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APPENDIX I

A Memorandum on Results of Tin and Indium Cryotrons

A. E. Brennemann



ABSTRACT

This memorandum presents general results on the
characteristics of tin and indium cryotrons evaporated in con-
ventional evaporators with no special techniques such as
substrate heating or prenucleation.

Indium from the conventional system is compared
with films from more elaborate systems. Indium from the con-
ventional system compared favorably with that produced in an
ultra-high vacuum system.

Reproducibility results for four in-line cryotrons on
one substrate indicate that the cryotrons cannot be interconnected
with a sufficient margin of safety on the bias or overdrive on the
control when maximum operating speed is desired.

The critical currents for a number of tin and indium
films are plotted as a function of the ratio of film thickness to
penetration depth.

The gain characteristics of unity crossing crossed-

film cryotrons are discussed.



INTRODUCTION

The results given below are taken from data on tin and
indium cryotrons that were made in conventional evaporators
without substrate heating or prenucleation. One purpose of this
paper is to compare the sharpness of the magnetic transition and
the magnetic hysteresis of these materials with the same char-
acteristics of those materials prepared in more elaborate
systems. In particular, the general characteristics of indium
are compared with indium prepared in the systems of A. Toxenl
and H. Caswell. ¢

Reproducibility of both the material characteristics and
the cryotron circuit characteristics are necessary in order to
interconnect cryotrons either within one substrate or on separate
substrates. Results on reproducibility are given below for indium
cryotrons and the margin of safety in circuit operation is illustrated.

Results on critical currents of indium and tin films can
be related to calculated results using the London field and current
distribution. The experimental results are expressed in terms of ft,
the thickness-to-penetration depth ratio, and can be useful in
certain cryotron circuit designs even though incremental gain for

the crossed-film3 devices has not been thoroughly investigated.



The results given below are typical of the device charac-
teristics from the conventional evaporator. It should be stated,
however, that both tin and indium with desirable characteristics
were prepared using the special techniques in the conventional
evaporators. The special techniques could not be used in the

device production system conveniently.

MAGNETIC PROPERTIES OF INDIUM DEVICES

A general comparison of the magnetic field transitions of
tin and indium prepared in a conventional evaporator is given in
the ninth quarterly Lightning report. Indium films, as obtained from
a number of different evaporator systems, are compared in Table I.
It may be seen that films produced in a conventional system compare
favorably with H. Caswell's films produced in very high vacuum.
A. Toxen's films, produced in a conventional vacuum and then
mechanically trimmed, showed the more desirable characteristics,
but the technique for producing these films would not be compatible
with device production techniques.

No films were made by the more sophisticated techniques

of prenucleation and substrate heating for comparison in this study.



Table I - Results for Indium Films
at Reduced Temperature Values of t2<0.8

1 II 111
Conventional H. Caswellls A. Toxen's
device films films films
Magnetic transition
widths, AH/H 3-7% 3-4% 1-2%
Magnetic hysteresis
AHy/ H 10% 10% 5%
Substrate condition room room nitrogen
temperature temperature cooled
Film edge untrimmed untrimmed trimmed

The resistance ratios of films from all three systems are
comparable. The inference from Table I is that indium films from
the conventional evaporator, with uncontrolled conditions, closely
approach the others in characteristics and are to some extent suitable
for device usage., It should be possible to produce films nuore nearly
like those shown in column III by greater control of the production
techniques, The critical temperatures of the indium devices from
conventional evaporators were reproducible within a range of 3, 385
to 3.415°K. Tin produced in the same evaporators had critical

ternperatures in a range of 3,73 to 3. 90°K.



REPRODUCIBILITY OF CRYOTRONS

The characteristics of four indium in-line cryotrons
across a substrate are given in Table 1l and the corresponding
gain curves and resistance transitions are shown in Fig. la and

1b for a reduced temperature of T = 0. 896 Tc.

a
Table II - Reproducibility Results on Indium Cryotrons

Cryotron 1 Cryotron2 Cryotron 3 Cryotron 4

o o o
Thickness 6800 A 6950 A 6620 A 6900 A
Critical field, Hc 68 oe 65 oe 64 oe 64 oe
Magnetic transition 5.9% 3.1% 3.1% 4. 7%
widths, AH/H

Critical gate current 450 ma 420 ma 410 ma 410 ma
Critical control 1350 ma 1420 ma 1310ma 1400 ma

Control current tran-
sition width, AIC/IC _ 13. 7% 7% 10. 7% 7.1%

“T = 0.896T_. Control width and gate width = 0. 009 inch.
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The results of Table Il show that the critical fields of
indium were reproducible across the substrate, The spread in the
critical currents and control currents is much larger. These
results reflect the limitations of reproducibility that are believed
to be caused by either shadowing in the control lines or an inability
to control the line width in the mask. It should be possible, however,
to eliminate thes= variations,

It is believed that a nonuniform magnetic field from th=
control causes the control current transition widths to be broader
than the external field transitions. The fact that the control current
transition widths, AIC/IC, are larger than the magnetic field
widths, AH/H, makes the circuit operating tolerances more
severe,

A reproducibility sample was made using tin as a gate
material and the characteristics of the tin were reproducible across
the substrate. The broad transitions, however, made the circuit
operating conditions unsatisfactory.

The square in Fig. la outlines the operating area for
the four cryotrons connected in a circuit and biased from a common
source. The lower horizontal leg of the square is the current re-
quired to switch the maximum resistance into a cryotron and the

left vertical leg represents the amount of gate current availableas
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a control current. The control current transitions for 95 percent
full resistance of each cryotron are shown in Fig. 1b. It may be
seen that the area does not allow any margin of safety for cither

an overdrive in control current beyond the point at which 95 percent
of the full resistance is achieved, or variations in the bias setting.
Although the reproducibility will allow for multiple operation, it

would not be sufficient for reliable high-speed circuit operation.

CRITICAL CURRENTS OF TIN AND INDIUM FILMS

The dc critical currents were measured for a number of tin
and indium films. The experimental values are compared with the pre-
dicted values calculated from a simple model for a thin film based on
the London “ield and current distributions. The maximum current

density at the surface of a gate film above a superconducting ground

plane is I
. g
Jmax = Ty p coth ft, (1)
8
where jmax = maximum current density at the film surface
(amp/ cmz) ,
Ig/Wg = critical gate current per unit gate width (amp/cm),
B = the reciprocal effective penetration depth (cm'l) s

t = film thickness (cm).
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Eq. (1) has been derived previously4

in essentially the same form
based on the critical current density switching hypothesis, The

critical current density switching hypothesis assumes switching

when

b
j = B H, (2)
max c
where ch) = critical field of the bulk material. Hence, Eq. (1)
becomes
Ig 1
—_—— = tanh ft . 3)
W b p (
g c

The symbols for Eq. (3) are the same as those for Egs.
(1) and (2). Eq. (3) states that the ratio of the critical current of a
thin film to the critical current of a thick film should be tanh Bt.

The experimental results for a number of tin and indium"
films are compared with Eq. (3) in Fig. 2 and 3. The critical
current for these films is defined as the gate current that produces
the smallest detectable voltage across the film network as the film
becomes normal. The smallest detectable voltage is in the range of
0.1 to 0.5 microvolt and represents a resistance of 1073 to 10'6‘ ohms.

The effective penetration depth values as inferred by
Ww. B. Ittner5 were used for the calculations of Eq. (3) and all the

other necessary calculations. The experimental results were taken



13

'-O r— "_--

/
/ TANH Bt
| o o
| o °
[ o 00
Ll
o © o)
06 1 °o°o o
- |°3;° ! o oo
| 0© 60 o %o
o
Hml ;cn | o oOO o o o
04 H
I &z%
oo
| %
) 2 °g°
(o) (o]
02 it 89
A
0 L ] 1 ] ]
0 4 8 12 16 20
Bt

Figure 2 - Critical current of thin superconducting tin films normalized
with respect to the critical current of a very thick film,



14

o8

04

0.2

_ o ———=
,’ TANH Bt
/
_ )
/
/
/
o ’, .
/ I
|
I o % § o ©
| ° o o
I 0 °
| 0 ° oo
|
|
h \ I ] 1 y
0 2 4 6 8 10
X

Figure 3 - Critical current of thin superconducting indium films

normalized with respect to the critical current of a
very thick film.



from a large number of films chosen at random from those produced
in conventional evaporators.

The results shown in Fig. 2 for tin films seem to have a
trend that is in qualitative agreement with those predicted by Eq. (3).
The results for indium in Fig. 3 also have the trend predicted by
Eq. (3), but the values are smaller than those of tin.

It is not expected that the experimental results would be
those predicted by Eq. (3) because of the number of broad
assumptions in the critical current density switching hypothesis,
such as the current distribution in a film and the manner in which
current switching occurs. Also some physical properties of the
films are not considered, such as grain size and irregularities in

the film dimensions.

GAIN CHARACTERISTICS OF CROSSED-FILM CRYOTRONS

The gain characteristics were taken on a number of
multiple~control unity—crossing crossed-film cryotrons. Cryotrons
with both tin and indium gates were evaporated in conventional

systems.
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The gain characteristics for these cryotrons were all
similar to those reported in the eighth quarterly Lightning report,
pages 18 and 20, There is incremental gain over a small range of
gate currents at lower temperatures. The range of incremental
gain, however, is so limited that these cryotrons would be impossible
to operate if interconnected. Though the gate material characteristics
of indium were good, the gain characteristics were still unsatisfactory.

The static gain of a number of crossed-film cryotrons is
plotted in Fig. 4 as a function of pt. The static gain is the ratio of
the intercepts of the croassed-film cryotron gain curve and the current
axes, The gain has been discussed previously4 and will be repeated

in part below. The gain of a crossed-film cryotron is

G = ——-&—. (4)

where I8 is the critical gate current with no control current, and
I. is the control current to switch the gate in the absence of gate
current.
The gain may be expressed in analytical form with the aid
of the London theory. The critical current density switching hypothesis

is used to establish the dependence of critical gate current on nor-

malized gate thickness (Bt). London's free-energy approach is used
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to relate the critical control current to the critical field of bulk

and Bt. With these assumptions, the gain expression is

H

n o

w
G = £
W H

tanh ft, (5)

O

where G gain
WS/Wc = ratio of the width of the gate to the width of

the control

H2/Hl ratio of the bulk critical field to the film
critical field
g = 1/ A the reciprocal effective penetration depth

t film thickness,

The Londoa free-energy relation6 for H:/Hf: is used in
Eq. (5) to produce the normalized gain expression of Eq. (7). Eq. (6),
the ratio Hi/H?. has been developed from the London relation
neglecting surface energy considerations. The development of Eq. (6)

has been previously7 shown to be

f b
H/H = 1
C C
jx- £ tannh B
Bt 2 (6)

Inserting Eq. (6) into Eq. (5), the normalized gain becomes

- -2 Bt
G tanh ft f T.S't' tanh = 7)
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The expected results calculated from Eq. (7) arce plotted
in Fig. 4. The experimental results from a number of tin crossed-
film cryotrons are compared with the expected results in Fig. 4. The
experimental results are in qualitative agreement with the expected
results but are generally 30 to 40 percent lower than the predicted
values. The discrepancy is not extremely large when considering
the limited accuracy in the experiments and the broad assumptions
used in deriving the analytical expression.

It is believed that the results in Fig. 4 may give some
useful information for the design of cryotron circuits using crossed-

film cryotrons,

CONCLUSIONS

Indium produced in the conventional device systems was
satisfactory for device work, while tin from the same systems
suffered from the "edge effect.' Indium characteristics are repro-
ducible from independent evaporations, but the variations in control
line width were too large to make cryotrons with characteristics
acceptable for high-speed circuit operation. The characteristics
of tin from a single evaporation are reproducible, but the broad

magnetic transitions of the tin when deposited on unheated substrates
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reduce the margins of safety for satisfactory circuit operation, The
characteristic gain curve of a crossed-film cryotron is still neither
predictable nor reproducible. Furthermore, it does not provide
incremental gain greater than unity over an adequate current range,
with equal gate and control widths. The gain values of a crossed-
film cryotron seem in qualitative agreement with the gain values
predicted by use of a simple theory involving the London field and

current distributions.
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ABSTRACT

It is necessary to understand the static thermal properties
of cryotron gates before one can predict the limitations associated
with dissipative heating of a complex cryotronic computer. An experi-
mental program has been conducted to determine the thermal proper-~
ties of isolated and of thermally coupled gates. All experiments re-
ported in this paper were performed on tin gates evaporated onto glass
substrates.

The total thermal conductance, K, of a gate is defined,
and experimental values of K are presented as a function of power
and gate geometry. An analysis of the heat flow is given, based on
temperature-dependent coefficient of heat transfer. Theoretical values
of K and temperature distribution are derived. Thé theory qualita-
tively predicts the temperature variation. Finally, the results are
extrapolated to estimate the number of cryotrons that can be used

safely in a thermally coupled system.
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INTRODUCTION

Thin-film superconducting components offer a means of
realizing a computer capable of high speed and low dissipation
operation with large packing densities. While the temperature rise
produced by the expected low dissipation may be insignificant to
devices operating at room temperature, this same rise may have a
profound effect on the operation of a superconducting device,
operating at liquid helium temperatures. The penetration depth of
a magnetic field into a thin superconducting film is a function of
temperature and therefore inductance (and hence switching time)
and cryotron gain will vary with temperature. In order to insure
satisfactory operation, the ambient or average temperature rise of
a plane of circuitry must be kept below a specified value.'

The factors determining the temperature rise are the
average power dissipation in the individual cryotron circuits, the
thermal coupling between cryotrons, and the heat transfer between
the plane of circuitry and the helium bath,

In an earlier work, Ittner,l using a relatively simple
model, calculated the limit on the number of cryotrons per substrate
imposed by dissipation during the switching operations. The model

assumed an isothermal plane of circuitry and a dissipation based on
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very high frequency operation., At the time of his writing, the only
data available on the heat transfer process from a substrate to a
liquid helium bath were results of preliminary experiments per-
formed at IBM and published data on the heat transfer between
metallic surfaces and Helium 1.

It is the purpose of this paper to report on an investigation
of the static thermal properties of evaporated thin-film cryotron
ga.tes* on glass substrates. The heat transfer between the gates and
a Helium I bath is studied. Using the results of the study, it is
possible to estimate cryotron packing densities in terms of a limit
on the ambient temperature rise, c¢lectrical properties, frequency
and duty factor, and geometry. An estimate is also given for the
relative gain in packing density resulting from the use of high
thermally conducting substrates,

The dynamic thermal behavior of cryotron circuits
operating at high repetition rates is the subject of another study.
The resultsZ have been presented in the literature. It was shown
that when the electrical switching speed is faster than the thermal
response, the gate temperature increases by an amount almost

proportional to the average power dissipated, and is practically

Gates are usually the only dissipative elements in cryotron circuits,
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independent of time. This justifies using the static thermal
properties to determine the limitations of a computer operating
at high frequencies.

3

In an earlier report on the thermal properties of cryotrons,
a coefficient of heat transfer to a Helium I bath was determined by
substituting data obtained from measurements of the temperature
distribution across a glass substrate into a linear one-dimensional
model, assuming a constant heat-transfer coefficient., The exponential
character of the temperature distribution was predicted by the linear
theory, but the heat-transfer coefficient was lower than published
values? for the transfer of heat from a metallic surface. Usinga
model with a temperature-dependent heat-transfer coefficient, h,
it is shown that h may be as large as the published values in the
vicinity of the gate but falls to the magnitude of values previously
found at positions distant from the gate.

An attractive method for reducing the thermal problem
would be to operate at temperatures below the N point of helium
(Z.ZOK), and take advantage of the very large heat-transfer coefficient
obtainable with superfluid helium, Unfortunately, the refrigeration
problem becomes very difficult below the \ point, Also, to keep

the current levels from getting prohibitively high, it would be
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necessary to use new gate materials with low critical temperatures.
The immediate problem therefore is to study the thermal limitation

associated with a computer operating at Helium I temperatures.

TOTAL THERMAL CONDUCTANCE OF AN ISOLATED GATE

Let us now consider the static thermal properties of a
cryotron gate evaporated onto a substrate and immersed in a liquid
helium bath., The total thermal conductance, K, of the gate relates
the ambient temperature rise, AT,,, to the average power, P,,

dissipated in the gate. This conductance is defined in Eq. (1):

K watts - Pav 1
Kelvin A'I‘av (1

The conductance, K, depends on the bath temperature,
the temperature rise of the gate and its surroundings, the con-
ductivity and geometry of the substrate and of all films between the
gate and the bath, the coefficient of heat transfer at each interface
surface, and the gate geometry. Most of these thermal parameters

are virtually unknown and must be determined experimentally,
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A photograph of the sample used in the measurement of
K 1is shown in Fig, 1, and a cross-sectional view of the film layers
is shown in Fig. 2. The sample has a lead (Pb) film ground plane
covering most of the glass substrate. Twelve tin film gates are
evaporated over the ground plane. Silicon monoxide (SiO) is used
as the insulating material and lead (Pb) connecting lines are used.
Five gates are 0.0106 inch wide and vary in length from 1/16 to 5/16
inch. Four gates are 3/16 inch long and vary in width from 0.0045
to 0.0315 inch. The last three gates vary in length and width but
have approximately the same area,

The total conductance of each gate was determined as a
function of the power dissipated in the gate. The thermal hysteresis
method of measuring K was used. This method has been described
previously, 5 Briefly, it consists of running gate thermal hysteresis
loops at various bath temperatures. K 1is then the ratio of the power
dissipated to the temperature difference between the superconducting-
to-normal and normal-to-superconducting phase transitions at each
gate-current level,

The results of the experimental measurements of K are
shown in Fig. 3, 4, and 5. These curves are the mean values for

several runs on three samples. A tyjical scattering of points is
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Figar. 1+ - Photograph of ~ample used
mcasuri g Ko(glas- sabstrate,
2w /8 s 00 i),
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shown in Fig., 6. The spread of points is about 25 percent in the
worst case, The reasons for the spread are general fabrication
differences between samples, the inability to measure temperature
differences accurately by the hysteresis method,* gate width
variations, and irreproducibility of critical current measurements.
Figures 3 and 4 indicate that for a specific power per unit
area dissipated by the gate, K varies almost linearly with length
and width for fixed width and length, respectively. The area was
not constant, however, for the '"constant area' gates. The error
was caused by oversized masks used during the evaporation process.
The calculated K and measured power were 'corrected'" by multi-
plying each by the ratio of desired area to the actual area. While
the curves of Fig. 5 are fairly close to each other, it is to be noted
that the narrow gates have a somewhat larger K. This will be:
discussed in more detail later., From Fig. 3 and 4, it can be con-
cluded that K varies linearly with gate area (for fixed power
densities), and the following equation is postulated to describe the

total thermal conductance:

K = —2¥ = fA_h . (2)

It is thought that this method can determine temperatures to
within about 10 millidegrees.
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Ag is the geometrical area of the gate, and the product
ng is the effective area over which heat is transferred to the bath,
and h is the coefficient of heat transfer to the helium at the gate
temperature. In most experiments for determining h, a simple
geometry is used and the heat flux enters and leaves through a known
area. In the present experiment, the situation is very complex since
the heat flux is generated in the gate but returns to the bath over
portions of the entire substrate. Because of this complication, the
"averaging' factor f{ must be included.

The factor f can also be associated with h and the

product fii expressed as

P/AE q
- = —— ————
fh = AT AT (3)

The power density q was determined by gate resistance
and current measurements. The measured temperature rise AT
was averaged over all 0.0106-inch gates on three samples, at specific
values of q. Figure 7 shows a plot of the average q-AT plane.
The average values of fh can then be determined as a function of
the temperature difference by using Fig. 7 and Eq. (3). The result
is shown in Fig. 8. The bath temperature was varied between 3.55

and 3.76°K for the points plotted in Fig. 7 and 8.
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The product fh will now be senarated so that we may
determine the coefficient of heat transfer h, In order to do this,
it is necessary to calculate the theoretical temperature variation

across the substrate.

TEMPERATURE DISTRIBUTION

A one-dimensional analysis will be used to determine the
space variation of temperature. The model used is shown in Fig. 9.
The temperature drop across the insulating films is neglected.*
The ground plane and substrate are replaced by an equivalent sub-
strate having the same thickness as the glass but twice the conduc-
.. % %
tivity.

The static temperature distribution along the substrate

is governed by

aT(x) | 2b(8T) AT(x) 4
dx? k6 ’

This assumption holds for glass substrates but may be invalid
with sapphire or aluminum.

%%k

The product of the conductivity and the thickness is approximately
the same for the superconducting lead ground plane and the glass
substrate for liquid helium temperatures.
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where x is measured as the distance from the edge of the gate,

k is the thermal conductivity of the equivalent substrate, and § is
the thickness of the glass. Let us assume that the transfer coefficient
can be described as

m

h = h _‘_A._T_ , 5
0 (AT(O) ) (%)

where ho corresponds to the transfer coefficient at the temperature
difference AT(0) and m is an exponent to be determined. The
motivation for this particular choice of temperature dependence was
based on the variation of fh with temperature indicated in Fig. 8.
Since three distinct transfer processes are indicated in Fig. 8, it

is assumed that the transfer coefficient will have the three ranges:

m
hl = ! for AT > 73 millidegrees,
AT(O)
' (3

hz = AT(O) for 49 < AT < 73 millidegrees,
m3

h, = n (=2 for AT < 49 millid

3 = o \"31(0) / or millidegrees.

The change from process h1 to h2 will occur at

distance xbl and the change from hz to h3 will occur at xbz.
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A piece-wise solution to Eq.(4) under the conditions

that the temperature at the gate is

the temperature is continuous at

for 0 < <
X xb

AT

AT(0)

H

1

2 b
AT 0.073
AT(0) AT(0)
and for x > xb ’
2
AT 0. 049
AT(0) AT(0)

AT(0),

AT(w )= 0, and that
and x, , is given as:
b2
_ .2
2 —_—
h0 m,
— X
k6
v (6)
_E_.. (.—Z_ + 1)
mp \m
—
' — =2
Zho ( ) m,
- X ~ X
k & b A7)
2
2 (_E_ ' 1)
m, \m; ‘
—
-_ -2
Zhbl m,
(x - x
ks b, , (8)
2 (._2_. + 1)
m3 \™;
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where h, is the transfer coefficient at AT(0),
h(') is the transfer coefficient at 0.073°K, and
is the transfer coefficient at 0.049°K .

The positions x and x are given by
b1 b,

My
. [k6 2 2 aT(0) | 5—
*p, J Zh Jml (ml * ‘) [W] 2 o

and

m

2
ké J 2 (z ) 0.073} =5
x =" + 1 — - 1} . (10)
b, th') m, m, [0.049]

Eqs. (6) through (10), together with the fact that the gate
itself is isothermal at temperature difference AT(0), describe the
space variation of temperature. We will now determine the tptal

thermal conductance.
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THEORETICAL K

The heat-balance equation under static conditions is

given by
X
by
24 hy m + 1
P,, = AghyaT(0) + ——m, AT(x)] ds
AT(0)
0
xb2
2h) 1 +1
m
+ 0 2
—_— ar x)] dx
AT(0)™2 [ (
X
b
4ny o * my + 1
+ __—r_n-; [M’(x)] dx
AT(0)
X
b
1"
+ th w+ 2 AT(x, ) . (11)
0 [ "bz] b,

In writing this heat-balance equation it has been assumed
that a gate £ units long and w units wide is on a substrate that
extends infinitely in the plus and minus x directions. The first
term on the right-shand side of Eq. (11) describes the heat transferred

from the gate directly to the bath. The second and third terms
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describe tne heat transferred from the top surface of the substrate
in the region 0 < x < xbz. The fourth term describes the heat
transferred from the upper and lower surfaces of the substrate for
x > xbz. The last term describes the heat transfer from the
lower surface of the substrate in the range covered by the gate
and extending to % xbz. It is assumed that the substrate area
below the gate is not isothermal in the y direction and that the
temperature along the lower surface of the substrate in this region
is A’l‘(xb ) =49 millidegrees.

3
Eq. (11) can be put into the form

P
Agho AT(0)

= f . (12)

Using Eq. (6) through (11), and the measured values of
fh given in Fig. 8, we can determine, after a laborious calculation,
the exponents m,, m,, and m, and thus the values of h
and f. The results are shown in Fig, 8 and 10, respectively.

In Fig. 11 and 12, theoretical temperature distributions
are shown to agree fairly well with the experimental results pre-
sented in an earlier report. ¢ It is to be noted that the first experi-

mental point in all cases is always at a higher temperature than the

theoretical value. This is a consequence of the one-dimensional
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approximation. Some recent work7 on a two-dimensional model has
shown that the temperature along the top surface of the substrate, for
a distance equal to the substrate thickness, is higher than the one-
dimensional model predicts. At greater distances the substrate be-
comes isothermal in the y direction and a one-dimensional model
predicts the same variation as the two-dimensional model.

The theoretical temperature distribution can be fitted to a
first-order approximation v'vith a straight line in the semi-log plots

shown in Fig. 11 and 12. The slope of this line is given approximately

as

(13)

Since h'(; is equal to 22 mw/oK cmz, the slope indicated
would correspond to an apparent transfer coefficient of about

7 mw/°K cm®.  For the results indicated in Fig. 1I, the

transfer coefficient at the gate itself is 0,240 w/°K cmz. However,
an estimate from the slope of the distribution curve would indicate
an apparent transfer coefficient that is about 1/32 of the value at
the gate.

This brings to focus the earlier dilemma of the very low

coefficient of heat transfer determined from the original thermal
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experiments. The difficulty is that a linear analysis was formerly
used and this method cannot describe adequately this nonlinear

problem.
COEFFICIENT OF HEAT TRANSFER AND EFFECTIVE GATE AREA

Let us now consider in more detail the heat-transfer
coefficient and the ratio of the effective gate area to the actual area.
The coefficient of heat transfer usually is found by measuring the
temperature rise of a body when a known heat flux is constrained to
flow through a given cross-sectional area into a liquid bath. The re-
sults are plotted in a curve of transfer coefficient versus temperature
rise for a constant bath temperature. Grassman4 has published such
curves for the transfer of heat from a metallic surface to a liquid
helium bath. One of his curves is reproduced in Fig. 8., Additional
studies8 of the heat transfer to a liquid helium bath are currently under-
way. It is obvious that the resultant h calculated in this present
paper is far from the values previouély determined. Three major
factors must be considered when comparing the transfer coefficients:
the nature of the surface over which the heat transfer takes place, the
analytical results used to separate h and f, and bath-temperature

variations.
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The path that the heat flux must follow after leaving the
gate is through layers of SiO, along and through a Pb layer, through
glass to the liquid helium and from SiO to liquid helium. Therefore,
the surfaces in direct contact with the helium are glass and SiO. As
yet we have not made controlled experiments, such as those run by
Reeber and Grassman on a metal to helium transfer, for a transfer
from SiO and glass to helium, Reeber plans to investigate the trans-
fer from various materials to liquid helium.,

The second difficulty in comparing heat-transfer coefficients
is that the values presented in the literature are obtained by direct
measurement, whereas the values presented in this paper are
determined by applying an analysis to the measurements. As pointed
out before, the transfer coefficient cannot be measured directly for
a gate since the heat flux does not enter the bath through the same
cross-sectional area as it enters the gate. The product of the area
spreading factor f and the coefficient of heat transfer h at the
gate is measured directly. It is interesting to compare the product
fh with Grassman's result. From Fig. 8 it can be seen that order
of magnitude agreement is obtained for low-temperature differences,
but the transition to a more efficient heat-transfer process occurred

at a much lower temperature difference than found by Grassman.



It is to be expected that fh would be closer to the measurements
made for simple flux patterns, since by using the { Jactor we are
in effect replacing the complex pattern of heat flow by an effective
isothermal area. In order to calculate the temperature distribution
across a nonisothermal substrate, it is necessary to use the
temperature variation of h, notof fh, and we musttherefore
separate the product.

Fairly good agreement between the analytical temperature
distribution and the measured distributions, was obtained by using
the calculated heat-transfer coefficient. It is to be noted, however,
that the theoretical distribution is determined primarily by the
transfer-coefficient values for low-temperature differences (< 49 m°K).
In this region of temperature difference, the heat-transfer coefficient
is less than 22 mw/°K. No value this low has been obtained in any of
the metal-to-helium measurements. Theoretical temperature distri-
butions calculated by using transfer coefficients in the range found
for metal to helium do not agree at all with the experimental values.,

The role of the higher heat-transfer coefficients (for
temperature differences >49 m°K) is to shift the positions xbl and ’%Z
at which the heat-transfer process changes. For a particular gate,

this determines how the distribution varies with power level. The
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theoretical prediction was in the right direction for all cases for
which the calculation was attempted.

The third problem involved in comparison of heat-transfer
coefficients is that the bath temperatureis not constant during the
measurement of fh. Although the bath temperature is varied less
than 200 m®K during the experiment, the effect on the heat-transfer
coefficient can be quite large. Unfortunately, it is necessary to vary
the bath temperature when using the gate thermal hysteresis type of
measurement. One method of keeping the bath temperature fixed
while determining K is to vary the width of the hysteresis loop by
running transitions in the presence of an external magnetic field.
This method will be incorporated into future tests. The present
results, therefore, are to be interpreted as an average value of h
for bath temperatures between 3.55 and 3. 75°K.

Another effect which makes comparison of heat-transfer
coefficients difficult, although it can change h only by a factor of
two, is the orientation problem: A sample located horizontally at
the bottom of a container will have a higher heat-transfer coefficient
than a vertically mounted sample.

At present, in view of the fairly good agreement between

the measured and calculated temperature distribution, it is



recommended that the nonlinear heat-transfer coefticient h shown
in Fig. 8 be used in calculations. It must be kept in mind, however,
that these values have yet to be verified.

The ratio of effective-to-~actual gate area was shown in
Fig. 10. In the temperature distribution experiments, the power
dissipated in the gate was high enough to raise the gate temperature
approximately 80 mP®K. Therefore, the value of f was of the
order of two or less. A plot which is useful in determining the
heat-transfer coefficient at the gate for fairly high-temperature
rises encountered is shown in Fig, 13. This curve emphasizes the
high-temperature difference range; it is to be noted that for a given
power density in this range, h and hf are fairly close.
Grassman's curve is seen to give order of magnitude agreement,
although his value of h does not vary at the rapid rate shown by
the other curves.

Figure 10 indicates that the ratio of effective-to-actual
gate area increases for narrow gates. The reason for this is that

the effective area can be described as

Ay = L[w+e(2T)], (14)

where € accounts for the spreading of heat flux into the substrate,
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Therefore, as w is increased, the effect of € is decreased.
This explains why, for a constant area, the gates of narrow width
have a larger K. This result was shown in Fig. 5. There is a
correction, similar to ¢, for the length of the gate. However,
since the gates are all relatively long, the correction is negligible.
The ratio of effective to actual area approaches unity as the
temperature AT(0) is raised.

The temperature rise of a gate can be given as

szs

AT = , (15)
hg (1 + W)

where P is the resistivity per square of the gate and J is the

density of the current flowing in the normal gate. If J represents

the critical current density of the gate, then the selection of a narrow

gate will minimize the temperature rise. This effect was observed

during the experiments, Therefore, a ''sense' gate which is
usually operated with a fairly high average current should be made

as narrow as possible to prevent thermal latching.
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THERMAL CALCULATIONS FOR CRYOTRON SYSTEMS

An exact calculation of the behavior of a thermally coupled
cryotron system is very difficult because of the nonlinear nature of
the problem. It is possible, however, to investigate two extreme
cases, the ''loosely coupled system'' (cryotrons widely spaced on a
substrate with low thermal conductivity) and the ''tightly coupled
system' (closely spaced cryotrons placed on a substrate of very
high thermal conductivity). The loosely coupled system is treated
by linear methods, but the entire system is treated as an isotherm
for the tightly coupled case.

Ittner ! has considered the isothermal case and has
estimated cryotron packing densities based on the dissipation
resulting from the operation of multiple cryotron switching loops
at very high switching rates. We will repeat Ittner's analysis for the
tightly coupled case and will consider a range of operating frequencies.

The heat balance shown in Eq. (11) reduces, for the case

of an isothermal substrate, to

P, hy AT(0) [Ag +(A-AL) ¢ As]

2A_hyAT(0), (16)



The maximum number of identical cryotrons, each
dissipating Pa , that may be placed on the infinitely conducting
v

substrate, before the temperature rise exceeds A T(0), is given by

n 2hg AT(0)
= —— (17)
Ag Pav

It was shownz that the average power dissipated in a

cryotron flip-flop, with electrical time constant Te' driven with

a square wave at frequency {, is

2

IZ l-exp- i
= , e
1+ - -

( exp T )
e

where [ is the working current and R the gate resistance. The

average power dissipated when the flip-flop is driven at a duty cycle

Tdf is given by:

P =%I‘2RTf e , (19)

where Td is the length of time that the gate is resistive.
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Then following Ittner, * if we introduce the field H
in oersteds associated with current I, and the gate surface
resistivity pg (resistivity per unit gate thickness), the average
dissipation is given as
HZ psAg D 1 - exp - 2y

P = 5 5 ’ (20)
av 2 (.4m) y (1 + exp-y)

T D
where y = ’I"d' = D = Tdf .
€ e

The normalized cryotron density is plotted as a function of
normalized frequency, 1l/y, in Fig. 14. Note that for large values
of 1/y (high frequency), the averagc power and hence the number
of cryotrons tends to limit.

Typically, H may be of the order of 50 versteds for tin,
and p, may be 0.02. Tables I and II illustrate some cryotron
densities that are obtainable in the tightly coupled case for several
maximum ambient temperature rises, gate areas, and frequency

parameters. The approximate change in H associated with each

temperature rise is included in the table.

* There is a difference of two in average power calculated from
Eq. (20) for infinite frequency. This comes about because Ittner
chooses a loop with four gates while Eq. (20) applies to a loop
with two gates,



63
l0.0 T 1
[SUBSTRATE HAS INFINITE
conoucnvu'rv]
1.0 -
~N
X
[a]
Qa*
(- N ]
q ‘<
8]m
clo 0.0 -
»”
e
(74}
4
w
o
4
(o]
[« 4
-
o
(8]
(o]
[TV ]
N
v |
g
s
[ 4
(o]
-4
0.00i -
0.000| A -
0.01 0.10 1.0 10

NORMALIZED FREQUENCY '—;’-

Figure 14 - Cryotron density as a function of frequency.



64

Table I - Cryotron Density with an Infinitely Conducting Substrate

Elcctric;f

(Gate size - 0.01 x 0.001 inch)

I;Ju_mber of cryotrons per square inch of substrate arca, "w/As
Fre- time Duty | ~ :,— LT o
quency| constant |[factor | AT=0,02157K AT=0.040" K AT=0,060"K AT=0,080°K
f,eps{ T, sec D AHZ3 oersteds AH=6 versteds AHTY versteds| AHTIZ2 versteds
¢ _J
10° 1077 | o.01 542 1815 6, 640 51,700
1o9 1077 0.10 54.2 181.5 664 6, 170
10° 107 | o.50 11.05 37.0 136 1,059
108 100% | o.01 542 1815 6, 640 59, 700
108 107 o0 59.0 197 720 5,620
108 100? | 0.50 27.1 90. 5 333 2,590
108 |sx10? |o.01 542 1815 6, 640 51,700
108 {sx10°% Jo.10 54,2 181, 5 664 5,170
8
100 [5x10°? | o0.50 11.8 39.4 144.5 1,125
6 -9 *
10 10 0. 01 2710 9060 33,000 259, 000
6 -9 .
10 10 0.10 2710 9060 33,000 259, 000
6 -9 *
10 10 0.50 2710 9060 33,000 259, 000
6 -
100 [5x10"? |o.01 707 2360 8, 700 68, 000
10 {sx10? |o.10 541 1000 6,800 51,600
108 [sx10? |o0.50 541 1800 6, 800 51, 600

Since this number would represent an area greater than one square Inch of substrate area,
it o unrealistic,



65

Table II - Cryotron Density with an Infinitely Conducting Substrate

(Gate size - 0.10 x 0,01 inch)

Electrical Number of cryotrons per square inch of substrate area, nm/As
Fre- time Duty . TS S o
quency| constant |factor | AT=0. 215%K AT=0.040 K AT=0.060 K AT-0,080 K
f, cpa Te’ sec D AHZ} versteds AHT6 versteds | AH=9 oersteds | AHT12 oersteds
109 1009 | o.01 5,42 18.15 66.4 517
107 1007 | 0.10 0.54 1.81 6.64 51,7
9 -9
10 10 0.5 0.11 0.37 1.36 10.6
8 -9
10 10 0.01 5. 42 18.15 66. 4 517
8 -9 )
10 10 0.10 0.59 1.97 7.20 56.2
108 1007 | o.50 0.27 0.905 3,33 25.9
10% |5 x10°% | 0.01 5. 42 18.15 66. 4 517
10 |sx109 | 0.10 0.542 1.815 6.64 51,7
108 |5 x10°% | 0.50 0.118 0. 394 1.45 11.25
10° 1007 | o.01 27.10 90.6 333 2590*
10® 1007 | o.10 27.10 90.6 333 2590*
108 1007 | o.50 27.10 90.6 333 2590"
10° |sx10? | o.01 7.07 23.6 87.0 680
10 |sx107% | o.10 5. 41 18.0 68.0 516
10 | s x107? | o.50 5. 41 18.0 68.0 516
L]

See note in Table I.
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Several conclusions can be immediately drawn from the
tables. The packing density can be appreciably increased by:

1. using small area gates,

2. designing circuits to allow for suitable operation

with high ambient rise,

3. using low duty factors.

These recommendations are all fairly obvious and the tables
or Fig. 14 can be used to estimate the weight of each conclusion. It
is also obvious from the results that there is practically no thermal
limit on the density for low-frequency operation, if moderate ambient
rises are allowed.

Let us now consider the effect of using substrates, such as
glass, which have a relatively poor thermal conductivity. In order to
investigate this problem we will approximate the system of coupled
cryotrons as a linear system. To insure some reasonable degree of
accuracy, we will assume that the temperature rise of a particular
cryotron, due to heating of its closest neighbor, is one tenth of the
temperature rise caused by its self-dissipation. This places some
severe restrictions on the problems that we can consider.

Let us replace a complicated array of cryotrons by a chain

of parallel gates and assume that we can determine the temperature
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rise due to the thermal coupling by imposing linearity. That is, the
transfer coeflicient at a particular gate is determined by the power
dissipated by only that gate. Under these conditions, the temperature

rise of each gate is described by the system

o | [ Lo 1] [ ]
! Kll KIZ Kln 1
= . . . (21)
1 ® 9 @ @ 9 e 0 s v e s l : L]
K K
dr|n nl nn Pn
I - p— I

Kii is the total "self-conductance' (previously referred

to as K), Kij is the ''mutual conductance'' between gates i and

J, and Pi is the power dissipated by the ith gate.

The self-conductance can be approximated by the equation

M ’ ké
. ——— e 2
Ki{ = hoAg (N + Zhy ) , (22)

where M and N are functions of the temperature rise. M and
N are shown in Fig. 15. It was mentioned earlier that the tem-
perature distribution may be approximated to a first order by the

form m

2h
0

X = AT(0) exp-L |
k 6

x , (23)
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where L is a number less than unity. Eq. (23) may then be used

to determine the mutual conductance as

2h
.—1—- = -l—- exp - L —-—2- d » (24)
Ky o Ky ke )

where dij is the distance between the ith and the jth gates.,
Eq. (24) describes the matrix elements in Eq. (21).

If we assume that the gates are identical, equispaced, and
that each is dissipating power Pav and has conductance K, the

temperature rise of a particular gate is given as

" "
Fav Zh0 ZhO
AT =  — l+exp-L-——d+ exp-ZL d+ evssee
k& \
1"
Zh
0
+ exp - nL T d] . (25)
For large n, Eq. (25) becomes
P Pav
AT = N - . (26)
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Eq. (22), (26), and (17) and the definition

A

5 ™
_, , 2
Ta n (27)

np

nt+1l

where n is the number of gates for the loosely coupled case, can

be combined to express n in terms of n_as

Zh
n/Ag W M ks 0
adA, °© (N-&-+—a' 2Zhg 1-exp- L= 4/ (28)

The reduction of cryotron density brought about by using,
low conductivity substrate is shown in Fig., 16 as a function of sub-
strate conductivity. The spacings indicated are chosen so that the
linearity criteria will not be violated at a conductivity of
0.030 watt/°K-cm,

It is possible to decrease the spacing and still have an
accurate description of n/ng at low conductivity, Table lII shows
the maximum densities that can be described by the linear theory

for a conductivity of 0.001 watt/°K-cm (glass).
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Table II - Reduction in Cryotron Density for Glass Substrate

(k = 0.001 w/°K-cm)

drnin n/nw
AT(0), °K cm gate width =0. 00! inch |
0. 040 0.25 0.353
0. 060 0.23 0.186
0. 080 0.19 0.053

Table III indicates that with a glass substrate, it would
be possible to safely use about one fifth as many cryotrons as a high-
conductivity substrate would permit, allowing for moderate
temperature rises, but about one twentieth if we are to allow higher
increases in ambient temperature. The percent decreases as the
restriction on temperature rise is relaxed, because the ultimate
value, n_, increases very rapidly with AT,

Figure 16 shows that the cryotron density increases with
increasing substrate conductivity and; for fairly wide spacing, that
the number of cryotrons on a substrate with a conductivity of
30 mw/°%K-cm (supc-rconducting niobium) and with a moderate

temperature rise is about one fifth of the ultimate value. It
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also shows that the percent of the ultimate number can be increased
by using wider gates; however, as shown in Tables II and III, the

decrease in the ultimate number , n would be much too severe

©
to be of any good,

Just how high a conductivity is required to approach the
ultimate number of cryotrons? To get an approximate answer to

this question, let us return to Eq. (26). The effective conductance

can be expressed as

kb
K = h,AN[l-exp-L 18

eff 0
g NZhy
M ké k6
+ hoAg W 2h (1 - exp - L z_h'-'- d . (29)

The second term in Eq. (29) describes what may be called
the substrate component of the effective conductance. A plot of this
term is shown in Fig. 17. This term clearly tends to saturate and

it reaches about 95 percent of its final value when

1 K6 1
—_ —_— = 10. (30)
L 2n"  d
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Figure 17 - Effective substrate conductance as a function of substrate
conductivity,
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If we assume a value of h'(; Lé = 0.007 w/ K -cm,
« substrate thickness and spacing of 0,1 ¢y, we find that the 95
percent point vecurs at a conductivity of about 0. 150 w/%K-cn.
A better assumption might be that the substrate temperature is near
the gate temperature. Table IV lists the conductivity required to

reach 95 percent of the saturation value for several temperatures,

Table IV - Approximate Values of Conductivity Required
to Produce Nearly Isothermal Substrate.

(6 =d=0.1 c)

N—
AT°K k, w/PK-um Possible Material

| - R
0.0215 0.20 ALLO ;P
0. 040 0. 36 AL Oy Pb*
0. 060 0.88 AL,0,; Pb’
0. 080 5.00 Al, Cu

Superconducting

Table IV lists the approximate values of k required to
produce a fairly isothermal substrate and in this way to obtain cryotron

densities comparable with n_. Note that if we operate with low or
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moderate ambient temperature rise, superconducting lead would
suffice as a substrate material, This is attractive, since the sub-
strate could also serve as the ground plane. Sapphire would also
suffice for a moderate temperature rise, and aluminum would be

required for the high ambient rise.

CONCLUSIONS

The following conclusions are made with regard to the
design of a cryotronic computer.

1. Miniaturization of cryotron dimensions contributes
greatly to the realization of high packing densities. Intuitive
geometric reasoning would lead one to this conclusion. Consideration
must be given, however, to the dissipative effects. Fortunately, not
only does the average dissipation per cryotron decrease in proportion
to the cryotron area, but also the ratio of effective to actual gate area
increases as the cryotron dimensions“are decreased. Therefore by
using small cryotrons, the packing density can be increased while the
refrigeration problem is somewhat lessened. The spacing between

gates is governed by the permissible ambient temperature rise.
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Appreciable gains in packing density can be obtained

by designing circuits that can operate in an environment with a fairly
large ambient temperature rise. In this way, with an increase in
temperature, the very nonlinear increase in the coefficient of heat
transfer to the helium bath can be utilized most efiiciently.

3. Substrate materials having thermal conductivities of
the order of 1 watt/®K-cm, or greater, at liquid helium temperatures,
are required for densely packed computers. This suggests using such

materials as sapphire, aluminum, or copper.
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ABSTRACT

The dc critical currents of superconducting tin and indium
films were found to be a function of the azimuthal angle of the device
as it was immersed into the liquid helium. The dc critical current of
one sample was reduced from its maximum value by a factor of two
when the ground plane was normal to the horizontal component of the
external field. It is believed the critical currents are reduced by flux
trapped in the ground plane as it becor.nes superconducting. The
critical currents are independent of orientation once the sample is
immersed in the helium. This paper describes the experiment and

discusses the results,
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INTRODUCTION

The dc critical currents of superconducting tin and indium
films, above a lead (Pb) ground plane, have not been reproducible in
all experiments when the films were repeatedly immersed into a con-
stant temperature helium bath. In some instances the critical current
of a film varied as much as two to one between successive immersions.
Tl.c purpose of this experiment was to observe whether a magnetic
field at the surface of the helium, such as the earth's field, could be
a cause of the irreproducible critical currents. Part of the experi-
ment was to produce an external field in addition to the earth's field

at the surface of the helium and observe the critical currents.

EXPERIMENTAL PROCEDURE

The dc critical currents of three samples, each with four
films of superconducting tin or indium above a lead (Pb) ground plane,
were measured between repeated immersions of the films into a con-
stant temperature helium bath. The azimuthal angle of each sample
was changed in angular intervals of 45 degrees between immersions

for a full rotation of 360 degrees while the plane of the sample was
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always vertical, The critical currents were recorded as a function
of the azimuthal angle.

The first experiment was performed with only the earth's
field in the region of the surface of the helium bath, and a second
experiment was performed in the presence of an external field much
larger than the earth's field.

The dc critical current of a film is defined for this experi-
ment as the current that produces the smallest detectable dc voltage
across the film network as it just begins to switch from the super-
conducting to the normal state. The smallest detectable voltage is
in the order of 0.1 to 0.5 microvolt and represents resistances in
the order of 10-5 to 107® ohms.

The results from the experiments using the above pro-

cedure are given below.

RESULTS

Figure 1 shows the dc critical currents of four indium
films on a single substrate as a function of the azimuthal angle upon
immnersion into the helium. Each experimental point is an average

of the critical currents of the four films on a substrate. The plane
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of the substrate was perpendicular to the angular position shown in
Fig. 1.

The results for the first experiment, in which only the
earth's field was present at the helium surface, are shown as the
outer curve in Fig. 1. The critical currents vary by a factor of
two as a function of rotation. The angular position, at which the
critical currents were a minimum, corresponds to tl?e direction
of the maximum value of the horizontal component of the earth's
field.

It is believed, from this experiment, that flux is trapped
in the ground plane as it is cooled below its critical temperature and
thereby reduces the film critical currents, The position at which
the ground plane reaches its critical temperature, about 7. 2°K, was
in the proximity of the surface of the helium. The amount of flux
trapped was directly proportional to the magnitude of the component
of magnetic field normal to the ground plane as it was cooled. The
magnitude of the horizontal field component would be a function of
the azimuthal angle and would be largest when the ground plane is
perpendicular to the earth's field direction.

This experiment was performed on two other samples. The

results for these samples were very similar to those described above,
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Figure 1l - The critical currents of an indium film above a ground

plane as a function of azimuthal orientation as the film is
immersed into the helium bath, The plane of the film is
perpendicular to the angular direction shown. The scale
is 50 ma per division and the reduced temperature

T/ T.= 0.89. The film wicdth is 0,009 inch wide and
apprbximat(‘ly 8000 & thick.
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but the variations in the critical currents were not as large as those
shown in the outer curve of Fig. 1.

A second experiment was performed on the same sample
as in the first case in which an external magnetic field, approximately
five to ten times the magnitude of the earth's field, was applied in the
vicinity of the helium surface. The inner curve of Fig. 1 represents
the critical currents that were measured in the second experiment.
The critical currents were reduced by roughly a factor of five and
again the minimum critical currents occurred at the position at which
the horizontal component of the external field is a maximum. Also,
the ratio of the maximum to minimum currents is still two to one.

The results from these two experiments indicate that a
field-free region is necessary at the surface of the helium 'bath in
order for the critical currents of superconducting films above a
ground plane to be independent of orientation. In one instance a
field-free region was provided as the lead (Pb) ground plane was
cooled through its critical temperature. The sample was lowered
into the helium through the field-free region at the angular position
at which the critical currents would normally have a minimum for
the presence of the earth's field. The resulting currents in this

angular position were equal to the maximum values obtained
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earlier in the presence of the earth's field. The experiment was
performed only once.

In all experiments, however, the critical currents were
independent of azimuthal rotation once the sample was immersed
in the helium.

The effect of the azimuthal orientation upon the critical
currents was briefly mentioned by D. Dumin in a departmental

reports File Memorandum, EMRc 395.

SUMMARY

The dc critical currents of superconducting tin or indium
film cryotrons are reduced by the amount of flux trapped in the lead
(Pb) ground plane. The flux is trapped in the ground plane in the
presence of an external magnetic field normal to the ground plane
as it is cooled below its critical temperature. The amount of trapped
flux is a function of the azimuthal angle between the ground plane and
the normal component of the external field. The critical currents
can be made independent of orientation if the surface of the helium

bath is in a field-free region.
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ABSTRACT

The equilibrium constants for the reaction of gaseous
silicon monoxide with both oxygen and water vapor separately have
been computed from free energy data. The values obtained have
been used to determine the ratio of partial pressures of silicon
monoxide and silicon dioxide which exist in the gas phase in
equilibrium with various partial pressures of the oxidizing gas.

By assuming that a gas phase interaction is predominant
when solid silicon monoxide is evaporated in an oxygen or a water
vapor atmosphere, it is shown how these results may be used to
predict the composition of the resulting film. There is reasonably
good agreement between predicted values and these found by exper-

imental analysis,
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INTRODUCTION

It has been known for a long time that the physical and
chemical properties of evaporated silicon monoxide layers can be
altered appreciably by changing the evaporation rate, the total
pressure in the system, or the source-to-substrate distance. Thus,
I-Iass1 has described results which show that both density and ultra-
violet light transmission vary continuously with change in rate, and
he has also shown that '""slow deposited" silicon monoxide films took
up far more oxygen on exposure to air than did '"fast deposited"
silicon monoxide films. Hass and SalzburgZ concluded that only
monoxide was formed at higher evaporation rates and low oxygen
pressure while at lower evaporation rates and higher oxygen
pressures, infrared absorption bands corresponding to silicon
dioxide and higher oxides were found. More recently, siddan? has
shown that the electrical properties of evaporated silicon monoxide
layers also vary with evaporation rate, and attributes this variation
to the formation of some silicon dioxide at lower evaporation rates.

In an evaporation process, there are only two ways in
which the composition of the final deposit on the substrate can be
altered:

1. reaction or decomposition in the molecular beam

before it reaches the substrate, and



() (,

2, reaction in the solid state after condensation,

It is a little difficult to conceive of ways in which a solid
state reaction could be affected by changes in evaporation rate or by
alteration of source-to-substrate distance, unless the structure of
the film prior to reaction was a controlling factor. If, however,
reaction took place in the molecular beam between silicon monoxide
vapor and residual gas in the vacuum system, it is conceivable that
alteration of the source-to-substrate distance, pressure, and
evaporation rate (or molecular beam temperature) would cause a
change in the composition of the molecular beam striking the sub-
strate, This paper estimates the importance of a gas phase reaction
between oxygen or water vapor and the molecular beam of silicon
monoxide in controlling the composition of the final evaporated layer.

A comparatively large amount of data now exists on the
thermodynamic stability of silicon monoxide solid and the rate of
its disproportionation into silicon and silicon dioxide. The existence
of a fourth compound, Si,O3, has been suggested by Cremer, et al, 6,7
The experimental data seem to imply that even if pure silicon
monoxide vapor was allowed to condense on a glass slide at room
temperature, the solid formed would not be pure silicon monoxide.

This is in direct contradiction to the work of Hass and Salzburg and
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also to some preliminary observations made in this laboratory in
which a material which appeared to be pure silicon monoxide was
formed by evaporation in a 10°7 mm vacuum. There seems to be
little doubt, however, that the final composition of the condensate
must bear some relation to the composition of the molecular beam
striking the substrate.

The composition of the molecular beam striking the
substrate is estimated by calculating the equilibrium pressures
of silicon monoxide and silicon dioxide in the vapor phase when
silicon monoxide reacts with oxygen or water vapor. Initially, it
is assumed that no silicon vapor is emitted from a source con-
taining either solid silicon monoxide or a mixture of silicon and
silicon dioxide, as suggested by the experimental observations of
I-Ionig8 and of Schifer and Hornle. 9 It is shown later in the paper
that even if silicon vapor was emitted from the source, the equilibrium
in the oxidation of silicon to either the monoxide or the dioxide is
overwhelmingly against the existence of silicon vapor, It is also
assumed that no solid phase of either silicon monoxide or silicon
dioxide is formed in the molecular beam.

The calculations have been carried out in the temperature

range of 1300 to 1800°K. Estimates have been made of whether or
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not equilibrium conditions would be approached under typical

evaporation conditions,

REACTION WITH OXYGEN

Four possible reactions with oxygen are considered:

SI0 ) + 1/20, = Si0y,, (1)
510,y * Si, * Op (2)
Si0(,) = Si,\ + 1/2 0y, (3)
2510, = i, + SiOyy, (4)

A free energy AF of any reaction is related to the
equilibrium constant, K P’ by the relation -AF = RT In Kp.
where R is the universal gas constant and T is the absolute
temperature,

Tables of free energy function of gaseous silicon monoxide
have been compiled by Brewer and Edwards‘t over a temperature
range of 900 to ZOOOOK. based on the recalculated data of Schafer

and Hornle?

who studied the reaction at temperatures between 1336
and 1460°K. Using these values, the free energy change for the

reaction

s sio,_ + 1/2C, (5)

10 = 510
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has been calculated by Schick. 10 In the temperature range 2000 to
3000°K this can be written AF = 173,000 - 54,2 T cal/mole.
This equation has, however, been used for extrapolation beyond
this lower limit. Similarly, for the reaction

S SiOZ(v). (6)

iOZ(I)
the relation AF = 127,000 - 36.0 T cal/mole is linear over the
range 2000 to 4000°K, but has been used in these calculations.

The two reactions (5) and (6) may be combined to yield Eq. (1);
thus the free energy change for Eq. (1) can be written AF =
-45,800 + 18.2 T cal/mole. Using the relationship RT In K, =
-AF = 45,800 - 18,2 T, values of Kp have been computed for values

of T ranging from 1300 to 1800°K and are shown in Table I.

Table I - Equilibrium Constants for Reaction

$io(, * 1/2 0, Sioz(v)

T°K Kp

1300 5.346 x 10°
1400 1.50 x 103
1500 5.00 x 102
1600 1.915 x 10%
1700 8.147 x 10°
1800 3.837 x 107

99
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It is realized that extrapolation of the free energy data to 1300°K
might produce an error, but it is not considered that this would be

significant. The equilibrium constant of reaction (1) can be written

Pe.
) 5102(‘,)
P 1/2
Pg; P
SxO(v) OZ

»

where p denotes the partial pressures of the various components,
The equilibrium ratio of the partial pressures of silicon monoxide
vapor to silicon dioxide vapor can then be calculated for various
partial pressures of oxygen. Figure 1l shows how this ratio varies
with oxygen pressure from 104 t0 107 mm at various temperatures

of the molecular beam between 1300 and 1800°K. A change occurs
Psioyy,
pSiOz(v)

in the ratio when either temperature or oxygen

pressure is changed,
The equilibrium constants of reactions (2), (3), and (4)

are shown in Table 1I.
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Figure 1 - Equilibrium ratio of partial pressure of silicon monoxide
vapor to partial pressure of silicon dioxide vapor for the

reaction SiO 4+ 1/2 02:2 SiOz.
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Table II ~ Equilibrium Constants for Reactions

(2) 8i0; (v) = Siigy 0,

() S0, = si, + 1/20,

(4) ZSioM = Si(v) + 8i0, (v)
1300 2.5 x 10722 1.3 x 10718 7.1 x 10-15
1400 2.4x 10720 3.6 x 10717 5.4 x 10714
1500 2.0x10"18 1.0 x 10-15 5.0x 10-13
1600 6.3 x 10-17 1.2 x 10714 2.3 x 1012
1700 1.55 x 10”15 1.26 x 10-13 1.02 x 107!}
1800 2.5x 10-14 9.6 x 10713 3.7 x 10-11

Kp(l) was computed in a similar manner to that described above

for reaction (1) and was used in conjunction with Kp(l) to yield

equilibrium constants for reactions (3) and (4). Thus,
K (3) = K (1) x K (2),
p( p( ) p( )

K (4 = K1) x K (2).
P p P

By examining the values for K (2) =

and
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p... pl/_&
Si(y) "02
Kp(3) = it would seem that under the conditions
P..
Sio
(v)
existing during an evaporation, i.e., Psio = Pg * 1 mm

(v) O2(v)

and pO2 z 10"°mm, a negligible amount of silicon gas would be
present in an equilibrium mixture. The original assumption that no
silicon vapor is emitted from the source is now justified, since at

equilibrium it would be almost completely converted to the oxide.
REACTION WITH WATER VAPOR

Only one reaction with water vapor has been considered:

SiO(v) + H,0 = Si0,  +H. (7

The free energy change in reaction (7) is the algebraic sum of the
free energy changes for reaction (1) quoted earlier in this paper and
for the decomposition of water vapor., The latter value was obtained
from tables, 11 Equilibrium constants in the temperature range

1300 to 1800°K were computed from the standard free energy changes

as described earlier and are given in Table III.
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Tatle III - Equilibrium Constants for Reaction

. pu—— N
S0, + HZO(V) = stM +H,
T°K K
2
-4
1300 5.152 x 10
1400 7.448 x 10-4
1500 1.031 x 1073
1600 1.377x 107>
1700 1.754x 1073
1800 2.193 x 10°3
"Sio‘,_(v
The change in the ratio ) with variation of the ratio
Pg;
PH,0 )
> 2 is shown in Fig. 2 for a number of different temperatures
H
2

in the range normally considcred.

DISCUSSION
Psio
In both Fig. 1 and 2 the ratioof ~__~ has been
Psio,

computed from equilibrium constants by assuming that the partial

pressures of oxygen or of water vapor and hydrogen, respectively,
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Figure 2 - Equilibrium ratio of partial pressure of silicon dioxide
vapor to partial pressure of silicon monoxide vapor for the

reaction SiQ + HZO: SiO2 + HZ-
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remain constant, Obviously, as reaction proceeds, the oxygen or
water vapor is used up but the silicon oxide is continually regencrated
from the source. Unless prior arrangement has been made to keep
the oxygen or water vapor partial pressure at a constant value, the
composition of the deposited layer would thus appear to vary con-
tinuously during the evaporation process,

It is conceivable that in an actual evaporation process
the rate of reaction between silicon monoxide vapor and oxygen might
be too slow to allow equilibrium to be reached in the time it takes for

the molecular beam to travel between source and substrate, 1f this

Pe:
Si0 2(v)

is true, the ratio of striking the substrate would be

Psio
(v)

less than the equilibrium value. Examination of the infrared spectra

of the evaporated layer shows that different compositions may be

obtained by the variation of evaporation parameters, There appears

to be little or no dependence on whether silicon monoxide or silicon

dioxide is used as starting material, Obviously some reaction is

taking piace with the residual gas. It is a little difficult to under-

stand how a silicon monoxide film is produced by evaporation of

silicon dioxide by any mechanism other than a gas phase decomposition,
In a bimolecular gas phase process, the rate of reaction

) -E/RT
may be written PZe , where Z denotes the number of
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e-E/ RT the fraction

collisions per second between reacting species,
of total collisions which are effective in producing reaction, E the
activation energy of the reaction, and P a steric factor introduced

to relate the predictions of this simple, theoretical model to experi=
mentally observed rates, Except in some complicated reactions, P
is approximately unity. In this treatment, it is assum~d that P =1
and the number of collisions between one silicon monoxide molecule
and an oxygen gas molecule is determined by calculating the mean

free path of the silicon monoxide molecule passing through oxygen

gas, and dividing this into the distance between source and substrate,
If the collision diameter for silicon monoxide/oxygen collisions is
assumed to be 2 x 108 cm, which is about the value for most gases,
the mean free path is 3,9 x 10-2 cm in a 10-4 mm oxygen pressure

at 1500°C. If a source-to-substrate distance of 25 cm is assumed, the
total number of collisions a silicon monoxide molecule makes with an
oxygen molecule is 6.4 x 102. For equilibrium to occur under these
conditions, e-E/RT =1l.3x 10-3. which means E € 20 k cal/mole.
Unfortunately, no data exist from which we can estimate the activation
energy, The only comparison we can make is with the oxidation of

carbon monoxide which is a complex reaction proceeding around

0
1000 K with an activation energy of about 30 k cal/mole. It would not
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appear too unreasonable, therefore, to expect an activation energy
in the range of 20 k cal/mole for the gas phase oxidation of silicon
monoxide,

To get some idea of the conditions under which equilibrium
would be reached for various activation energies, the required
source-to-substrate distance at pOZ = 1lx 10'4 mm, and the required
oxygen pressure with a fixed source-to-substrate distance of 25 cm
have been computed for activation energies between 10 and 40 cal/mole.

These are shown in Table IV.

Table IV - Geometrical Conditions Required
for Complete Equilibrium in Reaction (1)

Source-to-substrate Pressure when
E distance when source-to-substrate
K cal/mole pressure = 1 x 10-4 cm distance = 25 cm
10 0.9 cm 3x10-6 mm
20 25 cm 1x 10'4 mm
30 700 cm 3x10"3 mm
40 20,300 cm 8 x 10 mm

If an activation energy of 30 k cal/mole is assumed, the

ratio pSiO / Psio in the molecular beam when it strikes the

' 2(v) (v)
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substrate under the standard conditions of 25 cin source-to~substrate
distance and 1072 mm oxygen pressure, would be 1.024, This is to
be compared with a value of 5 at equilibrium,

To a large extent, the temperature of the molecular beam
may be related to the rate of evaporation; hence, the relation between
molecular beam composition and rate of evaporation can be observed
qualitatively from Fig., 1 and 2. It should be realized, however, that
the wotual relationship between rate of evaporation and molecular
beam temperature is dependent on source construction and geometry,
and also dependent on slag formation on the surface of the material
being evaporated.

It should be realized that the values shown in the figures
represent equilibrium values, and the actual values may be different
from these -- not because of slow reaction rates or nonequilibrium
conditions, but merely by virtue of inability of each SiO molecule in
the molecular beam to interact with the gas phase oxygen. This is of
course true only when the SiO has to collide with an oxygen molecule
in order for reaction to take place. Fo.r the decomposition of SiO,
it is conceivable that the oxygen formed in the molecular beam is not
able to diffuse out of the molecular beam and is trapped in the SiO

solid. The extent to which either of these would affect the final



110

composition is dependent on the density of the molecular beam, i.e.,
the evaporation rate. A more complex situation has arisen, therefore,
in which both beam temperature and evaporation rate can control the
composition of the final product. Therefore, source design may be

important in deciding composition,

CONCLUSIONS

Gas phase oxidation of silicon monoxide vapor seems to
be a possible explanation of the large variations in experimental
results observed by different workers, Presumably the partial
pressures of the residual gases differ from one system to another,
and the temperature of the molecular beam, which is related to
source design, may also vary considerably. The results quoted in
this paper indicate the composition of the molecular beam striking
the substrate if complete reaction took place with an oxidizing gas
in the system. The ways in which the actual results may diverge
from these theoretical predictions are indicated. The values of
molecular beam temperature and oxygen or water vapor pressure
under which the evaporated layer is predominantly silicon dioxide

or silicon monoxide are outlined.
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ABSTRACT

A simple apparatus has been assembled in which dis-
continuities occurring in insulating films may be observed in a
nondestructive manner. The signal produced by scanning a metal-
insulator surface with an electron probe can be used to detect a
metal-insulator boundary and also to indicate variations in insulator
thickness in the 100 to 1500 £ range.

The usefulness of this instrument in a study of nucleation
of molecular beams of insulating materials on metal surfaces has
been determined by examining test slides containing various patterns
of insulators on a lead surface.

While the resolution of the instrument is limited by the
radius of the electron beam used, the size of an imperfection which
could be detected by the instrument is really dependent only on the
current density in the electron beam. Imperfections having an area

1/100 that of the electron beam have been detected without difficulty.
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INTRODUCTION

When evaporated insulating films are used as dielectric
layers, the problem of shorts in the dielectric usually has to be
considered. In most cases, it is not possible to observe through an
optical microscope a surface discontinuity or imperfection which
can be related to a shorted area. At present there is no satisfactory
nondestructive method of testing insulating films prior to deposition
of the upper electrode, The electron microscope undoubtedly has
sufficient resolution to detec't small imperfections, but this technique
has two major disadvantages; only small areas can be sampled at
one time; and, since surface replicas of the insulating film have to
be made, this is a destructive test. A further method has been
s\.lggestec:ll in which a magnetic sense coil is used to detect the field
associated with a pinhole short. However, this method has limited
applicability.

A technique described in this paper has none of the dis-
advantages outlined above. The apparatus used can be constructed
simply and can, if required, be installed in the evaporator used for
preparing insulating films. Using this method, it is possible to make
nondestructive tests of an insulating layer prior to deposition of the
upper metal electrode, The unit, which is similar in principle to the

2
Monoscope, uses an electron probe to scan the insulator surface, It
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is shown that the difference in signal when the probe scans a metal-
insulator interface is sufficient to permit detection of that interface.
In addition, under appropriate conditions, the signal varies with
insulator thickness so that the thickness differences can be detected.
The construction of a simple model is described and the resolution

of this model estimated by examining test slides containing patterns
of silicon monoxide evaporated onto a lead film, The results are
discussed and extrapolated to indicate the ultimate resolution which
can be obtained from this type of instrument, It is shown that by the
use of a more sophisticated electron gun this technique could be made
sufficiently sensitive to detect imperfections in the insulating film of
about 16, 000 X diameter, The technique is not capable of diffe -
entiating between a group of holes and a thin area unless the minimum
spacing between holes is an appreciable percentage of the beam

diameter,

EXPERIMENTAL PROCEDURE

The experimental arrangement is shown in Fig. 1. A type
5C electrostatic deflection gun similar to that used in a Tektronix 512
oscilloscope was sealed into a glass tube, Two aquadag electrodes

were painted on the inside of the tube to act as a final accelerating
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Figure | - Experimental layout.

anode and a secondary collector., A rectangular copper block
supporting the test slide was sealed into the other end of the glass
tube so that the test slide was at right angles to the electron beam.
The tube was evacuated by a well-trapped mercury diffusion pumped

system, and pressures in the 107

mm range were attainable
without difficulty,

A low-voltage power supply was used to activate the
cathode and to regulate the cathode emission in the specimen gun.
Control of the electron beam was achieved by connecting the

specimen gun in parallel with the gun in a Tektronix 512

oscilloscope.
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The test specimens consisted of definite patterns of
silicon monoxide evaporated onto a lead film supported on a glass
microscope slide. These were clamped to the copper block by
phosphor bronze clips which also provided a conducting path from
the front of the slide to the copper block. The signal produced when
the electron probe scanned the sample surface was then available by
making an external connection to the copper block, and was observed
on a Tektronix 545A oscilloscope which had a band width of 10 Mc.

Two modes of signal display were used: the signal response
accompanying a line scan of a particular area, and a raster display
in which the signal was used to modulate the intensity of the presen-
tation, In practice, the raster display was used only to locate the
position of any one area on the test slide relative to a fixed point on
the drive scope tube. A line sweep could then be made on that area
and the signal response observed on a viewing scdpe. The distance
between two peaks on the display signal could be magnified by
adjusting the ratio of sweep speeds of the display scope and the
drive scope so that resolution of discontinuities in the test slide
was not limited by resolution in the display sweep.

The secondary emission ratio is dependent on the accel-

erating anode potential, Vp, which has a critical value at which the
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secondary emission ratio is a maximum. Figure 2 shows some

. 3 . . .
representative curves  for lead and silicon monoxide as a function

of Vp' These curves can only be used as a guide to indicate a

range of operating potentials, since the secondary emission ratio

is strongly dependent upon the surface conditions. The anode

potential of the specimen tube was varied through the range
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Figure 2 - Secondary emission characteristics of lead, tin, and quartz,

as given in Reference 3,



122

indicated in Fig, 2. It was found that the best signal response
occurred when operating between 1200 and 1500 volts.

The copper holder could be biased above or below the
collector voltage. This could then act as a collector or emitter
depending on bias voltage and the conditions of greatest signal

response selected,

RESULTS

To identify the different areas on the specimen slide, it
was necessary that the signal response caused by the incidence of
the electron beam on those areas vary sufficiently to define and
clearly delineate the areas. The first test specimen contained a
pattern of large and small areas of both lead and silicon monoxide
as shown in Fig. 3a. A raster display of this specimen is shown
in Fig. 3b, in which the dark areas are the insulating films. The
smallest area of silicon monoxide was 0. 062 inch wide, which was
approximately twice the beam diameter of 0, 030 inch, The good
agreement between Fig. 3a and 3b shows that this method can be

used to identify silicon monoxide-lead boundaries,



pormny e GE— GIENS e ——t

kal

0.062"
zll

L

Figure 3a - Test specimen No. 1 Figure 3b - Raster display of
containing lead and specimen No. 1.
silicon monoxide,

1:‘°ensa.k4 has shown that a conduction current can be
induced in a thin insulating film by an electron beam, and also that
the magnitude of the induced current depends on film thickness,
accelerating potential, and target bias voltage. If the accelerating
potential and bias voltage are kept unchanged, it should, therefore,
be possible to distinguish between two insulating films of different
thicknesses, if the difference in conduction current in the two films
is sufficiently large.

A second specimen slide (Fig. 4a) consisted of six
separate areas of insulation with thicknesses varying between 400
and 3500 X, and one area in which the thickness varied in discrete

0
steps from 400 to 3500 A, Figure 4b shows a raster display of this
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specimen. Once again, the dark areas represent the insulator, but
by controlling the amplification of the signal modulating the intensity

of the scope, the thinner layers can be made to appear as dark areas.

It appears possible, therefore, to obtain a thickness contour picture

of a thin insulation film by controlling the amplification of the signal
modulating the intensity of the raster display. Figure 4c shows
another raster display of the second test slide using a different signal
amplification. It should be noted that for a given accelerating poten-
tial and bias voltage, there is a limited thickness range in which the
variation of conduction current with thickness is sufficient to permit
detection. This thickness range can be changed, however, within
limits, by variation of either accelerating potential or bias voltage.

It has been shown so far that this simple apparatus is
capable of detecting metal-insulator boundaries and also of detecting
variations in film thickness in a thin insulator. The ability to observe
a thickness variation is as useful as the detection of discontinuities
or holes, since a thin spot in an insulating film is a potential source
of trouble in a device.

It is important to estimate the sensitivity of this technique
for detecting either discontinuities in insulators or extreme thickness

variations before building a more sophisticated arrangement. In
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Figure 5a - Specimen No. 3, made of solid Figure 5b - Raster
and gridded layers of varying thickness. display of No. 3.

order to do this a test slide was fabricated as shown in Fig. 5a.

A raster display is shown in Fig. 5b. The slide contained six
different patterns of silicon monoxide evaporated on a lead under-
layer. Two of these, marked section 1l in Fig. 5a, were 300 R
thick, one a continuous layer and the other deposited through a
144-mesh wire grid. Section 2 contained two areas of similar
design to those in section 1, but the silicon monoxide layer was

100 X thick, so that signal differences between 100 and 300 Ao

films could be observed. The geometrical design shown in section 3

was evaporated to provide an estimate of the minimum area of
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metal which could be detected by the edge of the electron probe.
The last section, 4, was a test pattern designed so that deliberate
mechanical discontinuities could be introduced in defined positions.
Both sections 3 and 4 were 300 A thick films.

The signal generated as the probe scans the continuous
area and the area masked by the mesh is shown for the 300 X and
100 A films in Fig. 6a and 6b., It is obvious that there is insufficient
sensitivity to resolve the metal lines in the masked areas, but this
is hardly surprising in view of the relative dimensions of the gridded
area and the electron beam diameter. The gridded section contained
metal lines 0. 0015 inch wide separated by silicon monoxide areas
0.0075 inch wide, compared to the electron beam diameter of 0.030
inch.

For both thicknesses it appears that the resulting signal
from the masked area is composed of separate contributions from the
metal and the insulator sections since the magnitude of the signal
generated when the probe scans the gridded section is part way
between the separate signals for all llead or all silicon monoxide. It
is conceivable that such a composite signal could be used to yield
information on the relative areas covered by insulator and by metal,
but the assumptions involved in calibration would seem to make this

a rather tenuous method.
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SiO films.

(For Fig. 6a, 6b, and 6c, probe speed = 0.0l sec/cm;
view speed = 0.002 sec/cm; sensitivity =1 v/cm.)
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It should be noted that the signal difference between the
gridded and continuous areas in the 100 X films is greater than
that in the 300 & films. This is presumably due to the larger signal
observed on the 100 X continuous silicon monoxide film as shown
in Fig. 6c¢.

In the experiment with section 3, the line of sweep was set
along a known length x,x, (Fig. 5a). This measured. the magnification
which was set at about 100. The line of sweep was then lowered
toward x3x4 until the signal due to the metal film at A just disappeared.
By comparing the lengths X| X, and x3x4, it was possible to determine
the area of the triangular metal film causing the signal. The minimum
detectable area by this method was between 0.000025 and 0.00Q03
square inch, which is approximately 1/30 of the probe area. This
technique used the extreme edge of the electron beam for sampling,
and since the current density of the beam follows a Gaussian distri-
bution this figure may be considered an upper limit.

Section 4 (Fig. 5a) contained two scratches deliberately
placed so that their positions could be accurately defined with respect
to the total area, as shown in the diagram. In this way, the signal
associated with the inserted imperfections could be located and

identified. The area of the larger of these two discontinuities was
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less than 1/100 of the beam area, but, as shown in Fig. 7, it showed

up as a signal difference when scanned by the electron beam.
DISC USSION

The experimental results show that when an electron beam
scans an insulator or a metal surface. sufficiently large differences
in signal current exist to distinguish clearly between the two., The
observed signal when an electron beiim scans an insulating surface
is due partly to secondary emission from the surface and partly to

2
conduction through the film induced by the electron beam. It may



13]

be observed from the results quoted in Pensak's paper that at the
lower accelerating potentials the conduction current is greater in
thinner films. This may explain the observed signal difference
between 100 and 300 £ insulating films.

This method makes it possible to locate holes and thickness
variations in thin insulating films without destroyiug the film. More
detailed examination of the shorted area may then be made with an
electron microscqpe. The resolution of the instrument, defined as
the smallest distance apart at which two imperfections may still be
detected separately, is obviously limited by the beam diameter. The
over-all sensitivity of the instrument in detecting an isolated dis-
continuity in a metal or insulator layer seems to be dependent oply
on current density in the electron beam and sensitivity of the detector.
With the instrument described in this paper it has been shown that an
imperfection 1/100 the diameter of the electron beam can be detected.
It is now of interest to examine the lowest limit of detection which
would be possible by using an electron gun with a smaller beam
diameter.

In general, the signal response from a given area is directly
proportional to the current in the incident beam. It would be possible

to increase the beam current density and therefore the sensitivity by
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using a tungsten cathode. This has a relatively low emission efficiency
in comparison with the oxide coated cathode at the same temperature.
It can, however, be operated at a higher temperature, 2500 to 300000.
yielding a higher density beam. This would increase the complexity

of the system and for this reason was not attempted. The minimum
usable signal level is limited by the noise level associated with the
electronics of the system. If the shot noise is neglected, the signal-

to-noise ratio may be written as

(4kTAf)

where & is the band width and ip the bearr; current. For the
condition where the secondary emission is approximately unity (and
we neglect conduction current) the signal current, is, is equal to
the beam current. If it is assumed that a signal-to-noise ratio of
ten is sufficient to observe a ten percent change in secondary
emission ratios the above equation can be solved to give

ip = 0,025 pa for values of RL = 10,0002 (and Af = 4 Mc).

An electron gun very similar to the one used in this experiment

with a beam diameter of 0. 001 inch can be obtained commer-

2
cially, For a current density, Jo’ of 1 amp/cm, which is in the
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4
range of that produced by an oxide-coated cathode, the minimum
theoretical detectable area would be

1 -8
A=—JE-= 2.5x10°".

o

This is equivalent to a circle of diameter 16, 000 X. which is
approximately 1/10 of the beam diameter. It should be noted that
it has been possible to observe experimentally imperfections
1/100 of the beam diameter. The resolution of the apparatus
can be improved by use of an electron gun with a beam diameter
less than 0.001 inch. Such guns are commercially available but
these are, in general, guns in which magnetic deflection of the
electron beam is used. Once again a compromise had to be made
between resolution and complexity of the instrument, so the guns
with the smallest diameter beams were not used.

The most sensitive form of the arrangement described
above is, of course, the electron scanning microscope, with which

.0 b
the practical resolution is about 500 X
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ABSTRACT

The subtractor-ring circuit was simulated by using the RL
network-analyzer program. The switching speed of the tree circuits
was seen to depend upon their previous state because of induced back
currents, These back currents and their effect on switching times
are shown graphically, Because of these effects on the subtractor,
the network should be operated as a clocked device at about 500 kc,
or as a free-running device with the ring cycling in about 2 psec.
Determining exact operating timmes would entail simulation through
all data states. It should be noted that future circuits would contain
in-line cryotrons having sharper characteristics which would greatly

increase the operating speeds.
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INTRODUCTION

The subtractor-ring circuit shown in Figure 1 and
described in a previous report1 has been simulated as a free-
running network to;

1. determine the speed of network operation as the

input current is varied,

2. determine the speeds at which the circuit will

operate when driven by external pulses, and

3. examine the magnitude of the network currents

as a function of input current and time.

SHORT DESCRIPTION OF THE SUBTRACTOR-RING CIRCUIT

The subtractor-ring circuit is basically a combination of
the data-transfer circuit, ¢ the four-stage clocked ring, 3 and the
subtractor, 3 all described in previous Lightning reports,

When the subtractor-ring circuit is internally operated,
it functions as an asynchronous (free-running) parallel counter.
When current is flowing in one side of the first stage, the minuend
is set equal to the contents of the accumulator by cryotrons 400
to 407. Then when the state of the first stage has been transmitted

through the other three stages of the ring, by cryotrons 200 to
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205, the first stage is reset by cryotron 207. This supplies
current to the subtractor, and the accumulator is set equal to

the difference between the contents of the minuend and the contents
of the subtrahend by cryotrons 300 to 321. When this state

of the first stage has been transmitted through the other three stages
of the ring, the first stage is set to its original condition by
cryotron 206.

The circuit may be operated as a synchronous parallel
counter by "biasing out'" cryotron 206, so that resistance is never
introduced in the circuit by this cryotron. The store and subtract
sequence is then triggered by the clock pulse, and the circuit will
come to rest when both functions have been performed. Note that
under clocked operation the duration of the subtract signal is

determined by the interval between pulses,
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‘INITIAL CONDITIONS FOR THE SIMULATION

The circuit was divided into 32 meshes, consisting of 14
resistive elements and 101 inductive elements. The assumed

dimensions of the network are;

line width 0.018 inch
line thickness (Pb) 4000 A)
line thickness (Sn) 6000 X
penetration depth (Pb) 500 X
penetration depth (Sn) 1250 X

crossed-film cryotron control width 0,003 inch

insulation thickness 4000 X

in-line cryotron gate width 0.003 inch
in-line cryotron control width 0. 009 inch
in-line cryotron length 0. 125 inch
operating temperature 95% of critical

temperature
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Using the model of cryotron operation shown in Fig. 2 and

described in the seventh quarterly Lightning report, 5 the

characteristics assumed for cryotron operation are:

' Ic rit

P

300 ma

0.2375

100 ma

0.87 m-ohm

The distribution of currents will be described by referring

to the notation of Fig. 1, and giving their state as logical functions

where possible, During all simulation runs, Shd 1=0, Shd 2 = ].

The initial conditions were:

Acc ] = 1
Acc 2 = 1
Min 1 = 0
Min 2 = 0
i = 0
cryotron 206 " resistive

Thus the borrow current, B, initially goes through cryotrons 100,

206, 502, 301, 306, 311, 314, 317, 321, 201. The quantities

Acc 1, Acc 2, Min 1, Min 2, i), B were graphed on the on-line

plotter,
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Figure 2 - Assumed cryotron characteristics,



FIRST SIMULATION

For the first simulated run, all supply currents were
assumed to be 400 ma. In this case the cycle time of the ring was
between 0.76 and 0. 77 usec. In the first cycle (a store operation),
Min 1l and Min 2 were switched to 308 ma and 328 ma,
respectively. The borrow current, B, stopped temporarily at
192 ma in the first store cycle because Min 2 was changing from
0 to 1, so that neither side could introduce resistance into the
B leg. As -i-l approached 0 (84 ma), B continued to decay.

Back currents were induced through the loops defined
by cryotrons 502, 301, 306, 307, 302; through 302, 308, 309,
303; and through 301, 305, 304, 300. The magnitude of the
currents through 303, 301, 300, 302, B, B, i, is shown in Fig. 3.
The -185 ma current through B is surprising.

When current paths are switched, the effect of these

147

currents is to slow down switching and, even worse, make switching

speed dependent directly upon existing current configuration. The

second cycle was to have been a subtraction cycle, with the following

operation; 11 - 01 = 10,
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Figure 3 - Cryotron control currents as a function of time,
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Min 2 was switched, however, to 204 ma instead of 0 ma, and thus
current splitting (204 and 196 ma) occurred and correct circuit

operation stopped.

SECOND SIMULATION

In the second simulation run, the supply currents Il. IZ'
13. I4 of the ring were reduced to 375 ma, with the others remaining
at 400 ma. The other initial conditions were unchanged. In this
case, the cycle time of the ring was between 0. 93 and 0. 94 psec.
In the first cycle, Min 1 was switched to 340 ma and Min 2 to
360 ma. The borrow current fell to 136 ma, then continued to 0.
In the next cycle, subtraction was correctly performed with Acc 1
remaining at 400 ma and Acc 2 falling to 84 ma value. In the next
cycle, Min 1l increased to 376 ma while Min 2 correctly switched
to 84 ma. In the next subtraction cycle, however, there was not
sufficient time for the proper operation: 10 - 01 = 01 tc be
performed. Because the effect of the divided currents was of
interest, the simulation was continued and the magnitude of Acc 1,

Acc 2, and currents through cryotrons 300, 301, and 316 arc

shown in Fig. 4 and 5. The minimum current (205 ma) necessary
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to induce resistivity in a cryotron is shown as a dashed line.

These graphs show the effect of back currents on cryotron

current switching. The switching speed of these tree circuits clearly
' depends upon their previous state.

Note that in the simulation 0. 76 psec was sufficient to
transfer the contents of the Accumulator to the Minuend. However,
the delay between clock pulses will have to be greater than 1 psec
to allow back currents in the subtractor to die down enough for proper
operation. To obtain this time would entail a simulation through all

operations using all data states.

CONCLUSIONS

A, Circuit Evaluation
l. The circuit will operate as a clocked ring.
2. The circuit will operate in a free-running mode if the
ring loop is slowed down sufficiently.
B. Tree Circuit Evaluation
l. The simple loops (2 path) performing storage worked
well.

2. The switching speed of tree circuits depends upon their
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previous state, in particular upon
a) the degree of completion of previous cryotron
switching and
b) induced back currents,
For efficient operation of complicated tree circuits balanced

branches are necessary.
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APPENDIX Vi1

Sequential Cryotron Switching Circuits

J. L. Rosenfeld
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ABSTRACT

In order to design sequential switching circuits, the
designer must have available both a uevice that can perform
combinational logic and a device with a memory or a delay.
Cryotron circuits possess both combinational logical properties
and memory properties. It is the aim of this appendix to demon-
strate how sequential cryotron switching circuits that make full

use of the features of cryotrons can be designed.
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INTRODUCTION

When the memory inherent in cryotron circuits is fully
exploited, a simple sequential circuit generally results from the
synthesis procedure. Furthermore, neglect of the intrinsic
memory can lead to serious errors in the design of logical
cryotron circuits. In this appendix a direct procedure is used
to synthesize a sequential circuit from the description of desired
circuit operation. Next it is demonstrated how synthesis by means
of a transition matrix yields a simpler circuit, This latter
synthesis procedure takes full advantage of built-in cryotron
memory. The necessary restrictions on the design of circuits
via the transition matrix are then discussed. Finally the hazard
problem is investigated.

The logical properties of cryotrons are well known. 1.2,3,4
In this appendix, we assume that any switching function can be
realized with cryotrons, and we ignore the means by which the logic
is performed. It may be performed with crossed-film or with
in-line cryotrons, and in one or several stages. The fact that a_
path becomes resistive when a logical function of certain variables
equals '"1'" is indicated by a rectangular box in the path, crossed by
lines that represent the variables. An expression for the function

is written in the box. In Fig. le, for example, the top left box, A,
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represents any cryotron configuration that inserts resistance in the
left-hand branch if X, = 0 (no current flows in path x,), or if Xy = 1
and y = 0 (current flows in path x; and no current flows in path y),
and which forms a superconductive path otherwise,

A particular example will be helpful in illustrating general
principles discussed later. Consider this description of the desired
behavior of a cryotron circuit with two inputs, x) and Xyt only one
input can change at a time, and it is assumed that the inputs change
only after all circuit transients have died out; the output of the circuit
is to be 1 when xl and X, are both 1, but only if X, is 1 before X3
i.e., the input pair x;, x; = 1,0 must precede 1,1. Several tables
must be constructed during the synthesis procedure. 2.5 Figure la is
a flow table that describes the circuit action. The circled entries
represent stable states of the circuit, Uncircled entries in the table
indicate the next state the circuit must assume when the input condition
is changed from that input condition associated with a stable state in
the same row. Dashes imply unallowed input changes. Entries in the
output column are the outputs Z associated with the stable states in
the same row. Figure lb is a merged flow table corresponding to the
primitive flow table of Fig. la. The rows of the merged flow table
contain the same information as the rows of the primitive flow table

after certain assignments are made for transitions corresponding to
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unallowed input changes. Figure lc is the output matrix, which con-
tains essentially the same information as the output column of Fig. la.
One secondary variable y is necessary in order that the circuit can
assume the two states which correspond to the two rows of the merged
flow table. An excitation matrix is shown in Fig. ld. Each matrix
entry Y represents the next state secondary variable y must assume
for the present input conditions and state of the circuit, as represented
by the column and row of the entry. This follows frcﬁn the merged
flow table.

In order to synthesize a circuit that performs according to
the preceding specification, it is necessary to select some way of
realizing the secondary variable y. For this purpose, an elementary
cryotron circuit, like that of Fig. 2, is chosen, The conditiony =1
represents the state of the circuit when i = Io‘ or all the current flows
down the left-hand branch, Conversely, y = 0 represents the case in

which i = 0, or all current flows down the right-hand branch.
DIRECT SYNTHESIS
First we shall perform the synthesis by a direct procedure.

The excitation matrix of Fig. 1d indicates that current should be

forced to flow in the left-hand branch of the secondary variable when



165

Figure 2 - Elementary cryotron circuit.

Y=1, or ;l X, + x,y = 1. Current must be forced to flow in the
right-hand branch when Y =0, or ;2 + "l;’- = 1. These conditions
can be effected by making all paths in the right-hand branch resistive
when Y = 1 and causing at least one path to be superconductive when
Y = 0. Similarly, all paths in the left-hand branch must be resistive
when Y = 0, and a superconductive path must exist otherwise. The
upper half of Fig. le represents the circuit for secondary variable y.
Notice the feedback (cross-latching) that exists in this circuit, The
lower half of Fig. le represents a realization of the output matrix of
Fig. lc. The reader can easily verify that this circuit operates

according to the preceding description of desired behavior.
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This direct synthesis procedure is easily generalized to
any sequential circuit problem with any number of secondary
variables. One elementary cryotron circuit like that of Fig. 2 is
.used to represent each secondary variable. The branches of these
elementary circuits are made resistive according to the entries in
the excitation matrices for the secondary variables. The direct
procedure is described by Caldwellz (pp. 608-613), and Fig. le

is equivalent to his Fig. 14-35,

SYNTHESIS BY USE OF TRANSITION MATRIX

Cryotronic sequential circuit synthesis with the aid of the
transition matrix is based on the fact that once current is established
in a branch, it continues to flow in that branch until the branch
becomes resistive. That is, when current flows in a superconducting
path of a cryotron circuit, the current persists in that path until
some cryotron in the path becomes normal. (The effects of mutual
inductance have been ignored in this appendix. Currents can be
induced in superconducting loops, and existing persistent currents
can be diminished because of the mutual inductance; nevertheless,

the magnitude of these effects is so strongly dependent upon the type
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of cryotron circuitry used that it is impossible to make any general
statements about the consequences of mutual inductance.) It is the
persistent current property of cryotron loops that furnishes the
memory necessary for sequential behavior. This is the basic
principle upon which the following discussion is based.

If it is desired to change y from 1l to 0, it is necessary
to introduce resistance into all paths of the left-hand branch of Fig. 2,
while maintaining a superconducting path through the right<hand
branch. Similarly, a change fromy =0toy =1 can be effected by
making all paths in the right-hand branch resistive and maintaining
at least one superconducting path in the left-hand branch. Thus,
Box A in Fig. 2 should be resistive and Box B should be super-
conducting when the transition fromy =1 toy =0 is to occur, and
A should be superconducting and B resistive when the inverse
transition is to take place.

The step from the flow table to the design of the circuit
is made with the help of a transition matrix. The following paragraph
describes the use of the transition matrix. This matrix is constructed
from the excitation matrix by inserting 1 in the transition matrix
for those entries of the excitation matrix in which the value of Y

differs from the value of y, and 0 for those entries in which Y =y,
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In other words, the entry is 1 in the transition matrix if, and only
if, the secondary variable must change its value., The transition
matrix corresponding to the excitation matrix of Fig. 1ld is given
in 3a,

It is a straightforward step from the transition matrix to the
final circuit. The 0 row of the matrix in Fig. 3a indicates that y
can change from 0 to 1 only for inputs X)) Xy = 0, 1; therefore,
the right-hand branch of the circuit for secondary variable y must
be resistive only when ;lxz = 1, Similarly, row 1 indicates that y
can change from 1 to 0 only when X)1 %, = 0,0 or 1,0; hence, the
left-hand branch must be resistive only when ;2 = 1. The final
circuit, shown in Fig. 3b, follows immediately. The lower part of
3b is the output circuit, which is based upon the output matrix of
Fig. le. A comparison of Fig. le and 3b illustrates that design
by use of the transition matrix yiclds simpler circuitry,

In the circuit of Fig. 3b there is no combination of input
variables for which both branches become resistive simultaneously.
This is true in general for circuits constructed by means of the
transition matrix. A resistive left branch implies that if the
secondary variable is 1 it must change to 0, and a resistive right

branch implics that if the secondary variable is 0 it must change
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Figure 3a - Transition matrix
for excitation matrix of Fig, 1d,
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to 1. Hence, both branches being resistive implies that the
secondary variable should switch from 0 to 1l to 0 to 1, and so on,
In other words, the final circuit can be simultaneously resistive in
both branches of a secondary variable circuit only if the original
flow table contains a cycle. But, since a cryotron circuit will not
cycle when both branches are resistive, true cycles can be built
into cryotron circuits only when the cycles involve two or more
secondary variables (pass through four or more different secondary
states).

It will be instructive to consider a particular cryotron
circuit for which the two inputs never equal 1 simultaneously.
Output Z is to equal 1 after input W} is set equalto 1 and to
remain 1 until input Wg is set equal to 1, after which Z = 0 until
Wj =1, and so on. This is a flip-flop, W and W being the set and
reset pulses. The description is represented by the flow table of
Fig. 4a, the merged flow table of 4b, the transition matrix of 4c,
and the output matrix of 4e. Because the input combination
Wo,» W1 =1,1 never occurs, the third column of the transition
matrix may be completed in any convenient manner at all. The
choice made for the third column entries is the one that yields the

simplest algebraic expressions for the logical elements in the two
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branches of the y circuit. The completed transition matrix is
given in Fig. 4d. The output matrix of Fig. 4e is also the result
of making simplifying choices for optional entries. The final
circuit is shown in Fig. 4f. This, of course, is a cryotron flip-
flop. 6,7,8 Notice that both branches are resistive only when
Wo. W) = 1,1, which is an unallowed condition.

The preceding examples have concerned circuits with a

single secondary variable, The next step in this exposition is the
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demonstration of how sequential circuits with more than one secondary
variable are constructed. Figure 5 refers to a circuit that yields an
output whenever the input sequence 00-01-11-10 has occurred. The
output is produced during the 10 phase of the sequence. Only one input
variable may change at a time. Figure 5a is a flow table, 5b a merged
flow table, 5c an output matrix, and 5d an excitation matrix. The
excitation matrix allows a noncritical race in the 00 column, and

provides for the secondary variable transition 01-11-10 in the 01
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column. The corresponding transition matrices are given in Fig. 5e
and 5f in a4 convenient form. The final circuit is easily constructed.

To see how it i1s constructed, consider, for exaiple, the upper

half of Fig. 5f, the transition matrix for Y, This submatrix pertains
to the cases in which the present state of y, s 0. The single 1
indicates that Y, is to change from 0 to 1 only when X1)X2,¥] = 1, 1,0.
This statement corresponds to box A in Fig. 5g in the right-hand branch
of the circuit for y,. The submatrix in Fig. 5f for whichy, =1 has

1 entries where ;l‘\TA tx,y) = 1. The