


“RADIOTRONICS>” SUBSCRIPTION RENEWALS

Dozens of readers have complained that they did not receive the pink subscription
renewal memorandum card mentioned in last November’s copy. These cards, as readers
will realise, are in effect similar to a bill, in that they are asking for a remittance. They
were therefore mailed only to readers whose subscriptions were due to expire with the
December 1960 issue.

Every complaint has been checked, and in every case where a pink card was
not sent, the subscription is still current through 1961; no further payment was required
therefore.

In cases where readers who did not receive a card still sent in a remittance, this
has been credited to them by advancing the currency of their existing subscriptions by
one year. No other notice of this fact will be given, and the matter will be automatically

adjusted as future renewals are sent out.
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PHOTOCONDUCTIVITY

By

DR. R. H. BUBE*

A photoconductor is a material whose electrical
conductivity can be increased by the absorption
of light or other suitable radiation. Thus, photo-
conductors are useful both as radiation detectors
(ultraviolet, visible, infrared, electrons, X rays,
gamma rays, nuclear particles) and as radiation-
controlled ¢lectrical switches.

Although photoconductivity was first dis-
covered in 1873 by Willoughby Smith while in-
vestigating selenium as a resistor in underwater
cables, actual progress in understanding and
material development has awaited the recent
leap forward in all solid-state physics which was
activated by the development of the transistor.
Photoconducting cells were made only of sele-
nium, copper oxide, or thallous sulfide up to
1940; today, commercial cells use none of these,
but are based almost exclusively on germanium,
silicon, cadmium sulfide, cadmium selenide, lead
sulfide, lead selenide, or lead telluride, all re-
sulting from recent developments. It was not
until the end of World War II that detection of
infrared radiation by the lead-sulfide-type photo-
conductors proved superior to former thermo-
electric or bolometric methods. Fig. 2 shows the
intrinsic photoconductivity response as a function
of incident wavelength for a number of typical
photoconductors.

In many cases, photoconducting cells today
perform the same functions previously performed
by photoemissive cells, with the advantages of
decreased size and cost, and increased ease of
operation. The solid-state photoconductor cell
bears the same relationship to the photoemissive
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vacuum phototube as the solid-state diode bears
to the thermionic-emissive vacuum diode. The
photoconducting television camera tube, the vidi-
con, is partially replacing the photoemissive tube,
the image orthicon. Photoconductors currently
play a role also in computers and a whole host
of detection and control systems, including street-
light control, headlight control and dimming,
camera-iris setting, and automobile rear-view
mirror orientation. At the developmental level,
photoconductors are a part of experimental pic-
ture-display and light-amplifier systems, where
the properties of the photoconductor are bene-
ficially combined with those of electrolumines-
cent materials. Photoconductivity itself is one
of the basic tools of solid-state research, being
used to determine carrier lifetime, carrier mobility,
trapping phenomena, imperfection-level location,
and capture cross-sections of imperfection centres
for free carriers.

Research in photoconductivity embraces a wide
area of chemistry, physics, crystallography, and
metallurgy. Photoconductors may be inorganic or
organic, insulators or semiconductors, crystalline
or amorphous; they may be used in the form of
single crystals or microcrystalline powders; thin
sintered, evaporated, chemically deposited, or
sputtered layers; or thick sintered pellets. ?

In this paper we shall concentrate mainly on
the physical processes underlying photoconduc-
tivity and the applications which have been made
of the preparation of useful cells still lies in the

* Physical and Chemical Research, RCA Laboratories,
Princeton, N.J.
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made at developing a phenomenological theory
of photoconductivity, but a considerable portion
of the preparation of useful cells still lies in the
realm of synthesis art.

Fig. 1 shows several photoconducting cells
utilizing cadmium sulfide or cadmium selenide
as the photoconducting material. What we shall
say here is directly applicable to this type of
photoconducting material, and with certain ap-
propriate modifications, to other types of material
as well.

Fig. 1 — Commercial or developmental (prefix
C) photoconducting cells now being produced by
RCA. From Top to Bottom: CdS$S sintered-layer,
glass-enclosed Cell 6957; same layer, metal-
enclosed Cell 7163; CdSe sintered-layer, glass-
enclosed Cell C7218; single-crystal Cds Cell
6694A; CdSe sintered-layer Cell C€7230; Cds
sintered-layer Cell 7412, These cells, because of
their incorporated impurities, are sensitive over a
wide range of wavelengths: CdS cells, 0.33 to
0.74,; CdSe cells 0.35 to 0.87.. Sensitivity lies
in the range of amperes per lumen, about one-
tenth that obtainable with a multiplier phototube
such as the 931A.
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CHARACTERIZING PROPERTIES

There are four properties of a photoconductor
(together with their wvariation with excitation
intensity and temperature) which serve to charac-
terize it; (1) dark conductivity, (2) spectral re-
sponse, (3) speed to response, and (4) photo-
sensitivity. Fig. 3 and 4 should be consulted as
a background to the following discussion.

Dark Conductivity

The conductivity in the dark depends on the
band gap of the material, and on the density and
type of imperfections which are present. ln in-
sulators (room-temperature conductivity less than
about 10-%/ohm-cm) the density of free carriers
in the dark because of thermal excitation is usu-
ally much less than the density of free carriers
created by photoexcitation. In semiconductors
(conductivity greater than 10-%/ohm-cm, but less
than 10?/ohm-cm) the density of free carriers in
the dark is usually greater than the density of
photo-excited carriers. This intrinsic difference
between insulators and semiconductors affects
not only some aspects of their photoconductivity
behaviour, but also the conditions under which
photoconducting cells are used. Insulating photo-
conductors are usually operated at room tempera-
ture with steady radiation. Semiconducting photo-
conductors are usually operated at lJow tempera-
tures with intermittent radiation to produce an
alternating signal suitable for amplification.

Spectral Response

In a pure material, light of energy less than the
band gap cannot create free carriers, and there-
fore cannot give rise to photoconductivity. Photo-
conductivity results from excitation by light of
energy equal to or greater than the band gap
(Fig. 3, transition 1), and ceases abruptly when
the energy of the light decreases to a value smaller
than the band gap. Actually, a maximum response
is usually found at a light energy very close to
that of the band gap; the decrease in response
for higher-energy light results from the complete
absorption of this light in surface regions of the
photoconductor which have an intrinsically lower
photosensitivity than the volume.

When imperfections are present (Fig. 3, tran-
sition 2), less energy is required to excite an
electron from the imperfection level to the con-
duction band than is required to excite across
the band gap. The presence of such imperfections
shows up therefore as additional response for
light of energy less than the band gap, i.e., as a
response to the long-wavelength side of that asso-
ciated with the pure material. The lowest-energy
light able to give the imperfection response serves
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Fig. 2 — Intrinsic photoconduc-
tivity response of typical photo-
conductors vs. wavelength, where
“intrinsic’’ means response of the
material itself without incorpor-
ated impurities. Impurities extend
response to longer wavelength
than the intrinsic response. Intrin-
sic responses extend from the ul-
traviolet (<0.4y) through the
visible (0.4 to 0.7.) into the
infrared (>0.7u).
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to locate the level with respect to the bottom of
the conduction band.

Speed of Response

Trapping centres are those which temporarily
remove electrons from the free state and then
return them to the free state at a later time when
sufficient thermal energy has been supplied from
crystal vibrations (Fig. 3, transitions 5 and 6).
In a material with no trapping effects, the speed
of response would be identical with the lifetime
of the free electrons. In actual practice, particu-
larly for low-light-intensity excitation, the ob-
served speed of response is many orders of
magnitude less than would be expected from the
lifetime.  The occurrence of these rise and
decay times much greater than the lifetime is
caused by trapping of free carriers. Trapping
lengthens the rise time by removing photoexcited
free electrons from the free state and requiring
a time elapse for a steady state to be set up be-
tween the new demnsity of free electrons and the
new occupancy of trapping centres. Trapping
lengthens the decay time by slowly releasing
trapped eclectrons after the excitation has been
terminated. In the case of low-intensity excitation,
the density of trapped electrons may greatly ex-
ceed the density of free electrons, so that the decay
time is really given by the time required to free an
electron from a trap, rather than by the free life-
time determined by recombination between a free
electron and a hole captured at a recombination

centre.

Photosensitivity

The value assigned to the photosensitivity of
a photoconductor is in converting light energy
into electrical current. There are at least three
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WAVELENGTH, microns

ways of defining this utility which are in common
use.

(1) Minimum detectable excitation required to
give a signal equal to the noise. This definition
of sensitivity is applied principally to detectors
of infrared radiation, like lead-sulfide photo-
conductors. The minimum detectable excitation,
expressed in terms of radiation power, is about
1012 watt to give signal equal to noise in such
photoconductors.

(2) Photocurrent per unit light intensity at
fixed applied field. This definition of sensitivity
has been called specific sensitivity, and has been
expressed in units of cm*/ohm-watt. It is ob-
tained by multiplying the conductance by the
square of the electrode spacing and dividing by
the total radiation power absorbed.

Ai
\%

Specific Sensitivity S =
P

where Ai is the photocurrent, V is the applied
voltage, | is the electrode spacing, and P is
the absorbed radiation power. The specific sen-
sitivity is independent of cell geometry or light
intensity, provided that the photocurrent varies
linearly with applied field and light intensity.
The most sensitive cadmium-sulfide and cadmium-
selenide photoconductors have specific sensitivi-
ties near unity. The sensitivities of several forms
of cadmium sulfide are summarized in Table 1.

(3) Photoconductivity gain, i.e., the number
of electrons passing between electrodes for each
photon absorbed. This definition is perhaps the
most useful for many practical considerations.
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An analysis of the effects described in Fig. 4
shows that this gain can be expressed: 2

. Lifetime of free electron
Gain = (2)
Transit time of free electron

If = is the lifetime of a free electron, and if we
express the transit time of a free electron be-
tween electrodes separated by a distance 1 as this
distance divided by its velocity, then

Gain = ——— 3
12

where p is the electron mobility, and V is the
applied voltage. Gains of 10* have been observed
in cadmium sulfide cells.

Lifetime, Key Photoconductivity
Parameter

It is evident from Equation (3) that the u
product forms a kind of figure of meric for a
photoconductor. The mobility p is more or less
fixed by our choice of material but for any given
material the lifetime r can vary over wide limits.
In insensitive cadmium sulfide, the electron iife-
time is of the order of 1 microsecond, whereas
in sensitive cadmium sulfide the electron lifetime
is of the order of milliseconds. The lifetime -
itself depends on the recombination process (Fig.
3, transition 4) in the following way:

1

VSnNr

Here, N, is the density of recombination centres.
i.e., the density of those centres which have cap-
tured photo-excited holes. S, has the dimensions
of area and is called the capture cross-section
of these centres for free electrons. v is the thermal
velocity of a free electron.

The product vS, represents the total volume
swept out in one second by a recombination
centre. The magnitude of the capture cross-
section depends directly on the chemical nature
of the centre. A centre with a coulomb attraction
for the carrier under consideration has a capture
cross-section of about 10-*cm?®. A neutral centre
has approximately a geometric cross-section of
10-15%¢m>®. Centres which are charged such that
there is a Coulomb repulsion of the carrier under
consideration may have cross-sections as small
as 10~ ¢cm®. Each imperfection centre is charac-
terized by two cross-sections: one for holes and
one for electrons. Quite often these two cross-
sections are widely different: in sensitive cadmium
sulfide crystals, for example, the capture cross-
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section of centres B for holes is 10° times larger
than the capture cross-section of these centres
for electrons (after a hole has been captured). *

Maximum Performance

Assuming that the material parameters r and u
have been fixed, the photoconductivity gain of
equation (3) can still be increased by increasing
the applied voltage or by decreasing the electrode
spacing. Although equation (3) indicates no limit
to which such an increase can be pushed, there

OHMIC GONTACT

CATRODE

/

Fig. 3 — Basic electronic processes in a photo-
conductor, here specifically for an n-type photo-
conductor like CdS. (Arrows indicate electron
transitions.) (1) Excitation of host crystal by
absorption of light with energy equal to or greater
than the band gap; for each photon absorbed,
one electron-hole pair is formed. (2) Excitation
of a bound electron at an imperfection level;
imperfections may be either impurities or crystal
defects such as vacancies. (3) Capture of a
photo-excited hole by an imperfection centre. (4)
Capture of a photo-excited electron by a centre
which has previously captured o photo-excited
hole, resulting in recombination of the carriers.
(5) Capture of a photo-excited electron by an
electron-trapping centre. (6) Thermal freeing of
a trapped electron. {7) Optfical freeing of a
trapped electron. (8) Optical freeing of a cap-
tured hole. (9) Thermal freeing of a captured
hole. Transitions 1 and 2 determine spectral
response; 3 and 4 determine free-electron life-
time and, hence, photosensitivity; 5 and 6 fre-
quently determine speed of response; 7 causes
stimulation of conductivity; 8 and 9 correspond
to optical and thermal quenching of photocon-
ductivity when the centres involved are those with
small cross-section for free electrons. Transitions
3 and 4 may be either radiative, i.e., give rise to
luminescence emission, or nonradiative.
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are three physical phenomena which will termin-
ate the applicability of equation (3) under the
continued increase of applied field. These are (1)
the injection of space-charge-limited current from
the cathode, (2) impact ionization by free carriers,
and (3) dielectric breakdown. Injected space-
charge-limited current is usually encountered first
with increasing applied field. Maximum gain is
reached at that applied voltage at which the
injected current is approximately equal to the
photocurrent. Traps play a dual role: they give
rise to long response times by filling and emptying
during photoexcitation, as mentioned previously,
but they also allow the achievement of higher
maximum gain by increasing the maximum field
which can be applied before space-charge-limited
currents become important. Traps bring about the
latter effect by capturing the injected carriers.

An expression for the maximum gain as limited
by current injection has been derived: *

70 Na

Gmux e (5)

TRC Nt

Here 7o is the observed response time,
rre 1S the product of the resistance R and the
capacity C under operating conditions, i.e., the
RC time constant or the dielectric relaxation time,
N, is the number of positive charges on the
anode corresponding to the number of traps filled
by the field - injected current, and N;
is the number of traps filled by the photoexcita-
tion process (including the free electrons in Ny).

If the same traps are filled both by field-
injected charge and by photoexcitation, then
N,./N; = 1, and the maximum gain is limited to

CONDUCTION BAND
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Fig. 4 — A photoconductor in operation, here
specifically for an n-type photoconductor like
CdS. Two ohmic metallic contacts to the photo-
conductor are assumed. (1) Absorption of «
photon forms a free electron-hole pair. (2} Under
the applied electric field, the photo-excited elect-
ron moves toward the anode. (3) Similarly, the
photon-excited hole moves toward the cathode.
(4) The hole is captured at an imperfection
centre. (5) After the initial electron has left the
photoconductor at the anode, the residual posi-
tive space charge due to the excess captured hole
leads to the entrance of an eleciron into the
photoconductor from the cathode. Photocurrent
continues until a free electron recombines with
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the captured hole. In general, iwo types of
centres can capiure holes, indicated as centres
A and B. Centres A have a large probability of
capturing a free electron dafter having captured
¢ hole; centres B have a small probability of
capturing a free eleciron dafter having captured
a hole. Centres A exist in all crystals in CdS, even
the purest prepared to date; since they aid re-
combination, they cause low photosensitivity. If
centres B are added deliberately, a sensitive
photoconductor is produced; the net result of
adding centres B is to reduce the number of
centres A available for recombination by essenti-
ally keeping the centres A occupied by electrons.
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TABLE 1
Properties of Various Cadmium Sulfide Photoconducting Materials.

. Specific Electron Response
Material Sensitivity, Lifetime, Time at
cm?/ohm watt sec.* 104 ft.-c, sec.
Impure CdS
(Contains recombination centres such as Ni) 10-° 10-10 —
Pure CdS
(No spectrographically detectable impurities) 103 10-6 —
Sensitive CdS
(Contains deliberately incorporated impurities
such as Cl and Cu) 10—t 10-2 10
Experimental Sensitive CdS
(Contains only traces of iodine impurity) 101 102 10—
*Also the response time for very high light level excitation.
unity for many applications for which ¢ is SUMMARY

approximately equal to rp¢, such as the vidicon
or the light amplifier. If, however, there are
centres which are filled by field-injected charge,
but are not filled by photoexcitation, the maxi-
mum gain %, ¢, 7 can exceed r/ rnc. Recombination
centres (centres B) lying at the proper place in the
forbidden gap (just above the Fermi level) meet
these requirements. Alternatively, surface traps
may capture the injected charge while photo-
current flows primarily through volume regions
with a much smaller trap density.

Maximum practical performance of a photocon-
ductor cell requires maximum Gp,x/70, Or maxi-
mum gain-bandwidth product. For a typical case
of a sandwich-type cell, we can express this
product:

Gmnx N A

To N

where K is a constant depending only on the
dielectric constant and the electron mobility of
the photoconductor, and n is the density of free
electrons. The gain-bandwidth product can there-
fore be maximized in three ways: (1) increasing
the operating conductivity, (2) increasing the
density of centres which capture field-injected
charge but not photoexcited charge, and (3)
decreasing the density of centres which capture
photoexcited charge, i.e., the conventional elect-
ron trapping centres. The first of these is often
ruled out since many applications of photo-
conductors have a maximum allowable conduc-
tivity. Both of the other alternatives involve
appreciable difficulty in synthesis.
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This is the situation in photoconductivity today.
Present research has met with some success in
decreasing the density of trapping centres by
careful control of purity and preparation, and
scattered crystals have shown photoconductivity
performance indicating values of N4/N; as high
as 500. Table 1 compares the low-light speed
of response of such experimental sensitive cad-
mium sulfide crystals with the standard sensitive
crystals containing chloride and copper impurities.
The immediate problem is to consolidate these
advances made with single crystals and to deter-
mine whether they can be successfully carried
over to other forms of photoconductors, such
as powders and sintered layers. In addition, there
are certainly many uses of photoconductors which
do not require the limits of gain and speed to be
pushed so intensely, so that a rapid growth in
applications and developments over the next few
years can be anticipated.
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SILICON
POWER TRANSISTORS

AN APPLICATION GUIDE

This article describes the outstanding features of RCA silicon power transistors and the use of silicon
transistors in many critical industrial and military applications. It gives construction details, a discussion
of voltage ratings, thermal-stability conditions, and equivalent circuits for these transistors. It also gives
design procedures and specific design equations for some of the most important circuits using these transistors,
as well as performance data. As an additional aid to circuit designers, a complete list of typical *“h” and

‘“ hybrid-pi >° parameters is also included.

The RCA line of silicon power transistors
consists of three families : medium-power types,
intermediate-power types, and high-power types.
These three families provide the designer with a
comprehensive line of silicon transistors for use in
a variety of applications operating at levels ranging
from a few milliamperes up to more than 200
watts.

Table 1 lists some of the most significant
characteristics of the types in each family. The
significance of some of these characteristics is
discussed below in the sections on construction,
voltage ratings, and thermal stability conditions.
The use of these characteristics is illustrated by
equivalent circuits and examples of actual circuit
designs.

TRANSISTOR CONSTRUCTION
DETAILS

There are two general types of n-p-n diffused-
silicon transistors : the diffused-base type and the
diffused-junction type. The diffused-base type
is constructed by diffusing first a p-type base
region and then an n-type emitter region into
one side of an n-type silicon pellet which forms
the collector region. The diffused-junction type,
on the other hand, is made by simultaneously
diffusing an n-type emitter and an n-type collector
into opposite sides of a p-type silicon pellet which
forms the base region. Because close control of
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silicon-pellet shape is not required for the diffused-
base type, most manufacturers of silicon power
transistors have preferred to make this type. RCA,
however, has chosen the diffused-junction tech-
nique for its silicon power transistors because
transistors made by this process have considerably
lower saturation resistance and base resistance
than do the diffused-base types. In addition, the
hrg of the diffused-junction structure is more
uniform than that of the diffused-base type and
falls off less at high-current levels.

All three families of RCA silicon power tran-
sistors are made by the diffused-junction process.
They differ mainly in the size of pellet and the
emitter dot. The cross section of a portion of a
wafer with the junctions already formed is shown
in Fig. 1.

BORON DEPOSITION

ACTIVE BASE LAYER (p+)
REGION n-TYPE p—-TYPE
| EMITTER REGION | WAFER

~NCOLLECTOR REGION

WAFER WAFER
DICING DICING
LINE LINE

Fig. 1—Cross Section of a Diffused-lunction
Silicon Transistor Wafer.
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In the manufacture of these transistors a pre-
diffused phosphorus layer is first deposited on
each side of a p-type silicon wafer. The actual
emitter dots are formed on one side of the wafer
by silk-screen mask-and-etch processes. The phos-
phorus layers are then diffused into the wafer to
form the collector and emitter junctions. This
diffusion takes place in a p-type atmosphere
(boron) which substantially reduces the base
resistivity on the emitter side of the wafer. It is
this boron diffusion of the base that gives these
transistors a low value of extrinsic base resistance
and preferential emitter injection into the active
base region. This diffusion technique also ac-
counts for the low saturation resistance and re-
duced fall-off of hrg for RCA silicon power tran-
sistors.

VOLTAGE RATINGS

Several different voltage-rating systems have
been used in attempts to classify transistors to meet
the voltage requirements of specific applications.
However, a comprehensive rating system, which
includes the limiting circuit conditions and can
easily be understood, is needed. Such a system
of voltage ratings is used for RCA silicon power
transistors. This system is based on the regions
of operation shown in Fig. 2 for the common-
emitter condition with constant-current input to
the base.

Vo = 1 is the voltage at which the product of
alpha («) and the collector avalanche
multiplication factor (M) is unity («M=1).
Although the locus of (Vay—,) is shown
as a vertical straight line, the actual
locus curves outward at both high and
low values of I¢ because of the variation
of o with I¢.

Vceo is the collector-to-emitter voltage with
base open.

VcEr is the collector-to-emitter voltage with
resistance (R) between base and emitter.

Verx is the collector-to-emitter voltage with
reverse bias voltage between base and
emitter.

Vsus (sustaining voltage) is the value of a
specific voltage measured at a point where
a large change in collector current pro-
duces only a small change in voltage.

Va is the voltage at which breakdown of
the collector-base diode occurs due to
avalanche multiplication (also known as
“bulk break ).

Regions A and B are described briefly below :

Region A—This region is bounded othen
Ic axis by the maximum I¢ rating, and on the
voltage axis by the Vego rating measured under
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sustaining conditions Vcgo(sss). As shown in
Fig. 2, Vcro(susy approximates Vey =,. This
relationship is evident because the collector current
under Vcgo conditions is :

4+ 1) Ieceo

For Vero(sus), Iero—o0 in the limit while Icgo
remains finite ; therefore, hpg—>o0 and

lceo = (hre

oM
hre = 1 — aM
Consequently, M = 1, or Vcro(sus)y approxi-
mates the voltage at Wthh oM = 1.

Operation anywhere in region A is permissible
provided transient power-dissipation ratings (dis-
cussed later under *“ Maximum Dissipation Based
on Tj(max)”) are not exceeded and precautions
are taken to prevent thermal runaway.

Region B—This region is bounded on the Vcg
axis by Vcggo(sus) and the maximum permissible
value of collector-to-emitter voltage under various
input conditions [Vee(max)]. The maximum
value of V¢g ranges from a low of Vego for forward-
biased input conditions to a high value of Vcgx
for reverse-biased input conditions with zero source
resistance. Values of V¢g(max) for other input
conditions are given below. Region B is restricted
on the I¢ axis to the Ico locus and the locus of
points of zero dynamic resistance of the family
of Vce curves for different input conditions
(Vceo, Vcer, and Vegx).

The Vegosus) VCE‘{, and I¢(max) ratings which
help determine regions A and B for each RCA
silicon power transistor type may be found in
Table 1 or the published data for these types.
For a given set of input conditions (see circuit
for region B in Fig. 2), the maximum value of
Ve that determines the maximum boundary for
region B is given empirically by the following
equations. These equations are valid only for
RCA silicon power transistors for the conditions
shown :

For R>500 ohms, Vg = 0

500
Ver(max) = ) [VCEX — VCEO(sus)] +VcEo(sus)

(n

For R <500 ohms, Vg = 0 and For R>500 ohms,

Vee = —R X 10-% volts (reverse bias between base
and emitter)

Vee(max) = Verx 2

where R is the equivalent series resistance between
base and emitter.

From the applications point of view, Region A
is the safe operating region for all circuits in which
the base-emitter diode is forward biased under both
transient and dc conditions. Operation outside
this region with the base-emitter diode forward
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Fig. 2—Regions of Permissible Operation for RCA Silicon Power Transistors with Basic Circuits for Each
Region.

biased (constant-current operation) should be
avoided. Recgion B is a special region in which
operation is permissible only to the V¢i(max)
value for a given input condition, as outlined
above.

As an cxample of the Veg(max) allowed for a
given application, find V¢g(max) for the 2N1486
for two conditions : (1) R 1000 ohms, Ve
Ovelts; (2) R 0 ohms, Vi — 0 volts.

For the 2NI1486 : Venosusy — 55 volts, Verx =
100 volts

Condition (1) :

From equation (1)

Veg(max) T%O(?—O [100 SSJ -} 55 = 4—25 -+ 55
77-5 volts

Radiotronics

Condition (2) :

From cquation (2)

Venr(max) = Verx(max) Venx 100 volts

The Ver(max) value should always be deter-
mined for the specific application such as for class
B amplifiers, dc-to-dc converters, switches, and
similar circuits that operate in region B.  In many
cases, the selection of supply-voltage and input
conditions for a circuit design of this type is
limited by this valuc of V¢ (max).

The system of voltage ratings based on opcration
in regions A and B applies only for the common-
emitter, constant-base-current condition. Because
the constant-base-current condition results in the
lowest set of voltages, this rating system is some-
what conservative for cascs where external emitter
resistance is included. In such cases, use must be

PageA 40 Please
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MAGNETIG-MEMORY
DEVICGES

This article briefly reviews and defines the basic parameters of magnetic circuits,
and the special parameters used (o express the performance capabilities of ferrite magnetic
cores, aperture plates, and transfluxors in coincident-current or switching applications.

FERRITE CORES
Magnetic Fundamentals

In a magnetic circuit, each point has a Mag-
netomotive Force (F) which acts to create the
flux lines which complete the magnetic circuit.
This force is produced either by a net unbalance
of the electron spins in an atom or by an electric
current, and is measured in gilberts. If the mag-
netomotive force is produced by electron spin in
the atomic structure, each atom acts as a battery
trying to create a flux line which will Joop the
atom and return to its source. If the magneto-
motive force is produced by an electric current,
the resulting flux lines are normal (at 90°) to
the path of the creating current, and thus follow
circular paths around the conductor carrying the
current. An electrically-induced magnetomotive
force (F) is proportional to the current (1) and
may be expressed by the equation F = 0.4rl,
where I is in amperes and F is in gilberts. The
equation for the magnetomotive force produced
by parallel wires carrying the same current I in
the same direction is F = 0.4xNI, where N is
the number of wires. The magnetic equivalent of
current is Flux (¢), and the impedance of a
medium to the creation of a flux line is a quantity
known as Reluctance (R).

The space rate of change or gradient of a
magnetomotive force is called the Magnetizing
Force (H), and is expressed in oersteds. This
quantity is given by the equation H = dF/dL,
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where F is in gilberts and L is the length of the
flux path in centimetres. When the flux path is
circular, as it is for a current flowing through a
wire, the equation for magnetizing force is

F
H = ——— where r is the radius of the flux
2nr

in centimetres. Therefore, at a given radius r
from a wire carrying a current of I amperes,

0.4x1 0.21
H = —
271'1' I

In the analysis of a magnetic material, it is
generally nccessary to consider not just one flux
line, but the number of flux lines which per-
meates a given cross-sectional area. Therefore,
an additional parameter, Flux Density (B) is
employed. This parameter B is equal to d¢/da,
where d¢ is the incremental number of flux lines
and da the incremental cross-sectional area.

Hysteresis Characteristics

In practical ferromagnetic materials, including
ferrites, flux density (B) is not directly propor-
tional to magnetizing force (H) for all values
of H. This nonuniform relationship is calied
hysteresis. The hysteresis characteristic of a
material is usually shown as a closed curve
or “loop” of B as a function of H. The hysteresis
curves of some ferrites have relatively flat tops
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and bottoms and nearly vertical sides. Such
ferrites are known as “‘square-loop” types.

Fig. 1 shows the hysteresis curve of a typical
“square-loop” ferrite. If it is assumed that initially
the material is not magnetized, the curve starts
at the centre, where B — O, H = 0. When H
is applied for the first time, the flux density B
increases nonuniformly, approximately as shown
by the S-shaped curve in the upper-righthand
quadrant, and reaches a maximum or saturation
value of 4B, at a magnetizing force +H,.
If H is then reduced, B decreases very slowly,
and does not return to zero until the magnetizing
force has been reversed and has reached a value
-H.. As the reverse magnetizing force is in-
creased beyond -H., the flux density again in-
creases and reaches a maximum or saturation
value -B,, at -H,,. For all subsequent applications
of H the loop has the symmetrical form indicated
by the path -B,, +H., +B,, -H., -B..

Operating Principles of Ferrite Cores

The operation of a ferrite core in a switching
application may be explained in terms of the
hysteresis loop shown in Fig. 2. A change in the
state (magnetization) of the core from -B, to +B;,
or vice versa, produces a large change in flux
density. When a wire is in proximity to the
core, the change in flux density will induce a
voltage in the wire.

+Bm
|
i
1
8 |
1
[}
I
“Hm [-He 0,0 +Hc !
T H +Hm
|
|
1
i
|
|
:
|
B
Fig. 1 — “‘Square-leop” hysteresis characteristic

of a typical ferrite core.

Assume that the -B, state represents “17,
and that the -} B, state represents “0”. Assume
also that the core is its -B, or “1” state. If a
current pulse producing a magnetizing force
+H,, is applied to the core, this pulse will
switch the core to its +B, or “0” state, and
provide a high output voltage. If a second cur-
rent pulse producing a magnetizing force +H,,
is then applied to the core, the flux density will
change only slightly, and a small output voltage
will be produced.

A ferrite core for coincident-current applica-
tions must have magnetic properties such that
when the core is in either its +B, (“0”) or its
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+Br,OR )
“0” STATE )
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| ! I
| |
| |
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~ “WRITE” DIRECTION |"READ” DIRECTION .

Fig. 2 — Magnetization characteristic and pulse-

programme sequence illustrating the operation of

a ferrite core in a coincident-current or switching
application.

-B, (“1”) state, the flux will not reverse when
a magnetizing force of one half that required to
switch the core (i.e., -Hn/2 or +H,,/2) is ap-
plied. Application of such a force should also
produce very little change in flux density and a
very small output voltage. Thus if the core is
in its -B, or “1” state, and a series of current
pulses each producing a magnetizing force
4+-H,,/2 is applied, the first few pulses of the
series should produce only slight degradation of
the “1” state, and the remainder should pro-
duce no further change. The degraded state pro-
duced by the first few pulses is called the
“Disturbed 1” state. Conversely, application to
a core in the 4B, or “0” state of a series of
pulses producing a magnetizing force -H,./2
should produce a “Disturbed 07 state.

The pulse programme shown below the hys-
teresis loop in Fig. 2 is a programme of the
type employed in the testing of ferrite memory
cores, and employed to generate the data shown
in Fig. 3 and 4. It produces the following
sequence of events: Pulse No. 1 “reads” an
“undisturbed 1” output signal (uV,) which was
“written” by Pulse No. 11 of the previous cycle.
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When Pulse No. 1 is completed, the core is left AMBIENT TEMPERATURE=25°C
in its “undisturbed 0” state. SR VM A gt -

Pulses Nos. 2 through 9 are “partial-write” PARTIAL-WRITE CURRENT (Ipy)=0.5 .. 4
pulses which degrade the core to the “disturbed
0” state, but do not produce switching. Pulse No.

10 returns the core to the “undisturbed 0” state

and reads the “disturbed 0” output signal (dVz).

Pulse No. 11 switches the core to the “undisturbed

17 state.

Driving Current 3

Consider a small ferrite toroid having a wire
carrying a driving current (I) running through a
its centre. The magnetizing force at any point in F4
the toroid is H — 0.2I/r, where r is the mean oo 23 .
radius of the toroid. o &

The larger the radius of the toroid, the larger 3 i N ] -
the driving current (I) required to produce a § o LE E
given flux density (B). For example, the relation 500 0@ ) 05
between driving current and magnetizing force in ~ 2 - &

> - [
Z
AMBIENT TEMPERATURE=25 ° C : % 3 g
= : g /T, 4
PULSE RISE TIME (t:)=0.2uSEC ‘ —+ —6 2 L5 ; n 4 0.6 2
PULSE DURATION (tg)= 4 HSEC ‘ - 360 3l A 2 O
PARTIAL-WRITE CURRENT (Ip4)=0.5In" ~ n = g
: e as==: : 8 z A AR >
rena s a i 5 ~ A g
H et § S ) o)
} i T O =
‘H'; §4o ¢ 1 ip 9.4'i
o E ‘ﬁ.’
T & 5
: e SReTa & 2 o
T 2 a 0.5 0.2
HH ° A 5
: y &
; s dVz 5
= == —— 0 0 B o %
i 200 225 2% 275 300 325 3%
DRIVING CURRENT (Im)—MILLIAMPERES
8 N Fig. 4 — Average characteristics of o further
S = typical ferrite core for comparison with Fig. 3.
|4°|,,,.J, 1.4 {
o B 5 an 0.050” (OD) x 0.030” (ID) core is I =
21203 12 5 0.252H or H = 3.96 I . The relation for a
3 e g 0.080” x 0.050” core is I — 041 H or H =
3 v 3 2.44 1. Tt 1s evident that a given magnetizing force
f':‘loog l g can be generated in a 0.050” x 0.030” core with
R > about 0.25/0.41 or 60% of the current required
z z q
g F for a 0.080” x 0.050” core.
_BO;-_) 0.8 E
3 = s Ferrite-Core Characteristics
Ll . . . -
geo & o6 £ The most important considerations in the selec-
3 “ ° tion of a ferrite core for magnetic-memory or
” A < switching applications are its driving-current re-
§405 0.4 = g quirements and switching time (also known as
& 5 Hog= o turnover time). Other considerations (which
&, 2 7 ) depend upon the application) are “undisturbed
X 0.2 ey i3St = N . s e
Q 27 = < 17 response voltage, peaking time, “disturbed
= 0” response voltage, and break current.
0 0 T

350 400 450 500 550 600
DRIVING CURRENT (Im)—MILLIAMPERES

Fig. 3 — Average characteristics of a typical ferrite
core.
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DEFINITIONS

Full Driving Current (I,) is the peak value
of the current pulse required to switch a core
from its “1” state to its “0” state, or vice versa.
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A core in the “1” state or “0” state which has
been switched to that state by a Full-Driving-
Current pulse and has not subsequently been sub-
jected to other pulses is said to be in the “Un-
disturbed 1” or “Undisturbed 0” state.

Partial-Write Current (I,,) as used in this
article is any value of driving current which
disturbs the magnetization of a core in the
“Q” state, but does not switch the core to the
“1” state. A core which has been subjected to
one or more Partial-Write-Current pulses is
said to be in the “Disturbed 0 state.

Pulse Rise Time (t,) is the time interval
between the instant the driving current rises to
10 per cent of its peak value and the instant it
rises to 90 per cent of its peak value.

Pulse Duration (t,) is the time interval between
the instant the driving current rises to 90 per
cent of its peak value and the instant it falls
to 90 per cent of its peak value.

“Undisturbed 1” Response Voltage (uV;) is
the peak value of the output voltage produced
when a core which is in its “Undisturbed 1~
state is subjected to a “READ” current pulse
having a peak value I,,,.

“Disturbed 0” Response Voltage (dV,) is the
value of the output voltage produced when a
core which is in its “Disturbed 0” state is sub-
jected to a “READ?” current pulse having a peak
value 1.

Switching Time (t,) is the time interval be-
tween the instant the driving current rises to 10
per cent of its peak value and the instant the
“Undisturbed 1”7 response voltage (uV,) decays
to 10 per cent of its peak value.

Peaking Time (t,) is the time interval between
the instant the driving current rises to 10 per
cent of its peak value and the instant the “Un-
disturbed 1”7 response voltage reaches its peak
value.

Break Current (I;) is the maximum Partial-
Write Current (I,,) at a given Full Driving
Current (I,) which a core in the “0” state will
tolerate without any substantial increase in the
amplitude of the “Disturbed 0” Response Voltage
(V).

Coincident-Current Characteristics

Ranges of ferrite cores for coincident-current
applications are available. As a matter of in-
terest it may be useful to look at the characteristics
of two cores for use in 2-to-1 coincident-current
work. The two cores chosen as examples are
those for which the average characteristics are
shown in Fig. 3 and 4, the RCA 224M 1 and
225M 1 respectively. Both of these cores are
quite small in size; they are dimensioned 0.05
inch x 0.03 inch x 0.015 inch. Other cores come
in larger or smaller sizes according to applica-
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tion. The characteristics of these two types are
as follows, quoted at an ambient temperature
of 25°C.

224M1 225M 1

ts 0.95 2.1 ps
By e 0.45 1.0 pus
uV, 75 40 mv
dV, . 10 5 my
In 500 260 ma
Lw 250 130 ma
Cr o 0.2 05 s

The switching (turnover) time t; as a function
of the applied magnetizing force in oersteds for
these two types is shown in Fig. 5. The peaking
time t, for these types is shown in Fig. 6, also
as a function of the applied magnetizing force.

Switching or Shift-Register Applications

Ferrite cores for this application are of course
basically similar to those for coincident current
work, but are specially designed for switching
work. Many of these types have characteristic
similar to those of tape-wound magnetic cores.
Two types taken as samples are the RCA
XF-4003 and XF-4008. These have the same
physical dimensions as the 224M 1 and 225M 1
mentioned above, and the electrical characteristics
are:

XF-4003 XF-4008

ts 2.6 13 1S
e 1.45 6.5 s
uv, 24 20 mv
dv, 3 35 mv
In 190 40 ma
L 95 20 ma
[T RSSO 0.5 0.5 us

The switching (turnover) time t, and the peak-
ing time t, for these switching types are also
shown in Fig. 5 and 6 as a function of the applied
magnetizing force.

MEMORY PLANES

Memory planes are frames into which ferrite
cores can be mounted in arrays. Such a frame
is shown in Fig. 7 which illustrates an aluminium-
frame memory plane with teflon-insulated ter-
minals, housing 1024 ferrite cores. This memory
plane is therefore capable of storing 1024 “bits”
of information. This particular frame, although
light in weight, is very rugged. From the photo-
graph it will be seen that the frame is designed
for either end or side mounting, and can be
stacked with similar frames.

Fig. 11 is a photograph of a new, rugged
RCA memory plane assembly consisting of two
mats made of laminated glass-base phenolic
material. The mats contain 4096 cores (64 x
64) each, providing a total of 8192 bits in an
assembly only 53 inches square and # inch thick,
including terminals. In addition to its small
volume, this assembly provides relatively short
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Fig. 5 — Switching time (t;) in microseconds of

typical ferrite cores as a function of applied mag-
netizing force (H) in oersteds for switching
applications.

leads, a feature of prime importance in very-
high-speed applications. The combination of two
mats in a single assembly simplifies stacking and
reduces the number of external connections neccs-
sary.

APERTURE PLATES

It is possible to use in some cases an aperture
plate instead of a memory plane. Instead of the
memory plane, consisting of a frame or mat
carrying lots of individual ferrite cores, the aper-
ture plate is one solid ferrite plate containing
a large number of holes or apertures, arranged in
uniformly-spaced parallel rows. Each hole and
the portion of the plate around it serves in lieu
of a separate and discrete ferrite core. The
apertures are interconnected by plated conduc-
tors which can be arranged to provide any wiring
configuration used in conventional magnetic
memory planes.
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Fig. 6 — Peaking time (t,) in microseconds of

typical ferrite cores as a function of applied

magnetizing force (H) in oersteds for switching
applications.

An aperture plate provides, in a single unit
occupying only a fraction of a cubic inch, the
magnetic equivalent of a conventional memory
plane composed of individual ferrite cores, wires,
and a frame. A typical aperture plate providing
256 apertures (and therefore capable of storing
256 “bits” of information) measures only 0.88

inches square and is 25 thousandths of an inch
thick.

TRANSFLUXORS

A transfluxor is a magnetic core made of
material having a “square-loop” hysteresis charac-
teristic, and provided with two or more aper-
tures which divide the core into three or more
flux paths or “legs”. By the use of simple windings
through the apertures to control the transfer of
flux among the legs, a transfluxor can store
data in either of two magnetic states and simul-

February, 1961



taneously provide “nondestructive” readout of
the stored data — that is, it can deliver electrical
output signals indicating the stored data without
change in its magnetic state. The “nondestruc-
ive” readout, furthermore, can be obtained at
any desired level between zero and the maximum
output capability of the particular transfluxor
employed. This level can be established by a
single “setting” pulse.

Fig. 7 — 1024-core (32 x 32) aluminium-frame

memory plane with Teflon - insulated brass
terminals.

These features also permit a transfluxor to
control the transmission of ac power at any
desired level up to its maximum output capability.

The basic principle of operation of the trans-
fluxor is that the use of two or more apertures
in a core creates 3 or more distinct flux paths
or legs. The controlled transfer of flux between
these legs provides the unique output character-
istic of this device.

Transfluxors were described and their mode

of operation explained in “Radiotronics” Vol.
25 No. 5, May, 1960.

Random-Access Memory with Non-
destructive Read-Out

An array of transfluxors can be used as a
random-access memory with so-called nondes-
tructive read-out; i.e., one in which the read-out
is obtained without changing at any time the
physical state representing the information. The
two stored states are the blocked and unblocked
remanent conditions of the transfluxor (Fig. 9).
Current coincidence can be utilized for selection,
as is done in conventional core memories. Con-
sider two selecting windings on leg 1 and two
selecting winding on leg 3 of each transfluxor.
Let these windings be connected in series by
rows and columns as shown for simplicity by
single linking wires in Fig. 9. Address-selecting
writing pulses are applied simultaneously to one
row and one column winding linking leg 1. The
additive effect of these pulses on the selected
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transfluxor at the intersection of the row and
column windings is sufficient to produce a setting,
but the amplitude of the pulses is insufficient to
affect the transfluxors on which they act singly.
The direction of the writing pulses determines
whether the selected transfluxor is set to the
blocked or unblocked condition. Reading, based
also on current-coincidence selection, is obtained
by applying pulses of the proper amplitude to the
selected row and column winding linking leg 3.
A read-out is obtained by a pair of pulses on
each selecting line, one in the prime and one
in the drive directions. As a result, fluxes in legs
2 and 3 reverse back-and-forth and return to
their initial state, if the transfluxor is unblocked;
or remain in that initial state, if the transfluxor
is blocked. These flux reversals can be detected
as induced voltages on a common read-out
winding linking leg 3 of all transtluxors. (See Fig.
9).

Coincident-current selections for write-in and
read-out are possible because there are thresholds
below which pulses linking leg | and leg 3
produce negligible flux changes. The coincident-
current-selecting principle can be extended to
the simultaneous addressing of many plane arrays
used in parallel by using selective inhibiting of
the planes, as is customary with core memories.

Fig. 8 — New fwo-mat memory-plane assembly
providing 8192 bits in a space only 5-1" x 5-1”
x %" overall.

Read-out from a magnetic storage device is
necessarily dynamic, since induced voltages are
possible only by changing flux. Nevertheless, in
the transfluxor memory, the read-out may be
considered to be ‘“‘nondestructive”, because the
flux in leg 1 is not altered by the interrogating
pulses, retains at all times the stored information,
and yet its value determines whether or not
flux in legs 2 and 3 will be interchanged as a
result of interrogation. The second interrogating
pulse is necessary to restore the altered stages of
legs 2 and 3 due to the first, in a manner similar
to the “rewrite” pulse in destructive read-out
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memories required when a read-out signal is
obtained. This rewrite pulse is usually obtained
from the read-out circuits. In the case of the
transfluxor, the unconditional occurrence of this
pulse at every read-out is not dependent on the
presence of the read-out signal.

Read-out circuits for a transfluxor coincident-
current memory can be simple since no feedback
into the write-in circuits is required. An additional
and perhaps more important advantage is the
possibility of simultaneously writing-in and
reading-out on two unrelated addresses, by ener-
gizing the proper lines of the independent write-
in and read-out selecting grids. This possibility
may speed up the operation and simplify the
logic of some types of computing machines.

Channel Selector

Transfluxors may be used to select any one
channel out of several channels for transmission
of modulated signals. The transmission from
(or to) a common channel to (or from) each
one of a number of selectable channels is con-
trolled by a transfluxor. All transfluxors are
blocked except one which is set and which deter-
mines the selected channel.

A channel selector for selecting one out of
N = 2* channels in response to n binary pulsed
signals is illustrated in Fig. 10 for the case
of eight channels and three binary inputs. The
selection system is similar to that used in com-
binatorial decoding switches using conventional
cores. Each binary input feeds a pair of con-
ductors, one of which links No. 1 leg for one
half of the transfluxors; and the other conductor,
the other half of the transfluxors. The division
of transfluxors in halves by the various input
pairs is by juxtaposed halves, interlaced quarters,
interlaced eights, etc., so that the pattern of
linkages is according to a binary code. To select
a channel, current is sent through one or the
other conductor in each pair in a direction tending
to block the transfluxors which are linked by
these conductors. For every combination of in-
puts there will be one transfluxor, and one
only, which is not linked by conductors carrying
the blocking currents. The transfluxor thus
selected is then set by a current pulse sent
through a winding which links leg 2 of all trans-
fluxors. The setting pulse, occurring while the
selecting current pulses are on, has insufficient
amplitude to overcome the blocking effect of
even a single one of these blocking currents and
therefore sets only the selected noninhibited
transfluxor. The setting is to maximum, but
there is no danger of oversetting, since leg 2 is
used for setting and the region of flux change
during selection is around the large aperture
only. The selected transfluxor remains set until
a different combination of input pulses is applied
to the selector, at which time a new transfluxor
is set and the previously selected one is auto-
matically blocked.

Radiotronics

Flux changes around the small aperture are
possible only in the selected unblocked trans-
fluxor of which the output magnetic circuit may
be considered to be a regular transformer. Since
a transformer transmits in either direction, the
selector can be used either to transmit from the
common channel to a selected channel or vice-
versa, depending on which channel corresponds
to the primary winding.

The selector of Fig. 10 is shown with valve
drivers to illustrate fully a concrete example.
However, in some applications core-driver cir-
cuits utilizing transistors are used for this pur-
pose. For 51mphclty, single-turn windings are
shown. Fig. 10b is a simplified representation of
the selector, shown conventionally on Fig. 10a.
The apertures of the transfluxors are represented
by heavy horizontal lines which are assumed to
be linked through by the vertical conductors
when a 45° line is drawn at the intersection, the
direction of inclination of the line denoting the
direction of linkage.
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Fig. 9 — Array of transfluxors used as random

dccess memory with nondestructive read-out.

More detailed information as to the theory of
operation of transfluxors and configurations that
can be used for many different applications will
be found in the following references:

J. A. Rajchman and A. W. Lo, “The Trans-
fluxor — A Magnetic Gate With Stored Variable
Setting,” RCA Rev., Vol. XVI, No. 2, pp. 303-
311: June, 1955.

J. A, Rajchman and A. W. Lo, “The Trans-
fluxor,” Proceedings of the TRE, Vol. 44, No.
3, pp- 321-332: March, 1956.

J. A. Rajchman and H. D. Crane, “Current
Steering in Magnetic Circuits,” IRE Transactions
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REGIONS OF FLUX CHANGE:
IN_ CHANNEL SELECTION IN SIGNAL

TRANSMISSION
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Fig. 10 — Transfluxor channel selector.

on Electronic Computers, Vol. EC-6, No. 1,
pp. 21-30; March, 1957.

U. F. Gianola and T. H. Crowley, “The Laddic
— A Magnetic Device for Performing Logic,”
Bell System Technical Journal, Vol. 38, No. 1
pp. 45-72: January, 1959.

b
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H. W. Abbot and J. J. Suran, “Multihole
Ferrite Core Configurations and Applications,”
Proceedings of the IRE, Vol. 45, No. 8, pp.
1081: August, 1957.

N. F. Lockhart, “Logic by Ordered Flux
Changes in Multipath Cores,” 1958 IRE National
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Convention Record, Vol. 6, Part 4, pp. 268-278.

H. D. Crane, “High Speed Magnetic Logic
Systems Using Magnetic Elements and Connect-
ing Wire Only,” Proceedings of the IRE, Vol
47, No. 1, pp. 63-74, January, 1959.

N. S. Prywes, “Diodeless Maguetic Core Shift
Registers Utilizing Transfluxors,” IRE Trans-
actions on Electronic Computers, Vol. EC-7, No.
4, pp. 316-324, December, 1958.

Magnetic circuits using multiaperture cores
have also been reported by R. L. Snyder in
“Magnistor Circuits,” Electronic Design, Vol. 3,
No. 8, pp. 24, August, 1955, and by R. Thoren-
sen and W. R. Arsenault in “A New Nondestruc-
tive Read for Magnetic Cores,” a paper presented
at the Western Joint Computer Conference,
March, 1955.

(With acknowledgments to Radio Corporation of
America).

SILICON POWER TRANSISTORS
(Continued from page 31)

made of collector avalanche multiplication effects
to determine maximum ratings.

For RCA silicon power transistors, the empirical
formula for the avalanche multiplication factor
(M) is

1
M= ———~ 3
l__-_ (VCB/200)3‘5 (3)

For the constant-base-current condition the
voltage that separates region A and region B is
Vopr = 4 or the value of Veg at which M = 1/e.
This voltage is given by

200 J 1 —« @

Equation (4) may also be used when external
emitter resistance (Rg) is included in the transistor
circuit, provided alpha («) is replaced by a
*“ degenerate alpha ” (). This substitution is
necessary because of the negative feedback intro-
duced by the emitter resistance. (Note: o’ is not
a transistor «, but rather a circuit current-transfer-
ratio factor).

Thus :

VaM_l

p Rp o
" Reg+Rg

where Rp is the equivalent series resistance of the
external base-to-emitter circuit. (Re can most
easily be determined if the input circuit is replaced
by its Thevenin equivalent circuit in which
Rr = Rg).

o

With this substitution, equation (4) becomes :

, - 3.5 2 Rp - r
Vay -, =200 A/1 =0t O

Under these conditions, the same regions A and
B can be used provided Vam = ,, which was approxi-
mated by Vcro(susy, can be replaced by Va'y =1
in Fig. 2 and in equation 1.

For example, find Va'y - ; and V¢g(max) for
the 2N 1486 with hgg = 50 for: (1) Rg = 5000
ohms and Rg = 0 ohms ; (2) Rg = 5000 ohms and
Rg = 1000 ohms. (Use Vay - ; in place of
Veeo(susy in equation (1) for the Rg = 0 condition).
For Rp = 5000 ohms, Rg = 0; « = 098
(hrr = 50)

Vay — , = 200 \/1

Vopr == 7 == 652 volts

098 = 200 3\"/0 02
= 200(0-326)

Veg(max) = 01 (100 — 652) + 652
= 35 4+ 652 = 68-7 volts
For R = Ry = 5000 ohms, Rg = 1000 ohms
o = RETRE _ 09822888; — 082
Vay — , = 200 «/1 0-82 = 200(0-612)
= 122 volts

This value of Va'y =  is greater than the published
limit of V¢gx for the 2N1486 because only ava-
lanche effects were considered, whereas the actual
Veex rating must include the non-linear surface
effects and punch-through voltage. Since voltage
values computed from avalanche effects may run
as high as 200 volts, all computed voltages greater
than Veex must be discarded and the limit value
of VCEX used.

For this example :

Va'M =g = VCEX = 100 volts
(published value for 2N1486)

(TO BE CONCLUDED)

Radiotronics

February, 1961



ERRATA

In this issue, Photoconductivity, page 22, the

last line should read:

of the phenomenon. A reasonable start has been






