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Fig. 7 — Interior of Card-O-Matic test set.
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to match each other. Simplified circuit sketches which show the inter-
connection of test set and wired unit circuits are provided to enable the
tester to determine quickly the cause of the failure.

The Card-O-Matic test set, while performing admirably on the rela-
tively simple relay circuits within its range and capabilities, falls down
on the more complicated relay switching circuits used in telephone
central offices for several reasons. The most important of these are:

1. A fixed cycle within a maximum of twenty steps with any one
coded card.

2. No provision for alternate or optional circuit conditions on a card.

3. The only power supplies provided to operate relays are negative
24-volt de and 90-volt 20-cycle ringing whereas telephone office units
frequently also require negative 48-volt and positive 130-volt dec as well
as positive or negative biased ringing currents for party line ringing.

4. The increase of either test steps or features would increase the
size of the perforated card beyond a practical size.

THE TAPE-O-MATIC TEST SET

The experience gained in the design and successful operation of the
Card-O-Matic test set led naturally to the exploration of ways and
means whereby a more versatile and comprehensive set could be devised.
The five hole coded perforated teletype tape was selected as a cheap
and flexible programing device. It afforded a means of providing a test
cycle of any required length and, since the perforating and reading
mechanisms were already available, it appeared to be nearly ideal for
its purpose.

Consideration was given to the following desirable features all of
which were incorporated in the design of the new set:

1. Provision for cross-connecting (under control of the coded tape)
any test set circuit to any terminal of the circuit under test for as long
as necessary and then disconnecting for reuse in later testing steps if
required. This would greatly extend the range and capabilities of the
set.

2. Provision for several power voltage sources which could be selected
as required to meet the normal telephone office voltage requirements
of the unit under test.

3. Provision for alternate or optional tests to be-coded into the tape
to meet the various circuit arrangements that may be wired into the
unit as required by the Telephone Company who is our customer. Such
optional test arrangements could be applied by the test set under the
control of keys to be operated by the tester as part of the setup at the
start of the tests.
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4. Provision for stopping the test cycle to enable the tester to per-
form manual operations such as inserting a test plug in a jack on the
unit or insulating relay contacts in order to isolate portions of the cir-
cuit for test simplification and to obtain a more detailed test.

5. Provision of improved lamp indications to aid the tester in clearing
wiring faults or in locating defective apparatus. These would include
the necessary information as to which test set circuits are connected
to which unit terminals as well as which relays of the wired unit should
be operated at that stage of the test cycle.

6. Provision for connecting several terminals of the unit under test
together as a means of providing circuit continuity where required.

7. Provision for measuring resistance values of circuit components.

8. Provision for insertion of various resistors in battery or ground
leads to control currents to desired values.

9. Provision for checking voice transmission paths through non-
metallic circuits such as transformers or capacitors.

10. Provision for measuring circuit operating times in steps of ap-
proximately 100 milliseconds.

11. Provision for sending and receiving dial pulses.

12. Provision for a single code for releasing all test connections and
conditions previously established by the coded tape as a means of quick
disconnect. This is in addition to the release of individual connections
mentioned in (1) above.

13. Provision for audible and visual indications of completion of a
successful test cycle. :

Through the use of two letters (each of which has its own combination
of the five holes) for each signal it was possible to obtain the over 500
codes required to control all test and switching functions even though
the teletype keyboard has only 32 keys. The only Teletype transmitter
(tape reader) available when the test set was first designed operated
at a speed of 368 operations per minute and was arranged for sequential
read out on two wires by means of a commutator. Conversion to five
wire operation and removing the commutator permitted reading each
row of holes simultaneously. The gearing was also changed to permit 600
operations per minute but even so the hole reading contact dwell time
was increased from approximately 20 milliseconds to 70 milliseconds for
more reliable operation with ordinary telephone relays.

The machine which was designated as the Tape-O-Matic* test set, is -
shown in Fig. 8 in operation on a typical wired relay unit mounted in
its shipping frame. The contact fixture is attached to the unit terminal

* Patent No. 2,328,750.
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Fig. 8 — Tape-O-Matic test set in operation.

strip and cabled to a gang plug which in turn is plugged into a receptacle
behind the operator. These leads are extended through a duct to the
metal enclosure at the base of the set for entry to the test set proper.
The coded tape is dropped into the receptacle at the side of the key
shelf to which it returns after its traverse through the reader. A row of
circuit breakers on the end of the key shelf control the application of
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and provide protection for the various power supplies. Two of these
supplies are mounted on the top of the set.

The rows of vertical push button keys on the key shelf afford the
tester a means of determining (for trouble shooting purposes) the asso-
ciation (through lamp display signals) of the wired unit circuit terminals
with those of the test set and the corresponding test voltages which are
connected at that particular stage of the test. The lamp display panel
also indicates which test set circuits are in use and through fast or slow
(0.5 or 1 second) flashes whether the fault thus indicated is the result
of a failure to meet either an expected condition or the occurrence of an
unexpected condition. This feature is illustrated in Fig. 9 which shows
one link of the chain leads which extend through all pairs of signal and
watching relays for the check of satisfaction of all test conditions and
the application of steady or interrupted ground to the associated test
feature lamp. The operating condition of all test set key relays as pre-
viously established by the tape is also indicated by the display lamps.
Another type of information obtained from the lamp display panel
which is valuable to the tester in trouble clearing is the indication of
the particular unit relays which should be operated at that part of the
test cycle. By checking the lamps against the operated or non-operated
position of the relays he can frequently localize the fault in a minimum
of time.

As mentioned above an important part of the test set flexibility is
the ability of the tester to set up the test set to test only those optional
circuit arrangments which are provided in any particular unit ordered

ASSOCIATED FEATURE
SIGNAL LIGHT |

=
*L
: —o0 o——
GROUND % I g GROUND
PULSES y © - PULSES
TO CKT. = q TO BATT. OR = TO GROUND WHEN
TOCKT. GRD. AS REQ'D. i REQUIRED £ OR
TEST = EXPECTED
- _“——‘Mj OPERATION
CHAIN v v CHAIN -
LEAD LEAD
TO PRECEDING TO SUCCEEDING
WATCH RELAY SIGNAL RELAY
"SIG" RELAY "WATCH" RELAY

Fig. 9 — Chain circuit showing watching relay function.
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Fig. 10 — Lower portion of lamp display panel.

by the customer. Failure to provide this would result in fixed test cycles
and many more tapes, which might be similar but varying only in regard
to the options, would have to be prepared. Figure 10 shows the lower
portion of the lamp display panel with the push-pull option keys on
the bottom row. Directly above are the manual operation keys with
their associated lamps which the tester must operate to cause the test
set to resume the testing cycle after it has stopped for him to perform
a manual operation.

A side view of the interior of the set is shown in Fig. 11. Two bays
each facing the oppcsite direction from the other are housed within the
cabinet and are used for mounting the crossbar switches and telephone
type relays which are the principal circuit components. Two doors on
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Fig. 11 — Interior of Tape-O-Matic test set.

each side give convenient access to all wiring and apparatus for mainte-
nance purposes.

A fairly large portion of the mounting space is occupied by the cross-
bar switches which perform the functions of interconnecting the circuit
terminals of the unit under test and those of the test set. They also
connect the proper voltages to these circuits. The switching plan Fig. 12



AUTOMATIC TESTING OF RELAY SWITCHING CIRCUITS 1171

shows in abbreviated diagramatic form that the unit terminals 0-99
appear on the horizontal inputs of the two 10 X 20 and one 10 X 10
switches that comprise the primary group. The horizontal multiple of
these switches are split so that each section runs through five verticals
to afford connection to each of the hundred unit terminals.

The vertical outputs of the primary switches are connected to the
horizontal inputs of the two 10 X 20 secondary switches. The horizontal
multiple of these switches are split so that each section runs through
eight verticals. The verticals of the secondary switches are linked to
the horizontals of the two 10 X 20 tertiary switches which have their
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Fig. 12 — Switching plan.
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multiple split into groups of ten. The 40 verticals of the latter are con-
nected directly to the 40 test set feature circuits designated 0-39.

Two additional 10 X 20 crossbar switches perform the function of
connecting any of the five power or five multiple terminations to any
of the forty test set features. These terminations are comprised of 5
loops and one each of ground, negative 24 volts, negative 48 volts, 90-
volt 20-cycle ringing current and positive 130 volts.

Thus it can be seen that, through proper operation of the primary,
secondary, tertiary and terminating crossbar switch cross points, a
path can be established from any circuit terminal to any test set feature
and supplied with any of the available power or loop terminations. It is
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Fig. 13 — Block schematic.
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also apparent that several paths can be found that will satisfy any one
switched connection. Paths are assigned in sequence by a series relay
loop circuit. The entry point on this circuit is changed periodically to
distribute wear on the relays and switch cross points.

Although only one lead for the switched circuit is shown for each
cross point in Fig. 12 there are actually four leads through corresponding
pairs of contacts through each cross point. The remaining leads are
associated with the holding and signalling functions of the switch.

The block schematic (Fig. 13) shows the principal functions which
must be included in an automatic test set of this sort. A somewhat more
detailed schematic is presented in Fig. 14 in order to show the functions
of the forty test features 0-39. These are tabulated in Table I.

The coding of the two letter combinations in the tape must follow a
definite sequence in order that the machine may recognize and act on
the information it receives. This sequence is as follows:

1. Code FW to stop the tape at the end of the reset cycle after which
tests will proceed when the start button is pressed. This is the first code
on all tapes.

2. Codes to set up crosshar switches to connect each circuit terminal
to its proper test set terminal and the proper termination. Knock down
or release codes may also be sent.

3. Codes to operate or release “Key” re]ays These relays are shown
without windings in Fig. 14.

4. Codes to operate or release the watching relays associated with
the “Signal’’ relays which are shown with windings in Fig. 14. .

5. Codes to operate or release relays controlling the lamps associated
with relays in the circuit under test to aid in trouble shooting.

6. Codes to delay the timing out interval up to a maximum of ten
seconds.

7. Code FJ which checks the matching of all signal and watching
relays through the chain circuit for satisfaction of all test conditions
‘being applied.

In addition to the above, additional codes can be inserted after each
FJ test signal to stop progress of the test to permit the tester to perform
some required manual operation. After completion of this step he presses
a button associated with that operation and the test proceeds. Option
codes can also be inserted at the beginning and end of each testing step
to permit bypassing of that part of the tape if the corresponding option
keys are operated at the beginning of the test. A common knock down
code FR can be inserted at any time to release all connections and re-
lays for a quick disconnect and make all test set features available for
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reuse. A final code SC must be put in every tape to operate the OK
lamp and gong if a successful test cycle has been performed or conversely
to indicate that the tape should be re-run if trouble has been found
and cleared during the test cycle to be certain that no new faults have
been introduced.

Preparation for testing a particular wired relay unit requires only the
selection of a test cable one end of which is equipped with a suitable
contact fixture for attachment to the unit terminal strip and the other
with a gang plug for connection to the set. The proper tape is selected
from a nearby file cabinet and inserted in the gate of the tape reader
as shown in Fig. 15. The tape is stored in a cardboard carton 334 X 4

TaBLE I
Feature Numbers Description of Functions
0 High sensitivity relay circuit. Simulates 1,800-ohm sleeve

circuit for busy test and general continuity through high
resistance ciruits.

1 and 2 Simulates the distant tip and ring terminations of a subscriber
or exchange trunk. Provides for ringing, tone receival, dial
pulse sending, line resistance, high-low or reverse battery su-
pervision, pad control, continuity, and resistance verifica-
tion.

3 and 4 Auxiliary tip and ring circuit for holding, checking continu-
ity, receival of tone on four wire or hybrid coil circuits.
Loss range of less than 0.5db, 0.5 to 1.5 db, 1.5 to 6 db and 6
to 15 db can be checked.

5 through 19 Direct connections for supplying any of the ten terminating
conditions.

20 Simulates low or medium resistance sleeve circuits for margi-
nal tests.

21 and 22 Simulates the local tip and ring terminations of a switch-

board or trunk circuit. Provides for ringing and dialing re-
ceival, high-low reverse battery supervision, transmission
pad control, tone transmission, continuity and resistance
check by balance.

23 and 24 An auxiliary tip and ring circuit for holding, checking con-
tinuity, tone transmission on four-wire hybrid coil eircuits.

25 through 34 | Low sensitivity relay circuits for general continuity checking.
35 A circuit for checking balance on the (M) lead of composite or
simplex signalling circuits and for checking receival of none,
one or two pulses.

36 and 37 Medium sensitivity relay circuits for continuity checking.

38 and 39 Direct connections for supplying any of the ten terminations.
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Fig. 15 — Perforated tape being inserted in reader.

inches in size, the label of which carries all pertinent information required
for setup of the option keys, preliminary tests and manual operations
during test. A separate 12 conductor cable equipped with individual
test clips permits connection to internal parts of the circuit if needed
for adequate tests. No other information than that on the box label,
the circuit schematic and the lamp panel display is needed by the tester
to operate the test set and to analyze and locate circuit faults when
they occur.

With the tape inserted, the test connections established and any
preliminary operations performed the tester has only to push the RESET
button to index the tape to the initial perforation on the tape and the
STATRT button to initiate the test cycle. The sct will continue to operate
until either a circuit trouble is encountered or a manual operation must
be performed. After a defect has been repaired, the automatic progres-
glon of the tape is again started by the momentary depression of the
STEP button. When a manual operation is performed the tape is re-
started by the momentary depression of the red button associated with
the lighted manual operation lamp signal.
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TEST-TIME PER CIRCUIT

HANDLING-TIME PER CIRCUIT

SETUP-TIME PER CIRCUIT

START-UP-TIME PER CIRCUIT

LOCATING-TIME PER DEFECT

MANUAL  TAPE MANUAL  TAPE

Fig. 16 — Comparison of manual and Tape-O-Matic test operation times.

As might be expected the easy setup, automatic testing and superior
trouble indicating features of the Tape-O-Matic test set have materially
improved the quality and reduced the testing time and effort required
for wired relay units as compared to the older manually operated sets.
The average time per circuit for six representative units are shown
graphically in Fig. 16. One time consuming operation on manual testing
is the start up time allowance for reading and understanding the written
test instructions which has no counterpart in the Tape-O-Matic tests
and this alone represents a sizeable gain. The handling time of the unit
itself is the only operation which is not reduced in automatic testing.

HISTORY

The initial Card-O-Matic test set was installed in 1938 in the Western
Electrie, Kearny, New Jersey plant. Post war and subsequent expansions
of production levels have necessitated construction of six more sets of
improved design of the type described earlier in this article.

The first three Tape-O-Matic test sets were built in 1942 for the Wired
Relay Unit Shop and additional sets have since been constructed to
bring the number to twenty-six including six that are used in testing
trunk units in the Toll Crossbar Shop. They have performed admirabiy
with few changes from the initial design. They have been used to test
well over a million wired units with a minimum of maintenance. This
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may be accounted for, in part, by the fact that most of the component
parts are telephone type apparatus designed for heavy duty use.

A maintenance feature is the use of 18 specially coded tapes which,
together with a properly strapped input plug, permit the maintenance
technician to obtain indications on the lamp display panel of the per-
formance of the set. _

Nearly three thousand tapes have been coded to date. Of these ap-
proximately two thousand are in active use on the many types of wired
relay units made at the Kearny plant. More tapes are being added
weekly as the Bell System telephone plant grows in size and complexity.

CONCLUSION

Automatic testing of wired relay switching circuits has been success-
fully applied to the manufacture of these equipments at the Kearny,
New Jersey, plant of the Western Electric Company for a number of
years. Even though the total production is large, manufacture is essen-
tially of a job lot nature due to large number of types made and is further
compounded by the optional circuit arrangments that may be ordered.
The solution to the problem was found through provision of flexibility
in programing and cross connection leading to quick setup, rapid testing
and improved transmittal of essential information to the tester to aid
him in clearing circuit faults.



Automatic Machine for Testing Capacitors
and Resistance-Capacitance Networks

By C. C. COLE and H. R. SHILLINGTON
(Manuscript received May 8, 1956)

The modern telephone system consists of a variety of electrical components
connected as a complex network. Each year, millions of relays, capacitors,
resistors, fuses, protectors, and other forms of apparatus are made for use in
telephone equipment for the Bell System. Each piece of apparatus must meet
tts destgn requirements, if the system is to function properly. This article
describes an automatic machine developed by the Western Electric Company
for testing paper capacitors and resistance-capacitance networks used in
central office switching equipment.

INTRODUCTION

The capacitors discussed in this article are the ordinary broad limit
units made with windings of paper and metal foil, packaged in a metal
case. They include both single and double units in a package, connected
to two, three, or four terminals. The networks consist of a capacitor of
this same type connected in series with a resistor.

The testing requirements for capacitors include dielectric strength,
capacitance, and insulation resistance. These same tests plus impedance
measurements are specified for networks. In general, requirements of
the kind involved here could be adequately verified by statistical sam-
pling inspection. However, in equipment as complex as automatic tele-
phone switching frames, even the minor number of dielectric failures
that would elude a properly designed sampling inspection would result
in an intolerable expense in the assembly and wiring operations. While
engineering considerations thus called for a detailed inspection for di-
electric breakdown, it was recognized that detailed inspection of the
other electrical requirements could be obtained at no additional expense
for labor with automatic testing machines.

1179
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DESIGN CONSIDERATIONS

In the development of this machine, the designer was faced with the
same problems that obtain in the conception and design of any unit of
complex equipment. These included the economic feasibility, reliability,
simplicity, and versatility of such a machine.

Lconomic Feasibility

This can be determined by comparing the cost of performing the opera-
tions to be made by the proposed machine with the cost by alternative
methods. Estimates indicated that the cost of the machines could be re-
covered within two years by the saving in labor that would be effected.

Reliability ‘

Reliability has two connotations, (1) freedom from interruptions of
production because of mechanical or electrical failure and (2) consistent
reproducible performance. A rugged mechanical design combined with
the use of the most reliable electrical components available is necessary.
In addition, safeguards are required to protect the equipment from me-
chanical or electrical damage. To athieve consistent reproducible per-
formance, it is important that testing circuits of adequate stability be
used. Besides, it was recognized that each circuit should be so ar-
ranged that in case of a circuit failure, there would be immediate and
positive action by the machine to prevent acceptance of defective prod-
uct. All circuits are designed to provide positive acceptance. This means
that the machine must take action to accept each item of product at
each test position. In the case of the dielectric strength tests, a self-
checking feature is included.

Fig. 1 — Types of capacitors and networks tested.
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Stmplicity

This type of equipment is operated by non-technical personnel. To
minimize the possibility of improper operation of the equipment, it is
important that adjustments and judgment decisions by the operator be
minimized. From a production standpoint, it is important that the ma-
chine be designed to permit quick changes to handle the variety of prod-
uct to be tested. All “set-ups’ are made by the operator and the switch-
ing of circuits and changing of contact fixtures are simply and easil
done.

Versatility

The product tested by this machine includes a variety of physical
sizes and terminal arrangements with a wide range of electrical test
requirements (Fig. 1).

a. Physical Stzes. The aluminum containers for this type of capacitors
and R.C. Networks all have the same nominal length and width but are
made in three different thicknesses.

b. Terminals. The product is made with terminals of two different
lenths, two different spacings, and four different patterns connected in
eight combinations. It is necessary to provide contact fixtures and
switching facilities to handle all of these combinations.

¢. Llectrical Tests

(1) Dielectric strength tests are made between terminals, and between
terminals and can, on single unit packages. Two-unit packages require
an additional test between units.

(2) Capacitance: The capacitance of the product to be tested ranges
from 0.02 mf to 5.0 mf or any combination within this range in one- or
two-unit packages with no series resistance in the case of capacitors, but
with a series resistor from 100 ohms to 1,000 ohms in the case of net-
works. This problem is discussed in more detail in the description of the
capacitance test circuit.

(3) Insulation Resistance: The minimum requirements vary from 375
megohms to 3,000 megohms.

(4) Impedance: The RC networks have impedance requirements at
15 ke that range from 100 ohms to 1,000 ohms.

MECHANICAL ASPECTS OF TESTING MACHINE

Packaging of the product precludes a magazine type of feed because
the variety of terminal combinations associated with two-unit packages
necessitates orientation in the contact fixtures that can not be done by



1182 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1956

HANDWHEEL FOR POSITIONING TEST FIXTURES.
ROTARY FEED MECHANISM.

PRODUCT PASSING ALL TESTS EJECTED FROM FIXTURE.
INSULATION RESISTANCE TEST PANEL AND TERMINAL
COMBINATION "SETUP" SWITCHES.

CABINET HOUSING TEST CIiRCUITS.

CONTAINERS FOR REJECTED PRODUCT.

pUD
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Fig. 2 — Testing machine in operation.

mechanical means. A turret type construction is used to permit one
operator to perform both the loading and unloading operations.

Fig. 2 shows this machine in operation. The networks or capacitors
are fed into the fixtures by an operator and as the turret carries the fix-
tures past the feed mechanism, rollers on the feed mechanism are syn-
chronized with the fixtures and the roller forces the unit under test into
the contact fixture against a spring loaded plunger to make contact with
the fixture contact springs. Also, synchronized with the feed mechanism
is the closing of the gripper hook on the bottom end of the can contain-
ing the unit under test.
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Fig. 4 — View of turret.
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The acceptance or rejection of a unit under test at any one of the six
test positions depends on whether the test on the unit energizes the
“acceptance” solenoid associated with that test position. The gripper
hook, which locks the unit under test in the contact fixture, is con-
nected to a release shaft, follower arm, and roller (see Fig. 3). The roller
rides in a track in which the plunger of each “acceptance” solenoid lies
unless removed by cnergizing the solenoid from its associated test cir-
cuit. In the case of a defective unit, the acceptance solenoid is not ener-
gized and the roller in passing over the plunger of the “acceptance”
solenoid trips the gripper hook and the spring loaded plunger in the
contact fixture ejects the defective unit. Units that pass all tests are
ejected on a turntable to the left of the operator from which they are
stacked in handling trays by the operator.

The turret assembly includes the test fixtures, the gripper hooks and
associated release shaft, follower arm and roller, and the brush assembly

DIELECTRIC STRENGTH CONTROL
PANEL.

RESISTANCE STANDARDS FOR
IMPEDANCE TEST CIRCUIT.

SENSITROL RELAY FOR IMPEDANCE
TEST CIRCUIT.

15 KILO-CYCLE OSCILLATOR.

POWER SUPPLIES AND SWITCHING
PANELS. :

Fig. 5 — Control panels for dielectric strength and impedance tests.
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connected to the test fixtures. The commutator is stationary and its
segments are connected to the test circuit through permanent wiring.
Fig. 4 shows the turret. Each fixture has two sections, one above the
other, with the contacts wired in parallel. The lower section is designed
for making contact to stud mounted units with long terminals and the
upper section for strap mounted units with short terminals. To change
the machine “set-up” from one fixture to the other, the turret assembly
is raised or lowered by means of the hand wheel, shown on Fig. 2, lo-
cated at the right of the operator. This feature was incorporated in this
machine to facilitate rapid “set-up” which is essential for testing small
lots. An overload clutch is incorporated in the driving mechanism to
prevent mechanical damage to the machine in case of a “jam”.

Fig. 5 shows the control panels for dielectric strength and impedance
and Fig. 6 shows the control panels for the capacitance circuits.

CAPACITANCE STANDARDS
FOR PADDING TEST
CIRCUIT ON UNIT NO.!

CAPACITANCE STANDARD
SERIES-PARALLEL

AND RANGE
SELECTOR SWITCHES.

CAPACITANCE STANDARDS
FOR PADDING TEST
CIRCUIT ON UNIT NO.2

TFig. 6 — Control panels for capacitance circuits.
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ELECTRICAL ASPECTS OF TESTING MACHINES

Tests are applied to the product in sequence during one revolution of
the turret.

1. Dielectric strength test between terminals and can, and between
terminals and studs.

2. Dielectric strength test between units in the same can when the
can contains two units.

3. Dielectric strength test between terminals of each unit.

4. Impedance test.

5. Capacitance test.

6. Insulation resistance test.

Dielectric Strength Test Circuit Operation

Since the three dielectric strength tests are made on similar circuits,
the operation of one of these circuits is described using the nomenclature
and circuit designations shown in Fig. 7. A graphic interpretation of the
circuit operations shown in Fig. 7 is given in Fig. 8.

The “heart” of each circuit is a calibrated current sensitive relay K2
that operates on minute values of current resulting when a defective
unit under test attempts to charge on the “test”’ commutator position.

CAPACITOR ATTACHED TO INITIAL
|CHARGE COMMUTATOR SEGMENT

|
3 SECONDS
TEST
CAPACITOR "™ —— cAPACITOR CHARGED

DEFECTIVE ACCEPTABLE

PRODUCT PRODUCT
- —
K2 CAPACITOR 1 ReseTs
ATTACHED TEST 2 SECONDS 22 seconDs
K TO TEST CIRCUIT
3 SEGMENT ¥
s2 sS4 CAMMED TIME
K4 . CAM SWITCH CAM SWITCH SWITCH
\
1
OPENS K5 TKS K9 K6
~ OPERATORS PATH
(PRODUCT REJECTED) Ks
CAPACITOR
DISCHARGED
K2 4 K7,Ki1 XK2
K3 ¥ K3
I-1
P
LAM ACCEPTANCE
SOLENOID, __ -1
TEST CIRCUIT PRODUCT K7 XK1t LAMP
NORMAL ACCEPTED

Fig. 8 — Sequence chart for dielectrie strength test circuit operation.



1188 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1956

Two commutator segments are required to make a dielectric strength
test. These segments are known as “initial charge” and “test’’. After
the unit under test has been charged at the test voltage for three sec-
onds on the “initial charge” segment, it passes to the “test” segment in
which the unit is again connected to the test voltage through relay K2,
current limiting and calibrating resistors R3 and R4 and the contacts
on the preset terminal selecting relays IX10.

One of the two conditions (under heading A and B below) may be
encountered in making this test and the circuit operation for each will
be discussed separately.

A. Circuit Operation for Acceptable Product. An acceptable product
retains the charge received on the “initial charge” segments and when
this unit reaches the ‘“test’’ segment, no further charging current of a
magnitude great enough to operate relay K2 will flow through the unit.
Two seconds after the unit under test has been connected to the test
segment, a cammed timing switch S4 closes to operate discharge relay 9
to discharge the unit under test to ground through R7. The “self-check-
ing” feature mentioned earlier in this article under “Design Considera-
tions” functions as follows: After the unit under test has been on the
“test” segment for approximately 234 seconds, a cammed timing switch
(not shown) closes the memory test relay K6 which in turn closes the
“go” calibration indicator relay X5 and the “A” contacts on this relay
grounds the high voltage test circuit through resistor R6. This resistor
is of such a value as to permit sufficient current to operate relay 2.
The contacts on relay K2 are not adequate to carry much current, so
an auxiliary relay K3 is closed through contacts “A” on relay K2.
Contacts “B” on relay K3 closes the indicator light circuit I1 and oper-
ates relay K11 and the acceptance solenoid K7. Contacts “A’ on the
same relay lock relay K11. The circuit is reset for the next unit to be
tested by momentarily opening the reset cammed switch S2. Relay K11
was added to the circuit to eliminate a ‘“‘sneak circuit” that occurred
occasionally following the reset when relay K5 opened faster than relay
K3. This would result in relay X4 operating to reject the next unit tested.
Relay K1 is controlled by switch S1 operated by the manual control
T1 on the test voltage power supply, The function of this relay is to add
calibrating resistor R4 to the test circuit for voltages above 1,000 volts.
Resistor Rb5, relay K8, and switch S3 control the manual calibrating
“No Go” circuit for breakdown indicating relay K2.

B. Circuit Operation for Defective Product. Defective product will not
retain the charge it received on the “initial charge” segment and when
it reaches the ““test” segment, current will flow through the breakdown
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indicating relay K2 in an attempt to charge the defective unit, but this
current will close relay IX2 which in turn closes relay I{3. This completes
the circuit through the “B” contacts of relays I£3, K5, and K11 to close
memory relay K4. The closure of relay K4 prevents the memory test
relay 6 from closing the “go” calibration indicator relay K5, thereby
leaving contact “C” open on relay K5 and no power is applied to the
‘“acceptance solenoid” K7 circuit, which rejects the unit under test.

IMPEDANCE — TEST CIRCUIT OPERATION

The impedance test is made with a 15-ke circuit (see Fig. 9). One arm
of the circuit, composed of resistor R12 paralleled by capacitor C5 and
the unit under test, is compared with another arm, composed of resistor
R11, paralleled by capacitor C4 and either one of two resistance boxes,
R13 and R14 respectively, representing maximum and minimum im-
pedance limits. The detector consists of a balanced diode V2 with a 1-0-1
microampere sensitrol relay K24 connected between the diode cathodes.
If the impedance of the unit under test falls within the limits for which
the resistance boxes were set, the acceptance solenoid will be energized
to accept the unit under test. A product outside the preset limits is re-
jected because the acceptance solenoid is not energized.

The circuit operation is discussed for the following four conditions
under A, B, C, and D.

A. Impedance Test on Dual Unit Capacitors

This test is made on capacitors to prevent shipment of resistance-
capacitance networks mislabeled as capacitors. Fig. 9 shows dual unit
networks connected to the test terminals. Capacitors to be tested are
connected to these same terminals. The greater than minimum test
cutout relay IX18 is preset closed by the switching circuit K23. The
cammed memory reset timing switch S14 (normally closed) is opened
momentarily to clear relay K19, K20, and K21 at the start of the test.

The sensitrol relay reset switch S16 is cammed shut momentarily to
reset the contactor on the sensitrol relay K24. With relay K26 open, the
“less than maximum”’ resistance box R13 is connected to the test cir-
cuit. If unit “A” of the dual unit capacitor under test is acceptable
product, the contactor on sensitrol relay K24 will close on contact “A”,
which applies power to close and lock test No. 1 “less than maximum”
memory relay K19. Cam operated switch S13 applies power to close
relay {26 to connect the ‘“greater than minimum’’ resistance box R14
into the test circuit. This resistance box is set on zero ohms when capaci-
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tors are tested. Sensitrol relay reset switch S16 is cammed shut momen-
tarily to reset sensitrol relay {24, after which the sensitrol relay con-
tactor closes on its “B’’ contact, thereby applying power to close and
lock test No. 1 “greater than minimum” memory relay IK21.

Switch S13 is cammed open which opens relay X26 and connects the
“less than maximum’ resistance box R13 into the test circuit. At the
same time switch S12 is cammed shut to close relay K27 which discon-
nects unit “A” from test and connects unit “B” to the test circuit.
Switch S16 is cammed shut momentarily to reset the sensitrol relay con-
tactor. If the unit “B” on test is an acceptable product, the sensitrol relay
contactor will close on its “A” contacts and applies power to close and
lock test No. 2 “less than maximum’ memory relay 20 through con-
tacts *“B”’ of relay K27.

Switch S13 is cammed shut to close relay X26 and connect the ““greater
than minimum” resistance box R14 into the test circuit. Switch S16 is
cammed shut momentarily to reset the sensitrol relay K24 after which
its contactor closes on the “B” contact for acceptable product. Mem-
ory circuit timing switch S15 is cammed shut and power from one side
of the 110 volt ac line flows through the acceptance solenoid, contacts
“A” on relay K19, contacts “A” on relay K20, the closed contacts on
relay K18 to the other side of the 110-volt ac line to close K25 and to
accept the dual unit capacitor under test. The failure of either relay K19
or K20 to operate because of defective product tested opens the ac-
ceptance solenoid circuit and rejects the capacitor tested.

B. I'mpedance Test on Single Unit Capacitors

The impedance test on a single unit capacitor is identical with the
testing of dual unit capacitors, except test No. 2 cutout relay K22 is
preset closed and test No. 2 “less than maximum” memory relay K20
is not operated since only a single unit is tested.

C. Impedance Test on Dual Unit Networks

The impedance test on dual unit networks is identical with the test
for dual unit capacitors, except the “greater than minimum” test cut-
out relay K18 is not preset closed and the resistance boxes R13 and R14
are set to represent maximum and minimum limits.

D. Impedance Test on Single Unit Networks

The impedance test on single unit networks is identical with the test
of dual unit networks except test No. 2 cutout relay K22 is preset closed
for the same reason given above for the test of single unit capacitors.
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Fig. 10 — Details of modified microfarad meter.

CAPACITANCE TEST CIRCUIT OPERATION

The wide range of capacitance values to be measured, both with and
without the series resistance in resistance-capacitance networks, and the
one and two-unit construction of the product imposed limitations on the
type of capacitance measuring circuits that could be used in this ma-
chine. The method selected consists of modified Weston Model 372
microfarad meters that automatically set up external circuits associated
with the meters to accept or reject the product as determined by limits
preset into the machine.

Two decade capacitance boxes, having a range from 0.001 to 1.0 mf
in steps of 0.001 mf are connected in series or parallel with the capacitor
on test to make the resultant capacitance fit the range of the meter and
control the maximum and minimum limits. This procedure increases the
number of capacitor codes that may be tested on a given meter. Capaci-
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tors from 0.02 to 5 microfarads are tested on this machine to an accuracy
of 42 per cent.

The modified microfarad meters are equipped with two brass seg-
ments, covered with an overlay of silver (IFig. 10). These segments are
mounted end to end in a predetermined cutout portion of the meter
scale, representing maximum and minimum capacitance conditions. The
physical distance between the adjacent ends of these two segments is as
small as possible without the two segments touching. A small silver con-
tact is mounted on an insulated portion of the meter pointer, directly
above but not touching the segments while the meter pointer traverses
its arc of rotation. The armature of the relay, mounted on the meter,
actuates a contactor arm which forces the silver contact on the pointer
down against the silver overlay segment, thus closing external circuits
connected to the segments and contactor.

The testing machine is equipped with three ranges of the special
microfarad meters as follows:

1. Suppressed scale from 1.2 to 1.8 mf, with the dividing point be-
tween the two segments at 1.60 mf.

2. Suppressed scale from 0.25 to 0.75 mf, with the dividing point be-
tween the two segments at 0.63 mf.

3. Suppressed scale from 0.051 to 0.075 mf with the dividing point
between the two segments at 0.062 mf.

Two meters for each of the above ranges are necessary in each testing
machine, one for each unit in a dual unit. Likewise, four capacitance
boxes are necessary, two for each unit in a dual unit.

The discussion that follows, which is divided into two headings, A
and B, is a detailed description of the capacitance test circuit. The cir-
cuit component designations are those shown in Fig. 11.

A. Capacitance Test on Dual Unit Capacitors or Nelworks

The cammed switch S5 is opened momentarily at the beginning of the
test to restore the test circuit to normal; following this, the cammed
switch S8 closes and operates relay X14, which applies power and closes
the power supply circuit through the microfarad meters and the capacitor
on test.

The capacitance decade box “less than maximum” C2 is shown in
series with test capacitor No. 1 by the preset series-parallel switch S10,
and in a like manner a capacitance box is connected in series with test
capacitor No. 2,
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Note: The capacitance decade box for Test No. 2 is not shown in Fig,.
11. Also, only the segments for M2 Test No. 2 microfarad meter are
shown.

If capacitor units No. 1 and No. 2 under test are acceptable product,
the pointer on the microfarad meters M1 and M2 will both swing to
segment “A”. The cammed switch S7 will close and energize the relay
on the microfarad meters (not shown on meter M2) which will operate
the meter contactor and close the circuit through segments ‘A’ of meters
M1 and M2 and apply 24 volts de to close and lock the “less than maxi-
mum’’ memory relay K12,

The cammed switch S7 is opened to release the meter pointer from
segments “A” on M1 and M2. Cammed switch S8 is opened momen-
tarily to release relay K14 which removes the test voltage from the
capacitors on test and from meter M1 and M2. During this interval
cammed switch S11 is closed to energize relay K16 which connects the
“greater than minimum” capacitance box C3 in series with capacitor
unit No. 1 on test and meter M1. In a like manner a second ‘““greater
than minimum” capacitance decade box (not shown on Fig. 10) is con-
nected in series with capacitor unit No. 2 and microfarad meter No. 2.
If the capacitor units No. 1 and No. 2 under test are acceptable product,
the microfarad meter pointers will swing to segments “B”’. The cammed
switch S7 will close and energize the relay on the microfarad meters M1
and M2 which will operate the contactor that depresses the M1 and M2
meter pointers against segments B and closes and locks the ““greater than
minimum” memory relay XK13. With relays K12 and K13 closed as
described above, the cammed switch S6 is closed which operates the
acceptance solenoid K17 through the “A” contacts on relays K12 and
K13 to accept the dual unit capacitor under test.

It may be readily observed that in case either or both of the capacitor
units on test are out of limits, the circuit will not close either or both
relays K12 and K13, which would leave the acceptance solenoid K17
circuit open, and the product would be rejected.

B. Capacitance Test of Stngle Unit Capacitors or Networks

The capacitance test of single unit capacitors is the same as for dual
unit capacitors, except test No. 2 circuit and test No. 2 microfarad
meter M2 are not used. Test No. 2 cutout relay K15 is closed to apply
‘ground to its contacts B and D.
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INSULATION RESISTANCE TEST CIRCUIT OPERATION

In general, the insulation resistance test consists of a charging period
and a test period. The charging of the unit under test requires 10 posi-
tions or 30 seconds time to insure that the unit is thoroughly charged
before it reaches the test position. At the test position the capacitor or
network on test is connected to form part of a voltage divider in the
grid circuit of a sensitive balanced detector. This sets up relays to accept
or reject the unit under test depending on whether the unit meets the
limits for which the circuit was preset and calibrated. Two insulation
resistance circuits are required, one for each unit in a dual unit capacitor
or network. A calibrating circuit is provided by switch S23 and resistors
R41, R42, and R43.

The discussion that follows is a detailed description of the sequence of
operation of the insulation resistance test circuit. The component desig-
nations are those shown on Fig. 12. The discussion is divided into two
headings A and B as follows:

A. Insulation Resistance Test on Dual Unit Capacitors or Networks

The capacitor or network on test is automatically connected in suc-
cession to the INITIAL CHARGE POSITION, the LONG s0AK PosITION and
FIVE CONDITIONING POSITIONS which assures that the acceptable product
is thoroughly charged before it reaches the test position. The switching
circuits K28, K29, K30, K31 switch S18, and the temperature compen-
sating switch S17 are manual preset switch circuits for the particular
code on test.

TFor the sake of simplicity, the balanced detector and the reset solenoid
for sensitrol relay K34 for test circuit No. 2 are not shown. If the insula-
tion resistance of the units on test meets the limits for which the circuit
was calibrated and preset, the contactor on K33 and K34 both close on
the “A” contacts. Switch S20 is then cammed closed to apply power
through the “A” contacts on the sensitrol relays to energize the accept-
ance solenoid K36 to accept the units on test. At the close of the test,
capacitor discharge timing switch S22 is cammed closed, thereby closing
the capacitor discharge relay 132 which discharges the units on test
before they are ejected as acceptable product. It may be readily observed
from the schematic that a unit or units defective for insulation resistance
will fail to close either or both of the “A’” contacts on the sensitrol relays
K33 and K34, which leaves the acceptance solenoid circuit K36 open,
thereby rejecting the units tested.
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B. Insulation Reststance Test on Single Unit Capacitors or. Networks

The insulation resistance test on single unit capacitors or networks is
the same as for dual units, except the second test circuit is not required
and test No. 2 cutout switch S21 is closed to operate test No. 2 cutout
relay K35 which eliminates the second test circuit and its sensitrol relay
K34.

CONCLUSION

This machine has been in successful operation on a multishift basis
for several years and has proven itself economically. Inspection of the
product tested shows that the machine’s performance, quality wise, is
highly satisfactory. Difficulties that have been encountered were largely
those associated with product handling, contact fixtures, etec. Machines
of this type that are planned for the future will make use of circuitry
developed since this machine was built, but many of the features de-
scribed will be incorporated.
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A 60-Foot Diameter Parabolic Antenna
for Propagation Studies”

By A. B. CRAWFORD, H. T. FRIIS and W. C. JAKES, JR.
(Manuscript received February 2, 1956)

A solid-surface parabolic antenna, sixty feet in diameter and of alumi-
num construction, has been erected on a hilliop near Holmdel, New Jersey.
This antenna can be steered in azimuth and elevation and was specially
designed for studies of beyond-the-horizon radio propagation at frequencies
of 460 me and 4,000 me.

The electrical properties of the antenna and the technique of measure-
ment are described; construction and mechanical details are discussed briefly.

INTRODUCTION

Studies in recent years have demonstrated that transmission of useful
amounts of microwave energy is possible at distances considerably far-
ther than the horizon.! The exact mechanism responsible is not as yet
completely understood, although scattering by atmospherie irregularities
seems to play a significant part. A program to study the nature of these
effects has been started at the Holmdel Laboratory. An important and
necessary tool for this work is a steerable antenna having unusually high
gain and narrow beam width. Such an antenna has been built, and it is
the purpose of this paper to describe its design and the methods used to
measure its radiation properties.

DESCRIPTION OF THE ANTENNA

The antenna is a 60-foot diameter paraboloid made up of forty-eight
radial sectors, each constructed of sheet aluminum. Each sector is held
to the correct doubly-curved surface by reinforcing ribs, and all are
fastened to a central hub eight feet long and thirty inches in diameter.
During assembly, the axis of the paraboloid was vertical; thus no scaf-

* This work was supported in part by Contract AF 18(600)-572 with the U.S.
Air Force, Air Research and Development Command.
! Proc. L.R.E., October, 1955, contains many papers by workers in this field.
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Fig. 1 — Fastening the radial sectors to the hub.

folding was required. Figs. 1 to 5 illustrate the paraboloid construction
and support. The weight of the antenna is carried on a vertical column
which is mounted on bearings to permit movement in azimuth. The
column is held upright by a tripod structure. The central hub of the
paraboloid is fastened to a steel girder which extends to the rear along
the paraboloid axis and is pinned to a yoke carried by the vertical col-
umn, thus permitting movement in elevation. The antenna is scanned
by two motors mounted on an A-frame and connected to the end of the
axial girder by crank mechanisms. The total scanning range of the an-
tenna is about 3° in both azimuth and elevation.

The antenna is designed for use at frequencies of 460 me and 4,000
me. The tolerance on the parabolic reflecting surface is set by the higher
frequency and thus must be 4% inch to meet the usual -£\/y criteria.
The focal length is 25 feet, so that the total angle intercepted by the
paraboloid as seen from the focal point is 124°. Design of a feed horn for
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this angle so that the illumination is tapered to —10 db at the edge of
the paraboloid is not difficult; the horn used is diagramed in Fig. 6, with
dimensions given in wave-lengths. The feed horn is mounted in a tripod
support extending out from the front surface of the paraboloid. It is made
strong enough so that two 460 mc horns can be mounted side by side.

The paraboloid itself weighs approximately 514 tons; the frontal wind
load for a 100 mph wind is about 40 tons. It is expected that winds of
this force will be withstood.

The antenna is mounted atop Crawford Hill near Holmdel, New
Jersey, at an altitude of 370 feet. It is aimed towards Pharsalia, New
York, a distance of about 171 miles,

MEASUREMENT TECHNIQUE

The two important properties of the antenna which had to be deter-
mined before it could be put into use were its gain and radiation pattern
at the operating frequencies of 460 mc and 4 kme. It was also hoped to

Fig. 2 — Assembling the sectors.



Fig. 4 — Front view of the paraboloid.
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Fig. 6 — Feed horn dimensions.

measure these properties at 9.4 kme to get some idea of how good the
mechanical tolerances actually are.

The first requisite for making antenna measurements is a suffi-
ciently uniform incident field. The source producing this field must be
located at a distance of at least 2b%/A, (b is the paraboloid diameter),
which means a distance of about 0.6 mile at 460 me, six miles at 4 kme,
and thirteen miles at 9.4 kme. An obvious and convenient place for the
sources was at Murray Hill, 22.8 miles away, which is on the transmis-
sion path to Pharsalia. Having located the sources at a suitable distance
it was then necessary to test the incident field for uniformity. A 64-foot
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Fig. 7 — Height run tower with the three standard horns during preliminary
studies of the incident field.

tower was used for this purpose, and the variation of the incident field
with height was measured before the antenna was erected. Figs. 7 and
8 show a typical set up. Height runs were taken at intervals of 15 feet
along a line normal to the direction of transmission in the plane which
would eventually contain the antenna aperture. The results of these
tests showed that the Murray Hill location was satisfactory for the 4
and 9.4 kme sources, with ground reflections giving rise to 41 db varia-
tions with height. In each case several complete cycles occurred in the
60-foot height run so that an average signal level could be established
with an accuracy of a few tenths of db.

However, at 460 mc the variation with height was about 5 db, and
only a portion of one cycle was available, so that the average signal could
not be determined. The solution was to bring the source to a location
as close as possible to the effective ground reflecting surface. Such a
location was found at the far edge of a large body of water lying in the
path, and the source antenna was placed in a mobile truck 10 feet above
the water and eight miles away. The resulting variation with height was
now only about 1 db.

In all cases the variation of field at right angles to the direction of
transmission was found to be no worse than ==1 db; thus it was felt that
suitable sources for test at all three frequencies were now ready.
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The standard method of measuring the gain of a microwave antenna
is to compare the signal received from the antenna to that from another
antenna whose gain is accurately known. A pyramidal horn of about 20
db gain is usually used as the standard. Such horns are readily available
at 4 kme and 9.4 kme, and, in principle, also at 460 mc. Under the
present, set up, however, the physical dimensions of the standard horn
were limited by the necessity of raising the horn on a carriage attached
to the 64-foot tower. The largest horn that could be so mounted had an
aperture of 4 feet X 4 feet, or 1.8\ on a side at 460 me. Since the gain of
a horn of this small aperture size cannot be accurately calculated by the
usual formulas a scale model was made and tested at 4 kme. The result
of this test showed that the actual horn gain was 15.05 db, which is
about 0.4 db more than the calculated gain.

A typical gain measurement on the 60-foot paraboloid was thus made
as follows:

1. The feed position and antenna orientation were adjusted to obtain
maximum received signal level.

Fig. 8 — Position of height run tower during gain measurements.
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2. The average incident field was determined by a height run with a
standard horn.

3. The decibel gain of the antenna was then calculated by adding the
db gain of the standard horn to the db difference in the signal levels
determined in (1) and (2).

The problem of adjusting the 60-foot antenna for maximum received
signal at 4 kme and 9.4 kme was complicated by the scintillations of the

Fig. 9 — A view of the antennas at Crawford Hill used for beyond-the-horizon
propagation studies and showing the 60-foot, a 28-foot and an 8-foot paraboliod,
the latter between the two larger ones.
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TasLe I
A }lzlgtit)t.of 3 db_geﬂm

t .

Frequency ngs,‘ Gain, db Meas. %Etiiui‘i;e s 1st Minima ISEO%IC‘:M
Area Cale. Meas.

460 mc 38.90 37.0 & 0.1 0.65 2.35° | 2.45° — —
3.89 kme | 57.44 54.6 £+ 0.2 0.52 0.28° 0.3° —33db | —23db
9.40 kme | 65.12 61.1 &= 0.5 0.40 0.12° | 0.14° | —25db | —18db

4
*The area gain is defined as 10 log s , where A is the paraboloid projected
» P

area, 2,830 square feet.

incident field at these frequencies due to the remote location of the
source. Accordingly, instead of adjusting the feed position for maximum
signal level, it was adjusted to give vertical and horizontal radiation
patterns having the best possible symmetry, deepest minima, and lowest
minor lobes. It was then assumed that this was also the point of maxi-
mum gain. At 460 mc the scintillations were so small that the conven-
tional technique of adjusting for maximum output was effective.

A double detection receiver was used for making all measurements.
Signal level decibel differences were established by an attenuator in the
intermediate frequency (65 me) channel, and could be determined to an
accuracy of £0.02 db.

RESULTS

Carrying out the measuring procedure described above the results
given in Table I were obtained. At 460 mc the restricted scanning range
did not permit inspection of the minor lobes.

CONCLUDING REMARKS

The overall performance of this antenna is considered to be excellent.
In general the radiation patterns are clean with satisfactory minor lobe
structure. The good performance at 9.4 kme (61 db gain) is particularly
gratifying, since the mechanical tolerance of -3{¢ inch is equivalent to
=\/7 at this frequency.

As stated earlier, this antenna was designed to provide a research tool
for propagation studies and thus has some features which are neither
necessary nor desirable in an antenna intended primarily for communi-
cation use. A consideration of the problem of providing a sturdy 60-foot
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antenna for fixed point-to-point service led to the square ““bill-board”
design* and antennas of this type are now in production.
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The Use of an Interference Microscope
for Measurement of Extremely

Thin Surface Layers

By. W. L. BOND and F. M. SMITS
(Manuscript received March 15, 1956)

A method is given for the thickness measurement of p-type or n-type sur-
face layers on semiconductors. This method requires the use of samples with
optically flat and reflecting surfaces. The surface 1s lapped at a small angle
in order fo expose the p-n junction. After detecting and marking the p-n
Junction, the thickness is measured by an interference microscope. Another
application of the equipment is the measurement of steps in a surface. The
thickness range measurable is from & X 1078 ¢m to 1073 cm.

INTRODUCTION

Extremely thin p-type or n-type surface layers can be obtained on
semiconductors by recently developed diffusion techniques.!'? Layer
thicknesses of the order of 10~ em are currently used for making diffused
base transistors.® * The thickness of the diffused layer is an important
parameter for the evaluation of such transistors. Its measurement is
facilitated by lapping a bevel on the original surface, thus exposing the
p-n junction within the bevel where the thickness appears in an enlarged
scale. With a sharp and well defined angle, one would obtain the thick-
ness by the measurement of the angle and of the distance between the
vertex and the p-n junction.

However, it is extremely difficult to obtain vertices sharp enough for
measurements of thicknesses of the order of 10~ em. To avoid this diffi-
culty, an interferometric method was developed in which the depth is
measured directly by counting interference fringes of monochromatic
light. The method can also be used for the measurement of small steps

1 C. S. Fuller, Phys. Rev., 86, p. 136, 1952,

2 ]J. 8. Saby and W. C. unlap, Jr., Phys Rev., 90, p. 630, 1953.

3C. A, Lee, B.S.T.J., 35, p. 23, 1936.
4 M. Tanenbaum and D. E. Thomas B.S.T.J., 35, p. 1, 1956.
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and similar problems occurring, for example, in the evaluation of con-
trolled etching and of evaporated layers.

PRINCIPLE®

A half-silvered mirror is brought into contact with a reflecting surface.
If this combination is illuminated with monochromatic light, one ob-
serves interference fringes. Dark lines appear where the distance between
mirror and surface is n X A/2, where 7 is an integer. Between two points
on adjacent fringes the difference in this distance is therefore \/2. Hence
the fringes can be regarded as contour lines for the distance between
the mirror and the surface under consideration. Since the mirror is op-
tically flat, one can deduce the profile of the surface. Equidistant and
parallel fringes, for example, prove the surface to be flat. By taking the
profile across a bevel or a step, one is able to measure the depth of one
part of the surface with respect to another optically flat part of the sur-
face. The reflectivity of the crystal surface should be as high as possible,
and that of the mirror should be of thé same order. The fringes are then
produced by the interference of several wave trains which make the
fringes very sharp, and one can measure fractions of A/2. With the equip-
ment described here, one is able to interpolate to 1{o of A/2 or less.

Since small linear dimensions are involved, this principle was adapted
for use under a microscope. Hence, it is possible to measure small linear
dimensions and the correlated depth simultaneously.

The measurement of small steps, or steps not too steep in an other-
wise flat surface, can be done without altering the sample. For measure-
ment on steep and high steps a bevel must be lapped on the sample.

For the measurement of p-type or n-type surface layers on semicon-
ductors, it is essential to lap a bevel on the original surface. The p-n
junction is thus exposed and can be found by an electrical method. After
marking its position within the bevel, it is then possible to measure its
depth with respect to the original surface by taking the profile across
the bevel. The marking has to be such that it will be visible in the fringe
pattern. By a proper adjustment of the optical flat, a fringe pattern can
be produced in which the profile is easily interpreted and the depth
measurement amounts to a counting of fringes.

PREPARATION OF THE SAMPLES
The method requires the use of samples with optically flat and highly
reflecting surfaces with respect to which a depth can be measured. It is

5 S. Tolansky, Multiple-Beam Interferometry of Surfaces and Films, Oxford, at
at the Clarendon Press, 1948,
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also advisable to use plane-parallel samples to facilitate the lapping of a
bevel at a small angle. ‘

For lapping. the sample is waxed with its back side to the face of a
short steel cylinder. The face is cut at a small angle. Angles of 0.5° or
1.0° are practical. The cylinder is placed in a jig, in such a position that
approximately half of the sample surface projects above the plane of
the jig (Fig. 1). A short grind on a slightly rough glass plate using a
fine abrasive with water gives usable bevels. For a shiny finish just the
right degree of roughness of the glass is important. The use of a lapping
machine with a vulcanized fiber plate and fine abrasive gives a better
surface finish, but the ridge is not as sharp. A 0.5° bevel could be obtained
only on a glass plate.

—--ALLEN _,,-7@

SCREWS

Fig. 1 — Jig for lapping a bevel.

MARKING OF P-TYPE OR N-TYPE SURFACE LAYERS

In a sample with a p-type or n-type surface layer the junction is ex-
posed within the bevel. The next step is to detect and mark the junc-
tion.

The sample is fixed on a microscope stage which allows a micrometer
controlled movement in two directions (Fig. 2 shows a Wilder microm-
eter cross slide). The sample is oriented in such a way that the ridge
is parallel to one direction of movement (y-direction). One or two lines
of aquadag are applied to the surface of the sample, perpendicular to
the ridge. The aquadag should be diluted with water in such a proportion
as to achieve a thin film which is non reflecting.

A needle is fixed to the base of the stage with a suitable linkage leav-
ing a vertical degree of freedom. The needle is brought into contact with
the surface of the sample outside the aquadag. Thus, the sample can be
moved under the needle while the needle maintains contact. In a suitable
electrical circuit, the needle serves as detector of the junction. The sam-
ple is moved in the direction perpendicular to the ridge (x-direction)
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Fig. 2 — Apparatus for locating and marking p-n junctions.

until the needle rests on the p-n junction as seen by the electrical detec-
tor. By moving the sample in the y-direction the same needle scrapes a
line through the aquadag. In this line, the reflecting sample surface is
bared and thus, a reflecting line is produced within a non-reflecting sur-
rounding and can be seen in the fringe pattern.

If the ridge of the sample is exactly lined up with the y-direction, the
needle moves along the junction and the line in the aquadag indicates
the position of the junction exactly. To minimize an error due to poor
alignment, it is advisable to locate the junction close to the edge of the
aquadag. By doing this on two different sides of the coating, the average
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of both readings compensates the error. To obtain, however, the maxi-
mum of accuracy, one can locate the junction at any point. (See Fig. 3,
Point A). Moving the sample in the y-direction scribes a line through
the point at which the junction was found. A movement in the x-direc-
tion with the needle in the aquadag marks a point B on this line. The
distance from this point to the junction can be obtained from the read-
ings on the micrometer. Thus, the exact point at which the junction was
located can be reproduced under the microscope.

DETECTION OF THE P-N JUNCTION -
1. Thermoelectric Probe

The thermoeleciric voltage® occurring between a hot and a cold con-
tact to the sample, changes sign by crossing the junction with the hot
contact. The advantage of this probe is that it does not depend upon
the rectification properties of a p-n junction. The thermoelectric probe
is most suitable for germanium since lapping across a p-n junction nor-
mally produces a “short’’ between the two regions. However, it is likely
to give a p-reading on lightly doped n-material. It is therefore only
usable on heavily doped layers, where the nearly compensated zone is
very small. In the case of silicon, the junction normally maintains recti-
fying properties after lapping; thus, a photocurrent is present. This cur-
rent is superimposed upon the thermocurrent. Therefore, the thermo-
electric probe is only usable in the dark. The photoelectric method (see
below) is more convenient for these cases.

The thermoelectric probe used, consisted of a commercial phonograph
needle, which had a good hemispherical point and was surrounded by a
piece of ceramic tubing carrying a heating coil. Between needle and sam-

Fig. 3 — Schematic view of a scribed p-n junction.
¢ V. A. Johnson and K. Lark-Horowitz, Phys. Rev., 69, p. 259, 1946.
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ple a sensitive galvanometer is connected. It is unimportant whether the
contact is made to the p-type or to the n-type side of the sample. The
best results are obtained on freshly lapped and clean surfaces. It is,
therefore, advisable to keep the sample on the steel cylinder while ap-
plying the thermoelectric probe.

When applying the probe, the sample is moved in the x-direction to
the point of zero deflection on the galvanometer, whereby the point rests
on the junction.

2. Point Rectification on the Surface

This test is also usable on p-n junctions which are not rectifying. With
one fixed chmic contact to the sample, the point rectification of the mov-
able needle can be displayed on an oscilloscope. By crossing the junction
with the needle, the characteristic changes from p-n to n-p. Thus, the
needle again can be placed on the junction.

This test was applied on lightly doped Ge-layers. The oscilloscope pat-
tern is not very definite, since on a lapped surface the point rectification
is poor. However, with some experience the junction can be located. It
is advisable to repeat the measurements several times. Boiling the sam-
ple in water before applying the probe improves the surface.

3. Photoelectric Probe

This method requires that the junction exhibit rectifying properties.
It is most successfully applied to silicon. Between the needle and a con-
tact to either the p-type side or the n-type side of the sample, a high
impedance voltmeter is connected. While the sample is strongly illumi-
nated, it is moved in the x-direction. When the needle crosses the junc-

3V 1.5V
ik ' Il .

N LAYER
P MATERIAL

Fig. 4 — Arrangement for Cu-plating the p-type side of a p-n junction.



INTERFERENCE MEASUREMENT OF THIN SURFACE LAYERS 1215

tion, a change in the photoelectric voltage occurs. For more careful
measurements one might plot the photovoltage versus the x-coordinate
in units of the micrometer. Such a plot allows an accurate location of
the junction in these units. If the micrometer is set for this reading, the
needle will rest on the p-n junction.

4. Potential Probe

This is another method for locating the junction where the junction
is at least slightly rectifying. One needs two contacts to the sample, one
on the p-type side and the other on the n-type side. When a current is
passed through the sample in the reverse direction, the voltage between
the needle and either contact shows a discontinuity at the junction. The
voltage can be plotted in a similar way as described for the previous
method, and thus the needle can be set on the p-n junction.

MICROSCOPE VIEW

MONOCHROMATIC HALF —=SILVERED
LIGHT SOURCE MIRROR

HALF-SILVERED |
MICROSCOPE SLIDE

BEVELED CRYSTAL —————>

Fig. 5 — Diagrammatic view of the light path in the interferometer.
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5. Plaling the p-side of the p-n Junclion™

This method detects and marks the junction in one process without
using the micrometer arrangement. Voltages are applied in such a way
that only the p-type side is plated (See Fig. 4). Since the plating pro-
jeets up and is not optically flat, it can be recognized under the interfer-
ometer. It has the advantage of showing the junction as a line. The dis-
advantage is that it is only convenient on rectifying p-n junctions
(silicon), with n-type layers since the plating ought to take place on the
body side of the p-n junction.

THE INTERFEROMETER

The main part of the interferometer is a microscope with illumination
through the objective. As a source of monochromatic light, a sodium
lamp for which A = 5.89 X 1075 em is most convenient. The use of a

Fig. 6 — Interferometer with light source.

* This method was developed by N. Holonyak.
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shorter N would increase the resolution. However, a sodium lamp gives
enough light that one can easily work in daylight.

The microscope is mounted above a micrometer cross-slide of the same
kind as used in the procedure for marking the p-n junctions. The stage
carries a special sample support. Fig. 5 gives a diagrammatic view of
the light path in the interferometer. A normal microscope is used with
an attachment carrying a semi-transparent mirror. Fig. 6 shows a photo
of the complete arrangement, and Fig. 7 gives the details of the sample
support.

The prepared sample is waxed to a microscope slide and covered by
a half-silvered mirror. Both are placed on the adjustable lower jaw of
the sample support. The lower jaw is raised so that the upper jaw presses
against the mirror. In this position it is fixed by tightening the screw
in the back. Thus the mirror and sample are in contact, and the fringes
can be observed through the microscope. Three screws in the lower jaw
make it possible to change the relative position of mirror and sample.
Thus the fringe pattern can be adjusted to make it most suitable for the
particular case.

THE MEASUREMENTS

The measurement of a layer thickness was chosen to demonstrate the
principle of evaluating a fringe pattern. (See Fig. 8.) The first illustration

Fig. 7 — Sample support.
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Fig. 8 — Evaluation of the interference fringe pattern on a scribed p-n junction.
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Fig. 10 — Evaluation of the interference fringe pattern of a shallow step in a
surface.
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shows a sample with aquadag coating and the lines marking the p-n
junction. Under this, three typical fringe patterns obtained on this sam-
ple are presented. As pointed out in the beginning, one can regard the
fringe pattern as contour lines for the distance between mirror and sam-
ple. The profile along any arbitrary straight line will show the structure
of the sample surface. The profiles along the marked x-axes are shown
to the right in each case. They were obtained by plotting the points of
intersection between the n-th fringe and the x-axis against n. The origi-
nal surface and the bevel (in this case 1°) are easily recognized. The
dashed line is an extrapolation of the original surface. The vertical line
marks the position of the p-n junction. The layer thickness is obtained
as the difference in n at this point between the extrapolated original
surface and the beveled surface. Note that the beveled surface need not
necessarily be flat.

st

Fig. 11 — Evaluation of the interference fringe pattern of a steep and high step
in a surface.
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In the second case the fringes turn back. With a slightly different set-
ting of the mirror the fringes could be almost parallel with the turning
point outside the field of sight. The fringe pattern then resembles the
first case, and therefore it might be easily misinterpreted.

The third case makes the plot unnecessary. The x-axis is chosen in
such a way that it coincides with a fringe in the original surface. Thus,
in the profile plot, the original surface is horizontal. Hence, the layer
thickness can be obtained by counting the number of intersecting fringes
between original surface and the p-n junction. This is, therefore, the most
convenient setting of the mirror.

The noted number gives in each case the layer thickness in “fringes.”
All three cases are in essential agreement. The layer thickness in this
case is

(16.5 &+ 0.5) X 5'—59 X 107° em

A
A A
n><2

= (4.85 =+ 0.15) X 10~ em

Fig. 9 gives the {ringe pattern obtained with a silicon p-n junction
marked by the plating procedure.

The evaluation of steps in a surface is shown for two cases. The very
shallow step in Fig. 10 is an example in which fractions of A/2 are to be
measured. The step here is

a A 5.89 —5 _ —6
a—-_—l_—l)x§—0195><—2—><10 cm = 575 X 10 em

In Fig. 11 the step is so high and steep that it is impossible to correlate
the fringes crossing the step. But with the aid of the bevel, seen in the
lower part of Figure 11, a correlation is possible. The height of the step
along the drawn line is

(25—12)><%=13><5'§x10‘50m=3.8><10*“cm

The accuracy of the method depends mainly on the quality of the opti-
cally flat mirror since it serves as a plane of reference. A thin mirror is
likely to be slightly bent under the pressure of the clamp. Therefore, it
is advisable not to work with too high a pressure. For the measurement
of layer thicknesses the quality of the original surface is also important.
An accuracy of 5 per cent is easily obtained using half-silvered micro-
scope slides for the mirror. These slides are essentially flat over the small
region covered by the microscope.
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