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ABSTRACT
In measurements of the changing electrical properties of semiconductors
during neutron bombardment in the nuclear reactor, it is desirable to use auto-
matic recording methods whenever possible. A device has been constructed and

is currently being used which fulfills the requirements of the semiconductors
under consideration. The components are a O~ to 3-mv 1l2-point Brown Electronik

recorder with a 4-pole 12-position circuit-selector switch ganged to the Brown
input-selector switch; a system of limit switches which activate appropriate
stepping relays for automatic eircuit changes; a system of scale indication; a
Vibrating Reed Electrometer for high-resistance measurements; and constant-
current, constant-voltage, and variable-power supplies.

By means of the 1limit switches and relays, proper scale and circuit changes
can be made to keep the data within the range of the recorder and provide a line-
ar plot for changes up to 12 orders of magnitude.

Each major component is connected to a needle-plug terminal board so that
any circuit within the range of the available components can be readily employed.

By means of the circuit-selector switch ganged with the recorder input
switch the external circuit can be changed for each point.

This instrument is currently being used to measure the resistivity of ger-
manium, siliecon, and cuprous oxide during neutron bombardment and can also be

used to measure static characteristics of semiconductor circuit components.






AN AUTOMATIC MULTIRANGE RECORDING DEVICE FOR

MEASURING VARYING POTENTIALS
J. CG. Pigg

INTRODUCTION

In the study of the electrical properties of semiconductors, it is desir-
able to record automatically the temperature and resistivity of the sample as
a function of time. The record includes the output voltage of a thermocouple,
the potential drop across a fixed portion of the sample, the current as deter-
mined by the potential drop across a standard resistor, and such other voltages
as may be required to indicate the condition of the system under observation.

The resistance of a semiconductor under bombardment may change by a few
per cent in time periods of several days as in the case of low-resistivity p-
type germanium, or it may change several orders of magnitude in a few hours as
in the case of silicon and cuprous oxide. The instrument must therefore (1) be
capable of measuring and recording directly the current and voltage applied to
samples that vary in resistance from 0.001 ohm to 100 megohms to within a de-
sired accuracy of ¥ 0.1% and automatically making the proper scale changes, (2) be
able to record the temperature and automatically reverse the thermocouple input
if the sample temperature should change from below to above 0°C or vice versa,
and (3) when used with nonohmic samples, e.g., rectifiers, the instrument must
be able to hold the current or voltage constant at predetermined values.

The instrument to be described in this paper consists of a multipoint-
potentiometer strip-chart recorder, the necessary current and voltage control

circuits, an essentially infinite impedance voltage measuring device, the neces-

sary automatic switching and scale changing circuits, and a system of component



2
terminals which facilitates the use of those components necessary for a given

circuit,

THE RECORDER
The basic unit is a modified 12-point Brown Electronik strip-chart recorder

of the potentiometer type employing a O- to 3-mv scale. The O~ to 3-mv scale
was chosen in order to obtain the greatest accuracy possible with this type of
recorder in the measurement of the sample temperature. Three millivolts is the
maximm magnitude of the voltage from a copper-constantan thermocouple for temper-
ature ranges normally encountered in these investigations.

The modifications to the recorder consist of (1) careful shielding from
stray pickup, (2) increasing the input impedance and sensitivity of the ampli-
fier, (3) provision for high-impedance preamplification, (4) the addition of
limit switches, (5) the addition of a circuit-selector switch mechanically
coupled with the Brown printing wheel and input-selector switch, (6) the in-
stallation of a direct-reading scale indicator, and (7) installation of a heli-
cal slide-wire in addition to the straight slide-wire.

All the wiring inside the recorder is carefully shielded including not
only the d-c leads of the sample and balance circuits but also the a-c wiring
such as motor- and chart-light leads. Although a-c pickup is not amplified and
cannot in itself affect the balance position of the recorder, it does overload
the input stages of the amplifier. The effect of a-c pickup is to cause a large
insensitive region near the balance position and to decrease the torque of the
balance motor.

The change from a normal to a high-gain amplifier is a standard field
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modification. Figure 1 shows the modified amplifier and the balance circuito(l)
The Brown amplifier now employed is designated as model 13-R-23. Standard parts
are used except for the input filter capacitor and input transformer. The in-
put filter capacitor is decreased to 50 uf. It is a low voltage, dry electro-
lytic capacitor that is specially constructed to have a negligible residual
voltage to avoid any "battery"-type effects. The input transformer is con-
structed so that the primary and secondary are electrostatically shielded from

each other, and thus it cannot be replaced by the usual commercial transformer.

The input capacitor and input transformer are obtainable from the manufacturer
of the recorder.
High-impedance preamplification for the recorder amplifier is available

in two ways. A preamplifier designed by J. L. Horton of the Instrument Division
of the Oak Ridge National Laboratory for use with the Brown amplifier in polaro-
graph work (Fig. 2) is adequate for use with samples of less than 10-megohms
resistance. This preamplifier can be placed in the circuit by connecting the
input lugs to the Brown terminal board, removing the converter and input tube
from the Brown amplifier, and plugging the preamplifier output into the plug
installed on the Brown amplifier chassis for this purpose.

In addition to the preamplifier being readily installed or removed from
the circuit, it has the advantage of operating on the same magnitude of voltage
as the recorder, and thus additional switching is unnecessary. It has the dis-
advantage that the low-impedance balancing circuit of the recorder is in the

high-resistance sample circuit while balancing.

Preamplification can also be obtained by using a Vibrating Reed Electrome-

(1) Minneapolis Honeywell Service Manual 15019-M, Sec. 1550.
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ter(z) as a voltage measuring device and using the output of the Vibrating Reed
Electrometer as the input to the Brown recorder. The Vibrating Reed Electrome-
ter is sufficiently stable for such application only when used on the 1- or O.l-v
scale; thus in order to record both the voltages from the sample circuit and the
voltage from the thermocouple, additional switching is required.

The use of the Vibrating Reed Electrometer has the advantage of placing the

Brown balancing circuit in a low-impedance circuit and continually presenting a
high impedance to the high-resistance sample circuit. The limit of the re-
sistance of samples that can be studied with the use of the Vibrating Reed
Electrometer is determined by the insulation resistance of the sample circuit.

The circuit-selector switch is made up of three Leeds & Northrup 1l2-point
recorder input switches that have been dismantled and reassembled as one 6-pole
12-position switch., The circuit-selector switch is mounted on a bracket in-
stalled just behind the Brown input-selector switch. The input-selector and
circuit-selector switches are mechanically coupled by a gear train having a
1:1 ratio. All points on the circuit-selector switch lead to the main instru-
ment terminal board (see subsequent section).

Addition of the limit switches is a standard field modification. The neces-
sary components are obtainable from the manufacturer of the recorder. ZEach limit

switch consists of two mercury switches that are independently adjustable. This

makes available two 1limit switches at each end of the recerder scale.

The Vibrating Reed Electrometer input is O to 1 v but the data is recorded

as 0 to 3 millivolts. The sample temperature is recorded in terms of voltage.

(2) H. Palevsky, R. K. Swank, and R. Grenchik, "Design of Dynamic Condenser
Electrometers," Rev. Sci. Instr. 18, 298-314 (1947).
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The current through the sample is recorded as the voltage developed across a
standard resistor. The value of the standard resistor used for current measure-
ment is also recorded as a voltage (see section following). To aid in inter-
preting the data, a plastic overlay scale (Fig. 3) has been installed in place
of the glass bar that is normally employed to hold the chart in position. The
scale contains the appropriate markings to enable a quick visual evaluation of

the data., This is particularly useful when setting up an experiment.
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The helical slide-wire used with the circuit-selector switch becomes a
potentiometer that provides a variable resistance, or a voltage corresponding
to the position of the print wheel. Thus, when the instrument is at balance,
the voltage output from the helical slide-wire corresponds to the voltage input
to the recorder. The helical slide-wire can then be used as a source of infor-

mation for another recorder, control circuit, or a computing mechanism,

HAND-CONTROLLED COMPONENTS
For slowly changing samples it is possible to use hand-controlled com-
ponents to provide power control or to serve as standard resistors for current
measurement (Fig. 4). It is necessary to shield these components, and for this

reason they are mounted in the control and indicator cabinet. Each component
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is individually terminated at the terminal board so that it may be employed in

any desired manner,

RELAYS

Autamtic scale changing is accomplished by stepping switches(3) operated by
double-acting rotary solenoids, which are energized through the limit and cir-
cuit-selector switches, Figure 5 shows schematically the two types of relays
used. The solenoids are designated CW and CCW. The poles of the switches and
circuit networks are indicated in block diagram. Whenever a point on the re-
corder reads too high or too low, the respective limit switch is closed. The
position of the circuit-selector switch selects the proper relay, and the relay
is actuated to change the circuit to bring the data back on scale,

When the relay acts, a resistance is automatically inserted in series with
the solenoid, thus decreasing the current in the solenoid so that the relay re-
turns to its unenergized position. If the limit switch is still closed; the
relay acts again. In this way the relay continues to act until the data is
brought back on scale., This feature is important when changes greater than one
order of magnitude are required.

Relay I is the type used for current measurement. The current leads to the
standard resistors are connected through poles 1 and 4. The potential developed
across the resistors is read by leads connected through poles 2 and 3. All points

of pole 5 lead to the terminal board and are available for any desired circuit.

(3) These switches are designed for this type of operation and are rated as
follows: (a) dielectric strength between points and to ground greater than
500-v rms; (b) continuous current capacity 5 amp; (c) thermal emf less than
Lav; (d) conta%} resistance less than 0.001 ohm; (e) insulation resistance of
the order of 10 megohms.
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Pole 6 is used to select a voltage that is used to record the position of the
switch. Relay II1I differs from relay I in that poles 1 and 2 select positions
in a potential-divider circuit, whereas poles 3 and 4 are used as automatic

reversing switches.

PONER SUPPLIES
For experiments in which the resistance changes slowly and the sample is
expected to be ohmic, helipots and standard resistors are provided so that the
power control units need not be employed (Fig. 4). For ohmic samﬁles that have
large changes in resistance, a resistor bank can be connected to pole 5 of any
unused relay so that the resistance in series with the sample may be varied to
keep the vdltage reading on scale (Fig.6). The resistances are varied in approxi-
mately one-half order of magnitude steps. This is necessary to prevent hunting
between the power-control relay and the relay controlling the selection of the
standard resistance used for current measurement.
For samples with resistance below 1 megohm that require constant current
a supply is used that was designed and constructed (Fig. 7) by M. R. Smith and
F. W. Manning of the Instrument Department of the Oak Ridge National Laboratory.
The current is controlled by controlling the voltage across a resistor in series
with the sample. It mey be used as a constant-voltage source for samples such as
commercial rectifiers in which the end effects of the sample can be neglected.
A power swply (Fig. 8) constructed by B. M. Hilderbrant, also of the Instru-

ment Department, is used for samples with resistance below 10 megohms. This
supply can hold a predetermined voltage across the sample voltage terminals or
can hold a constant current through the sample by controlling the voltage across
a resistor that is in series with the sample. This supply is capable of furnish-

ing a set of predetermined voltages.
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For samples with a resistance above 1 megohm, a power supply capable of

either constant voltage or constant current is used (Fig. 9). This power supply

was also designed and constructed by B. M. Hilderbrant. Since it is used with
high resistances, insulation and shielding were given particular consideration.
The amplifier circuit and current circuits are entirely insulated from ground by
at least 1 in. of Teflon. All wiring external to the shield is RG62U coaxial
cable. The amplifier is connected to the power-control circuit by a beam of light,
thus providing good insulation. The ground for the control circuit is provided

by the voltage-measuring circuit.

APPLICATIONS
This system is applicable to many types of voltage control and measurement
problems, A few are presented to illustrate the manner in which the instrument
is being used.
The most simple type of circuit is that involved in the study of a slowly
changing low-resistance ohmic sample. Figure 10 shows such a circuit with the

possible power supplies indicated by dotted lines. The current is read by record-

ing the voltage developed across a standard resistor Ry. The voltage developed
across a fixed portion of the sample is read directly. The temperature is re-
corded as the voltage from the thermocouple.

If no power control is necessary, a battery with a series dropping resistance
R4 may be employed. If power control is necessary, the constant-voltage or
constant-current supplies may be hooked into the circuit.

There is no need for the circuit-selector switch or the relays in such an
experiment. Such samples may be studied concurrently with other samples whenever

free points are available on the recorder.
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Figure 11 shows typical circuitry for samples with resistance changes of
s everal orders of magnitude. For simplicity only five points of the relay
switches are shown. The relay poles (1 and 4, 2 and 3) correspond to relay I
of Fig. 1. The alternate power supplies are not shown. The dropping resistance

in series with the battery is varied by means of limit switches and a relay in

order to keep the voltage on scale. The standard resistances across which the
current is read can also be varied by means of a relay to provide for automatic
scale changing. Pole 6 of the relay selects a voltage from a scale circuit, and
the voltage is printed to record the position of the switch.

An offset voltage is applied to the point preceding the series of points
that are used for recording the data, and thus spurious tripping of the relays
is prevented.

The circuit—selector switch is used to select the input to the Vibrating
Reed Electrometer and to select the points on which the relays will be actuated.
The output of the Vibrating Reed Electrometer and all other voltages are then
applied to the recorder through the recorder input switch.

The simplest use with a nonohmic sample is the circuit for studying a recti-
fier. Figure 12 shows a schematic circuit of this type. Again, only five points
are shown on the switches for simplicity. The current scale, scale indicator,
temperature, voltage, and current measurements are the same as shown in Fig. 11.
By means of relays R3 and R;, the sample leads are reversed each cycle of the
recorder. The voltage-controlled power supply can provide a different voltage
for each recorder point. By monitoring the voltage and reading the scale indi-

cator for every other current point, and recording temperature once each cycle,

six points of the rectifier curve can be followed for both directions of the
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rectifier, giving a complete characteristic curve about oncevevery 2 minutes.
The instrument can be used in a similar manner to study other components such as
transistors, photo-cells, or vacuum tubes.

By proper adjustment of the limit switches and use of the circuit-selector
switch, the recorder can also serve as a control device. For example, the limit
switches can actuate a relay that changes the current in a heater or actuates a
valve to add liquid nitrogen to a Dewar and thus gives some temperature control.

Using the limit switches and circuit-selector switch in connection with the
upscale burnout feature of the am'xplifier,(l> an alarm can be actuated to summon
aid in case of a circuit failure in the instrument. The same alarm can be actu-
ated in the limiting position of the scale-changing relays and thus call attention

to the fact that the limit of the instrument has been reached.

TERMINAL BOARD
Figure 13 shows the layout of the terminal board. The terminals are female

Birnbach needle connectors, which have the advantage of being available in an
assortment of colors so that the different groups and key terminals can be readily
detected from the color pattern of the terminal board.

The terminals for the hand-controlled elements are located across the first
four rows. The first five colums of this group are the terminals for the
standard resistors used for current measurement. The next six columns are
terminals for the helipots that are used for current control (see Fig. 4). A
schematic sketch on the terminal board indicates the point on the resistor to
which the termiral is commected. For example, the terminal in the first !row ; first
colum, is a current lead for standard resistor switch No. 1. The sixth column

of the first four rows is the slide on helipots 3, 2, 1, and 7, respectively.
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The twelfth colurmn of the first four rows is used with the limit switches. The
letters H, MH, ML, and L indicate high, medium high, medium low, and low.

The limit switch ML is set at 0.25 mv and the limit switch MH at 2.9 milli-
volts, These are the limit switches most frequently used. H and L are usually
set at the extreme limits and are used, for example, for reversal of thermocouple
leads.

The next five rows on the terminal board are used with the four relays. In

rows 5, 6, 7, and 8 of columns 1 to 12 are the terminals of the No. 5 poles of

the four relay switches (see Fig. 5). In column 17 of rows 5, 6, 7, and 8 are
the common or center terminals of the No. 5 poles of the four relay switches.
In colums 13 and 14 of rows 5, 6, 7, and 8 are the terminals of the relay sole-
noids. Colum 13 (marked -) contains the terminals for the solenoids that rotate,
the switches in such a manner as to decrease the magnitude of the componenté
selected by the switches. If the switch is in position 5 and current is sent
through the solenoid connected to the terminal in colum 13, the relay will move
the switch to position 4. In like manner, column 14 (marked+4 ) contains the
terminals for the solenoids that rotate the switches so as to increase the magni-
tude of the components selected by the switches. In colums 15 and 16 are the
terminals of the No. 6 poles of the various relays. A voltage is available at
these terminals to indicate the position of the respective switch.

Row 9 contains the terminals of poles 1, 2, 3, and 4 of relays I and II, and
poles 1 ard 2 of relays III and IV. These are the automatic scales of the instru~
ment (Fig. 5). In row 9 of colums 1, 2, 3, and 4 are poles 1, 2, 3, and 4 of
relay I; in columns 5, 6, 7, and 8 are poles 1, 2, 3, and 4 of relay II, re-
spectively. In colums 9, 10, 11, and 12 of row 9 are the terminals of poles 1

and 2 of relay III, which are used as indicated in Figs. 5 and 13. In the same
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memmer, colums 13, 14, 15, and 16 contain the terminals of poles 1 and 2 of relay
Iv.

In colums 14, 15, 16, and 17 of rows 10 through 16 are poles V and VI of
the circuit-selector switch. They are used exclusively with the limit switches.
In this way, damage caused by an occasional arc will not damage the poles of the
circuit-selector switch that are to be used for voltage measurement. Such arcs
will produce no harmful results in the limit-switch circuits but might produce
damage to the contacts or insulation that would be serious in low-voltage high-
resistance circuits. The terminals of pole VI are red, whereas those of pole V
are green. Pole IV is used with the MH limit, and pole V is used with the ML
limit. The color coding aids in hookup by making the terminals stand out visually
and thus provides a marked contrast between the two poles.

In rows 10, 11, 12, and 13 of colums 1 through 13 are poles 1, 2, 3, and 4,

respectively, of the circuit-selector switch. Poles 1 and 2 are used exclusively

for circuits with low current and voltages below 1 volt. These poles are used as
the irput-selector switch for the Vibrating Reed Electrometer and other uses where
there is no danger of arcing.
Poles 3 and 4 are used for control purpcoses or with the auxiliary slide-wire.
An exanple of use of poles 3 and 4 for control purposes is the circuit for measur-
ing a rectifier, or any circuit in which the circuit parameters must be different
for di fferent points on the recorder.
In columns 1 through 12 of rows 14 and 15 are the negative and positive
leads, respectively, to the positions of the Brown input-selector switch. In
columns 1 through 12 of row 16 are terminals leading to the common instrument

ground.



25

The use of the terminal board is illustrated in Fig. 13 by showing how the
terminals are connected for a sample that will require scale changing. The cir-
cuit is shown in Fig. 1l4. Only five positions of the switches are shown for
simplicity.

Figure 15 shows one of two auxiliary terminal boards. The knob for the 500~
ohlm potentiometer and the terminals of the resistor bank (Fig. 6) are the same in
both terminal boards. The auxiliary slide-wire has terminals on each board., The
terminal board not shown differs from the one shown in that the reversing switch
terminals are for relay IV and the auxiliary scale-indicator terminals are for

relays III and IV.
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