on the mother board low.

G. SUMMARY
The purpose of the circuits effort was to investigate the feasibil-

ity of using an all integrated structure for a thin film memory. It has
been shown that an all integrated circuit is indeed feasible. Circuits
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have been demonstrated which perform all required tasks. The power gain-
bandwidth relation for the circuits has been demonstrated. A method of

optimizing the circuits with respect to amplification, power consumntion,
and chip area is explained. Possible methods of solving the coupling prob-
lem in multistage linesr amplifiers have been listed. The general tech-
nique of using frequency dependent feedback is a powerful method of handling
offsets., Finally, the entire circuit design makes use of a basic circult
module. It was interesting to note that this module can handle both linear
and switching operations,
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V. THIN FIIM MULTIIAYER FABRICATION
®

A. APPARATUS AND PROCEDURES

1. Film Deposition and Apparatus

Film deposition by evaporation in high vacuum was employed exclu-
sively in this study. Major epparatus and accessories are discussed.

l.l Vacuum Eveporation System. The primary vacuum system was a
Veeco model VE-T775 automatic evaporator. The vacuum chamber is construc-
ted of ‘type 304 stainless steel and is 26 inches in diesmeter. The system
is adapted to conventiohal evaporation methods using filaments, boats, or

crucibles., In addition, an electron beam power supply and gun, Veeco model
VeB=-6-C, is incorporated for evaporation by electron beam technigues.
Helmholtz coils are positioned outside the vacuum chamber for applying con-
stant magnetic fields up to 60 Oersted during the deposition of magnetic
films. An overhead chain hoist is employed to raise and lower the 200
pound coils., Figure 5.1 is an overall view of the vacuum system.

1.2 Accessories and Techniques. During early film depositions, a
substrate and mask changer manufactured by Edwards High Vacuum, Inc. was
employed. However, several parts associated with the rotational mechanism
of this apparatus were megnetic. These had to be removed for this work,
and only the basic tripod and top support plate of the original changer
were utilized during the major partinn of this program. Further modifica-
tions included the construction of (1) source compartments that provided
vapor shielding between twe¢ source positions and two substrate positions

and (2) a fixture for supporting, heating, and masking substrates. Insitu '

substrate or mask changing features were eliminated in the modification.
Major features are shown in Figure 5.2. During evaporations from filaments
and boats, substrates were supported above the evaporation source at a dis-
tance of G inches. Electron beam evaporations were made upward from a mas-
sive copper crucible positioned 8-1/2 inches below the substrate position.

- A fixture was constructed to provide substrate support, substrate
heating, and accurate substrate to mask registration. Major details are
shown in the sequence of photographs in Figure 5.3. Three precision pins
mutually register the substrate and transmission masks. The mask holder
mates with a copper plate with the substrate sandwiched in a pressure fit
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between the plate and mask. A spacer ring limits the pressure on the sub-
strate to minimize breakage. Heating of the substrate is accomplished by
heating the copper plate with an auxiliary heater, Rapid cooling is pro-
vided by water flow through a cooling coill attached to the auxiliary heater.
A thermocouple was fixed to the copper plate for continuous monitoring of
the plate temperature during substrate baking and film deposition. While
the copper plate theoretically contributed to uniform substrate hea;ting,l3
its temperature is not necessarily an accurate indication of substrate tem-
perature. As discussed in Section V-B-2,2 for the deposition of Cr-Au
£ilms, there can be a considerable difference between the actual substrate

temperature and that of the copper plate in contact with the substrate,

2., Photo Resist Processing and Apparatus

Equipment for applying, curing, and exposing photosensitive resists
was installed in two separate compartments of an ultraclean box. This in-
cluded a high torque spinner, a hot plate, a vacuum frame and an exposure
lamp. The spinner, model AHTZ2A-T, was manufactured by Headway Research,
Inc., Richardson, Texas and is capable of speeds to 10,000 r.p.m. It was
used for applying thin uniform coats of resist. After application, the
resist was cured on a hot plate, A 100 watt mercury vapor flood lamp, G.E.
type H4JM was used for exposing the resist. A shutter was employed so that
the lamp could be operated continuously. At a distance of 24 inches, the
exposure time for relatively thin coats of resist varied from 1 to 10 min-
utes, depending primarily on the type of resist. A vacuum frame was used
to maintain intimate contact between photomasks and substrates during ex-
posure,

After exposure, the resist was developed with appropriate solutions
in pyrex glassware in a fumehood. A final spraying with solvents with a
solvent spray gun aided in obtaining sharp images. Etching of the films
and stripping of the resist images were also accomplished in the fumehood.
Details of the processing for the resists used are given in Appendix G.

3. Substrate Cleaning and Apparatus

Substrate cleaning was by one of the two methods given in Appéndix
H. The same apparatus was used for each method. This consisted of a rack
for handling of substrates in batches durirg cleaning, pyrex jars, hot
plates, blow bottles, o filtered demineralized water rinse, and a trichlor-

oethylene vapor degreaser. The final cleaning station is shown in Figure

5.4,
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The demin>ralized water rinse contained s Barnstead demineralizing
loop, Model PL-1~C. To this a centrifugel wabter pump was added for cireu-
lating a supply of water through a steinless steel rinse tank. The system
was charged with distilled water, U.S.P. grade. The rinsing tank was in-
stalled in a clean box and was covered with a lid when not in use. After
operating for a few minutes, the resistivity of water reached a level of
15 to 18 megohms.

., Bonding and Micromanipuleting Apparatus

Two bonders wewve available for small lead bonding. One wan for
ultrazonic welding and the other for thermocompression bonding. The ultra-
sonic welder is the Model W-260-A manufactured by the Soiinbond Corporation.
The thermocompression bonder wss constructed by Georg.a Tech. A micromani-
pulator, Dumas Instrument Company Test Station Model D-300, was used for
micropositioning in testing and bhonding.

5. Measurements and Measurement Apparatus Employed in Memory Febrication

Discussed are the measurements, techniques, and apparatus used for
establishing process coatrol in the deposition of films and routine meas-
urements used during the fabrication of multilayer film structures.

5.1 Film Thickness Measurements and Apparatus. A constanbt devia-
tion spectrometer, Hilger and Wabtts model D-186, was used in conjunction
with an interferometer to measure film thickness. The interferometer is

equipped with a white light source and operates on the prinicple of multiple
beam :i.nteri"‘erorma'bryl)+ to produce fringes of equal chromatic order. Design
1s based on that described by Scott, McILauchlan and Sennett ..

Thickness measurements were made to establish deposition rates of
510 evaporation sources so that timed depositions at predetermined rates
could be made to evaporate to a desired thickness. Also, thickness meas-
urements were made to calibrate sources for the eveporation of permalloy
films to know thickness.

5.2 Routine Fabrication Measurements. In the fabrication of multi-

layer film memory structures, resistance, capacitance, and magnetic meas-
urements were made to determine the electrical and magnetic parameters of
deposited films; these were made selectively at successive stages of deve-
lopment and aided in making corrective adjustments in the overall experi-
mental process of building a complete memory. During the evaporation of
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metal films, resistance monitoring was used to deposit to designed resis-
tivity velues. In addition to electrical and megnetic measurements, spec-
imens were optically examined with stereomicroscopes during routine
inspections of the fabrication process.

The resistance and cepacitance measurcments were made with an imped-
ance bridge, General Radio Model 1650-A.

2.3 Memory Plane Test, The concept of the memory plane test is to
measure the elecvrical characteristics of a variety of film and strip line

configurations and fabrication pareameters in actual memory pulse operation.
Simple memory planes are febricabed by multilayer deposition in an identi-

cal sequence to the final memory. The patterns for this program consist of

a series of 3 sizes of word lines and bit lines, There are three sets of

word lines; the first consists of three 5 mil lines wih 5 mil separation;

the second has three lines 10 mil wide with 10 mil separation; and the third .
has three 20 mil lines with 20 mil separation. The array has three sets of

bit lines as follows: 10 mil wide with 10 mil separation, 20 mil wide with

10 mil separation, and 4O mil wide with 20 mil separation.

The simple memory plane is important to the work of this contract
since it provides datu on creep stability, signal levels, and drive require-
ments for a wide range of geometric configurstions. It ig also a simpler
structure than the final memory plane and,hence, serves as an evaluation
platform for fabricabion studies. In fact, most of the fabricabion work
done under this contract was with this simple plane structure.

The test equipment, specially designed for pulse test of the simple
memory, are a test fixture and a logic generator.

Test Fixture: In this apparatus, the simple memory plane is

placed into a recessed substrate holder and a special printed ecircuit over-
lay is positioned to make contact with tabs on the substrate. Current pul-
ses and sense signal are transmitted to and from the substrate wvig trans-
mission lines on the overlay. The original copper overlay was gold-plated
to decrease contact resistance between transmission lines and tabs on the
substrate. Tests showed that all 18 contacts between the substrate and
the overlay can be simultaneously electrically connected with each contact
resistance less than 0.1 ohms, By using this test fixture a simple memory

plane can be pulse tested without a single soldering operation.
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Logic Generator: The loglic generator, which develops program-
mable sync pulses for memory plane evaluation, was designed and built on
Radiation Incorporated’s logle simulator kit Model 59105. The clock in the
system was designed to operate at a pulse frequency of 100 kHz. The logic
generastor contains eight sequentially pulsed channels, any two of which can
be expanded to have more than one pulse in each cycle., The advance of chan-
nel sequence can be controlled either asutomatically or manually. When auto-
matically controlled, the number of pulses in each expanded channel in each
cycle is also automatically controlled. In the menual mode, the number of
pulses in eech expanded channel is manually controlled,

The elght channels are sufficient to program any sync pulses required
‘to test the simple memory plane., The output pulses from the simulator kit
are amplified by a ret of transistor line drivers and then connected to the
syne input terminals of current pulsers. These pulsers in turn supply the
drive currents to the memory plane test fixture. Figure 5.5 shows the set-
up of the simple memory plene test equipment.

B. FABRICATION OF MULTILAYER THIN FIIM MEMORY PLANES

The studies discussed in this section were directed toward the pri-
mary objective of developing a process for fabricating a multilayer film
memory plane., Two potentially feasible processes were initially designed.
These differed primarily in choice of materials. Before examining the pro-
cesses, certain preparations and preliminary studies were made to establish
a starting point. Major efforts were then directed to adapting the proces=-
ses to fabricating a memory. Several major problems ensued; most of these
were systematically solved or eliminated so that much general progress was
mede toward meeting the cojective. It is expected that the few remaining
problems can be solved with minimal effort.

1., Initislly Proposed Processes for Fabricating Memory

Design and the functional characteristics of the multilayer film
nemory plane are discussed in Section II. The word lines are 0.010" wide
and on 0.020" centers, and the bit sense lines are 0,020" wide on 0.030"
centers., These were arrayed in a common plane at right angles to each
other to provide a total of 512 bits with 0.060" centers along the word
lines and 0.020" centers in the direction of the bit lines. It was desir-
able that a process for fabricating the memory meet the following general
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criterion:

(1) Be economical,

(2) Be capable of immediate application,

(3) Be capable of attaining the greatest feasible storage density
with permalloy or similar films in a planar srray of storege
elements, and

(4) Be compatible with monolithic integrated circuit technology.

1.1 BSubstrate Materials and Other Design Features. To support the

£ilm memory, four materials were considered for substrates. These were
doped silicon, fused quartz, Corning type 7059 glass, and non-corrosive
soft glass microscope slides. Silicon was selected as a first choice of
substrate materials for the final memory model so that memory fabrication
would be most compatible with monolithic integrated circuit technology.
Silicon substrates with chemically polished surfaces and doped for a low
resistivity in the range 0,0004 to 0.001 ohm-cm were ordered. At first,
it was thought that possibly the low resistivity silicon wafer could serve
as a ground plane for the memory. =Subsequent theoretical analysis however
indjcated the desirability of a low resistance metal film ground plane.
This was included in the processes designed for experiment. It so happened
that the vendor failed to supply the silicon wafers on schedule, and the
order had to be cancelled. Other substrate materials were then selected in
order to pursue process development. Polished fused quartz was selected as
the second choice for substrate material because of its similarity to pass-
ivating films of SiO2 on silicon and its resistance to breakage with exten-
sive handlirg during fabrication. Glass substrates, Corning type 7059,
were obtained as a third choice. All of the process studies were made with
fused quaertz and glass substrates; and, in the final process analysis, glass
was actually selected over fused quartz due to certain difficulties experi-
enced with the quartz‘ These’difficulties'are discussed subsequently.

’ substrate size of 1.5" x 1.25" x 0.025" was selected for the
memory. This size was slightly larger in width than that needed for the

e
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actual storage matrix. The extra substrate area was for film buss lines
and selection diodes. General Instrument type 10-XH100 beam lead diodes
were used. These are bonded to the maeting buss, and word lines. Figure 5.6
shows one of the diodes bonded to mating lines. Inclusion of the buss lines
and selection diodes on the substrate with the memory resulted in a nest
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hybrid package that simplified interconnections fror * .e memory to the
driving and sensing electronics.

l.2 Process A. A general outline of process A appesrs in Table 5A,

Filins required to fabricate the hybrid package are listed in the first ver-
tical column in order of deposition. The first seven layers make up the
memory matrix; whereas, the last three layers resulted from including the
buss lines on the substrate with the memory. Details on the respective
film layers are list~J horizontally in the table. As indicated in the ma-
terial column, insulating layers were SiO films; the ground plane and bit
lines were aluminum films; and the word lines and buss lines were bilayer
films of gold over chromium. All of the films were deposited by evapora-
tion in high vacuum, This is indicated in the third column where the gen-
eral design specifications of the respective film properties are given also.
During the evaporations of each film, contact transmission metal masks were
employed to restrict the deposit to definite areas or to define a line pat-
tern. A total of eight difference metal masks were required to deposit all
of the film layers. The film patterns were defined completely with the con-
tact metal masks for six of the layers; these were the SiO layers, the 8th
or adhesive layer (Cr), and the buss lines (Cr-Au). However, the dimen-
sional tolerances and line resolution specified for the ground plane, stor-
age film, bit lines, and word lines in the memory design could not be ob~
tained with contact metal masks. This was demonstrated in a series of
experiments designed to determine transmission mask resolution for the type
of masks zmployed. To insure adequate dimensional tolerance and resolution,
the decision was made to use high resolution glass photomasks and to photo-
engrave precision patterns of these films. To photoengreve a film, the sub-
strate was removed from the vacuum system, and the film pattern was etched
before proceeding to deposit subsequent films in the layered structure.
After photoengraving, the substrate was cleaned prior to deposition of the
next film in the sequence. Where applicable, this post deposition fabri-
cation is indicated in the last column of Table 5A.

Aftter depositing each of the ten major film layers, the vacuum
chamber was npened for moving the substrate to a different source position,
for changing metal masks,'or for photoengraving; however, cleaning of the
substrate was not required unless photoengraving was involved. These in-

terruptions in the vacuum processing were advantageous in many respects
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since each film could be inspected before proceeding to deposit subsequent
films in the sequence.

1.3 Process B. The general procedures for process B were similar

to process A. The primery difference in the two processes was that in pro-
cess B the ground plane and bit lines were trilayer metal films of Cr-Au-Cr
instead of aluminum f£ilms as in process A, The notation Cr-Au-Cr is used
to indicate that a gold film was sandwiched between two films of chromium.
Deposition was similar to that of the Cr-Au for word lines in process A}
that is, the chromium films were from 500 to 1000 angstroms thick, and the
gold was deposited for a sheet resistivity of about 0.01l5 ohm per square.
The chromium and gold were deposited successively from independently con-

trolled sources in Jjuxtaposition.

1.4 Comments on the Proposed Processes. At this point, there may

be some questions with regards to the materials and methods that were selec-
ted for the proposed processes, and some explanation is in order. It was
stipulated that vacuum evaporation techniques would be employed to fabri-
cate the film layers of the memory. From a fabrication standpoint, several
problem areas were anticipated. Paramount among these were (1) mechanical
instability of the differing materials combined in a multilayer structure
of so many film layers, and this being compounded because of the relatively
large thickness of eight oubt of ten layers to be deposited by evaporation,
(2) shorting betwien the extensive area of metal films and the numerous
metal film crossovers to be insulated, (3) the possibilities of destroying
magnetic properties of the storage film during the film processing follow-
ing its deposition, and (4) interconnections between the memory and its
driving and sensing electronics. There was considerable conflict in making
a selection of materials, Hardly any one metal film could be selected fbr
the conductive films with properties that satisfied best the conditions
presented by all four problem areas; as a consequence, considerable com-
promising between these problems and other desired features was made with
near certainty that some modifications of the processes would be required.
Severcl properties of silicon monoxide make it nearly an ideal
choice for the insulating films in the memory. The most attractive of these
are its ease of evaporation, its superior adherence to most metals and to
glass and quartz, its dramatic smoothing effectsvon surfaces when deposited
sufficiently thick, its potentially high dielectric strength, its relatively
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low dielectric constaent, and its anhydros nature and general inertness. A
minimum thickness of about 2 p was require. for the Si0 films in order to
limit the capacitance between the various metal films. To provide uniform
dielectric films especially with reliable d.c. insulation at the numerous
conductor crossover points by evaporation was considered a major problen,
and to a large extent this would determine the necessary thickness regard-
less of the dielectric material selected. The problem was complicated by
the fact that the conductive films were relatively thick and their edges
were sharply defined as a result of photoengraving. To mask these effec-
tively, it appeared desi>able to design a broad evaporation source. This
was done with apparent rfaccess. The source is discussed subsequently in
the section on incidental studies.

The selection of aluminum for conductive films in process A was based
upon several factors, the most important being its low resistivity, good
adherence to Si0, and relatively low stress on the SiO films. The latter
feature was considered important for minimizing shorts between metal films.
Since aluminum can be anodized, anodization of aluminum films before depo-
sition of the Si0 in order to improve d.c. insulation at crossovers was an
alternate choice; however, this was not resorted to in the subsequent work.
Gold was selected for the word line in order to assure a reliable bond be-
tween the diode beam leads and the line. The choice of gold also elimi-
nated the possibility of contact resistance at points of direct contact be-
tween the successively deposited films for word and buss lines that would
unavoidably occur with surface oxide formation on aluminum word lines. The
adherence of gold to Si0 was considered insufficient to meet stability re-
quirements and the stresses of bonding, and a thin layer of chromium was
used to provide adequate adherence at gold to SiO interfaces. This re-
sulteg in the bilayer Cr-Au films and trilayer Cr-Au-Cr films in processes
A and B.

There were some reservations concerning process A where the alumi-
num film bit lines are in direct contact with the permalloy storage films.
It was feared that the two films would alloy and destroy the magnetic pro-
perties of the permalloy, and this_did occur in subsequent work. This was
the primary reason for designing two processes. Cr-Au-Cr films were selec-
ted for bit line in the second process, and in order to minimize the number

of different materials, chromium and gold were selected for all of the metal

film layers. Choosing the chromium-gold system for all of the conductive
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loyers also resulted in a greater flexibility for meking connections from
terminals of the hybrid memory package to the mother board since soldering
as well as ultrasonic or thermel compression bonding techniques could be
employed. In addition, hot sulfuric or chromic acid could be used to ob=-
tain superior cleaning of chromium-gold films after photoengraving.

Primarily, the discussions so far have pertained to processing the
512 bit memory. Actually masks were preparri for two different planes.

The pulse test plane of 27 bits was designed for determining preferred line
widths and spacings for the bit and word lines and dielectric film thick-
ness; this is referred to as the Simple Test Plane to make distinction be-
tween it and the more complex 512 hit array. It has been previously deg-
eribed in Section A-5.3. Besides bit density, the basic difference between
it and the larger memory was that the simple plane consisted of only the
first seven film layers of process A as described in Table 5A. The buss
lines and switching diodes were not included on the simple test memory.
Most of the process development was done using the simple memory structure
following the procedures outlined for fabricating the 512 bit memory.

An "insitu" process would be ideal for fabricating such e compli-
cated film structure. In such a process, the vacuum apparatus would be
designed to interchange contact masks and substrates and select evaporation
sources so that the memory could be fabricated by successively depositing
the various film petterns in registration in a single evacuation of the
vacuum chamber. The complications introduced by the photoengraving in the
proposed processes would be eliminated resulting in a cleaner process re-
quiring less time for completion. However, the feasible bit density attain-
able with transmission metal masks in an insitu process was considered to he
too low. It thus seemed profitable to pursue the more complicated process
which ultimately will allow for a much greater bit density.

Cer’,ain general principles were considered necessary to fabricate
a reliable multilayer film memory; these guided the approach to effecting
the processes., It was decided that all film evaporations would be made at
pressures in the ZLO"5 to 10'7 torr range. Substrate temperatures during
deposition had tec be sufficiently high to relieve as much stress within and
between the various film layers as possible. This was particularly trae for
Si0 filme which will reticulate if deposited at temperatures much below

250° ¢, It was known that the desired magnetic properties for the permalloy
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films could be obtained for films deposited on substrates at some temper-
ature in the range of 300°C to 450°C. Thus, the plan was to establish a
preferred substrate temperature for the particular vacuum apperatus used
to deposit the permalloy film, All film depositions before the permalloy
would be made at or above this substrate tempersture; all film depositions
after the permalloy would be made at substrate temperatures equal to or
preferrably below the permalloy temperature. It was not known for sure if
applied magnetic fields would be required to prevent excessive degradiation
of ‘the magnetic parameters with heating during the film depositions follow-
ing the permalloy. Among other things, post-deposition annesaling effects
on the permalloy had to be determined. High rate evaporation sources were
desirable for depositing the thicker films, and considerably attention was
given to source designs for evaporating the various materials., Preferred
photoengraving techniques for the particular combinations of films had to
be developed also. Thus, many details had to be resolved in order to deve-
lop a satisfactory process; the results of these studies are discussed in
the following paragraphs.

2, Incidental Studies and Preparation for Multilayer Film Memory
Fabrication

The apparatus and general procedures for film fabrication are dis-
cussed in Section V-A. 1In this section, vacuum evaporation and other pro-
cess studies preceding efforts to fabricate a complete memory with the
proposed processes are discussed in detail. Included also are discussions
on the artwork and inasks for memory fabrication and a study on the resolu-
tion of transmission metal masks. Glass substrates were used for all of
the exploratory film studies in this section.

2.1 Development of Evaporation Source for Si0O. The metal films of
the memory requiring insulation were about 2 y thick, and the edges of the
mumerous crossing paths (crossovers) that required d.c. insulation were
sharply defined as a result of photoengraving. As discussed previously,
evaporated SiO films were selected for insulstion. Highly directional
sources are unsetisfactory for evaporating the Si0 on stationary substrates
since shadowing effects occur at the steep edges of the metal films. Hence
S10 films of excessive thickness, on the average, are required to obtain

adequate insulation am'the crossovers. Since deposition apparatus was de-
signed to accommodate a stationary substrate, the easiest method of mini-
mizing the shadowing effects was to design a sufficiently broad source to
evaporate the Si0 from a fixed position.
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Graphite cloth was u~ed ‘to construct a broad source for evaporating
$10. TIts resistivity is high compared to sulteble refractory metals; thus,
reletively low curronts were required for IZR heating and a broad source can
be operated without overloading the current feedthrus of the vacuum system.
In addition, the well known ejection ("spitting") of the 810 particles dur-
ing heating is ellminabed by enclosing S10 particles within densely woven
eloth. Union Carbide prade WCB grephite tape 4 inches in width was selec-
ted for cunetructing the source. The sheet resistivity of this grade is
approximately % ohm per square. A length of 7 inches was folded as indica-
ted in Figure 5.7a to form a cavity. This wag filled with S10 particles,
and the two open ends were terminated with electrodes so that the planar
area of the source exposed to the substrate was 1.5" x 1.5". Tantalum ter-
minations were used since the graphite cloth operates at near full tempera-
ture right up to the elcctrode connections. A molybdenum radiation shield
limited heat radiabtion from the sides and bottom of the source. Figure
5.,7b is a photograph of the completed source structure. When fully loaded,
the source held about 20 grams of Si0 particles ranging in size from 20
mesh to # of an inch in breadth, and a new gravhite element was installed
with each new charge or renewal of the SiO charge.

Evaporations of S0 were made with the two source to substrate geo-
metries of Figure 5.8 to compare the uniformity of films deposited. Sub-
strate temperatures ranged from 300°C to L50°C and all of the films were
strongly adherent. For both of the "A" and "B" source to substrate geome-
tries, film thickness varied 20 percent over an area of 1.5 inches in dia-
meter. The variation in each case was dependent on the radius with respect
to the center of the substrate but in an almost opposite sense as illus-
trated in Figure 5.9. The primary difference in the geometries was that
for source "B" the source to substrate distance is shorter and the 1-5/8"
x 1=5/8" aperture introduced a stopping effect.

Figure 5.10 shows the dependence of the deposition rate on source
current for source "B" fully charged with SiO. The high deposition rate of
1000 angstroms per minute obtained at a source current of 75 amps was very
satisfactory since the 2 u films required for the memory could be deposited
in 5 minutes. Most of the literature reports much lower deposition rates
for high quality Si0 films. To insure that the insulation quality of the
810 was satisfactory at the higher rate of deposition, a few thin film
capacitors were fabricated with aluminum film plates. The SiO dielectric
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was evaporated at the 4000 angstroms per minute rate at a substrate tem-
perature of about 350°C. Each capacitor had an area of one square centi-
meter, and the dissipation factors ranged from 0.0l to 0.02 for capacitance
values of about 0.01 mf. This was considered quite good so the source was
considered satisfactory tc evaporate SiO films for the memory.

A load of 20 grams of Si0 was depleted in a time equivalent to
about 2.5 hours of operation at 75 amps. An accurate calibration of the
change in evaporation rate with extended use was not obtained. However,
it was determined that the rate after evaporating for the equivalent of 1
hour at 75 amps was about double that obtained initially at full load. 1In
actual use, timed evaporations could be made to deposit to an approximate
desired thickness until the thicknesses of the films deposited totaled about
70 to 90 p with the Source "B" geometry. Thereafter, the evaporation rate
of the source dropped sharply, and a new graphite element and SiQ0 load were
required.,

2.2 Evaporation Sources and Methods for Aluminum and Chromium-

Gold Films. Except for the ground plane, all of the conductive

films (bit, word, and buss lines) crossed the edges of previously deposited
films. In order to minimize shadowing effects at the edges of previously
deposited films, broad evaporation sources were desirable., This condition
was simulated during memory fabrication by evaporating simultaneously from
two tungsten basket or three tungsten boat sources,respectively, for alumi-
num and chromium-gold. Other methods of evaporating aluminum were tried
and rejec* ., A sheet resistivity in the range of 0.0l to 0.015 ohms per
square was ac.'ired for the conductive films. The manner in which this was
achieved for the aluminum and chromium-gold films is discussed in the fol-
lowing paragraphs.

Several attempts were made to evaporate aluminum from a copper
cruciﬁle with a broad beam electron beam gun. This proved to be diffi-
cult. Before reaching the evaporating temperature range, outgassing of
the aluminum jettisoned the melt from the crucible. This occurred even
after long periods of outgassing so other methods of evaporating aluminum
were sought.

It was desirable that the aluminum source have a large capacity so
that successive deposifions could be made without reloading or changing

sources after each deposition. Other work16 at Georgia Tech indicated
that boron nitride crucibles could be used for large capacity aluminum
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sources. Several crucibles were machined from 3/8" 0.D. boron nitride
rod. The overall length of these was 1.5 inches, and a 3/16 inch dia-
meter center bore to a depth of 1.25 inches formed ‘the cavity. The out-
gide of the crucibles were threaded for a helical tantalum wire heater.

A few turns of the helix extended above the mouth of the crucible to min-
imize migration of molten aluminum over the mouth of the crucible. A
rather complex procedure had to be followed during melting and evapora-
ting the aluminum to prevent migration of the aluminum out of the cruci-
ble mouth and over the outside walls; even then, the maximum deposition
rate that could be obtained from a single crucible was 1000 angstroms per
minute for a source to substrate distance of 8 inches., In addition, the
life of the crucibles were shorter than expected due to the occurrence of
cracks in the walls after a few evaporations. This permitted molten alum-
inum to migrate through the walls and destroy the tantalum helix. In
general, the crucibles were unsatisfactory for the intended purpose.

The evaporation source finally selected for aluminum was a pair of
commercially avallable stranded tungsten baskets, R.D. Mathis type B12A-3X
.025W. These were installed in the vacuum chamber at a distance of 6 in-
ches below the substrate with the two baskets connected in parallel across
a current source and physically separated approximately 1.75 inches. To
calibrate the source, a series of films were deposited by completely evap-
orating various lengths of 0.010 inch diameter aluminum wire (99.999%
purity) and determining the sheet resistivity of the films. The wire
length was equally divided between the two baskets., For these films, the
copper plate substrate heater discussed in Section V-A-L1.2 was maintalned
at 350°C., A film resistivity of 0.013 ohms per square was obtained for
the complete evaporation of 20 feet of wire for an evaporation time of 2
to 3 minutes. In evaluating process A, all of the aluminum films were
deposited by evaporating 20 feet of 0.010 inch diameter wire.

Tungsten boats, R.D. Mathis type S8A-.005W, were selected for evap-
orating chromium-gold films, For the gold, two of the boats were installed
in the vacuum chamber at a distance of 6 inches below the substrates. The
sources were connected in parallel across the current source and physically
separated 1.75 inches. A third boat for evaporating chromium was centered
about 1 inch below these and connected to a second current source.

To establish the rate of deposition for the chromium source, the

boat was filled with vacuum outgassed chromium granules (99.9%) of
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approximately 3 to 4.5 mm in breadth. Thickness measurements indicated
that a deposition rate of 600 angstroms per minute was obtained at a
source current of 150 amps. In subsequent work, evaporations were made
at this source current using the established rate to determine the time
for depositing to a desired thickness.

For gold over chromium films, the thin chromium film was deposited
first to a thickness in the range of 500 to 100 angstroms, and after a
brief interruption of about 30 seconds the gold was evaporated. Resistance
monitoring was used to make controlled depositions to the target resistilm
vity of 0.010 to 0.015 ohm per square. The contribution of the relatively
thin chromium film to the resistivity of the bilayer film was insignifi- \\\\
cant. A series of gold over chromium films were deposited to the target \\‘
resistivity with the copper substrate heater maintained at 350°C and the \
source current adjusted for an evaporation period of 12 minutes. However,
the temperature of thé source was too high, and excessive outgassing caused
some spitting of the melt. In addition, the surface of these films were / s
dull in appearance (agglomerated) which indicated that the substrate tem- \
perature was considerably higher than that of the copper substrate holder.

To eliminate spitting of the gold the source temperature was de-
creased for an evaporation time of about 25 minutes for film resistivities
in the range of 0.010 to 0.015 ohm per square. With the copper substrate
holder (see Figure 5.3 and Section V-A-1.2) maintained at 350°C during these
longer depositions, the outer surface of the gold was agglomerated to the
extent that in some instances it appeared black. For this to occur, the
substrate temperature was probably near or inm excess of 500°C. Thus, the
temporature of the copper plate heater in contact with the substrate could
not be depended on for an accurate indication of substrate temperature
during the extended gold evaporations. Reducing the temperature of the
copper plate to 200°C during gold evaporations eliminated the agglomera-
tion. The procedure followed in practice was to heat the substrate to 450°C
or 350°C for cleaning and then cool to 200°C for depositing the Cr-Au,

s B e e AR R S i s

2.3 Permalloy Film Studies. One of the first objectives was to

o~

determine the evaporation method and optimum evaporation parameters for the
permalloy films since these would limit to some extent the deposition para-
meters, especially substrate temperature, of other films of the memory. As

evidenced by the variation of data found in the literature, it is necessary
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to optimize deposition parameters according to a particular system since
temperature measuring and evaporating techniques differ from one installa-
tion to the next. In ‘these studies the vacuum spparatus of Figure 5.1 was
employed. The Helmholtz coils used for epplying a magnetic field during
f£ilm fabrication were positioned outside the vacuum chamber so that the
direction of the applied field was approximately parallel with the earths
field. All megnetic dats on the films were taken on the Kerr effect hys-
teresograph, and dispersion measurements were made by the conventional
cross field technique.

Electron beam evaporation was the first method exanined to evaporate
permalloy. In these experiments, the permalloy was evaporated from a cool
copper crucible with a crucible to substrate distance of 8.5 inches. The
first difficulty experienced was nonuniformity of the films due to electron
and/or ion charge effects at the substrate surface during evaporation. The
nonuniformity was obizervable as a characteristic spot pattern of greater
transparency than remaining portions of the films with size and shape that
were dependent on the geometry of the transmission metal mask used during
evaporation. These effects were eliminated by positively biasing a collec-
tor ring positioned near the front surface of the substrate. Uniform films
were obtained with the ring biased at +300 to +600 v.d.c. with respect to
the substrate holder and baseplate. At elevated substrate temperatures
near 450°C, spot patterns did not occur in the absence of the biased collec-
tor ring. At these temperatures, apparently the resistance of the soft
glass substrates was sufficlently low to prevent the surface from becoming
charged.

The maximum deposition rate obtained during the electron beam
studies was 300 to 500 angstroms per minute at the stated crucible to sub-
strate distance. Increasing the beam power to increase the rate was un-
successful due to excessive outgassing which caused spitting or ejection
of the melt from the crucible, Higher rates of deposition were desirable;
therefore, this method of evaporating the permalloy was eliminated from
further consideration.

A series of permalloy films was fabricated with tungsten basket

sources (R.D. Mathis type Bl2A - 3 X .030 W). The source to substrate dis-

tance was 6 inches and glass substrates were used, Measurements of H Hk,
50%;dlspers1on angle (o O)’ and skew (B) as a function of substrate temper-
ature and applled fleld strength were made. The effect of 810 smoothing
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iayers was also investigated. Included in these studies were some 23 film
samples. These were fabricated before the substrate holder of Figure 5.3
was available, and some difficulty was experienced in accurately reproducing
substrate temperatures. As a result, the data were scattered; nevertheless
a number of valid conclusions were obtained.

First, a substrate temperature corresponding to that of a substrate
in contact with a metal plate at 425°C appeared desirable in order to achieve
low dispersion with reasonable Hc/Hk ratio. At this temperature, typical
values of H,, Hc/Hk, and g, were 2 oe, 0.6, and 0.7°, respectively.

A second conclusion drawn from these data was that an applied Tfield
during deposition of 27 Oersted was satisfactory. The data, teken for an
applied field range of zero to 60 Oersted showed increasing dispersion with
decreasing field and very large data spread at or below 13.5 Oersted, indi-
cating poor reproducibility. As the field was increased to 60 Oersted the
dispersion decreased, but the Hc/Hk ratio also decreased. A satisfactcry
compromise between low dispersion and high Hc/Hk was obtained for a field
strength of 27 OQersted.

Evaporation history of a basket had a significant influence on film
properties, After L4 or 5 evaporations in succession from the same basket,
the film dispersion increased to undesirable large values. It was observed
that the rate of evaporation increased as the number of evaporations were
made from a single basket increased. The cause for this was that during
each evaporation a small portion of the permalloy charge alloyed with the
basket. This caused the surface of the tungsten to increase in roughness
with successive evaporations. Accordingly, the basket temperature had to
be increased above the melting point of the permalloy before melting
occurred. The evaporation rate of permalloy increases rapidly at temper-
atures above its melting point, and the temperature required after about
5 evaﬁorations'was so much greater than the melting point that once the
vermalloy began to melt the whole charge was essentially flash evaporated. *
However, with an unused basket, the permalloy was melted at a basket tem-
perature near its melting point. A somewhat slower wetting action

P

occurred, and the basket temperature was then raised slightly to complete
the evaporation in about 1 mimute. It was not determined whether the
effect on the dispersion was one of changing film,cbmposition or the re-
sult of an evaporation rate change; however, in subsequent work, a maximum

of two evaporations were made from a single basket to avoid the effects.
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\\‘ Remarkable effects of an aluminum ground plene and 810 smoothing on

HE andkéisyersion were also noted in these data. A composite structure was
formed wiere part of the permalloy film was on S10 over glass and the rest
was on Si0 over aluminum on glass. H, velues of 1.4 and 1.8 Oersted were
obtained, respectively, for permalloy on substrates of Si0 over glass and
S10 over aluminum on glass; the corresponding dispersion (a5o) was 0.5° and
0.9 . Hence, the dispersion for the Si0 over the aluminum ground plane was
approximately twice that for substrates of S10 on glass. The value of 1.4
Oersted for the permalloy on substrates of Si0 on glass was also lower than i
the value of 2 Oersted obtained for plain glass substrates. For these con-
ditions, H_ remained constant at sbout 3.6 Oersted. In this experiment, the
thickness of the aluminum and the SiO were about 2 u each. Eventhough the
surface of the ground plane was rougher than that of plain glass, it was

apparent that with sufficient SiO over the ground plane, magnebic parameters

equal to or better than those for permalloy on plain glass substrates were

feasible. 1
Magnetic properties of permalloy films deposited with a tungsten ‘

basket source and the substrate holder-heater-masking fixture of Figure 5.3 ﬁ

as a function of the temperature of the copper plate in intimate contact |

with the substrate were determined. These results verified those previously

discussed. The characteristics observed are plotted in Figures 5.11 and

5.12, respectively, for constant applied fields during deposition of 27 Oe

and 40 Oe. Immediately following the evaporations, the applied field was

reduced to zero and the specimens were annealed 15 minutes at their respec-

tive deposition temperature. They were then cooled toc room temperature in

about 10 minutes. Thus, there was no applied field during annealing or

cooling. Corning type 7059 glass substrates were employed. The films were
deposited to a thickness of about 525 angstrom units by evaporating a per-
malloy composition of 81% nickel and 19% iron at a pressure of sbout 1 x 10~
torr. Rectangular in shape, each film measured 1.5 inches by 1.25 inches.
The area of each film was scanned with the Kerr apparatus to determine min-
imum and maximum values of Hc and Hk.

The first series of permalloy films prepared with the substrate
holder of Figure 5.3 are represented in Figure 5.11., For the temperature
range of 30 to 500°C, H, values ranged from 2.4 to 6 oe; H_ values ranged
from 4.5 to 6.2 oe. Typically HC varied by as much as a factor of 2 over
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the film area. However, for the greater portion of the film area, Hc
values were within the hashed area of Figure 5.11. It can be noted that
minimum Hé values decreased in a smooth manner with increasing temperature
for the temperature range tested; whereas, the maximum Hé values did not
behave as orderly. Minimum,ﬂk values occurred near 400°C. The Hé/ﬁk ratio
of Flgure 5.11 is plotted for the corresponding hashed Hc region.

For the specimens of Figure 5.11, a definite pattern in the varia-
tion of Hﬁ was noted, This pattern persisted in a f£ilm deposited without
en applied field. It appeared that somehow an extraneous magnetic field
was affecting Hé during deposition, The Edwards microcircuit jig used to
support the substrate during deposition was examined thoroughly to deter=-
mine if any parts in the vicinity of the substrate were magnetic, A few
parts were found to be slightly magnetic. The apparatus was stripped of
all such parts. After this, measurements of magnetic field strength in
the substrate position with a Gauss meter indicated no significant extran-
eous fields and that the applied field was uniform over the substrate area,
Subsequently, another series of permalloy films were prepared. These are
represented in Flgure 5.12 and were fabricated similarly to those of Figure
5.11, except, the applied field was 40 oe. Specimens deposited at 350 to
400°C had only a small variation in H,. Those films deposited at lower
temperatures had variations similar to the earlier films. An Hc/Hk ratio
of about 0.6 was obtained at substrate temperatures in the range of 350 to
400°C, and the corresponding sum of the dispersion and skew was less than
+3 degrees,

The permalloy studies permitted certain definite conclusions for
testing the initially proposed processes., These were that satisfactory
permalloy films could be fabricated by evaporating from a tngsten basket
on Si0 coated substrates heated to 450°C with an applied maegnetic field of
4O Oersted, and that during a 15 minute annealing period at this tempera-
ture and a subsequent cooling period of 10 minutes an applied field was not
necessary. The inference from the latter was also that a field need not be
applied during subsequent film fabrication if the substrate holder tempera-
ture was maintained below 450°C.

For memory fabrication, a permalloy film thickness of 750 angstroms
was selected. A series of evaporations was made to calibrate the tungsten
basket for the substrate distance of 6 inches. Since the permalloy in
stock was in the form of 0,020 inch diameter wire the calibration was made
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for £ilm thickness per unit length of wire evaporsbted. J[Lhe result wa.
230 A/in. for the eveporation of L to 4 inches of wire. TFrom this call-
bration, the thickness of the previously discussed permalloy films was
estimated at 525 angstroms.

2.4 Photoensraving of Filns., Photo resist processi-z apparatus
that wes avallable for photoengraving are discussed in Sectlon V-A-~3. The
equipment was set up for this program; suitable photo resists, technlques
of processing the resists, and etching solutions were determined for
photoengraving films of aluminum, permslloy, and chromiun-~old.

The Bastmen Kodak Company, in Kodek Publication No. P-T7, recommends
KMER for use on nickel-base magnetic alloys, stainless steel, and sbeel,
Thus, initial efforts were devoted to photoengraving of all the metal films
using KMER as the resist.

XMER 1s a negative working resist. The process empiriecally arrived
ab for the processing apparatus aveilable for applying, curing, exposing,
developing, and removing KMER 1s discussed in detbail in Appendix G. It was
tested and found sabisfactory for aluminum and chromium-gold films; how-
ever, difficulty was encountered in effectively using KMER for photoengrav-
ing permalloy. The J-100 stripping solution, used to remove the resist after

etching, dissolved the permalloy films. Of the more effective solvents and
commercilal solutions available for removing the resist, it was feared that
these too, if effective, would probably attack the permalliny. Thus, the most
promising approach eppeared to be to select a different resist for permalloy.

Resist type AZ~111, a product of Shipley Company, Inc., was purchased
for testing. It is a positive working resist so that exposed resishb is dis-
solved in the developer. Also the unexposed resist is readily removed with
acetone. Thus, either of these two methods can be used to remove the we-
sist after etching; that is, the resist image, which is unexposed resist,
can be removed with acetone or it can be exposed after etching and remcved
with developing solution, Processing techniques recommended by the wvendor
were followed to develop an empirical procedure fou using the resist. The
developed procedure is discussed in detail in Appendix G. The resist proved
to be very satisfactory for masking permalloy films during etching, and both
methods of removing the resist were effective and nondestructive.

The primary advantage of KMER is its superior resistance to attack
by strong acids and bases. Probably for the same reasons it is very diffi-
cult to completely remove remnants of cured and exposed images, see photo




resist processing in Appendix G. Meticulous inspections and stripping
procedures had to be followed or the remnant components interferred with
obtaining sufficient adherence between film layers in the memory; even
ihen, considerable difficulty was experienced in this respect. In com-
parison, the AZ-11l resist was easy to remove after etching. From this
standpoint, it is more satisfactory for application where successively
deposited film layers are photcengraved between deposition cycles. How-
ever, efforts to etch chromium-gold films in the 2 to 3 p thickness range
with AZ-111 masking were unsuccessful because the resist would not with-
stand the etching solution for a sufficient length of time. Thus, to
evaluate the memory processes, KMER was selected for image masking to
etch aluminum and chromium-gold films and the AZ-11l resist was selected
for imege masking to etch the permalloy films.

There are several basic and acidic formulations that will etch
aluminum. However, with many of these, a smut is left on the alumirum
surface. Also, basic solutions such as dilute sodium hydroxide and acidic
solutions containing hydrofluoric acid that were first tried attacked
glass and quartz substrates and SiO insulation layers. An improved etch-
ing solution for aluminum films was developed that did not etch the sub-
strates or Si0., The formulation was by volume 2 parts HNO3, 1 part "Hi-
Speed Circuit Etch", and %+ to 3/4 parts HCt. The "Hi-Speed Circuit Etch"
is sold by the Philip A. Hunt Chemical Ccrp. for etching copper circuit
boards. The primary ingredient is FeCL. Addition of the HN'O3 in the
formilation eliminated smut formation. Etching speed is adjusted by vary-
ing the amount of HCt. With % to 3/4 parts HC1, aluminum films with a
thickness of about 2.5 y were etched in 1 to 2 minutes at room temperature.
This atching time is sufficiently "ong to make a visual observation of the
engraving process and is short enough that the KMER will not break down
beforé the completion of the engraving. With shorter times, it was easy
to over-etch and,hence, difficult to maintain dimensional tolerances.

The "Hi-Speed Circuit Etch" solution was used satisfactorily for
etching permalloy films at room temperature. A permalloy thickness of
about 750 angstroms was etched within one second.

The solution used fur etching gold was 2 parts by volure of concen-
 trated HNO3 to 1 part "Hi-Speed Circuit Etch". This solution etched gold

films in the thickness range of 2 p in two minutes at room temperature.
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A solution of 1 pert by volume of concentrated HCt to 1 part water
was used to etch chromium films. The substrate was placed in & bheaker of
this solution and zinc powder was added to catalyze the reaction.

The bilayer films of chromium-gold were etched selectively since
neither of the respective etching solutions for chromium and gold etched the
other., When etching gold over chromium films, the gold was etched first,
leaving the vnderlying chromium intact. The substrate was then rinsed with
water to remove the gold etching solution before etching the chromium. Guite
frequently a clean etch ¢ould not be obtained on the bottom laver of chrome
ium with the HCt csolution. The very thin layer of material that remained
appeared to be chromium oxide. A dip in fresh chromic acid heated to 125 to
150°C was effective in removing the chromium oxide. When required, this was
done during cleaning of the substrate after stripping of the photo resist
(KMER). This trouble was not encountered with the top layer of chromium in
trilayer films of Cr-Au-Cr.

2.5 Artwork, Transmission Metal Masks and Glass Photomasks. Master

artwork for the production of the various masks was prepared in the labora-
tory at 20 times actual mask size on Ulano Rubylith (a product of Graphic
Arts Supplies, Inc.). Precision photoreduction of the master copies and mask
fabrication services were obtained from Electromask Inc., Van Nuye, Califor-
nia. Both metal transmission masks and high resolution glass photomasks
were purchased for memory fabrication. A few replacement metal transmission
masks were fabricated in the laboratory from original glass photomasks.
There were three sets of masks - one set each for the model memory, the sim-
ple test memory, and metal mask resolution studies.

The initial metal masks were fabricated of 0.003 inch thick type 304
stainless steel., Because of magnetic effects the stainless steel was un-
satisfactory for masking during deposition of the permalloy film and copper
masks were fabricated for this deposition., The initial glass photomasks for
the memory fabrication were prepared on Kodak High Resolution Plates for
negétive working photo resist (KMER). A negative of the original glass mask
for the permalloy was fabricated in the laboratory for the positive working
photo resist (AZ-111).

The two masks used for fabricating the bit lines of the model memory
are shown in Figure 5.13. The transmission metal mask shown in Figure 5.13a

for the bit sense film is typical of the type of metal masks designed for
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all of the films to restrict deposition to the general area desired. The

one exception is the metal mask for the buss lines which defines the line
pattern during film deposition. Figure 5.13b shows the glass photomask for
photoengraving the precision sense line pattern. The masks for the perm-
alloy film were similar to those for the bit sense film. The major differ-
ences were that the aperture of the metal mask for the permalloy was slightly
smaller and the glass mask had only one line per palr of sense lines., Photo-
graphs of the bottom and top sides of a model memory structure is shown in
Figures 5.13c and 5.13d. Note the holes etched in the ground plane in Fig-
ure 5.13c. These are located directly below the position for the selection
diodes. The holes are to prevent the possibility of short circuiting the
buss and word lines to the ground plane during bonding of diode leads. The
sequential use and number of masks for memory fabrication is given in Table
5A.

Patterns of the simple test memory were designed to determine oper-
ational characteristics of a variety of film and strip line configurations
in an actual multilayer memory structure. The masks were fabricated for
the deposition of films in an identical sequence to the model memory. The
patterns consisted of a series of 3 sizes of word lines and bit lines as
illustrated in the photographs of a completed specimen in Figure 5.1k,

Mutual registration of the substrate and contact metal masks was
accomplished with three precision pins in the substrate holder, see Figure
5.3. Registration marks (4 crosses) were provided on the high resolution
glass photomasks to faclilitate pattern registration during photoengraving
of the films.,

2.6 Resolution Study of Transmission Metal Masks. Two contact

transmission metal masks were fabricated for resolution studies. The pri-
mary objective in this study was to determine the feasibility of defining
all of the line patterns in the model memory with transmission metal masks.
This would eliminate the required photoengraving steps, and permit an all-
insitu process. Photographs of these masks are shown in Figure 5.15. One
of the masks, Figure 5.15a, was designed for constant line lengths of one
inch, ILine widths of 5, 10, and 19 mil and spacings of 5, 10, 15, and 20
mil were grouped for constant widii: anfi constant spacing with the various
width and spacing combinations .:ilneted in the figure. The second mask

shown in Figure 5.15b was designed e debermine the effect of length on
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resolution. For this mask, the line length was varied from approximately
2 cquares for the line widths and spacings indicated to a maximum length of
one inch,

To determine the resolution of the masks for relatively thick and
thin films, two depocitions of gold over chromium films were made for each
mack., In each case, the substrates were heated to about 350°C and the
first bilayer film was deposited to a thickness in the range of 1000 to 2000
angstroms and the second bileyer film was approximately one micron thick.
The film patterns were examined visually with a stereomicroscope, and d.c.
resistance measurements between adjacent lines were made with an ohmmeter,

From the resistance measurements, it was determined that the line
widths had little effect on the occurrence of shorts between adjacent lines.
It was found that for lines of appreciable length the borderline between
shorted and open conditions occurred at a line~-to-line separation of about
10 mils this was essentially true for both film thicknesses, although the
occurrence of shorts between adjacent lines was slightly less for the thin-
ner films. For lengths of 3/8 of an inch or shorter there was a slight
improvement in line separation, but no significant dependence of separation
on length was observed for longer lengths, However, no shorts were obtained
between any of the lines with spacings equal to or greater than 15 nmil.

The microscopic examination revealed considerable shadowing at the
film edges as a result of paralax between the evaporation source and masks.
The sets of longer lines with 5 mil spacing were completely run together
for the one micron thick films. For the 5 and 10 mil wide lines, the width
at the center of the one inch long lines was about double the width at the
ends. Some of the narrower spatial members became warped. Obviously,
warped members did not lay flatly against the substrates so that this con-
tributed to the paralax. Undoubtedly, the broad evaporation source arrange-
ment, see Cr-Au source of Section V%B;2.2, contributed to the paralax. To
eliminate sufficiently the paralax due to the broad source condition, how-
ever, a point source would have to be located at such a great distance from
the 1.5 inches x 1.5 inches substrates that the deposition rate would be
impractical for evaporating the & | thick gold films required for the
memory. Also the advantages previously discussed for the broad source de-
sign would be lost with a point source.

These cobservations demonstrated rather convincingly that to obtain

the desired line density and resolution of the word and bit lines of the




212 bit model memory with transmission metal mesk would be highly imprcb-
able. The desire and need to fabricate memories of even greater densities
has been expressed; hence, there appes:ed to be little to gain by pursuing
the improvement of metal masking techniques.

2.7 Initial Mulbiple Laeyer Film Studies. During the period of
preparing artwork and masks for the memories, some elementary masks were
fabricated for fabricating multileyer structures simulating thet of the
memories. A structure was fabricated that consisted of a glass substrate
and the following films in sequeice of deposition: 1y Si0 smoothing layer,
2.54 Al ground plane, 2u 810 insulation, 2y Al bit sense lines, 2y Si0
insulation, and 1.5y Al word lines., No permaelloy film was included because
the main purpose of the experiment was to evaluate gbility to satisfactorily
evaporate the thick insulating and conducting layers. The line patterns
were photoengraved and consisted of one each of 4O mil, 20 mil, and 10 mil
wide bit lines and 3 each of 20 mil, 10 mil, and 5 mil wide word lines.

Low dissipation factors of about 0.02 were obtained for measurements

of capacitance between the metal films., This indicated satisfactory insu-
lation. The stability of the films was very good. There were no peeling
tendencies, even during ultrasonic cleaning. To achieve satisfactory film
adherence, a minimum substrate temperature of 250°C was required for each
of the films,

The excellent stability of the films indicated low intrinsic stress
in the 510 films and low stress between the substrate and various films.
This experiment was very significant in interpreting the film instability
experienced subsequently with fused silica substrates during memory fabri-
cation efforts.

2.8 Determination of Bonding Methods. Both ultrasonic and thermal
compression bonding of the gold foil leads of the selection diodes to gold

over chromium films were tried. Reliable bonding was obtained much more
readily for these gold to gold bonds by thermal compression techniques.
Figure 5.6 shows one of the diodes bonded in a typical word line pattern
at one of the 64 locations for the diodes. (Note the staggered positions
for the diodes on adjacent lines. This was done to make room for the full
width of the diodes).

The fabrication did not progress to the point of connecting the

memory to the circuits board; however, it was planned that flying gold
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leads would be used for this purpose. All of the ground plane, drive, and
sense terminals of process B were gold or chromium over gold, and solder=
ing of the flying gold leads to the film terminals and circuits board was
planned. On the other hand, the bit line and ground plane terminals for
specimens of process A were aluminum. Ultrasonic bonding of the gold leads
to the aluminum films was considered the most likely of methods that would
be used.

3. Adaptation of the Proposed Processes

The two procesces designed for memory fabrication were discussed in
Section V~B-=l, The studies discussed in Section V-B-2 led to several spe=-
cific conclus.ons implemental to the general plan of attack. Efforts were
then devoted directly to fabricating memory specimens to effect or adapt
these initilally proposed processes, By concentrating the fabrication ef-
forts mostly on a complete process, attention was directed to vital prob-
lems as they occurred in the sequential build-up of the multiple film struc-
tures. These efforts were conducted primarily on the simple test memory
structure. Fabrication details, difficulties encountered, and progress made
toward effecting the processes are discussed in this section.

3.1 Reticulation of Si0O Films on Fused Silica Substrates and the
Selection of Glass Substrates to Eliminate the Problem. Memory fabrication

was begun on fused silica substrates. Several simple test memory specimens
were fabricated by process A to the point of photoengraving the permalloy
storage film. At this point, examination with a stereomicroscope revealed
that the second $i0 film was reticulating, see Table S5A. Initially, the
crazing of the Si0 layer occurred only in areas where it was over the first
Si0 smoothing layer on the substrate, Figure 5.16 is a photograph showing
an advanced stage of reticulation in areas of SiO over 8i0. The gross
raticulation shown in Figure 5.16 occurred with time. At first, only a

few cracks were in the Si0; however, the crazing increased with time, and
it could be promoted by probing along the edge of the ground plane with a
steel scribe or by ultrasonic vibrations. During the probing, cracks would
originate in the second SiC layer at the'edgé of the aluminum ground plane
and progress outward from the ground plane to the edge of the second SiO |
film, This indicated that the points of highest stress were along the edge
of the ground plane. It was difficult to cause the 5i0O over the aluminum
to craze by probing; however, ultrasonic cleaning in water produced crazing
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throughout the second layer of $10. For these specimens, the S10 was
deposited at a rate of abuut 4000 angstroms pex minute, and the tempera-
ture of the copper plate substrat® holder (hereafter referred to as the
substrate temperature) was 350°C and 400°C, respectively, for the aluminum
and 810 depositions. The films were then annealed to 450°C during subse-
quent substrate heating for the permalloy deposition.

=
ot R Gl

?h Experiments were conducted by process A to determine if a slower :5
| 810 deposition rate and higher substrate temperatures for the aluminum and

810 would eliminate the reticulavion. No improvements were obtained for
A variations in the substrate temperatures or for the slower 510 deposition

rate,

Next, specimens were fabricated by process B with deposition para-
meters similar to those for process A, and the reticulation problem re-
meined. Thus,substitution of Cr-Au-Cr for the aluminum did not eliminste |
‘the problem. f

The occurrence of reticulation was unexpected since it did not occur
in the earlier preliminary studies. In those studies, glass substrates were
employed. Specimens were fabricated similar to the previous specimens by
both of the hypothetical processes substituting Coining type 7059 glass sub-
strates for the fused silica. No reticulation occurred in any of the Si0
films even after subjection to ultrasonic cleaning for periods of 15 min-
utes.

[

It was concluded that fused silica substrabtes were not compatible
with the memory structure of either process and that glass substrates were
sgtisfactory. In addition, it appeared that ultrasonic vibration was a
method that can be possibly developed for testing the adherence qualities
of films. Corning 7059 glass substrates were used for all of the subse-
quent memory fabrication.

3.2 The Elimination of Three Sources of High Skew and Dispersion

in Permalloy Films. During memory fabrication, the permalloy films were :
examined with the Kerr Effect apparatus before and after photoengraving.

O —— S AT P
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This was done to determine if the magnetic properties were satisfactory be-
fore ¢ontinuing with the photoengraving and alsc to detect any changes in
the magnetic properties as a result of engraving. These measurements aided

L

in detecting three sources of excessive skew and dispersion in the permalloy
films.

The first transmission metal masks used during the evaporation of 1
i

1854,




Figure 5.16 Photograph Showing Reticulation of Second Layer of 8i0O
on Fused Silica Substrate
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the nermalloy films for fabricating the simple test memory were febricated
of type 302 stainless steel. This type of stainless steel 1s supposedly
nonmegnetic when fully annealed; however, films fabricated during the use
of these masks were highly skewed. The skew appeared to increase with re-
peated use of the masks. Measurement of the residual magnetic field on
on2 of the masks indicated a field strength of 5 Oersted. The effects were
eliminated by using copper masks in subsequent permslloy film depositions.

The thickness of the insulating Si0 film over the ground plane alsn
influenced dispersion and Hc values obtained for permalloy films. Usually
excessive dispersionV(ago > 1°) was obtained where the thickness of the S10
£1lm over the ground plane was estimated to be substantially less than 2 u.
On the other hand, minimum H, and dispersion values were obtained for Si0
films exceeding 3 g in thickness, For the thicker Si0 films, Hc and disg-
persion values of 1 oe to 1.5 oe and 0.5° to 1° were typically obtained be-
fore photoengraving.

During initial fabrication efforts the AZ-11ll resist used for mask-
ing permalloy films during etching was applied in two successive spin coats
at 2500 r.p.m. Occasionally, the permalloy films were highly dispersive
after the films were etched and the photo resist was removed. Further exam
ination revealed large holes in the films that were not present before
etching. This condition was corrected by applying dip coats of the resist
to obtain better masking of the permalloy film,

3.3 Shorting Between Metal Films and Methods Used to Eliminate
Shorts. To determine insuletion quality of SiO films in the memory struc-
tures, measurements of cepacitance, dissipation factor, and d.c. resistance

were made between the various metal films after each film was etched.
These measurements were made with an impedance bridge, General Radio Type
1650-A. From the capacitance values, the average SiO thickness was calcu-
lated by assuming a relative dielectric constant of 6 and using the known
film area. For an S10 thickness in the range of 1 to k.b u, only an
occasional short occurred between the permalloy lines and the ground plane
for either of the initially proposed processes., On the other hand, pro-
nounced shorting occurred between the bit sense line and the ground plane.
The shorting of the sense lines to ground ozcurred for both of the proces-
sesy however, the shorts were more numerous for metal films of Cr-Au=Cr
than for aluminum. A similar situation existed between the bit sense and

word lines for the SiO thickness range of 1 to 4.k y.




To locabte position of shorts, test specimens were placed in a petri
dish of methanol and observed with a stereomlcroscope while a d.c. poten-
tlal was applied across affected lines. As the voltage was increased, the
shorted points became hot and cauwsed local boiling of the methanol. Tt
was surprising that the hot spots did not appear first at suspected points
such as crossovers, surface defects, and film edges. At applied voltages
above 20 volts, the shorting began to occur more regularly at f£ilm edges
and points that might be suspected.

Shorting between aluminum films could be readily eliminated by dig-
charging a one microfarad capacitor, charged to 5 to 10 volts, between
affected films. It was more difficult to eliminate shorting between Cr-Au-Cr
films, For the latter films, the capacitor had to be charged to about 40O
volts.,

Several specimens were fabricated by depositing the 810 at 500 ﬁ/min
instead of the 4000 &/min used for the previous films, In addition, the
deposition cycle was interrupted to complete the depositions in two succesg-
sive evaporations. During the interruption, air was admitted to the vacuum
chamber and the specimens were rotated 90 degrees in the plane of the evap-
oration source before depositing the second half of the film. No signifi-
cant improvement in the occurrence of shorts was noted in these experiments;
however, numerous authors have reported improvements by using extremely low
deposition rates or by interrupting the deposition cycle and exposing the
film to air.

Increasing *ne thickness of the SiO appeared to be most significant
in reducing shorts and dissipation factors. The model memory specimen of
Figure 5.13d was fabricated by process B. The insulating Si0 films be-
tween the buss lines and word lines were evaporated at a rate of about 6000
ﬁ/min. to a thickness of about 8 p in an uninterrupted deposition. The buss
lines overlap the word lines a total of 274 times where insulation is re-
quired. None of these crossovers were shorted., Also, there were no shorts
between the buss lines and ground plane; however, in the latter case, the
thickness of the SiO was from 16 to 24 y as a result of the multiple Si0
layers in the memory structure. The capacitance and d.f. values of each
pair of sense lines to the ground plane was 210 % 10 pf and 0.0l, respec~-
tively. The total absence of shorts in these cases indicated that 8 y thick
Si0 films would essentially eliminate shorting problems. No Si0 insulabing

films were deposited in the thickness range from 4.4 to 8 u; therefore, the
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minimum thickness required to eliminate excessive shorting was not estab-
lished. From the few shorts obtained for thicknesses of 3 to 4 u, however,
it is expected that satisfactory Si0 insulation can be obtained at film
thicknesses of 5 to 6 yu for either of the processes or either memory struc-
ture.

Possibly improved Si0O insulation can be obtained by operating the
broad Si0 source at a reduced source to substrate distance., This will in-
crease the average angle of incidence of the SiO atoms arriving at the sub-
strate, and the source temperature could be lowered to reduce any dis-
association of the Si0 at the source while maintaining a high rate of dep-
osition., Both effects should be beneficial and examined in the future.

3.4 Diffusion of Permalloy and Aluminum Bit Sense Lincs; A Method
of Eliminating the Aluminum - Permalloy Diffusion; and a Short Study of -
Diffusion of Permalloy with Si0O, Cr-Au, and Cu. When the first simple test
memory was processed to the point of completing the bit sense lines by pro-

cess A, it was noticed that in every case the resistance of the aluminum
line over the permalloy was higher by about 10 percent than their respective
mating balance lines which did not have permalloy beneath them. This dif=-
ference in resistance was an indication that the aluminum and permalloy had
alloyed; nevertheless, the specimen was completed with aluminum word lines
to see if the memory would function. No semblance of a switching signal
could be detected during a performance test.
No previous tests were made to determine the diffusion properties

of aluminum and permalloy [films; however, a diffusion possibility had been
anticipated. A permalloy film previously prepared on glass during the pre-
liminary studies was selecfed to determine the effects of deposition alum-
inum films on permalloy films at the 350°C substrate temperature. The mag-
netic properties of the permalloy were measured with the Kerr Effect
apparatus at the substrate-permalloy interface from the substrate side be-
fore and after depositing an alumimun film over the permalloy. These meas-
urements indicated that the magnetic properties of the permalloy were
completely destroyed. This.experiment demonstrated the incompatibility of
aluminum films in direct contact with the permalloy.

| It was decided then to determine if a thin SiO film over the perm-
alloy would prevent the occurrence of diffusion between the permalloy and
a subsequently depositéd aluminum film, In the same manner of testing used
before, it was first determined that a 2000angstrom thick SiO film did not»




adversely affect the permalloy and secondly that a subsequently deposited
aluwrinum film over the S10 did not adversely affect the permalloy.

A simple test memory was fabriceted by process A modified to in-
clude an additional thin layer of 810 (500 to 1000 A) between the permalloy
and storage film. It was operationally tested; however, the switching sig-
nal levels were below the noise level of the test fixture. Signals = 1 mv
are observable in this apparatus. It is believed that the low signal level
was a result of overetching of the permalloy film. Large and numerous holes
were observed in the permalloy after etching (see the discussion on over-
etching with spin coats of resist AZ-111 in Section V-B-3.2). Ancther pos-
gible reason for the poor performance is local diffusion of ‘the aluminum bit
lines with the permalloy through pinholes in the thin Si0 film between them.

It can be safely assumed that S10 films can be deposited sufficiently
free of pinholes to prevent any adverse diffusion effects between the perm-
alloy and aluminum films of process A. However, from a standpoint of system
performance the extra separation between bit line and ground is not desir=-
able. For this reason, work on process A was terminated and attention was
directed fully to effecting process B.

Before going directly to memory fabrication with process B, it was
determined that the Cr-Au sense lines of process B would not adversely
affect the magnetic properties of permalloy; this was done in the same man-
ner previously used to detect the effects of aluminum on permalloy. In
additional tests, copper in the thickneds range of one micron was observed

to destroy the magnetic properties of permalloy films (700 A thick) at

350° C. /
3.5 Adhesion Failure at the Permalloy=-8i0 Interface with Cr-Au-Cr ;

Bit Sense Iines. Several simple test memory structures were satisfactorily

processed by process B until the Cr-Au-Cr bit sense lines were photoengraved
and cleaned. At this point, it wac observed that the sense lines were peel=-
ing. It was discovered that the peeling occurred only for that portion of
the Cr-Au~Cr lines over the permalloy and that the adherence failure was at
the permalloy=-Si0 interface. An example is shown in Figure 5.17.

A sample of peeled film was ‘taped to a glass slide with the permalloy

side up for examination with the Kerr apparatus. These measurements indi-

cated that the magnetic properties of the permalloy film were still satis-
factory. This bit of information was encouraging since it proved that the
Cr-Au film deposition did not adversely affect the magnetic properties of
the permalloy.
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Figure 5.17 Photograph Showing Peeling of Bit Sense Iine Resulting from
Adhesion Failure at Permalloy-Si0 Interface
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Before depositing these Cr-Au-Cr sense films, the substrate was
outgassed by baking at 350°¢ for -about 15 minutes. To deposit the Cr-Au-Cr
the substrate was cooled to 200°C. The evaporated sense line film was then
post-annealed in the vacuum chember at 350°C for about 15 minutes. It is
possible that annealing of the Cr-Au st temperatures in the'range of 400 to
450°C will eliminste stresses that caused the peeling, but there is a pos-
sible danger that the chromium will alloy or diffuse with the permalloy at
the higher temperature, so another method to eliminsgte the peeling was
tried.

It was decided first to deposit a thin film of S10 over the perm-
alloy before depositing the Cr-Au-Cr sense lines, Two simple test struc-
tures were fabricated by process B with this modification. On one of these
the 810 was depc.ited to a thickness of about 1500 & and on the other speci-
men the thickness was 3000 to 4000 B. The bit sense lines did not peel on
either specimen. Both of these specimens were completed for an operational
test, and during the subsequent fabrication no peeling occurred. In the
operatbional tests, peak switching signals of about * 2 mv were obtained.
The film dispersion was so large however that a stored bit was not stable
under any disturb pulses. The pulse program was modified to directly meas-
ure the write mode switching astroid and the single pulse disturb astroid.
From this data it was observed that no combination of word and bit write
currents existed such that the bit current alone would not disturb the f£ilm.
Measurements with and without the keeper present indicated a keeper effi-
ciency of only MO%. The keeper used in this fixture was not fabricated by
the finalized process developed and had a high percentage of bubbles and
voids. This low keeper efficiency would increase the bit current required
to write by at least a factor of two and probably accounts for a signifi-
cant part of the poor observed test characteristics. However we also ob=
served that the amount of flux linking the sense line was a factor of 2.5
smaller than predicted. With a film 800 B thick and keeper efficiency of
40% the flux linkage should be approximately 10 x 10'12 weber. By integra-
ting the observed switching signal we measured 4 x 10’12 weber. There is
the possibility that the Ni-Fe film was adversely affected during photoen-
graving. Time did not permit detailed investigation of this anomoly.

Since there was only enough time left on the contract to fabricate

one or two more memory structures, it was decided to use this time to fab-

ricate a 512 bit model memory by process B, modified to include an SiO




layer between the Cr-Au-Cr bit sente film and the permalloy. This £ilm
was deposited to about: 3000 angstroms in thickness for the memory fabri-
cated. The Si0 film did not prevent the peeling in the more complex line
structure, but a significant reduction in peeling tendencles was obtained
compared to the earlier films where the extra Si0 layer was not used. The
peeling was sufficlently restricted that the remaining f£ilms of the memory
structure could be fabricated. This specimen ig shown in Figures 5.13c¢
and 5.13d where ‘the peeling is noted. The reduced peeling compared to the
specimen in Figure 5.17 i% apparent. The latter case was typical of the
extent of peeling thet oceurred ilmmediately after etching the sense lines
when Si0 was not used between the permalloy and Cr-Au sense film,

It appears from these studies that an S10 £ilm in the thickness
range of 0.5 to 1 p will eliminate the permalloy adherence faillure at the
810 interface. However, for the same reasons expressed previously for
process A, this is not the most desirable approach; it is recommended that
other methods of eliminating the problem be ilnvestigated. The first meag-
ure recommended is ‘to deposit the initial chromiwm layer at the highest
possible temperature that can be used without adversely affecting the mag-
netic properties of the permalloy. TFor ‘the previous specimens, this temper-
ature was 20000, but it was deterﬁined in the diffusion experiments that
this can be increased to 350°C. The maximum tempersture that can be used
can be just as simply determined. The gold deposition temperature can be
increased in like manner. Annealing effects at higher temperatures would
result in minimum intrinsic stress for the Cr-Au film. This in turn will

possibly result in less strain on the permalloy film.

A second measure that would shorten the process and possibly elimi-
nate peeling is to deposit the permalloy through a transmission metal mask
that roughly defines the permalloy lines. Following the permalloy deposi-
tion, the sense line film layer is then deposited and the precision line

pattern of the permalloy and sense lines is etched in a common engraving
step.

In the event that these measures do not eliminate the problem,
another metal such as molybdenum, tantalum, or platinum might be substi=-
tuted for the chromium.

3.6 Minor Difficulties Common to Processes A and B, The diffi-

culties discussed in this section were of a minor nature, in that, soiutions
were not required to realize the primary objective of fabricating a working
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memory by either of the processes. Solutions to the problems would, how-
ever, result in overall improvements in the fabrication processes, There
were three difficulties or problem areas of this nature. 7These were: skew
and variation in H, values over the permalloy film aree, the method of
measuring substrate temperature dur.ng film deposition, and stripping of
KMER. To some extent, the latter two problems have been discussed.

In general, Hc values and dispersion varied over ithe permalloy film
srea. This variation was within the specified limits; however, the varia-
tions did follow a characteristic pattern. While the shape of the permalloy
possibly contributed to the observations, it appeared that the film deposi-
tion apparatus was a significant influence on the pattern shape in this
work. As discussed in Section V-B-3.2, stainless steel transmisslon masks
had to be eliminated for masking during the deposition of the permalloy be-
cause of its contridution to high Hc and dispersion. In the latter instance,
the variastions in Hc and dispersion were greater but followed the same gen~-
eral pattern. Inspection of the deposition apparatus revealed that all of
the type 303 and 304 stainless steel parts such as the screws, mask support,
and spacer ring of Figure 5.3 and the tripod end top support plate of Fig-
ure 5.2 possessed a small amount of residual magnetism. The square holes
in the tep support plate of the tripod, where the substrate was located
during film deposition, and the stainless steel frame section of the sub-
strate support fixture are of the same general shape (rectangular) as the
stainless steel mask, but further removed from the film, Hence, due to
the similarity in pattern shapes observed with and without the metal mask
it is believed that when the Helmholtz field was applied during film dep-
osition the field induced in the stainless steel parts contributed to the
pattern of varlation in ,Hc and dispersion. It 1s suggested that in the
future nonmagnetic and nonferrous mafierials such as aluminum~titanium
alloys, aluminum, copper, tantalum, and ceramics be used for constructing
vacuum tooling to eliminate any possibility of adverse tooling influence
on the magnetic properties of the films., )

The difficulty of removing KMER remnants after engraving is dis-
cussed in the photo resist processes » Appendix Gi Poor removal, in a few
cases, caused peeling of subsequently deposited films. It is suggested
that another type of resist be tried that is easier to remove. The AZ-111
resist is easy to remove, but for the process developed, it would not with-
stand the etching solution for Cr-Au films. To eteh the thick Cr-Au films




used in the memory with the AZ-11l1l resist a different etching solution
or improved applicetion and curing procedures will be required,

The method of heating end measuring the temperature of substrates
was dlscussed. The method permitted consistent reproduction for a given
set of conditions but was not an accurate indlecatlon of the actusl tem~
perature of the substrate, in particular for the Cr-Au and Si0 evapora-
tions. In these evepora.lons, the high intensity of heat radisbion from
the sources caused the substrate temperature to rise above that of the
coppexr hegter, and the temperature of the latter was measured., The dis-
advantage was the extrs time required to empericolly establish a set of
conditions for depositing films that otherwlse could have been established
more readily with an accurste measurement of substrate temperature.

3.7 Typical Magnetic and Flectricel Parameters of Films in the
Memory Structures, The magnetic properties of the permalloy films in
Figures 5.11 and 5.12 were for large ares continuous filmg on glass sub-
strates. Tor memory fabrication, the permalloy (81-19) was evaporated at
o gource to substrate distance of 6 inches from a tungsten basket on sub-
strates at 450°C to a thickness of about 750 angstroms with a constant
applied fleld of 4O Oersted. They were annealed at this temperature for
15 minutes and subsequently cooled to room temperature in 10 to 15 minutes
with no applied fleld. The H,, dispersion (“90)’ and skew (B) values var-
ied some with the thickness of the 810 film over the ground plane, i.e.,
lower values of all three paremeterswere obtained as 810 thickness was in-
creased.,

Hk values of the permalloy films in the memory structures were
typically in the range of 3.5 to 4.5 oe before and after etching. Where
thicker 810 films in the 3 to 8 y range were used, H, = 1.2 tc 2 oe,
gy = 0.5 to 1°, and B = £ 1.5°. After etching g0 and H, usually in-
creased showing a dependence on line width with typical average values of
dgp = 4, 6, and 12° and H, = 1.5, 1.6, and 2 oe, respectively, for Lo,

20 and 10 mil wide lines. Hc showed somewhat less tendency to increase
during etching after introducing the dipping technique of applying the
AZ-111 resist. For Si0 films of about 1 to 2 g in thickness over the ground
plane and before etching, the magnetic parameter of the permalloy were more
scattered raﬁging from value : as low as those for therthicker Si0 films to
excessively high values but typically H, = 1.5 to 2.5 oe, gy = 1° to 2,
and B =+ 2,
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Capacitance measurements between the metal filins wers made to have
a record for subsequent electronic testing and evaluation., Also, the d.f.
values of the capacitance was an indicetion of the insuvlating quality of
the §10, Por the model memory specimen of Figure 5,13d, the capacitance
and d.f. values of each palr of sense lines to the ground plane was 210 *
10 pf and 0.01, respectively. From the film ares and average cupacitance
value, the average Si0 thickness was calculated to be 8.6 p. After the
deposition of the word lines, the word lines, bit lines, and ground plene
were shorted due to the peeling of the bhit lines and further measurements
were not mede,

For the simple test memory shown in Figure 5.14 the capacitance of
the bit sense lines to the ground plane was 455, 233, and 123 pf, respec-
tively, for the 40, 20, and 10 mil lines, and the corresponding d.f. values
were 0.12, 0.0l, and 0.012., After depositing the word lines, the respec-
tive bit line to ground plene capacitance and d.f. values were 493, 255,
and 146 pf and 0.015, 0.022, and 0.025. From these capacitance values, the
S10 insulating films were about U4 u thick, 'The respective average sheet
resistivity of the bit and word lines were calculated as 0,016 ohms per
square and 0.02 ohms per square; however, the actual resistance per square
was somewhat lower than this since the contact resistance between the
metering probes and films was not eliminated from the measured resistance
values in making the calculations. The d.f. values obtained for this spec-
imen were typical of memory structures fabricated by both processes with
810 films ranging from 3 to 8 p in thickness and metal films having sheet
resistivities in the range of 0,01 to 0.02 ohms per square.

3.8 Comparison of the Processes After Uptimization. With substrate
temperatures measured as discussed previously, the permalloy films were
deposited at temperatures of 450°C in both processes. Substrate tempera-
tures of about 450°C, 350°C to 400°C, and 200°C were used, respectively,
for Si0, Al and Cr-Au film evaporations before the permalloy deposition.

For the Cr-Au depositions, 200°C was the initial temperature and this in-
creased to an unknown value in the range of 300°C to 450°C. After the perm=
alloy was evaporated, substrate temperatures of about 350° were used for all
film depositions. Copper transmission masks were used satisfuctorily in
both processes for permalloy film depositions, and type 304 or 302 stain=-
less steel masks were used for the remaining films of the structures., Ex-

cept for the etching solution, the photoengraving processing was basically




common to both processes. Corning type 7059 glass was selecbed over fused
sllice for the substrate in each process, Cleaning pronesses are given in
Appendix H. In general, ho% chromic scid cleaning was uszad after photo-
engraving the Cr-Au films in process B, but it was no* used for direck
cleaning of the permalloy film. Hot chromic acid atbaecks alwnimum films,
and was not used in any of the cleaning steps for process A,

It was determined that a thin f£ilm of 810 (2000 to 3000 A) between
the permslloy and aluminum prevented the diffusion. Similarly, it appeared
that an 810 film in the thickness range of 0.5 1o 1 n can be used between
the permalloy and Cr-Au-Cr to possibly eliminate the adhesion failure in
process B, However, for both processes, it is more desivable, thouph not
necesgary, to have the sense lines in dlrect contret with the permalloy.
Posgibly, this can be achizvred for both processes by evaporating a refvac-
tory metal £ilm belhween the sense lines and permalloy. Also, for process
B, optimum annealing conditions for the Cr-Au films may eliminate the peel-
ing. For both processes, Si0 insulation of 8 u essentially eliminated
shorting between the various metal films of tkickness in the range 1.5 to
3 w. It apperrs that somewhat thinner 810 rilms in the thickness range of
5 to 6 u will be satisfactory.

Film structure of the simple test memory planes fsbricated by prucess
A exhibited excellent mechenical stability., The mechanical stability of
the structures of process B with Cr-Au-Cr, 810, and Ni-Fe films wag excel-
lent, except for the adhesion failure of the bit sense lines,

As mentioned above, chromic acid cleaning was used after photoen-
graving of the chromium-gold films in process B, The acid will slowly
attack permalloy. It was assumed that the permalloy was adequately protec-
ted by the thick chromium-gold and 8i0 overlayers. A thorough proof of
this assumption was not made, but supporting evidence was obtained when the
peeled sense lines were examined with the Kerr apparatus. In these instan-
ces, the chromic acid cleaning was used on the Cr-Au-Cr sense 1°nes before
peeling and the magnetic properties of the permalloy on the peeled sense
lines were good.

The one model memory film structure completed was known to be bad
when the sense lines began to peel after they were etched. The subsequent
film processing was completed *o determine if all of the ;va.rious masks were
correct and in proper registration.
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During the course of working with the two processes, a sllight pref-
erence was r2veloped for process B. This was due prmmarily to the more
rigorous cleaning procedures that could be employed with the Cr-Au films
compared to thaet for the. alumimwm films of process A. Also the gold termi-
nations for all of the lines were considered an advantage for subsequent
connections to the circuits board. In this preference, it is assumed that
the peeling of the sense lines can be eliminated by one of the suggested
methods. Process A appears to be a satisfactory approach also and has some
advantages over process B, It is expected that either process can be deve-
loped for memory fabrication. However, considerable additional efforts will
be required to make either process effective for pilot production and to
prove them compatible with silicon substrates.

In view of the considerable progress made during this report per- ;
iod, it is estimated that the fabrication efforts required to obtain a |
satisfactory process will be about equal to that devoted to fabrication
during this program which was the combined efforts of one research physi-
cist and one assistant research engineer to the total of about 1.5 man=-
years,

C. CONCIUSIONS AND RECOMMENDATIONS

The objective of this study was to develop an all-evaporation pro-
cess for fabricating a miltilayer film memory plane compatible with inte-
grated circuit technology. It was proposed that fabrication of a 512 bit
hybrid memory circuit on a single substrate to include not only a thin film Lo
memory matrix but also the selection diodes and buss lines be considered |
first'as an intermediary step to fabriceting a memory matrix on a silicon
wafer with diffused electronics. Considerable progress was made toward
~effecting two proposed processes A and B. In process A, films of 8i0, Al,
Si0, Ni-Fe (81-19), Al, SiO, Cr-Au, Cr, SiO and Cr-Au were successively
evaporated. In process B, successively evepcrated films of SiO, Cr-Au—Cr, '
Si0, Ni-Fe (81-19), Cr-Au-Cr, $i0, Cr-Au, Cr, SiO, and Cr-Au were used. The
zimple test memory consisting of e film memory matrix of 27 bits with a film

deposition sequence identical to the first seven films of processes A and B 'i
proved to be a useful tool for examining the proposed processes.

'~ ‘Multiple tungsten boats and baskets physically separated to simulate
a bread source condition proved to be satisfactory, respectively, for evap-
orating Cr-Au and Al films of the memory plane. Values of sheet resistivity
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of 0.010 to 0.015 ohm per square were obtained.

A broad source with a graphite cloth element to evaporate Si0 proved
capable of deposition rates to about 100 A/sec. An SiO film thickness of
8 p essentially eliminated shorting between the various metal f£ilms L.5 to
3 u thick, It appeared that somewhat thinner S$i0 films in the thickness
range of 5 Lo 6 u will give satisfactory insulation. Investigations to
determine optimum source tempersture for the graphite cloth source and to

adjust the source tec substrate geometry for maximum possible average angle
of incidence for atoms arriving at the substrate will possibly permit the 3
use of thimmer SiO films. 3
A single tungsten basket was found satisfactory for evaporating ’
permalloy films to a target thickness of 750 angstroms, but the number of
evaporations from a single basket was restricted to two to avoid excessive ;i
skew and dispersion of the easy axis of the films that occurred with more
extensive use of a basket. Of the ranges of substrate temperature (25°C to
500°C) and intensity of an applied magnetic field (zero to 60 oe) examined

for the deposition of permalloy, the most satisfactory compromise between

low dispersion and high Hc/Hk was obtained for a constant applied field
strength of 40 oe at a substrate temperature of 450°¢. It wes determined
that an applied magnetic field was not necessary during post deposition
annealing at 450°C for 15 minutes and subgzquent cooling. The latter in- :

ferred that a field need not be applied during subsequent film fabrication
if the substrate temperature was maintained below 450°C. Hk values of the
permalloy films in the memory structures for these conditions ranged from
3.5 oe to k.5 oe or close to the target value of L4 oe or less before and
after etching the bit lines. Additional variables affecting Hc, a9o, and
B, were the thickness of the SiO over the ground plane and line width of
the permalloy. It was found that before etching the permalloy that values
of H, = 1.2 to 2 oe, ay, = 0.5° to 1°, and B = + 1.5° were consistently
obtained for an Si0 film thickness of 3 to 8 p over the ground plane. v
After etching the permalloy, Hc and a90 usually increased showing a depend-
ence on line width with typical values of HE =1,5, 1.6, and 2 oe, and
agy = 4°, 6°, and 12, respectively, for 4O, 20, and 10 mil wide lines.
For multilayer film memory fabrication, experiment; indicated that

transmission metal masks were unsatisfactory for resolving film line pat-

terns with separations of less than 15 to 20 ten thousandths of an inch. éf AN




Except for the permalloy, stainless steel type 304 and 302 transmission
metal masks were found satisfactory for defining the large area deposits
and buss lines of the 512 bit model memory. It was found that highly dis-
persive permalloy films were obtained with repeated use of stainless steel
masks to define large area permalloy deposits; on the other hand, copper
proved to be satisfactory for masking large area permalloy deposits.
Photoengraving techniques using high resolution glass photomasks proved to
be satisfactory for fabricating the precision patterns of the ground plane,
storage film, sense lines, and word lines.

Shipley's resist, type AZ-111,proved to be satisfactory for masking
permalloy during photoengraving. Kodek-Metal-Etch-Resist (KMER) masking
was found satisfactory for engraving metal films of Al and Au=-Cr, but it
is recommended that improved methods of removing the KMER or other resist
materials more easily removed after engraving be investigated. Solution
formulations by volume of 2 parts HNO3, 1 part "Hi-Speed Circuit Etch", and
1/2 to 3/4 parts HCl; 2 parts HNO; to 1 part "Hi-Speed Circuit Etch"; 1 part
HC! to 1 part water with a zinc catalyst; and "Hi-Speed Circuit Etch" were
found satisfactory for etching, respectively, films of Al, Au, Cr, and perm=
alloy. .

Of the two substrate materials examined (fused silica and Corning
type 7059 glass), the glass substrates gave the most congistent mechanical
stability of the multilayer film memory structures.

It was determined that the method of heating the substrate with a

contact copper plate and measuring the temperature of the plate as an indi-

cation of substrate temperature was sufficiently reproducible but that this

method of specifying the substrate temperature was not necessarily an accur-
ate measurement of temperature of the substrate perse.

As specified, substrate temperatures during film deposition of 400°C
to 500°C, 45C°C, and 350°C, respectively, for films preceding the permalloy,
the permalloy, and films succeeding the permalloy gave consistently excel-
lent adherence of films in the multilayer structures fabricated by process
A, For similar substrate temperatures in process B, there was an adherence
failure at the permalloy=Si0O interface with adhesion of the remaining films
being excellent. In process A, alloying of the aluminum sense lines with
the permalloy at 350°C destroyed its magnetic uroperties. It was determined
that a thin film of Si0 (2000to 3000 K) deposited between the permalloy and
aluminum prevented the diffusion and concurrent adverse effects on the




permalloy. Similarly, it eppeared that an Si0 film in the thickness
renge of 0.5 to 1y can be used between the permalloy and Cr-Au-Cr to
eliminate ‘the adhesion failure in process B, However, for both processes
it was concluded that direct contact between the sense lines and permalloy
is more desirable théugh probably not necessary. To achieve direct con-
tact, an examination to use evaporated films of metals such as molybdenum,
tantalum, platinum, or palladium between the permalloy and sense lines of
both processes is recommended as a profitable future rourse. Also, for
process B, a study of optimum annealing conditions for the Cr-Au sense
lines to eliminate the Ni-Fe adherence failure is suggested. A third meth-
od recommended is that the precision etching of the permalloy lines can be
delayed for a common photoengraving step with the sense lines by using a
trasmission mask to roughly define the permalloy line pattern.

Simple test memory specimens fabricated by processes A and B modi-
fied to include & thin Si0 film between the permalloy and sense lines did
not meet the expected functional characteristics. It was concluded that
damage to the permalloy film occurred during fabricabtion subsequent to that
of the permalloy film. Time did not permit a detailed investigatbion of the
anomolous behavior. It is expected that either process can be developed
for memory fabrication; however, the answers obtained pointed to a consid-
erable amount of further engineering development to fabricate reliably
multilayer film memories by either process or to prove either process com=-
patible with silicon substrates.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The work carried out under this contract indicates that the proposed
integrated thin f£ilm memory system is indeed feasible, A detailed system
analysis has shown that word drive current requirements will be approxi-
mately 150 ma and sense signals at the array terminals of 3 mv to 4 mv can
be expected. Integrated circuit drivers and sense amplifiers capable of
operating to these specifications have been designed, febricated, and eval-
uated. To eliminate demegnetizing effects and increase drive line effi-
ciency, a ferrite keeper material has been developed which provides a rela-
tive permeability of nearly 10 over a wide frequency range. This material
also possesses the mechanical compliance necessary to permit it to conform
to all surface variations thus providing high efficiency flux closure. The
keeper is instrumental in achieving the low drive currents and high signal
levels of this design.

Because of an adherence problem at one interface in the 10 layer film
array structure, an operable memory system was not achieved during this con-
tract period. It has been possible, however, to identify and solve the vast
majority of fabrication problems, and there is little doubt that this one
remaining can be solved with additional time, The significance of the fab-
rication problem can be appreciated when considering the fact that the array
consists of ten individual film layers each having a thickness of 20,000 A
to 60,000 k. As a result of the work done under the fabrication effort, a
compatible material system has evolved and detailed process techniques have
been developed. Significant smong these was the development of a new evap=-
oration source to deposit thick Si0 insulating layers at high rates and free
of high stress regions near conductor edges. A patent application has been
filed on the development of this source because of the importance of sound
insulating layers in thin film circuitry of all types.

It is recommended that additional fabrication effort be extended to
compleﬁe the processing of the complete memory system. Following evaluation
of this complzted system, a development effort directed toward increased
density would be a logical successive program. From the system analysis
performed, it is predicted that a scaling of one-half is easily attainable.
Using the photo-lithographic processes herein developed, high tolerance
line dimensions of a half scale system can be produced in a straightforward
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manncr. The work performed under this contract, therefore, provides the
basic foundation upon which a highly sophisticated space oriented memory
system can be developed.
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APPENDIX A
DEMAGNETIZING FACTORS OF THIN FILM ELLIPSOID
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APFENDIX B

DERIVATION OF KEEPER EFFECTS

Magnetostatic Fields From Film Edges
Whenever a discontinuity of magnetizr bion occurs due to either a

film edge or a domain wall, a magnetic surface charge distribution is
established such that

(B.1)

s
=t
L

Q

where

= surface charge density in poles per m2

Q

M = discontimuity in magnetization
n = outward normal unit vector at the surface.

If these charges act entirely in an isotropic uniform median, the resulting
field due to them can be calculated easily from a magnetic scaler potential
in an identical manner as electric charge. Hence,

o1 IJ ods
U o= = - (B.2)
surface

and from this the megnetic field is calculated as the negeative gradient
of the potential, i.e.,

B = -p W . (B.3)

If the charge distribution is in the vicinity of a material boundary of
different permeabilities there exists a second surface charge distribution
at this boundary surface which alters the potential distribution and in
general, requires a solution of Poisson's equation. However, if the bound-
ary is simple, an image solution can often be obtained and such is the case
with a magnetic film edge below a permeable keeper. |

To demonstrate the.effect of the keeper, consider a single point
charge located below an infinite slab of material of permeability b 28
shown in Figure B.1.
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REGION 2
ka2

@3

REGION 1

Figure B.1l

Esteblish an image charge 4y at distance 4 within region 2. In order to

determine the potential in region 2, it is necessary to establish an image

in region 1. We let it be at the same location as g, but with magnitude

SIPL Thug in region 1, the potential at any point ;iis given a6

_1 9 4,
w o= st ) (8.4)
and in region 2 as:
2 b rq 7
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In rectangular coordinates:

o]

i
+
n

1 J(y - d)e + x2 2

il

+
N

Jo ) x4 5P (8.6)

2]
1]
+
N

3 J(y - d)2 + x2 2

Now consider the case where Pl and P2 are brought together al any point

(X, 0, 2) at the boundary surface. For this case ry =r, = r3 =r and

the boundary conditions to be met are:

M1y T Mo oy (B.7)

and
at y = o3 Ul = U2 .
Hence,
@) - T @) (5.8)
or

B2
+
W2
]
]

%o o (8.9)




Since

2 Lo 4ol - ) } (.10)
Ay 4 i o 5 om3/2 *
[.(y-d) + % +z]
and
dy U ~3/2 3/2
[(y - d)2 + %0+ ZQJ [(y + d)2 F x4 z2]
(B.11)
Then at y =
oU. ouU
1 2
b1 3y - T e ey (B.12)
yields:
Solving the two resulting B.C. equations simultaneously gives:
p L Y B R o L] (B.14)
or
q, - (B.15)
K ul + “2 ) 1

Since we are seldom interested in the field in region 2, 95 is unimyor-

tant.
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The result obtained then is that if u, >'pl-the field in region 1




can be found by replacing region 2 with a charge distribution identical to
the original, symmetrical to the boundary, opposite in sign, and of 1 mag-
nitude |(p,l - o) / (ug * pz)l |ql|. Note if p, >> p, the image becomes
simply the negative of the original.

Effects of Current Distribution

If a current carrying conductor is located in close proximity to a

boundary of two different permeabilities, a magnetic charge distribution
will occur as a result of a discontinuity of M at the surface. Thus, con-
sider a conductor in air p = Mo located over an infinite plane slab of per-
meability p as shown in Figure B.2. In the absence of the magnetic material
the H field from the conductor would be uniform and by Amperes law equal to

iy =é(——2':r[71"—) '

The components of H normal to the surface, i.e., H, create a net vertical

component of M in the material according to:
M = XH, (B.16)

resulting in a discontinuity of M at the boundary since M(air) = O.

Note it is only the vertical mmponents of the external field which
create a charge distribution. Thus, our image system must be configured to
satisfy the requirements associated with this component.

Consider a small pill box region at tre surface such that the field
distribution is uniform over the area of the region as shown in Figure B.3.
In the absence of the material boundary the original field at that location

due to a current carrying conductor is simply

Hy = @( =—) = H.x + Hy. (B.17)

With the boundary, however, the resulting surface charge will modify the
field both external and internal.
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po= “’2

Figure B.2 Current Carrying Conductor Above s Keeper Surface ;1
o 5
Mo <

Figure B.3 Pill Box Construction Showing Field Distribution Above and

Below the Keeper Surface
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The surface charge within the infinitesimally thin box causes a
field normal to the surface., By Gauss's law, this is simply

g ;
HG'L = - (B.18)

The two net fields external to the box are then

H, = H - H (B.19)
HO = H.L + HO'

where H; is the applied field in the absence of a material boundary. Since
the surface charge is due simply to the discontinulty in magnetization at

the boundary we have:

o = My = XH, . (B.20)
Thus
BHy = XH; = XE(H_L - H)) (B.21)
or
X
Hy = <'_2-T)Z;) H . (B.22)
Since y = (u/pc - l> the equation B.22 becomes:
By = W :
H = (..2_5__2_> H (B.23)
0 |J,2+uo




Thus the effect of the boundary is to create a field at every point along
the surface directly proportional to the applied field HA at that point.
With the plane boundary existing in this problem, the effect of the charge
distribution can be accounted for simply by placing a current image on the
opposite side of the boundary from the true source. The magnitude of this
image current should be

-1
o), . (.24)

Iimage = ( b, + 1

Here the image is a positive image as contrasted to the case where the
source is a magnetic pole distribution.




APPENDIX C

DERIVATION OF FIELD FROM A THIN CURRENT CARRYING STRIP

The field resulting from a thin conducting strip is readily calcu-
lated to the first order as shown below. Consider the geometry of Figure
CCl.

.
W
- 5
(Oi :Z)
—I——-l =
< p e
|
h
(O:O’Z)
Figure C.1

Here we calculate the field at any point P resulting from a cur-
rent I in the conductor. The conductor is w meters wide, and the point is

located on a plane h meters below the line and at a distance 1 meters from

the line center. The line, i.e., the current carryirg conductor, is
assumed to extend to infinity in the directions perpendicular to the paper.

For a total current flow I amperes, uniformally distributed across
the conductor, the current in an incremental element dx meters wide is

simply
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aI = ~= (c.1)
and the incremental resulting field at point P is
— -—]:-i)-{——

In thin film work we are concerned only with the component of H parallel
to the plane or

6 .
11 - IZiﬁw & (c.3)

From the figure it is readily seen that
sin® = h/r (c.k)

and

2

r = (t-x)2+h2

(c.5)

Thus carrying out the integral

-w/2 |
Hll = J;/adﬂll (c.6)

we obtain the desired field as

tan*(i.%.‘!@.) - an-L _L;_‘IZE_)] . (.7
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APPENDIX D

USTNG THE POURTER SERIES FROTAM

The Fourier mrogram allows any periodi. unvaform or any waveform
which can be forced into a periodic cycle to 1. decomposed into its Fourier
series components. It then permits a component 1y component operation by
any specified gain-phase versus frequency transfor function and recombines
the resultant series into an output wavefoim.

Very basically, consider the followins =velorm to be analyzed.

Figure D.1

The period of the waveform is shown as T seconds, corresponding to 2 T
radians. The actual signal may cover any portion of the period T. The
signal is sampled at M + 1 points and this provides the required input
data.

The Fourier coefficients are calculated by the following sums:

1=

1
Ay = m
m:

[es(m) cos (nm,‘ﬁr >] ﬁy (D.1)

I
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M

-

B = -TJT'— [es(m) sin (nm - IlgT )] 1;::41 (D.2)

m=0

And yield a series of:

MAXC MAXC
A N

en
es(’c) = —-§°- + n2='-‘l A, cos (n-%l- t) +nzl B sin(n w-i,-t)

(D.3)

In the expression for the coefficients, the term -%?—-is the number of

radians per interval, (region between samples). Thus if the M + 1 samples
extended through total 2 T radians ﬁn = i? radians/interval. If the

signal only existed for an equivalent of 200 degrees and wus zero for the

last 160 degrees, then taking M + 1 samples over the 200 degree interval
would yield:

ko _ _(200/180)m _ ( 230) m rad (D.4)

M M 180 interval

The feature of sampling over énly the region where the signal is signi-
ficant with respect to zero permits maximum accuracy with reasonable size
values of (M + 1), i.e., reasonable number of samples.

The previous equations include all the necessary information re-
quired by ‘the program. A list of the specific information required is
given below.

The first data card supplies:

(1) Number of intervals taken on the waveform. Equivalently,
the number of total sample points less one. The program
" calls this JMM. .
(2) MNumber of harmonics to be calculated. The program calls
| this JMAXC.
: (3) Number of degrees per sample ihterval. This is calculated

by the programmer as number of degrees over which samples
were taken divided by the number of intervals. It is the
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bracketed quantity in the right most factor of equation
(D.4). Note the information is fed in as degrees per in-
terval, not radians per interval. The program subsequently
converts the mimber inputted to radians per interval. The
computer calls this JDT.

(4) Period of one cycle in seconds. This is illustrated in
Figure D.l as T. The computer calls it JCAPT.

Following the first data card is a sequence of cards inputting the
velues of the sample amplitudes for each point., Each card contains four
sample points. There must be JMM + 1 values sequentially given. The pro-
gram calls these data JES [I].

With this information the computer calculates the Fourier coeffi-
cients specified, i.e., Ab, Al’ A2, veo AUMAXC’ Bl, BQ, iee BJMAXC' It
prints out the following:

(1) Frequency of fundamental harmonic in cycles per second.

(2) sample interval in radians/interval. (This is simply as a
check for the programmer).

(3) Iist of Fourier coefficients.

The next data card inputted contains information allowing the program
to construct the approximate waveform employing the previously generated co-
efficients. This card contains:

(1) Number of harmonics to be employed in the approximation.
This value can be equal to or less than JMAXC. The progrem
calls this JNH.

(2) Number of 2 T periods to be included in the output. The
program cxils this JNOP.

Using this data the program calculates the approximation to the input wave-
form and prints the output amplitudes at the same sample points used for
input data. The format is:
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E, (o) (1) E,(2) £, (3)

and continues in this manner until the number of periods specified by

B, (4) E,(5) E,(6) E(7)

B_(8) _— . .

E_(4-1) E, (M) E_(M¢1) : i
Figure D.2 i

JNOP is complete, This output data can be punched on cards so that an
automatic plot can be made. This is done by calling the PIOT procedure
with a card added into the deck. This will be discussed later.

The last part of the program accepts as input, data specifying a
gain-phase transfer characteristic, and calculates the effect of this on
the Fourier approximated waveform. From some specified gain-phase plot,
the procgrammer selects a set of samples which the program can use as data.
The program performs linear interpolation between sample points and hence
. the data must be selected with this in mind. As an example consider the
following gain-phase characteristics. Samples are taken at frequencies
intersected by the dotted lines. ‘ '
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The samples can be taken at any frequency desired and the sample irtervals
are completely independent. Only the following two restrictions hold:

(1) |A| (n) and 8(n) must be taken at the same frequency.

(2) The frequency of the last point must be equal to or greater

than the highest Fourier component to be employed.
' E
Note |Ai is given simply as a number Eo and not in db. Phase is given

. i
as degrees, -not radians. . ‘ //L

The data for this part of the program is supplied to the computer

with the following cards: _

(1) Card specifying number of grin-phase sample points to be
suppliéd. This is simply a single integer number and is
called NUMPTS. |

(2)' Next' a sequence of cards confaining the actual gain-phase
data. Each card reprebebts one sample frequer.:y and con-

 tains three numbers in -the follow1ng order:
(a) Frequency at which sample is taken; this is called LR
(b) Gain magnitude at the sample frequency; this is
called GAIN.
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(c) Phase shift in degrees at sample frequency; this is
called THETA.

Using this data the program calculates a new set of Fourier Coeffi-
cients (the original set modified by gain specifications) and calculates
a new Fourier series including the appropriate phase shifts. The number of
harmonics employed is that previously specified as JNH. From this new ser-
ies the program prints out data points corresponding to the waveform of the
output function. The format is identical to that shown in Figure D.2. As
before, the data may be punched out with the proper format to allow auto-
matic plotting by calling the PIOT procedure.

Following is a summary of the sequence of input data and format

required by the program:

ORDER No., of CARDS DATA FORMAT
1st One Card JMM, JMAXC, JDT, JCAPT 215, 2E20.3
2nd (oMM+1) Cards JES [I] I=0, JMM 4R 12.2
3rd One Card JNH, JNOP 2I5
Lth One Card NUMPTS I3
5th (NUMPTS) Cards FREQ[F],GAIN[F],THETA[F] F=0, (NUMPTS-1) 3El2.2

The following page illustrates the formats in detail.

PIOT ROUTINE:
The PIOT routine is a procedure which punches tubular data in a

format to be acceptable to the Mosley x~y plotter. In some programs where
fine detail is desired and many points are calculated this procedure can

save much time. The procedure is simply called by insexting a card with

the following data punched:

PLOT (Identifier of Varisble, Number of Data Points, File
ID of Printer);

The procedure normalizes the entire list of data so the minimum value
becomes O and the maximum becomes 100. It then punches a set of cards,
each card being one data point, with an x coordinate, (0, 1, 2, 3, ...),

and a y coordinate,,(o = Y = 100). From these cards a‘plot is made of Y

vs. X on the plotter. ,
' Renormalization to real values is effected by the programmer with

the aid of a prin% out supplied by the procedure. Thistproduces a set of
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actual values at every 10 intervals from ¥Y=0 to Y=100, i.e., Y(0), Y(10),
Y(20) ... ¥(100). 1In addition it also prints out the value of Y at which
the zero axis occurs. A typical print out which was obtained during an
actual program is shown below.

THE ZERO AXIS IS IOCATED AT Y =7

VERTICAL AXIS SCALE IS AS FOLIOWS:

Y VALUE ;
0 -8.729 @ -02
10 5,058 @ =02 t
20 1.484 @ =01 ‘T
30 2,663 @ -01
40 3.842 @ -01
50 5,021 @ -01 |
60 6.199 @ -01
70 7.378 @ =01
- 80 8.557 @ =01
90 9.735 @ =01

100 ‘ 1.091 @ +00

Since frequency techniques are a powerful approach to many system
analysis problems it is believed that this program will find application
in a variety of problem studies.
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APPENDIX E

DERIVATION OF MAGNETIC SUSCEPTIBILITY FROM TORQUE MEASUREMENT

The torque on a magnetized sample in a uniform field H is given
simply as

=
i
=
>
o] ]

(E.1)

Assume the sample is planar in shape, i.e., a flat disk, hanging on a
fiber which is along the Z axis. If the field has no Z directed component,
then defining the i vector normal to the plane of the disk, and the j
vector as tangent to the plane of the disk the following equations can be
written.

E = iH . +j (B.2
Hy = iH ,JHOJ. E.2)
= H = 9
Hbi = o i = HO cos
Hoj = H5 e j = Hb sin 6
Hﬁ = Hoi * Hdl ? Hﬁ = Hoj * HdJ
Hy = - M 1>N> 0

JHp o= Hpg - hmNM;, H o= Ho - LM,




H = H, - lmNixH , HJ = HOJ - l’mNJxHJ
H, H
. ol - of _
BT TEmmyx v B T TH ;X
M = oy M, = xHoj
i 1 + bnN,X ’ J 1 + 4N 4X

M x Ho)z = k (MiHJ - MJHi) = T,

H ,H
_ oi o] - of oi
T, = kx(l“mN 1+1mij>

R - 1 . 1
T, = 2xH, sin 26( T+ - LF TN X ) . (E'3)

let 4nN = D. Then replace T by T/V where V = the volume of the disk.

2T ' 1 1
A = y(=e— - —i— (E.4)
vnisinee ’ (l"'DiX 1+Djx)

Solving for X gives:
2 2 ) 23
- A(Di + DJ.) + [A (1)i - Dj) - A(Di - D.)]

X = 2A;D, 7, - ;1 : (2.5)

where in this case A < 0. Now for a flat disk, D, ~ b, and D g = 0.

Replacing A by its magnitude and solving again for ¥ gives:

L a2 i '
X = Ai[A;MﬂE_ (£.6)

Obviously, only the positive ‘root is meaningful here. Now, recall that in

22l |
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the CGS system of units bgp = 1 + by and the calculation is complete.
Following the method of Osborne and assuming the disk to have an ellip-
tical cross=-section, a suitable correction was applied to the value of

X by using the more exact relation. »
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APPENDIX F

CHARACTERISTICS OF DISTRIBUTED R-C TRANSMISSION LINES
AS FEEDBACK ELEMENTS

The comparative ease of fabfication of capacitors in a monolithic
structure and the performance of the two schemes (coupling capacitors or
feedback elements) will be compared. Most of this discussion is based on
material in Reference (11), the text Integrated Circuits by the Motorola
staff. Comparison of the coupling capacitor scheme with the feedback

scheme is difficult in multi-stage amplifiers since the low frequency roll-
off is 6 db/octave for each stage in a capacitor coupled amplifier whereas
it is 6 db/octave for the entire amplifier with the feedback scheme. More-
over, for the model of Figure 4.5 the resistances are fairly well fixed so
that only increasing the capacitance will lower the roll-off frequency in
the capacitor coupled circuit. 1In the feedback circuit the time constant
of the network is most importunt. Reference to Figure 4.6 will show the
limitations on the R and C of the network. The dc gain of the amplifier
is,Rf/Ri, where Rf is the total series resistance of the feedback network.
The input signal from the sense line is divided between R, and the differ-
ential input impedance of the amplifier. Thus the maximum value of Ri is
limited by signal attenuation. The input impedance of a typical stage is
roughly several thousand ohms,'so Ri is limited to values less than 1000
ohms for minimum signal attenuation. The amount of feedback, and hence

the reduction of dc gein from mid-band gain, is limited by stability re-
quirements. Thus the minimum value of the Rf/Ri quotient is limited by
amplifier stability. Comparison and choice between the schemes depends on
the high frequency roll-off of the differential amplifiers, the amount of
initial offset and the offset which can be tolerated at the output collec-
tors, and on the total forward gain of the amplifier under consideration.

Since these characteristics of the amplifier are determined by the neces-

sary small signal, performance, the design of the feedback loop must be
discussed after the small signal performance has been determined. For the
amplifier under consideration, it turned out that the feedback capacitor
Cp of Figure 4.6 needed to be about the same size as the coupling capacitor
of Figure 4.5 in order to achieve a low frequency roll-off at about 800 kHz
in both cases. This capacitance value was 100 picofarads. The feedback
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series resistance can be fabricated in the same region of the chip as

the capacitor. Thus the chip area occupied by the feedback network is no ‘
larger than the area required for the capacitor. §
Figure F.l shows a typical cross-section of an epitaxial-diffused
monolithic structure. The various N and P regions can be connected to-
gether with ohmic contacts (not shown in the drawing) as indicated by the
schematic. This interconnection scheme reverse biases each P-N junction
and at the same time maximizes the capacitance between the series R element,
the base diffusion, and signal ground. Here signal ground is not circuit
ground but rather is the +3 volt supply. Knowledge of the sheet resistivity
of the base diffusion, and typical junction capacitances as a function of
biasing voltage, enables one to model the structure as a series R - shunt C
transmission line. This structure results in a lossy transmission line, ;
E | which is exactly what is needed as a feedback element. Because the base ;
| region of the monolithic transistor is shallow compared to the base diffu- ?

sion depth, the conductivity of the line per wunit length is determined by
that portion of the base diffusion not under the emitter. The region under .
the emitter can be ignored not only because it has a small cross-section

area, but also because the diffusion impurity level is typically an order

of magnitude less there than at the top of the base diffusion region. This

order of magnitude drop in impurity level makes the resistivity about an
order of magnitude greater,

The resistance per unit length of line is easy to compute since the
resistivity per square of the base diffusion is known. The unit of length
for the line will be a mil since the width of each side of the base is 1/2
mil, Here the portion directly under the emitter diffusion is not consid-
ered to carry any appreciable current. The sheet resistivity of the base
diffusion is typically 200 ohms/square. The resistance per unit length
(one mil) of line is then 200 ohms. '

The capacitance per unit length is more difficult to compute. Two
Junctions, base-emitter and base~-collector, yield capacitance to signal
ground. The effective capacitance of a reverse bissed junction is a strong

function of applied voltage. The emitter-base junction offers the greatest

capacitance per unit area, but is rather lossy due to the high resistance
of the region directly under the emitter. The Motorola staff implies that
the base-collector junction is normally used for coupling applications even

though the capacitance per unit area is less. For a coupling capacitor
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42 #1
0

i ,
' FEEDBACK 3V
NETWORK 4 |, -
'l
(CONNECT TO BASE H
AT FAR END) | - 3V
| : N ) ! |
EPITAXTAL | P c
LAYER — P N X
\
P S UBSTRATE EMITTER
BASE
\
COLLECTOR

TYPICAL DIMENSIONS:

Junction Depths - Emitter-base, 2,0 microns
Base=-collector, 2.7 microns
Collector epitaxial width-25 microns thick
Minimum emitter width-l mil
Clearance between emitter-base and base-collector
Jjunctions on surface-0.5 mil

Figure F.1 Cross-section of a typical monolithic structure showing
Junctions biased for use as a feedback element for the sense
amplifier, The feedback element would be long and narrow,
so terminal No. 2 would connect to base at the far end
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application, series resistance such as that with the emitter-base junction
results in direct signal losses and must be avoided., However, for applica-
tions such as a feedback network this series resistance is less important.
Thus the shunt element of the transmission line model is a simple capacitor,
rether than a capacitor and resistor in series. To take into account the
isolation of the capacitor by the base resistance, one might use a lower
figure of capacitance per unit area. Rather than attempt to simplify a
complex problem, the capacitance figures listed in Table 10-1 of Reference
(11) will be used directly. If such a network were to be constructed, act-
ual measurements would be far more meaningful than calculations. The puré
pose of ‘this section is not to design a working network, but rather to point
out that the feedback network takes advantage of the distributed capacitance
and resistance inherent in a monolithic structure, whereas s coupling capa-
citor has losses due to the distributed nature of the structure. 1In this
particular application both the coupling capacitors and the feedback network

will occupy about the same chip area, but given different, lmproved perfor-
mance of the differential amplifiers, the feedback network would offer ad-
vantages with respect to the chip area occupied.

Two possible models for the feedback element are shown in Figure F.2.
Since the feedback structure will be long and narrow, it will be treated as ;
a transmission line. The models are for an incremental length of this line.
As discussed above, the model of Figure F.2a is accurate but the element
values are hard to estimate. The model of Figure F.2b is simplified in that

R AR bk . o T

the series resistance of the shunt leg is ignored and the capacitances are
lumped together. The values shown are for a line with a 2 mil wide emitter
diffusion and a 3 mil base diffusion. These are arbitrary, but reasonsble,
dimensions. The base diffusion sheet resistivity was assumed to be 200
ohms/square before the emitter diffusion.

The general transmission line is considered in many texts, e.g.,
Reference (18), Ramo, Whinnery, and Van Duzer's Fields and Waves in Commun-

ication Electronics. If a line has a distributed series impedance Z per
unit length and a distributed shunt Y per unit length and the line is ex-
cited by a steady state sinusoid, the voltage and currents can be expressed

as.:

V(z,t) = (V;e'yz + V-’_eYZ>eth




BASE
DIFFUSION

SHEET ?
RESISTANCE

-0

BASE RESISTANCE (WHICH ;
WILL BE IGNORED) ]

COLLECTOR=BASE b EMITTER=-BASE
JUNCTION CAPACITANCE T~ ~~ JUNCTION CAPACITANCE

SETRpTERS

0
¢

v 1 L

—1~ 1.75 pf/mil

dx
(b)

Figure F.2 Models for R-C transmission lines. Part (a) shows exact model
for transmission line. Part (b) is a simplified model for a
line with a 2 mil emitter and a 3 mil wide base
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I(z,t) = 1 (V e Y2 . V;eYz)e3wt

where V+ and V_ are complex coefficients determined by the boundary condi-

tions on the line, w is the excitation frequency and y and Zo are determined

by the line parameters. The propagation constant y is given by
1/2
v = @Y

Since Z = R and Y = jWC for the model of Figure F.2b,

Y = (ure/2)}/?

Here the real and imaginary parts have been explicitly shown. Taking the
values shown in iigure F.2b for R and C, we have

1/2

y = (175 x 107™% 1+ 3)

The propagation constant is seen to be a function of frequency, as expec-
ted for a lossy linz. The characteristic impedance is also a function of

frequency and is given by
z = @02 - ®ac)Y? @-3) - (57.1 X 10%2/w)Y2 (1 - 5)

The coefficients V_ and V_;arewdetermined by-cbnsideiiﬁg:the termination
at each end of the line. 'An equivalent circuit is shown in Figure F.3.
The line is shown as 50 unité in length, which,coriesponds to a base diffu-
sion 50 mil long in the integrated circuit ‘ »

The solution of the line equatlons for the voltage transfer ratlo
'Vb/V V(O t)/V(z,t) is a function of frequency and line length. The gen-
eral procedure Wlll‘be glven here and the transfer rat1¢:V6/V will be

Ll
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computed for a line length of 50 mil and for several excitation frequencies.
The maegnitude and phase of the transfer ratio may be recorded on a Bode plot
and a smooth curve drawn through the points. This curve will allow the
transmission line to be replaced by an equivalent lumped cireuit.

Given a line length and an excitation frequency, the procedure is

as follows:

1) RL and Zo are known. Form the voltage reflection coefficient

i
+<| l<2

p (0) (R - 2)/ (R +2,) .

The reflection coefficient is a function of z. In general
_ 2yz
p (Z) - (V_/V+) e .

The reflection coefficient gives the ratio between the incident and

reflected waves at any point on the line.
2) Use the Smith chart to compute the reflection coefficient at

the input to the line, that is, p (~50).
3) The input impedance to the line may also be determined.

| _ 1 + p(-50)
2 = %o T = p(=50)

4) The voltage at the input terminals to the line may now be com-
puted. Reference to Figure F.3 will show that V, = ZiV'g/(Zi + Rg)‘
5) There are now two equations for V(-50). |

‘ _ 50y -50y
zivg/(zi + Rg) = Ve + Ve

p(=50) = (V_fv)em O
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Remember that both p and Zi are functions of frequency. These equations
may be solved for V+ and V_.
6) The output voltage may now be written as

The complete expression is
: wt
V() = %, + V).

Several transfer ratios have been worked out for the line described. A
load resistance of 500 ohms and a generator resistance of 2500 ohms were
assumed as typical. The results are tabulated in Figure 4.7.

The distributed line does not behave like a simple R-C network; yet
it is still useful as a feedback element. Care needs to be taken in-de=-
signing the feedback loop, but once the loop is designed, the fabrication
problems should be less with the feedback system than with coupling capa-
citors since stray losses are unimportant. Loop design will proceed in a
conventional fashion once the small signal characteristics of the amplifier
are known. '




APPENDIX G

PHOTO RESIST PROCESSING

Kodak-Metal-Etch-Resist (KMER) and AZ-111 resists were used for
photoengraving metal films in multilayer film structures. Specimens were
placed in a clean covered petri dish and stored in a desiccator when the
photoengraving of films did not follow immediately the vacuum deposition
process; hence, they remained dry and reasonably clean before application
of the respective photo resists. In general, process procedures recommended
by the vendor of each resist were followed. Specific processing details :
are given below for each resist, and processing apparatus are discussed in
Section V-A-3.

! Processing of KMER
| KMER, KMER Developer, and KMER Thinner are products of the Eastman
Kodak Company. KMER was used effectively for masking in the precision

etching of both aluminum and chromium-gold films. For spin application,
the resist was thinned by mixing one volume of resist with one volume of

| thinner, The resist was filtered during application by applying it with
a 20 cc hypodermic syringe fitted with a micro-syringe filter holder
(Millipore Filter Corporation Cat. No. XX30 025 00). A 14 u filtering
membrane was used. The stepwise process was as follows:

(1) Place substrate on spinner,

(2) Spin substrate at 2000 r.p.m. for a few seconds to remove dust
particles,

(3) Stop spinner and cover substrate surface with 1:1; KMER:KMER
Thinner,

(4) Spin at 1500 r.p.m. for 2 minutes,

(5) Apply a second coat by repeating steps (3), and (4),

(6) Place on hot plate at a regulated temperature of 110°C and bake
for five minutes,

(7) Mask substrate with appropriate contact photomask in vacuum
frame,

(8) Expose with exposure lamp for 1 mimute,

(9) Develop in dish of KMER Developer for 1-1/2 minutes - mildly
agitate solution,
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(10) Remove from KMER Developer and while still wet, spray with
reagent grade xylene for 1 minute (a solvent spray gun was
operated at 20 to 4O psi and held at a distance of about 12
inches from specimen),

(11) Dry with jet of dry air or nitrogen from spray gun,

(12) Examine the developed image with a stereomicroscope. Usually
the best development resulted by repeating steps (9) thru (11)
with a development period of 30 seconds in the KMER Developer.

After etching of the metal film, the KMER image was stripped or re-
moved., A commercial stripping solution, Resist Strip J-100, of the Indust-
Ri-Chem Leboretory, Richardson, Texas was used in this process. The pro-
cedure was as follows:

(1) Place substrate on the bottom of a 1 litter beaker with the
film side up,

(2) Add 50 ml of concentrated Resist Strip J-100,

(3) Heat solution to 100°¢ and leave in solution at this temperature
for three to five minutes, :

(4) Spray film surface vigorously with the J-100 solution using a
hypodermic syringe, |

(5) Remove from stripping solution and spray with reagent grade
Xylene at 40 psi to remove J-100 solution,

(6) Dry with jet of dry air or nitrogen,

(7) Inspect and repeat if necessary.

In the inspection of step (7), a stereomicroscope was employed at
megnifications ranging from 3X to 60X. To aid in the detection of remnant’
resist, the substrates were placed on a clean piece of blue cobalt glass.

A directional microscope lamp was held so that the light intercepted the
surface at a large angle of incidénce yhile the surface was viewed from near

normal direction with the microscope. This technique permits the detection

of surface particles that are not ordinarily seen with full field illumina-
tion, It is very difficult to remove completély,the remnants of KMER with
commercially available stripping solutions. The remnant material is a

slimy scum-like substance that is extremely adherent to metal and‘glass
surfaces. In fact, this laboratory haS‘beenfﬁnable to completgly9rém6ve the
scum even by cleaning in hot sulfuric acid. Better strippiné of KMER can be
had by ultrasonically cleaniné in hot J-100 stripper. Ultrasonic cleaning




was used quite satisfactorily on single layer aluminum, gold over chromiunm
f1lms, end multiple layers of aluminum or Cr-Au-Cr with silicon monoxide;
however, permalloy films were damaged with the ultrasonic technique; hence
the technique could not be used after the permslloy film was deposited in
the multilayer memory structures. Where excessive damage to metal films

or the substrate does not occur, cleaning in hot (15000) chromic acid or
sulfuric acid is very effective in removing the scummy remains of XKMER.
These acids can be used for cleaning chromium - gold films quite satisface
torily.

Processing of Type AZ-111 Resist
Type AZ~111 photo resist and its developer were obtained from the

Shipley Company, Inc. The resist was used primarily for masking to photo-
engrave permalloy films. Spin application similar to that for the pre-
viously discussed KMER was employed at first. However, the resist mask had
too many pin holes when applied in double coats at a spin speed of 2500 r.p.m.
Eventhough & clean box was used for applying the resist, the laboratory was

T T TR Bk g S s g 1

not a clean room, and dust collection on the substrate surface was probably
the main source of trouble. To eliminate the pin hole problem, the sub-
strates were dip-coated by submerging them in the unthinned resist and
slowly withdrawing to form a uniform film of the resist. The thicker coat-
ings of resist obtained in this manner eliminated the pin hole problem, The
remainder of ‘the processing was as follows:

(1) Lay resist coated substrate on a level surface and dry in air
at room temperature for 15 minutes, /}

(2) Place on a hot plate regulated at a temperature of 90°C and (
bake for 20 minutes (15 minutes of baking was satisfactory for
thinner films applied by spinning),

(3) Mask substrate with appropriate conbact photomask in vacuum
frame,

(4) Expose with exposure lamp for 10 mimutes,

(5) Develop in dish of solution consisting of L volumes of deionized
water to one volume of AZ-303 developer - mildly agitate solu-
tion,

(6) Remove from developer and while still wet, rinse well with tap
water using considerable pressure,

(7) Dry with hot air gun (do not heat resist above 95°C),
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(8) Examine the developed image with a stereomicroscope. Usually
the best development resulted by repeating steps (5) thru (7)
with a development period of 30 seconds.

After etching of the permalloy film, the resist image was stripped.
Since AZ-111 is a positive working resist it can readily be removed by ex-
posing the image and removing in the regular develover; this method was used
primarily. The unexposed resist can be removed in acetone, Thus, to insure
compleﬁe removal of the resist, acetone was used in subsequent cleaning pro-
cesses before additional films were deposited over the permalloy films. ¥




APPENDIX H

SUBSTRATE CLEANING METHODS

The following are stepwise descriptions of the two substrate
cleaning methods used at various stages of febricating multilayer f£ilm
structures. Reagent grade chemicals were used in both methods. In the
performance of these cleaning procedures, the substrates were not allowed
to dry between successive baths. The methanol rinse of step 5, method 1,
was used primarily to remove water from the substrates and rack hefore
degreasing since wabter and trichloroethylene do not mix very well. The |
trichloroethylene degreaser was used primarily as a storage point immnedi- %
ately before film deposition and as a technique of drying the substrates Z
to obtain g streask-free surface rether than for any unique cleaning or de-
greasing property of the tricholoroethylene vapor. Cleaning method number
1 was used for initial cleaning of substrates and for cleaning chromium- %
gold films after photoengraving and stripping of photo resist (KMDR). For ;
the latter cleaning, the acid temperature was increased to 125 to 15000
for more effective removal of remnants of KMER. Method number 2 was used
for cleaning permalloy films after photoengraving and stripping of photo
resist (AZ-111). Cleaning apparatus is discussed in Section IT-A-k.

Cleaning Method 1

(1) Scribe code numbers on back of substrates and arrange in
deposition order in substrate cleaning rack,

(2) Place racked substrates in a fresh hot chromic acid bath,
about 100°C, for 5 mimites (chromic acid formed by saturating
concentrated sulfuric acid with chromium trioxide at room
temperature -~ keep acid dish covered to minimize oxidation

at elevated temperatures),

(3) Remove from the chromic acid and rinse away gross acid with
flowing demineralized water,

(4) Submerge racked substrates in high purity water rinse,

resistivity returns to a minimum of 15 megohms,

(5) Remove racked specimens from water rinse and rinse with methanol

from a blow flask,




(6) Place racked substrates in trichloroethylene degreaser for a
minimum of 10 minutes or until ready to place in vacuum deposi-
tion apparatus,

(7) Slowly remove substrates fram degreaser,

(8) Use cleaned tweezers to remove substrates from cleaning rack
and position in holders in the vacuum deposition apparatus.

Cleaning Method 2

(1) 7Place racked substrates in a beaker of boiling acetone for
three to five mimutes,

(2) Rinse with methanol from a blow flask,

(3) Continue with steps (4) thru (9) of Method 1,
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