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ELECTRIC FIELD STRENGTH DEPENDENCE OF SURFACE DAMAGE
IN OXIDE PASSIVATED SILICON PLANAR TRANSISTORS*

C. A. Goben and C. H. Irani

Departments of Electrical and Nuclear Engineering and Graduate Center for Materials Research™
University of Missouri - Rolla, Rolla, Missouri 65401

ABSTRACT

A dependence of surface degradation induced by ion-
izing radiation in matched oxide-passivated silicon planar
epitaxial transistors on junction fringing electric field
strength present during exposure is reported. The electric
field strength and gamma dose dependence are investigated
of the decrease in the forward current gain, hFE (as reflect-
ed by the increase in the surface recombination current com-
ponent), the increase in the surface recombination velocity
(as reflected by the increase in the reciprocal of the minority
carrier lifetime), and the increase in junction capacitance.
Empirical prediction equations have been derived, for
matched devices, correlating the normalized base current in-
crease and the normalized surface recombination velocity in-
crease with the average junction electric field strength pre-
sent during irradiation and the total gamma dose. The ion-
izing radiation induced surface recombination and surface
channel components are analyzed from a study of the recipro-
cal slope term, '"n", obtained from forward and inverse con-
figuration current-voltage data.

INTRODUCTION

Experimental and theoretical investigations have
established that the response of silicon planar tranf_igwrs to
ionizing radiation varies with the initial conditions™ “ at the
§i-810, interface and the junction bias4~6 applied during ir-
radiation. Several mechanisms for surface degradation at
the Si-SiO, interface have been postulated. 57 The degra-
dation in s%licon surface properties is manifested by the en-
hancement, depletion, or inversion of silicon surfaces
caused by the accumulation of space-charge in the 810, layer
above the Si surface resultln% in changes in the surface po-
tential of the semiconductor. 311 In addition, the accumu-
lation of fast surface states alters elguri‘gace recombination
velocity in the p-n junction region. "’ ™’

The two base current components induced by ionizing
radiation, which can dominate h_, ., at low currents, are the
surface space-charge region recombination current, Isre
and the surface channel current, ICH'5’ 14 ISR results
from recombination in the emitter-base space-charge region
of injected carriers from the base and emitter. This pro-
cess takes place in the space-charge region at the Si-SiO
interface where a high concentration of recombination centers
exists. The resultant current component varies with emitter-
base forward bias voltage as exp(qVy /nkT) where (1.5 < n
< 2). 14 gurface channel formation takes place when the oxide
space charge above the silicon is of sufficient magnitude to
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cause inversion of the silicon under the Si--SiO2 interface.
When the p-type base of an n-p-n transistor is inverted near
the p-n junction, a channel is formed that appears as an ex-
tension of the n-side of the junction over the surface of the
p-side. This increase in junction area results in the increase
in junction capacitance. The surface channel component of
current, I ..., also varies with forward voltage as exp(qVBE/
pkT). For CH’ however, the exponential slope constant, n,
generally ranges from 2 to 4, 1-8
Although previous investigators observed surface
degradation to follow a general trend, they were unable to ob~
tain definite relations for predicting the changes in the para-
meters affected by surface damage. In this work certain nor-
malization procedures are developed for device parameters
which are then used to obtain a prediction technique for sur-
face damage. This paper examines in detail the effects of the
fringing junction electric field strength (parallel to the sur-
face) at the emitter-base and collector-base junction on sur-
face degradation, and the feasibility of correlating the change
in transistor parameters (surface base current component,
minority carrier liftime, and junction capacitance) to the
strength of the fringing electric field at the junction and to
the total gamma dose for matched devices.

EXPERIMENTAL PROCEDURE

In this study, groups of matched devices with varying
biases (both forward and reverse) applied to the emitter-
base and collector-base junctions were exposed to ionizing
radiation to examine the electric field strength dependence of
surface damage. The devices were fabricated by Texas In-
struments from the same wafer and in the same diffusion run.,
Devices from the same batch were screened in order to
"match' them. These "matched" devices were selected such
that the initial I-V, C-V, and lifetime characteristics were
within +5% of each other. The University of Missouri -
Columbia Co-60 source (5000 Curie strength) was used to ir-
radiate the devices, which were enclosed in an aluminum
chamber. The devices \gere irradiated in seven steps up to
a total dose of 3.70 x 10" rads (Si) with transistor parameter
measurements made after each step.

Current-voltage characteristics for the test devices
before and after irradiation were measured and recorded by
an Automatic Data Acquisition System, 15 with an overall ab-
solute accuracy of +1% of readinf and a precision of +0.3%
of reading in the range from 10~ 0 amperes to 2 x 1071 am-
peres (over 9 decades). The junction capacitance measure-
ments were made on a Micro-Instruments Digital Capaci-
tance Testerl® and were corrected for socket and header
capacitances. The measurement frequency is 1 MHz, Mi-
nority carrier lifetime measurements were obtained using
a Tektronix Type 555 oscilloscope with a Type S recovery
time plug-in unit. 17 During all measurements, the devices
were kept at room temperature (27°C £0,1°C) in a Delta
Design MK2310 Temperature Control Chamber.
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FIELD STRENGTH DEPENDENCE OF
SURFACE LEAKAGE CURRENTS

One group of matched devices had their emitter-base
junctions biased differently during exposure to produced dif-
ferent average electric field strengths at the junction (paral-
lel to the surface). The average electric field strength was
calculated by dividing the total voltage at the junction (built-
in potential, V-, and applied voltage, Vg) by the width of the
space-charge region during irradiation. An applied bias of
3.0 volts reverse corresponded to a field strength of 1,26 x
10% V/cm. With zero volts bias the field strength was calcu-
lated to be 4,61 x 10~ V/cm, and a 0.5 volts forward bias
corresponded to a field strength of 2.7 x 10% V/cm. It should
be noted that in MOS devices the electric field is normal to
the Si—SiOz interface and can be made zero or negative, but
this is not possible in bipolar devices where the field is par-
allel to the interface (the electric field extends from the n-
type to the p-type side of the junction).

For comparison of devices with different initial inter-
face state densities, it was found necessary to normalize the
observed increase in the surface current component by di-
viding by the pre-irradiation base current, Igg. Table I and
Table II list the normalized increases in base current (for-
ward measurement configuration) for gamma dose levels
from 1.12 x 10% to 1,85 x 106 rads (Si) for the various biases
applied at the emitter-base (Table I) and collector-base junc-
tions (Table II) during irradiation. Figure 1 is a plot of the
normalized increase in base current, Alg, as a function of
total gamma dose, ¥ with average junction electric field
strength present during exposure as a parameter. The curves
A, B, and C (data from Table I) for which only the emitter-
base junction was biased during exposure can be described
by an equation of the form,

@

AIB (VBE’ EI" Y)
=K (E) - {1-exp [ (E) vy},

'50VBE

where the damage saturation parameter, Kg, and the surface
damage introduction rate parameter, o, are explicitly func-
tions of the average junction electric field strength during ir-
radiation, E,.. The rate of surface damage introduction and
the damage saturation parameter (saturation occurs at ap-
proximately 108 rads (Si)) are both observed to be increasing
functions of the average junction electric field strength pre-
sent during exposure. The dependence of o and Kg on the
average electric field strength is given by the expressions,

0.42

n
K (E)=K, - E =019 - E', 2

and

4 5
» (E,) = [I+E /E 7/y_=[1+E /9.0x1071/6.0x10°. (3)

The solid lines (A, B, C) in Figure 1 are plots of Equation (1),
and good agreement with the experimental data is noted.
Curves D and E in Figure 1 (data from Table II) are
typical plots of the normalized increase in the base current
versus gamma dose for similar devices with only the col-
lector-base junction biased during exposure to 3.0 volts re-
verse (Curve D) and 0.5 volts forward (Curve E). It is in-
teresting to note that biasing the collector-base junction dur-
ing exposure affects the emitter-base junction. The satura-
tion value of the surface leakage current for the unbiased
emitter-base junction is greater for a reverse bias on the col-
lector-base junction (Curve D) than for both junctions
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unbiased (Curve B). It is important to note that a fringing
electric field exists for the unbiased junction as a result of
the built-in potential,Vp. The saturation value of the emitter-
base surface leakage current for forward biased collector-
base junction (Curve E) is less than for both junctions unbi-
ased (Curve B). This can be explained on the basis that a bias
on the collector-base junction has the effect of biasing the
emitter-base junction to maintain zero current at the open
emitter contact,

MINORITY CARRIER LIFETIME MEASUREMENTS

The gamma induced interface states at the intersection
of the space-charge region with the SiOg passivating layer act
as recombination centers for minority carriers thus increas-
ing the surface recombination velocity. 7,12,13 The effect of
the junction electric field strength on the degradation of the
minority carrier lifetime was investigated by plotting
(1/-,-B -1/ T,) versus the total gamma dose in Figure 2 where
7o and 1, are the pre-irradiation and post-irradiation mi-
nority carrier lifetimes, respectively, The form of the
curves can be written as:

(/rg=L/r) =K (E)* {l-exp[w (E) - ¥ 7). @

The lifetime saturation parameter, K , can be expressed as
T

0.68

m
K"r (Er)_ KTO Er =95,5"° Er , (5)
and the lifetime damage introduction rate is given by
5 5
=[1+E /E = 1+E /9.5x10 1.5x10° , 6
o, (E )= [WE /E 1/y =vE 1/ (6)

The similarity of the forms of Equations (1) and (4)
indicates that the degradation of the surface minority carrier
lifetime follows a trend similar to the normalized base cur-
rent increase. This is to be expected since the increase in
surface leakage current is directly related to the increase in
the reciprocal of the minority carrier lifetime.

It should be emphasized that E_ is the average fringing
electric field strength at the junction ing exposure and is
parallel to the Si-SiOg interface. For the matched devices
used in these investigations,the die is bonded to the header
and hence the collector lead is in contact with the encapsula-
ting metal can which is Ng filled. An electric field exists
between the can and the base and emitter regions of the de-
vice die in a direction normal to the Si-SiO, interface as a
result of the potential difference between the can and the die
and is in a direction to attract ions to the surface, Calcula-
tions indicate that this normal electric field is too weak to
effect the buildup of surface states. In order to show experi-
mentally that the effect of the potential between the metal can
and die had a negligible effect on the transistor parameters
studied,a set of experiments were conducted with devices
whose leads were insulated from the encapsulating can.
Biases ranging from 0 to 30 volts were applied between the
metal can and Si die during exposure and devices were ir-
radiated to a gamma dose of 1 x 106 rads (Si). The normal-
ized base current increase (Alg/Ipp) Was computed for the
devices (measured for both the emitter-base and the collect-
or-base junction) and the results showed negligible difference
in the surface damage at the emitter-base junction (as indi-
cated by the emitter-base junction current data) and collect-
or-base junction (as indicated by the collector-base junction
current data) for devices with various biases applied between
can and die. No measureable difference in degradation was
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observed between devices which had a can to die bias of zero
volts and 30 volts. These results clearly indicate that the
buildup of interface states in passivated bipolar transistors
is strongly dependent on the electric field parallel to the Si-
SiOg interface, while the effect of the electric field normal to
the Si-SiOg interface (and the N3 environment)4 is negligible.
This situation is opposite to that found for MOSFET's and
can be explained on the basis that the magnitude of the per-
pendicular electric field strength is very much less for the
case of the bipolar device than that for the case of the
MOSFET.

Interestingly,the curves in Figures 1 and 2 for bipolar
transistors are similar to the curves obtained by Mitchel110
(his Figures 8 and 9) for MOSFETdevices. Both the in-
crease in the Igpg current component (Figure 1) and surface
recombination velocity (Figure 2) are caused by an increase
in the density of electron states located within the silicon for-
bidden gap at the SiOg interface. The voltage shift, AV, ob-
served by Mitchel110 (his Figures 8 and 9) is caused by
charge buildup in the 8iOy and is an increasing function of
both positive and negative gate biases applied during irradia-
tion, It can be noted from the similarity of the two sets of
curves that the buildup of interface states and fixed charge
follow a similar trend with electric field/bias and dose, al-
though no immediate correlation between the two can be ob-
tained, This is expected because of the differences between
interface states and fixed charge states. Moreover, a con-
stant gate bias on an MOS device does not correspond to a
constant electric field strength because of the densification?
of the silicon-dioxide caused by the modification in structure
of the 8i0,.

SURFACE CURRENT COMPONENTS

Degradation of transistor current gain caused by ion-
izing radiation is attributed to two base current components,
the surface recombination base current component, Igrg.,
and the surface channel base current component, Icy, which
can be identified by the reciprocal slope term, n, in the ex-
pression Ig(y)=C: exp (qVBE/ nkT), where n < 2 for Igrg and
n> 2 for Icys™? This method, however, does not quanti-
tatively identify the two components but instead determines
which of the two currents is dominant, The dominance of
Igrg or Icy causing hpg degradation varies with the total ac-
cumulated dose, the magnitude and polarity of bias during
irradiation and dopant concentrations at the Si-SiOy interface.

Figure 3 is a plot of the current-voltage characteris-
tics of test device #21 (EB reverse biased to 3.0 volts during
irradiation) with gamma dose as a parameter to saturation.
The reciprocal slope term ''n" is seen to increase from 1,4
before irradiation to 2. 25 at a saturation dose level of 10
rads (Si). Interestingly, ''n'" is constant at low and moderate
current levels, At higher current levels ''n'" is observed to
decrease slightly as would be expected from the increased

recombination in the bulk base region at higher current levels.

To study the surface degradation at the collector-base junc-
tion, current-voltage characteristics were taken with the de~
vice operating in the inverse configuration. When operating
a transistor in the inverse configuration (i.e., with the e-
mitter functioning as a collector and the collector functioning
as an emitter) it is possible to study the surface damage at
the collector-base junction, as reflected by the increase in
the surface channel base current component, I~;;,. Figure 4
is a plot of the I-V characteristics of device #23 (CB reverse
biased to 3.0 volts during irradiation) with gamma dose as a
parameter, The '"n'"' term increases very rapidly from 1. 23
before irradiation to 7.4 at saturation doses. Note that "
is observed to decrease at higher measurement currents
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although it still maintains a value greater than 2, indicating
that although the Icy current component is dominant, the con-
tribution of the surface recombination current and the bulk
base region recombination current cannot be neglected.

JUNCTION CAPACITANCE AND SURFACE
CHANNEL FORMATION

Emitter-base and collector-base junction capacitance
measurements were made on the same group of devices at various
dose levels to study surface channel formation, The normal-
ized junction capacitances at zero bias for the emitter-base
and collector-base junctions for various junction biases applied
during irradiation are tabulated in Tables III(a) and III(b).

Data from Table III(a) indicate that the variation in junction
capacitance at the emitter-base junction is negligible (smaller
than the experimental error of the measurement system) for
all the devices with emitter-base and collector-base junctions
biased during irradiation. This is to be expected since the
surface of the p-type base at the emitter-base junction is
more heavily doped than the surface of the p-type base at the
collector-base junction (because of diffusion under the oxide
during fabrication). Hence inversion and channel formation
on the p-type base surface are restricted at the emitter-

base junction. This is an important criterion in the fabrica-
tion of ionizing radiation tolerant devices. 18 4 very limited
extent of channel formation at the base side of the emitter-
base junction at higher doses was observed as reflected by

an n value of 2.2 at saturation doses discussed earlier.

Table III(b) lists the normalized collector-base capa-
citance data, C(y)/C(0), for different bias conditions. The
extent of channel formation is most marked for the reverse
biased collector-base junction (#23, maximum electric field
strength), The reverse biased emitter-base junction causes
a channel to form on the surface of the p-type base at the col-
lector-base junction indicating that a reverse bias applied to
the emitter-base junction has the effect of reverse biasing the
collector-base junction. The channel is observed to recede at
higher doses.

Figure 5 shows the structure of the test devices used in
this work, The maximum distance the junction can extend in-
to the p~type base by channeling (at the collector-base junction)
is 20 j m since it cannot extend across the metal contact.

Thus the maximum increment of junction area caused by exten-
sion of the junction into the p~type base region would be

8

2
AA cm

m

- TL rs1% - 195177 x 10

The total maximum junction capacitance after the extension of
the junction into the base side would bel®

7.5
- €A | T max
Cralnm™x " x g
m c
where,
AC = maximum increment in junction capacitance
max X
caused by channel formation,
X = width of the collector-base space-charge
region in the bulk material,
X =width of the space-charge region below the
channel,
A = initial area of collector-base junction,
AA ‘= maximum increase in area caused by chan-

max nel formation,

If we assume xp, = x, (which is not correct, as will be
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discussed below in conjunction with the calculation of numeri-
cal values for x and xm) then the total observed junction
capacitance could be expressed as

c(A+AA_ )
C+ AC - max (8)
max X
m
from which,
A+AAmax ) C+Acmax s ©)
A C
where,
A+ AAmax

ry =1+ .32 =1,32 (for the device in Figure 5).

For a typical device (collector-base junction reverse
biased to 3.0 volts during irradiation), the observed maxi-
mum increment incapacitance was givenby a AC =17.74 so
that, max

C+AChax AL
C T 76,32

=1+ 1,22 =2,22,

It can be seen that the increment in the junction capacitance
(caused by channeling) would be much greater than that al-
lowable by the area increase alone under the SiO,, passivation
on the p-type base. In the present situation, it was assumed
that = Xo3 however, this assumption is not valid since ex~
perimental data would require channel lengths longer than the
physical dimension of the device geometry. The depletion
layer width at the surface, calculated from the expression
ACmax= €eAAmax/ %, is found to be x, = 1.81 x 107 cm.

By comparison, the depletion layer width in the bulk is x =
4.5x 1075 cm. Note that X. is only slightly more than one-
third of . The narrowing of the depletion layer width, par-
allel to the surface, as shown in Figure 6, could be explained
if one visualizes that inversion of Si under the SiOg layer
causes the concentration of the average negative charge to ex~
ceed the acceptor atom concentration, Np (Np > Np), at the
surface of the base at the collector-base junction. Assuming
uniform concentration, the average negative charge concen-
tration in the channel at saturation is calculated to be 3, 7x1016
/ em3. This is approximately 3 times the donor atom concen-
tration in the collector substrate and hence accounts for the
narrower depletion layer width below the channel, relative to
the width in the bulk, Figure 6 gives the steps in formation
of channel by ionizing radiation.

DISCUSSION

Although previous investigaltorsl_11 observed surface
degradation to follow a general trend, they were unable to ob-
tain definite relations for predicting the changes in the para-
meters affected by surface damage. I this work empirical
prediction equations have been developed from correlations
of the normalized increase in the surface base current and
the increase in the reciprocal of the minority carrier life-
time with the total gamma dose and with the average junction
electric field strength during irradiation. The similarity of
the forms of Equations (1) and (2) indicates that the degrada-
tion of the surface minority carrier lifetime follows a trend
similar to the normalized base current increase. This
should be expected since interface states act as recombination
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centers for the minority carriers, thus increasing the surface
recombination base current component, ISRG’ because of tn-
creased surface recombination velocity.

The effect of biasing the collector-base junction on the
degradation at the emitter-base junction was investigated,
The curves (D and E) in Figure 1 indicate that the saturation
value of the normalized surface current at the emitter-base
junction is the greatest for the reverse biased collector-base
junction (Curve D) and least in the case of the forward biased
collector-base junction (Curve E). Similar results have been
reported by Nelson and Sweet, 5 although no explanation was
given for the effect of collector-base biasing on the degrada-~
tion of the emitter efficiency. These results are explained on
the basis that a reverse biased collector-base junction has
the effect of reverse biasing the emitter-base junction, and a
forward biased collector-base junction has the effect of for-
ward biasing the emitter-base junction to maintain zero cur-
rent at the open contact, Similar results have been obtained
from capacitance-voltage data in this investigation, A reverse
bias on the emitter-base junction causes the collector-base
junction to be reverse biased, enhancing channel formation
at that junction,

The electric field strength dependence of the increase
in surface recombination velocity at the emitter-base junc-
tion can be accounted for by either of two processes: (1) an
introduction of new interface (fast) states (surface states
which can exchange charge rapidly with the bulk silicon), or
(2) a change in surface potential leading to an increased sur-
face~-recombination rate at the interface states already there.
The latter effect can be achieved by a buildup of fixed charge
in the oxide (slow states, which cannot exchange charge
rapidly with the bulk silicon). Charge migration' in the SiOg
layer under theinfluence of junction fringing fields parallel to
the Si-SiOy interface explains the positive charge buildup in
the SiOg above the p-type base, resulting in depletion and sub-
sequent inversion of the Si (on the p-type base at the col-
lector-base junction), the charge buildup rate being an in-
creasing function of the fringing field strength. The surface
damage introduction rate, ,, and the damage saturation para-
meter, Kg, were observed to be increasing functions of the
field strength and an empirical fit has been obtained correla-
ting these parameters with the average field and the dose for
matched devices, It should be emphasized that the fringing
field, parallel to the surface, is the dominant cause of build-
up of surface states and the electrode nature of the can has
been found to be an insignificant cause of degradation in sili-
con passivated planar bipolar transistors. With the planar
bipolar devices used in this study, it was not possible to cal-
culate the initial surface state density directly and hence
the method of normalizing the surface base current increase
by the initial base current becomes essentialto compare
degradation in devices having varying initial interface state
densities,

The surface recombination generation current, Igpg
(as indicated by n < 2), is the dominant gamma induced cur-
rent component at the emitter-base junction and is observed to
be an increasing function of the average field strength and to-
tal gamma dose., The surface channel current component,
Icy (as indicated by n > 2),is the dominant form of degrada-
tion at the collector-base junction. This is further indicated
by the measureable increase in junction capacitance only at
the collector-base junction. The preferential channel for-
mation on the p-type base at the collector-base junction is at-
tributed to a lower dopant concentration at the surface (caused
by diffusion of impurity atoms under the oxide mask during
fabrication) resulting in easier inversion.
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Normalized base current increase at various gamma doses for devices with different

biased applied at the emitter-base junction during exposure.

Device #21
Total Gamma E =1, 26x105V/cm
A IB(‘Y)/ 1(0)
Dose Rads (Si) _
(Vgp=3:0V)
5
1.12x10 7.5
5
2, 24x10 15.2
5
3.36x10 18.2
5
6.72x10 23.0
6
1.01x10 25,5
6
1.34x10 25,2
6
1.85x10 26.1

22

Device #27 Device #08
Er:4' 61x104V/ cm Er=2' 71x104V/ cm
AL /T, ©0) AW/, 0
(VBE:O" ov) (VBE=+0. 5V)

3.5 2.7

7.9 7.2
11,5 9.2
16.9 12,5
18.4 13.9
17,2 15.0
17.4 15.8
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TABLE II. Normalized base current increase at various gamma doses for
devices with different biases applied at the collector-base junction
during exposure, *

Device #23 Device #19
Total Gamma Er=4' 9x104V/ cm Er=1. 2x103V/ cm
A
IB(‘Y)/ IB 0) ALB(‘)’)/ LB 0)
(Vg o=-8-0V) (VL =+0.5V)
5

1.12x10 16.0 0.23

2. 24X105 18.7 0.25

3. 36X105 18.9 0.37

6. 72x105 19.0 0.65

1, 01)(106 19.5 0.73

1. 34x106 19.6 1.86

1. 85}(106 19.8 1.84

*Note: Vpgg and Vg is the applied bias at the respective junctions during
irradiation. E_ is the average electric field strength at the junction
during irradiation.

TABLE IlI-a. Normalized emitter-base junction capacitance, C (y)/C (0),
for devices with various biases applied at the emitter-base
junction during irradiation.

Total Gamma Device #31 Device #27 Device #08
Dose rads (Si) Er=(\l, 2::_%(.)03{cm Er=(é Gii;]..gv\)l/cm Er=(‘2] 7i>:305¥{cm
BE BE BE

0 1.00 1.00 1.00
1.12x 105 0.97 0.97 0.97
2.24 x 10° 0.98 0.98 0.97
3.36 x 105 1.00 0.99 0.98
6.72 x 105 0.98 0.98 0.97
1.01 x 106 1.00 0.98 0.98
1.36 x 106 0.98 0.98 0.97
1.85 x 10° 1.00 0.98 0.98
2.36 x 106 1.00 0.98 0.99
3.03x 106 1.00 0.98 0.97
3.70 x 106 1.00 0.98 0.98

Note: Negligible change in the emitter-base junction capacitance was
observed for devices with the collector-base junction biased

during exposure.
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TABLE IlI-b. Normalized collector-base junction capacitance, C (y)/C (0), for devices with
various biases applied at the junctions during irradiation.

Total Gamma Device #21 Device #27 Device #08 Device #%3 Device §19
Dose rads (Si) Er=1.26x105 V/em E =4,61x10%V/cm E_=2. 71x104V/cm E =4.9x10"°V/cm E =1.2x10°V/em

r r r
e =| = . 23.0 V =+00 sv
(VBE 3.0V) (VBE 0.0V) (VBE~+0 5V) (VBC V) ( BC )
0 1.00 1.00 1.00 1.00 1.00
1.12 x 10° 1.07 0.99 0.98 1.09 0.98
2.24 x 105 1.07 1.00 1.00 1.08 0.99
3.36 x 10° 1.20 1.02 1.04 1.75 1.00
6.72 x 105 1.27 1.03 1.04 2.22 1.01
1.01x 106 1.25 1.04 1.04 2,22 1.01
1.34 x 106 1.22 1.04 1.04 2.21 1.01
1.85x 106 1.18 1.04 1.06 2. 20 1.01
2.36 x 10° 1.17 1.04 1.06 2.16 1.01
3.03x 106 1.13 1.04 1.07 2.14 1.02
3.70 x 106 1.12 1.04 1.07 2.11 1.02
28 Bias at va during irradiation.
Data taken at 500 mv. 4
| S
24 (A)
—-———— -
-
——>
20
(a)_/
S [ o
@
] (C)—/
z | (A): E_ = 1.26x10° v/em. (v, = -3.0 V)
o 12 ®): E_ = 4.6x10% v/em. (v, = 0.0 V)
©: E_ = 2.71x10% v/em. (v, = +0.5 V)
(D) : CB reverse biased (3.0 Vnlts)
8 during irradiation.
(E): CB forward biased (0.5 Volts)
during irradiation.
JHES e O -
—————— e m—"
———— Er: electric field strenqth_at the
emitter-base junction during
}!’tl iation.
0 [ - L A L
0 2 4 6 8 10 12 14 16 18 20

Total Gamma Dose rads(si)xlos

Fig. 1. Normalized base current increase
versus total gamma dose for devices
with varying junction electric
field strengths during irradiation.
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1073
-6
107 = v,-3.0 volts
circutt during
irradiation.

Iy (Amperes)

O Pre-irradiation
a vy = 1.12x105rads(s1)

1077
i s
oY = 2.24x10°rads (S1)
circuit during s
measurement. VY = 3.36x10"rads(S1)
0 Y = 6.72x103rads(s1)
; Fig. 5. The geometrical structure
nel.23 . .
of planar epitaxial tran-
sistors used in this work.
1078 1 1 1 s 1 '
0.3 0.35 0.4 0.45 0.5 0.55

Vae (Volts)

Fig. 4. Current versus voltage for device
# 23 at different dose levels with
the collector-base junction reverse
biased to 3.0 volts during irradiation.

Note distortion of scale
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Fig. 6. Steps in formation of channel by p v
ionizing radiation: n-type collector "
(8)

(A) Onset stage of channel formation.

(B) 1Intermediate stage of channel
formation.

(C) Saturation stage of channel n-type ..“t"z
formation.

< n-type collector

(c)
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