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ABSTRACT

A

The reduction of the effects of tramnsient gamma radiation
on transistor circuits by using reverse-biased junctions placed
at circuit points where they produce primary photocurrents that
cancel out or compensate for the transient-radiation responses
of the original circuit is evaluated. Approximate equivalent
circuits which include junction compensation and approximata
equations for engineering-design hardening criteria are devel-
oped.

Selected circuits exposed to transient ionizing radiation ‘
environments, with photocurrent compensation and without photo-
current compensation, were analyzed using a €bBC 6600 digital
computer and the CIRCUS analysis program. These computed re-
sults were compared to the responses actually observed when the
items were exposed to a radiation environment at the Air Force
Weapons Laboratory's 2 Mev flash X-ray facility.

With good design and for certain bias regions of opera-
tion, the peak magnitude of the transient-radiation response
of an amplifier can usually be reduced by a factor of 3 to 1
to 10 to 1 for radiation levels up to approximately 0.5 x

lOlo R/sec.

(Distribution Limitation Statement No. 2)
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SECTICN 1

INTRODUCTION

Y

The effect of transient radiation on electronic components
has becomeﬂof vital concern to the military. It is mandatory
that certain craticzl ground installations, aircraft, and
missile systems be both reliable and effective and, if possible,
not rendered temporarily or permanently inoperative due to
exposure to a pulse of gamma radiation.

In a nuclear explosion, prompt gamma rays may either
permanently or temporarily affect the operation of a missile.
Since semiconductors are particularly sensitive to this tran-
sient radiation, the effects of the radiation must be considered
in designing high-reliability defense electronic systems.

During expoture to transient pulses of gamma radiation,
electron-hole pairs are created in semiconductor materiais. 1In
a back-biased semiconductor p-n junction, a pulse of current
called the primary photocurrent flows across the junction. For
a transistor, this pulse of current results in an excess of
majority carriers in the base region. The excess charge is
such that it tends to forward-bias the emitter, and hence,
increase the flow of emitter and collector current. Thus, the
transistor collector current may increase more than just the
amcunt due to the transiznt-radiation-induced primary photo-
current. Such additional transient pulses of current are

called secondary photocurrents.




It would be desirable to be able to design transistor
circuits which have no response, or a greatly reduced response,
during exposure to transient gamma radiation. This study
presents numerous possible methods of reducing such effects in
transistor circuits. The primary emphasis is on the addition
of back-biased junctions at selected circuit points. During
irradiation these extra back-biased junctions produce primary
photocurrents which can be used to cancel out or to compensate
for the transient-radiation responses of the original circuit.

Approximate equivalent circuit models which include
metheds of junction compensation are developed for various
circuits. Utilizing these models, predictions are made for the
resulting peak value circuit responses during irradiation.
Approximate, engineering-design hardening criteria which
determine the relationship among the circuit and device
parameters are developed in the form of equations.

Some of the circuits were analyzed for transient-radiation
response, utilizing the CDC6600 digital computer and the CIRCUS
circuit analysis program. Selected hardened circuits wefe
fabricated and experimentally tested under irradiation at the
AFWL 2 Mev flash X-ray facility. These experimental results

are compared to the calculated and computer-predicted responses.
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SECTION II

BASIC RADIATION EFFECTS BACKGROUND INFORMATION

1. Basic Effects on Semiconductors

When a circuit containing semiconductor devices is
exposed to a transient pulse of high-intensity gamma rays,
device parameters change and induced spurious circuit responses
appear. These effects are dependent upon the dose rate and
pulse shape of the radiation. The predominant effect of the
interaction of gamma rays with the semiconductor material is
the production of free hole-electron pairs. In general, this
results in transient-induced currents which last for the
duration of the pulse or longer. In general, resistors,
capacitors, inductors, electron tubes, etc., are relatively
hard to a radiation enviromn:nt {reference 1). It is the semi-
conductor devices which are highly radiatior sensitive; there-
fore, careful circuit design and/or use of compensation-
techniques are required if these devices are to be used in
critical applications. In addition to the transient effects,
permanent or long-time annealing degradation to the device may
occur at very high radiation levels. However, this study is
restricted to the transient-radiation effects caused by
- adiation levels less than épproximately 1013 R/sec.

During a pulse of transient gamma irradiation, semi-
conductor devices are perturbed (due to the radiation) from

their original quiescent operating points for the duration of
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the radiation pulse. When the radiation pulse has ceased,

the circuit reverts tc its initial operating conditions

as soon as recombinatiocn 6f.a11'exces§ hole-electron pairs is
éompleted. Usually, for the radiation levels under considera-
tion, no permanent effects are observed. In certain cases,
the transient-radiation-produced ciirrents may produce
catastrophic failure of a device.

Tranéient gamma-ray sources are composed of a spectrum
of energies. The dominant types of interaction of the gamma-
ray photons with semiconductcr materials are determin:d by the
spread of the erergies of the gamma-ray photons and the atomic
number of the absorbing material.

The three possible types of interaction are (references
2, 3, and 4)

a. Photcelectric Effect. For materials with large

atomic number and photon energies less than about 100 kev, the
photoelectric effect is important.

b. Compton Effect. The Compton effect is associated

with photon energies between 100 kev and U4 Mev.

c. Pair Production. The pair-production effect is

observed for energies above about one Mev.

Hole-electron pairs are created directly by the gamma
photons and by the secondary electrons or positrons (with
reduced velocity). Energy of an amount several times the
ionization energy is required for each hole-electron

pair precduced. The ene_gy spread of secondary




T e o o (S & 3% L

electrons due to gamma radiation depends upon whether they
were the result of the photoelectric effect, the Compton
effect, or the pair-production effect. The first electron
produced tends to have high energy. The electron spectrum is
of the form of an inverse energy sJjuared function. Succeeding
generations ccntinue to fcllow the same law and are capable of
producing further icnizations as long as large-energy secon-
dary electrons are present. The electrons will continue .to

lose energy due to inelastic scattering until they are trapped

or recombined. This process continues until all of the excess

electrons have been annihilated.

'E Both the holes and the electrons may or may not be current I
carriers. In certain cases, one or the other may be relatively

immobile. For example, in ionized air around a semiconductor,

it is primarily the electron which contributes to the current

flow.
Both types of current carriers may carry current by the
following two processes:
a. Diffusion current.
E b. Drift current.

Equations which represent the hole and the electron

current relationship for an assumed x-direction flow are given

3 by

B it ot il BT
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where

x = assumed one dimension for current flow

I, = electron current density (ampere/cmz)

oL hole current density (ampere/cmz)

q = magnitude of electronic charge (1.6 x 10719

coulomb)

B, = electron mobility (cmz/volt-sec)

bp = hole mobility (cmzlvolt-sec)

n = electron concentration (cm-j)

p = hole concentration (cm-3)

E, = electric field (volts/cm) in‘the x direction
D_ = electron diffusion constant (cmzlsec)

Dp = hole diffusion constant (cmzlsec)

In equations (1) and (2), the first terms are proportional
to the electric field. These, by definition, are termed the
drift current component. The two other teims are the diffusion
current components which are proportionél to the concentration
gradient of n or p. The diffusion component of current tends
to move a particle or carrier from an area of high concentration
to an area of low concentration.

The electron-hole pairs produced by radiation are even-
tually eliminated by complex processes. These processes for

semjiconductors are described in reference 7 as follows:
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In semiconductors, where the freed electron
occupies a state in the conduction band, the
electron returns to a valence band state in
several sequential transitions by means of a
recombination center. These recombination centers
are discrete levels located near the center of the
forbidden-energy gap, and are so-called because
they aid the recombination between electrons and
holes. This process simply amounts to the center
first capturing an electron and subsequently
capturing a hole. A recombination center thus has
a large capture cross-section (probability that
any localized level can capture an excess carrier)
for both electrons and holes. In some cases,
depending upon the atomic origin of the level, the
level has a high-capture cross-section for one of
the mobile carriers, but an extremely small cross-
section for its mate. This level is called a trap,
because it tends to trap tHe carrier for which it
has the larger capture cross-section without
capturing the other kind of carrier. Some trapping
phenomena have been observed in which excess mobile
carriers have been held for hours, or days, as in
the formation of F centers in alkali halides.

In a typical germanium or silicon transistor the
recombination time is usually of the order of a few
nanoseconds to a few microseconds. The recombination
occurs indirectly by use of a recombination center,
and the rate of recombination is a function of the
concentration of these recombination centers. The
purer the material the longer is the lifetime of
excess carriers. The maximum experime .tal value for
very pure single crystal silicon is about 500
microseconds. '

As is pointed out in the next subsection, the minority
carrier recombination time has a major effect on the opera-
tion of solid-state devices in general, and on the result-
ing transient-radiation effects especially. Many of the
present-day fast-speed switching diodes and transistors
employ gold doping, which reduces the minority carrier

lifetame to the order of a few nanoseconds.

s
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2. PTransient Effects on Junction Devices

a. Diodes. When a semiconductor p-n junction is
irradiated with a pulse of gamma radiation, hole-electron
pairs are created. These excess carriers cause pulses of
current to occur. The semiconductor carrier recombination
times, the radiation pulse shape and width, and many other
factors influence the amplitude and the shape of these
currents as a function of time. The recombination time of
the minority carriers ilays a dominant role in the basic
response of the device to irradiation as well as in its
normal electrical characteristics. The two basic categories
of radiation response as influenced by recombination time are

l. A large recombination time. When the
minority carrier recombination time is much greater
than the radiation pulse width, the junction

response increases in proportion to the radiation dose.

2. A sgsmall recombination time. For a recombina-
tion time that is short compared to the radiation
pulse width, the p-n junction current is approximate-
ly proportional to the dose rate and hence, in

general, has the same shape as the radiation pulse.

Figure 1 shows the characteristic change of majority

and minority carriers in a one-dimensional germanium p-n

junction (reference 7). The dotted lines show the carrier




concentration after irradiation, and the solid lines
indicate the steady-state carrier concentration before
irradiation. Figure la shows the typical carrier concen-
trations for the reversed p-n junction, and figure 1lb shows
the concentration for the forward-biased junction.
Electror-hole pairs are generated throughout the
semiconductor material of a p-r junction during irradiation
by a pulse of gamma rays. Due to externally applied fields
and/or the junction contact potential across the depletion
region, the hole-electron pairs generated in the depletion
region drift across this region in a very sﬁort time.
The current response experiences almost no delay with
respect to the radiation pulse. This is called the prompt
photociarrent component of current induced by irradiation.
Outside the junction transition region there is an
increase in the minority carrier densities as shown by the
dotted lines in figure la. The minority carrier density
gradients increase near the junction and tend to cause an
increase of diffusion current toward the junction. The
transient-radiation-induced minority carriers which are
within about one diffusion length of the junction reach the
junction before recombining and form part of the radiation
pulse current. However, most of the minority carriers
further than about one diffusion length away recombine before
reaching the junction and do not contribute to the current.

This component of current which does reach the junction is
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Figure 1. Approximate Minority and Majority Carrier
Densities in a p-n Diode Before and
Immediately after Irradiation
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referred to as the diffusion or delayed photocurrent
response. It is délayed in time because of the time required
for it to diffuse to the junction. The total effect,
including both the diffusion and the depletion ccomponents of
radiation-induced ~currents, is a pulse oflcurrent in the
direction of the leakage current in the reverse-biased diode.

For a forward-biased junction, the transient photo-
current is relatively small and is opposite in direction to
the normal forward current flow. For most approximate
analyses, the transient photcsurrent response of a forward-
biased junction can be ignored.

Assume that the ohmic contacts are located more than
several diffusion lengths from the actual junction and that
the junction is subjected to a rectangular pulse of ionizing
gamma irradiation. Let Ipp(t) be the resulting transient
primary photocurrent response for a reverse-biased diode.

A derivation of the expression for Ipp(t) is given in

several reports (references 5, 7, 8, 9). The result is

I (t) = aagl(w, + /D _T_ erf JE/7_+ Jo T et ~/t7'rp) u(t)

(W, + ,/ﬁnfn erf ./lt—tOW'rn

+ BT ert JTEET7T)) u(t-t,)] (3)
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1 I {t) radiation-induced primary photocurrent,
E bp amperes

q = the electron charge, 1.6 x 10719 coulomd
2

1 A = junction area, cm

g = electron-hole pair generation rate,
pairs/sec-c

1 W, = depletion layer width, cm

Dn = diffusion constant for m1n0r1ty electrons
in the p-type material, cml/ysec
Tp = lifetime for the minority carrier holes in

the n-material, psec

r. = lifetime for the minority ‘carrier electrons
in the p-material, psec

D_ = diffusion constant for minority holes in the
n-type material, cmZ/sec

t) and} - unit step function started at t =0 and t = ¢t_,
respectively

X 2
erf x = 2 S e ™® ax
o

ﬁ

The width of the depletion region is a function of the
bias voltage (reference 5): thus, the depletion component of
photocurrent increases with applied reverse voltage. Thus, Ipp
is the sum of the depletion layer current (a function of voltage)
and the diffusion current. For a depletion current large with
respect to the diffusion current, Ipp is voltage sensitive.

Figure 2 is a plot of Ipp(t) for a p-n junction diode

and W, . Figure 2a is

for different relative values of Lp’ Ln'

a plot of an assumed rectangular pulse of radiation.

12
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Figure 2b shows the theoretical Ipp(t) associated with the
rectangular radiation pulse when Lp, Ln' and wt have about the
same values. In figure 2c, the diffusion component is shown

for Lp + Ln >> W In figure 2d, the depletion component is

£
shown for w,_ >> L, + L_.
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For many types cf junctions (especially the base-to-

collector junctions of an n-p-n transistor), the diffusion

length in the n-material is much longer than that in the

y 41
LS 6 oy

p-material. This is achieved by selective doping of the n-

versus the p-regions. For this case, L, << Lp and the equation

for Ipp reduces to
: I o(t) = aagl(w, + 1y erty t/1,) u(t)
- (w_ + L, erf V(t-to)/‘rp)u(t-to)] (4)

b. Transistors. The standard n-p-n transistor is

comprised of two back-to-back p-n junctions, with the
narrow p-region referred to as the base. The base-emitter
junction is normally forward biased and the collector-base
junction is usually cut off or reverse-biased. Most of
ng the considerations discussed for the p-n junction apply for
the transistor, with only slight modifications.

i A transient pulse of gamma radiation applied to a

g transistor will generate electron-hole pairs throughout the
semiconductor material. These excess carriers will drift

across the junctions and diffuse toward the junctions.

15




a) RAD!ATION i
PULSE

A

.
i e

1
PP b) L, L., and W,

P

are about the
same value

t =P

c) Lp + L'1 Is much

iarger than Ht

|
GRS GUESND GEENED P

d) Ht is much larger

: : = lpp(t) = qu\vIt Of_tf_to
| than L_ + L
P n

I
PP

T c—

Figure 2. Transient Radiation Response of a Typical

p-n Diode for Different Relative Values of

Lp, Ln' and Wt
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Just as for the p-n junction diode, a delayed component
results from the diffusion currents and a prompt current
results from the depletion layer components.

For discussion purposes, a biased transistor is shown
in figure 3, with the base lead open. Note that the
collector-base junction is reverse-biased. Electrons in the
base become part of the delayed current by diffusing to the
collector, leaving behind an excess positive charge in the
pase. Holes are also diffusing from the collector to the
base area. Thus, an excess of positive charge is developed
in the base region. The increase of positive charge in the
base region tends to push the emitter-base junction closer
toward forward biasing. This results in increased injection
of electrons from the emitter to the base region which are
available to diffuse to the collector-base junction. This
excess charge is then available to drift across the junction.
Thus, for a tramnsistor, the transient-radiation-induced
currents may increase by considerably more than just the
primary photocurrznt, Ipp. The transient current in excess
of the primary photocurrent is called the secondary photo-
current or transistor beta multiplied current. The injected
primary photccurrent carriers are essentially multiplied by
the current-gain factor of the transistor. This point
is clarified further in the n