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Floyd R. Bryant Proton Irradlation Effects in MOS and Junction 1

ABSTRACT

Because of the application of field-effect transistors,
and integrated circuits in space electronic systems and
the fact that proton irradiation data at energies typical
of a space environment are not extensive, an experimental
evaluation of these devices has been conducted. The
important electrical parameters of these devices were
measured before, during, and after irradiation at the

Oak Ridge National Laboratory's 22-MeV cyclotron.

The results obtained from the MOS field-effect study show
that their degradation processes include that of charge
storage in the silicon dioxide insulating layer and
radiation-induced changes in surface states. MOS tran-
sistors have been found to degrade at orders of magnitude
less integrated proton flux than meny bipolar and junc-
tion fleld-effect transistors; therefore, for space
applications in radiation fields such as Van Allen Belts
and solar particle events, these devices may be subject
to serious radiation damage.

b))

The junction field-effect transistor displays a large v
initial spread in device irradiation response. *However,
it appears to possess a high degree of resistance to
proton irradiation.

The integrated circuits tested were of the monolithic type
and under proton irradiation displayed a large reduction
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of minority cerrier lifetime in the base region of the
eircuit transistors. Other less important defects are
reduction of free carrier concentration and reduction in
mobility. Important electrical parameters that are
affected by rediation are input threshold volteges, out-
put low level voltages, leakage currents, and transient
characteristics.

In conelusion, MOS field-effect transistors and integra-
ted circults dlspley significant deamage chavacteristics
when subjected to a space proton enviromment. It is
important thet these effects be considered when elec-
tronic circults are to be subjected to a space radistion
environment.

INTRODUCTION

Metal-~oxide-semiconductor and Junction field-effect transistors
and integrated clircuits are three electronic devices which have
characteristics that make them attractive for space applications.
The MOS-FET's provide ultrahlgh input impedance, wide cholce of bias
polarities for complementary loglc circultry, and good compatibillity
with microelectronic or integrated circult technology. The Junction
FET's possess high input impedance and low noise characteristics.
Both FET's are voltage amplifiers as contrasted to bipolar transis-
tors which are current amplifiers. Silicon integrated circults
provide small size and welght, low power requirements, and high
reliability.

The effects of the gpace radiation environment on the perform-
ance of these devices must be established before they can he used
with confidence in space electronic systems. From a radiation dam-
age point of view, junction and MOS-FET's, which are majority car-
rier devices, would be expected to possess a greater resistance to
radiation than bipolar transistors, which are minority carrier
devices, These expectations have been substantiated for the junc-

tion FET by :sork at the NASA Langley Research Center(l); however,

results reported elsewhere(g) indicate the MOS devices may be as
susceptible to damage as conventionsl bipolar trensistors.

Since most silicon integrated circuits employ bipoler transis-
tors, 1t would be expected that thelr radiation damage would be
dominated by the damage experienced by the individual transistors.
The complex nature of the ecircuits, the various coupling schemes,
and differences in manufacturing techniques, however, increase the
difficulty in predicting their response to radiation.

- Since data on proton ilrradiation effects in these three devices
N tPextensive, experimental studies were conducted by the NASA
4 Langley Research Center at the Oak Ridge National Laboratory's
22-MeV cyclotron. Small groups of Jjunction and MOS-FEI's and inte-
grated circuits were irradiated and changes in critical electrical
parsmeters measured. Analyses were performed to provide some
insight into the cause of the observed damage in each device. This
paper reports the results of this investigation.
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EXPERTMENTAL PROCEDURE

The three devices discussed in this report were hombarded with
22-MeV protons at the Oak Ridge National Laboratory 86-inch cyeclo-
The beam uniformity was improved by passing 1t through s
scattering foil and a one-half-inch-diameter collimator.
current was monitored with a specially designed thin window ion

tron.

¢hamber which had been callbrated with a Faraday cup.

The bean

A current

integrator monitored the ion chamber current giving a direct meas-
uve of integrated flux,

was about 109 protons/em?/sec.

The proton flux rate for these experiments

Measurements of the eritical electrical perameters were mede
before and after irradiation, and the devices were maintained at

room temperature during irradiation.

mental setup are described in reference 1.

RESULTS AND DISCUSSION

Junction Field-Effect Transistors

Details of a typical experi-

Test results for the silicon Junction £ield-effect transistors

are briefly summarized in table I.

The teble gives the integreted

proton flux range necessary to cause 30-percent degradation to zero

gate drain current,

Ipgg, and zero gate transconductance,
for the FET's after bombardment by 22-MeV protons.

Zmo»

Thirty-percent

degradation wes not alweys achieved and the exceptions are noted in
the table.

TABLE I.

BRIEF SUMMARY OF 22-MeV PROTON IRRADIATIONS

Proton flux necessary

Proton flux necessary

i - egradat t e ) egradntion at

ime | oo coune 308 degredatior | | R0 e, |0, couse 0% segmadagton | UECLLIO %
2N3067 3.4 £ 1.6 x 1012 30 b5 & 2,5 x 1012 30
2N33%66 8 x 1012 10 to 30 7 x 1012 5 to 20
oN23kh 3,5 + 1.5 x 1012 30 5.3 + 1.8 x 1012 30
2N3089 5.0 & 3.0 X 1012 30 L+ 3 x 1012 30
2N3070 5.8 £ 2,3 x 1012 30 5.8 £ 2.1 x 1012 30
2N%086 6.6 £ 1.4 x 1012 12 to 16 8 x 1012 8 to 12
2N3088 5.0 £ 2.0 x 1012 30 5.5 £ 2.5 X 1012 30
2N2497 2.3 % 1.0 x 1013 30 5.3 £ 0.2 x 1013 %0
2N3085 2 x 1013 10 to 15 2 x 1013 7 to 14

Comparison of the above data with that of reference 2 indicates

that
able

the radiation resistance of junction FET's is at least compsi-
to or better than most narrow-base minority carrier devices.

Spread exlsts among the responses of the.transistors of a par-
One cause of the transistor
response variations, which results in radiation response scatter
noted in many of the FET's, originates from unwanted impurities

ticular type to the dameging radiation.

remaining in the semiconductor material after fabrication.

The
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damage to the cxystal (earrier removel rate) 1o sencitive to these
impurities.

Three transistor types from the above taeble were examined in
sufficient detail to study the variation of drain current and
transconductance as functions of integrated proton flux based on a
carrier removal rate model. The expressions of drain current and
transconductance for the Junction fleld-effect transistor are more
readlly amenable to analysis 1f the gate to source voltage ic maln-

tained at a zero level. Two physical models(3’ui5) state that the
zero gate voltage drain current, Ipgg, is propertional to the car-
rier mobility, u, and varies as the square of the carrier concen-
tration. The zero gate voltage transconductance, gpq, varies as

the product of mobility and carrier concentration. These simplified
zero gate voltage equations are

Ipsg = O1un®, Bpo = Coun. (1)

Certain assumptions must still be made sboul the displacement parti-
cle dependence of carrier mobility and concentration.

The semipermanent damage induced in the bulk of a semiconductor
is in the rorm of lattice defects caused by the displacement of
atoms within the crystal., These defects Introduce energy levels in
the forbidden gap of the semiconductor which behave as donor and
acceptor states and recombination centers. Allowed energy levels
in the forbidden energy gap will alter the mobile carrier concentra-
tion and, depending on their charge state, function as scattering
centers reducing the carrier mobility.

A semiempirical relation(6:7;8) between carrier concentration
(or carrier charge density) and energetic particle flux is glven by

n = no + (dn/ag) ¢ (2)
where ng = initial carrier concentration
@ = integrated particle flux
(dn/d@)y = initial carrier removal rate.

The following restrictions are assumed: (1) the Fermi level does
not change its position in the forbidden energy gap as the concen-
tration of donor and acceptor defect levels increases and (2) the
semiconductor material is sufficiently thin that the energy of the
assumed monoenergetic radiation does not significantly degrade in
passing through since (dn/d@), is energy dependent.
However, the Fermi level will begin to shift under extended

particle bombardment with the changing conductivity in such a way to

ecrease the fractional filling of the pertinent acceptors or donors.
The carrier concentration then drops less rapidly than equation (2)
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t

indicates. The linear dependence of cerrier concentration on flux
sppears to hold well until conduetivities reach one-half thelr
initial values.

Since the carrier mobility degradation is usually osmall com-
pareill to carrler concentration decreases, equation (2) can be com-
bined with equetion (1) to yield the particle flux dependence of
the zero gate voltage drain current and transconductance

Ipss = Ipssy(L + 79)2 (3)

Bmo T gmoo(l + 7¢): (L)
where 7 = 1/no(dn/ag),.

Since 1t 1p expected that gy, should more closely follow a

linear varliation with flux than does drain current, a best linear
fit under least squares is first applied to the gpo versus
data. Types 2N3070 and 2N284k possess Bno Variations in reason-

able accord with the anticipated first-degree dependence, Unexpect-
edly, the drain current versus ¢ data of type 2N%067 also adapts
to & straight-line fit, The results are

8mo/Bmog = (1 - 0.148 x 10-13¢) - type 283070 (5)

8no/Bmog = 0-986(1 - 0.0737 x 10743¢) - type 2N28lk (6)

Ipss/Ipss, = 1.003(1 - 0.1859 x 10-13¢) -~ type 2N3067 (7)

where ¢ is in the units, protons/cm?. These equations are plotted
as solid lines in figures 1, 2, and 3.

The nurierical coefficients of flux in the above linear equa-
tions can he directly related to initial carrier removal rate.
Thus, without recourse to any device specifications, a rough com-
parison mey he made between material and ‘device carrier removal
rates. For the proton energy pertinent here, average initial car-
rier removal rates of -7.6 and -13 for 100-cm n- and p-type silicon,
respectively, have been observed., From equations (5) and (6), the
corresponding device rates for types 2N3070 {n-channel) and 2N284kL
(p-channel) are both -7.4 in reasonable agreement with the
10n-cm silicon.

Equations (3) and (4) indicate a square law dependence of drain

current on transconductance for the parametric variable, ¢, given
by ,

IDss(¢)/IDsso = [gmo(sﬁ)/gm%]e.
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Figure 4 shows logarithmic plots of transconductance as a function
of drain current for the transistor typec. The solld lines corre-
spond to the most probable linear adeptation of the data in the
logarithmic peale. Goud statlctical agreement holds for type 2N3070
and to a lecocer cxtent in types 2N284hk and 2N3067. The slopes of
these curves are:

L.27 - type 2N3070

I

1.60 - type 2N2844

= ko] -
I

1l

1.35 - type 2N3067.
Therefore, it is found that the exponent, 2, must be replaced with

an arbitrary constant to preserve the power lew nature of the Ipgg
and gme relationship which may be represented as

IDss(¢)/ Ipss, = “[%0(55)/%00} ﬂ:

where B seems to satisfy the inequality L < B <2 and o is
near wnlty.

MOS Field-Effect Transistors

The s=veral examples of the 22-MeV proton irradiations which
follow are not given as statistical averages of large numbers of
devices of the same type but rather single cases exemplary of the
different or contrasting behavior encountered. Among these are bhoch
experimental and commercially avallable transistors.

P-Channel Enhancement Unlts

Since p-channel enhancement-type MOS structures, whose char-
acteristics depend only slightly on carrier concentration, are found

{
to be more sensitive to radiation than most bipolar devices,\e) we
shall focus first on the experimental findings for this transistor.

Figure 5 shows a plot of pinch-off voltage as a function of
integrated proten flux (22 MeV) for a p-channel enhancement device
pr.ssessing an initial Vp = -).2 volts. The pinch-off voltage was

obtained by measuring the small signal conductance between the
source and drain for a range of gate-source voltages. The pinch-
off voltage increases negatively qulte rapidly in the early stages
of bombardment. For increasing integrated flux the rate of degrada-
tion decreases, and the rate tends to a constant value. This

behavior is similar to the neutron results of Messenger et al.(9)

A convenient schematic way of discussing this behavior is to
examine figure 6 which shows an energy band diagram of the MOS
structure in thermal equilibrium (no applied biases) prior to irra-
diation. This gives a qualitative picture of a practical p-channel
enhancement transistor. The silicon-dioxide layer is assumed to be
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equivalent to the vacuum {8105 1o not erystalline and exhiblts ne
energy band properties in the ususl senoe). Here, pe 1o aoocumed

to be o homogeneous charge distributien in the 5102 layer ao a
result of the ionlzing and dicplacement produeing radiation, and
Ogg; -is the net surface states charge density which 1o dependent on
the relative locotion of the Fermi potential to the eleectrootatic
potential of the . face, y; -~ @, For present purposec dgg 40
asocumed constant,

The pinch-off or turn-on conditicn is that point et whieh the
net space eharge reglon ceases to extend to the surfece snd an
inversion layer of opposite conduetivity to that of the substrate
beging to form. TFor open circult source and drain, a straightfor-
ward procedure in solving Polsson's equation combined with the
appropriate boundary conditions leads to an epproximate expresstion
for the pinch-off iltage

Vp = =C3po = Chogs * f(lND"' - NA"‘): (8)

where Cz and Cj >0 and f(lND* - NA"|> 16 a function of the
net ionized donor and accepbor charge density.

The second term in equation (8) indicates that the pinch-off
voltage is proportional to the surface charge (ogg) and takes on

negative values for a positive charge density. The proton bombard.
ments can effect chenges in the number of surface states and a
redigtribution in thelr densities as a function of energy in the
forbidden gap. An exaggrreted example is given in the plot of den-
sity of states versus energy given in figure 7. Comparing this dis-
tribution with the unirradieted density distribution, notice the
increased area under the density curve corresponding to a greaber
number of states and the reshaping of the density leading to peaks
at different energies. As shown in the figure, there are more
states with energies above the Ferml level than the unirradiated
case. This leads to a greater positive suxface charge and more HroH-
nounced bending of the bands and finslly & negetive increase in
pinch-off wvoltage.

Another and perhaps the most important mechanism contributing
to the pinch-off voltage is the presence of mobile ions (temperatiure
dependent concentration and mobility) in the S10o layer. These ions

are reasoned(lo) to be negatively charged oxygen ions. They are
disassociated thermally from the oxide thus leaving a positively
charged oxygen vacancy site. The presence of a reducing agent such
as the metal of the gate electrode can remove some of the oxygen
ions thus disturbing the stoichiometric ratio of the Si0p, substan-
tially increasing the ion mobility, and finally resulting in a net
diffusion of the ions. This process may leave a net positive charge
density of oxygen vacancies in the oxide as shown in figure 6.
Electric fields in the oxide also contribute to the effect. It is
interesting to note that no negative charge density in Si0Op has been

observed. A net positive distribution of such ions in the oxide can
cause & further negative increase in ‘WP as seen from the first
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term of cquation (8). These ions in the oxide give rice %o mony ef
the temperature, biasing, and aging instabilitles in the MOS
deviees.,

Messenger et al.(g) have otudied the change in pinch-off volt-
age in p=-channel enhaneement Aevices under nonlonizing neutron bom-
bardments., They observed a net positive charge density in the
aieleetrie ond set forth a tentoetive hypothesis thoat oxygen vocon-
eles produced by displacement ore formed in the S5i0p. Theoe are

the same type positive lons mentioned previously which were exelted
thermally rather than by neutron collisions,

Twenty=-two MeV protons should generalsy have a greater eross
seetion for displacemen’. seattering than the reactor neutrons, We
thus expeet that the effeets of displacements in the oxlde will be
gignificant for the proton irradiations, Taking the positive charge

density hypothesis as the predominent demage mechaniom, 9 the char-
acteristic asymptotic appearence of Vp ao a function of integrated

flux 15 exploeined from two assumptions: (1) thaet the number of
positive charge centers created is proportional to integroted flux
and (2) the positive charge centers dissppear via recombination or
diffusion during the irradietion at a rate proportional to thelr
density.

A positive charge density in the dielectric, which would be
proportional to proton flux at small doses, glves rise to the steep
rote of change of Vp (fig., 5). The leveling or saturation eifect

at greater doses may well result from the rate of recombination or
diffusion of the proposed oxygen vacancles which is proportional to
the charge density present in the oxlde at a given instant. Finally,
the rather constant rate of negative increase observed at extended
integrated flux levels can be assoclated with the carrier concentra-
tion dependence of the third term of equation (8) for Vp.

The plausibility of the shape of figure 5 has been discussed
without mention of the second term of equation (8) wbich varies as
the net surface states charge density. The surface states energy
distribution and number are sensitive to the proton radiation. A
gaturation or steady state radiation environment configuration for
the surface states 1s aiso possible leading again to a constant
value of ogg and a degradation rate decrease.

Figure 8 gives a plot of normalized drain current as a function
of integrated flux for an experimental p-channel enhancement unit
possessing an initial pinch-off voltage of approximately -l volts.
These curves are interesting primarily because the drain current is
a more dlrect terminal electrical charaecteristic of the transistor
which in turn is dependent on pinch-off voitage and carrier

mobility(lo) from

Ip = -Ospp(Vgg - Vp)2. (9)
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Notice the rapld degradation rate of drain current in figure 8,
This MOS transistor is probably werthless ao o elreuit eomponent at

5 % 10% protons/em@ (a relatively low flux).

Figure 9 is & plot of the trancfer characteristies for the
some "experimentel transicter for the preirradiation conditdon,

¢ = 1011 protons/em?, ¢ = 2(10)12 protons/en@, and 2 months a.ser
irradistion at room temperature under no hiases, All curves appear
roughly square law (eq. (9)). Graphically, we £ind that Vp = =k,
-5.5, end -8 volts for the integrated fluxes ¢ = 0, 1 % 10+l, and
2 x 1012 protons/em?, respectively. The three curves possess very
pimiler slopes, where the slope is the transconductance ¢k

(eq. (10)) and differ in the horizontal transletion of thelr axes.

& = ~2C5u, (Vs - Vp) (10)

This implies that changes in mobllity are small relative to pinch-
off degradation as expected.

The curve for 2 months after irradiation has a slightly
increased slope contrary to what we know sbea: the small decrease
in mobllity and exhibits some annealing of pinch-oi " voltage to
Vp = =T.3V. The anneal directlon of the pinch-off voustage ig
expected slthough somewhat smell in megnitude, Thin extent of room
temperature annealing may correspond to the small rate of recombina-
tion or diffusion of the positive iong when the oxide is not being
exposed to the radiation field.

indicates that, during annealing st

Experimental evidence(lo> uring anne
elevated temperatures, the pinch-off voltage for MOS structures with
a pure S102 layer is very sensitive to the magnitude and polarity of
bias wvoltages applied across the oxide. Tor both p~ and n-type sil-
lecon substrates, the pinch-off voltage takes on sizable negative
values (much larger then the bias potential) when the gate is pnsi-
tive relative to the sillicon. In contrast, wunder rogative gate bias
Vp will chenge to a lesser extent but in i%e ovvonritc direction
toward a less negative value. These observatioss are explained by
the hypothesis that the oxygen lon motion is enha=ced by the applied
electric field. For p-channel enhancement cperation, increasing
negative gate bias should result in a decreased rate of change for
Vp. Contrary to this, 1t has been observed, in the 22-MeV proton
experiments and in the results of H. E. Wannamacher (CGoddard Space
Flight Center, unpublishked paper), that the rate of negative
increase in Vp is significantly increased due to negative biases
during irradiation. Thls behavior can be explained by a more
detailed model, which accounte for the diffusion of phosphorus into
the oxide to improve temperature and bias staebilities.

N-Channel Units

Figure 10 shows & plot of normselized drain current versus
integrated proton flux at several values of gate-source voltage for
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an n-channel depletion transistor. Notlce that for very early
fluxes the drain current more than doubles in magnitude, reaches g
maximum, and begins slow descent to a value lestc than the initisl
one, We attribute the rapid buildup of drain current to the much
discussed net positive charge dencity (inecluding oxygen vacaneles)
in the oxlde which induces correspondingly more electrons in the
channel and leads to a more negative value of pinch-off voltage.

The phenomens leading to the reduction rate mey have several
origins, These include: (1) The recombination rate (discussed
earlier) of the oxygen ions and oxygen vacancles increases puffi-
clently to give a leveling off of drain current (and Vp) wulch was
expected in ‘the experimental curves, This limits the inciease in
saturation drein current but cannot alone account for net decrease
in Ip. (2) The oxide could lose its abllity to support the charge

density if electric fields becsme strong. (3) Degradation in car-
rier mobllity occurs at these fluxes but is still small, say less
then 10 percent in the 1012 protons/em@ range. (4) A conditioning
c. the oxide under the combined 1lnfluence of the proton flux and
the negative gate bias possibly took place giving a permanently
lower magnitude of pinch-off voltage than the initial value (room
temperature annealing 1s discussed shortly). A closer tie-in with
the model for the p-channel device may give some explanation for
this effect but further analysis is required.

t would appeer unlikely that we get any net electron trapping
in the S102 since & net negative charge in the oxide has not been
observed under radlation and nonradiation enviromments. However,
110-keV X-ray bombardment of a similar unit prior to ‘the proton
exposure resulted in a twofold increase in drain current. There is
almost no possibility of displacement damage from these photons
(via Compton effect). It is clear that ionization phenomene play a
significant role in the damage process.

Room temperature é&nnealing for several days subsequent to the
X-ray exposure brought the drain current approximately back down to
its initial level. Several days after the proton exposure, there
was & further decrease in the drain current below the final proton
flux level. Little or no change 1in the next several months was
observed. This transient decay could well have been due to the
lengthened relaxation time of the vacancy annihilation process dils-
cussed earlier. There appears to be a permanent change (smaller
Vp) in pinch-off voltage for this type device. High-temperature

annealing studies were not made.

Ilgure 11 1s a plot of normalized drain current versus inte-
grated proton flux for several values of gate-source voltage of an
n-channel enhancement unit. For this device there is no apparent
initial increase in drain current as found in some n-channel units.
But the pinch-off voltage decreases, rather rapidly leveling off

near a flux of 8 x 10l1 protons/cm?. Changes in Ip past this
point are very small and are probably due to degradation in carrier
mobility. Apparently, the mechanism of net negative charge increase

in the oxide proceeds more rapidly than the positive charge buildup
from ion vacancies giving rise to the initial decrease and
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subsequent saturation characteristies. This behavior along with
that assoclpted with figure 11l is precently under study.

A number of n-channel devices possessing both depletion and
enhancement mode cepebilitles have been observed qualitatively for
the two gate bias polarities during proton bombardments. Indica-
tions are that for the enhancement mode (positive gate bias) the
rate of degr- " bion of Vp and hence Tp 1is more raplid than for
the depletic.. mode (negative gate bias) operation of the same
device. The positive cherge mechanism which affects device behavior
supports this trend in the same manner as discussed in connection
with ‘the p-channel transistors.

Integrated Clrcults

Thirteen groups of bistable multivibrators and NAND/NOR gates
representing verious coupling schemes (DL, RTL, RCTL, ECL, and
TTL), construction methods (triple-diffused planar and epitaxial
planar), and menufacturers were evaluated. Parameters which were
monitored included output logical levels, input and output leakage
currents, itput vhreshold volteges, input drive current require-
ments, output drive current capabilities, and transient character-
istics., Transistor cherachteristics and parameters of other individ-
ual elements, such as resistors, were measured where accessible.

The normalized gein, B/By, as a function of integrated flux,
is shown in figure 12 for several groups of transistors which were
accessible for individual characterization, To obtain a qualitative
pleture of the behavior of the transistors in a radiation environ-
ment, the simplified expression for Beta 1s given by

1/p = Xg/2Dgry,

where: Xp = transistor base thickness
Dp = diffusion constant in the base
TR = minority carrier lifetime in the base region.

As shown in the above equation, Beta is proportional to minority
carrier lifetime in the base region which in turn is a function of
integrated flux as shown by the expression

1/t = L[ty + K¢

where: T = effective minority carrier lifetime
To = Inltial
K = damage constant, dependent upon particle type, energy,

and material ,
integrated particle flux.

¢

The transistor in a monolithic microcircuit differs from its
conventional discrete counterpart in that it contains three junc-
tions and four semiconductor layers, whereas the discrete transistor

1l
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contains two Junctions and three semiconductor loyers. The fourth
layer of o monolithic device permits the existence of both NPN and
PNP transistors in the seme device. For instance, the substrate in
8 regular NPN transistor is uced ag the collector for the PNP tran-
sletor. This results in a low efficlency PNP device, Normalized
gain of a transistor of this type used in a modifled DIL NAND gate
is shown in figure 12. The modification conelsts of the use of
these low efficlency transistors in the input of the clrcults in
place of dlodes in order to reduce the input drive current require-
ment and incresse the fan-out capability. As shown in figure 12,
these low efficiency devices are much more susceptible to radiation
damage than the conventional diffused units. The greater demag: in
this unit was due to reduction in minority carrier lifetime in the
base region (collector of the NPN transistor) and operation at very

low emitter currents.(lg) The degradation of gain in this instance
resulted in an order of magnitude increase in drive current require-

ment at 2.4 X 1012 protons/cm?. The demage to the remeining tran-
slstors was atbtributed to the reduction of minority cerrier life-
time in the base regilons.

Table II is included to show the effects of radiation on a
typical RCTL NOR gate. These devices were irradiated to a total

integrated flux of 1.7 X 1013 protons/cm?. The curve in figure 12
indicates that there was a 91% loss in gain for the transistors of
this civeuit at 1015 protons/cm. An additional loss of 4% was
recorded at 1.7 X 1013 protons/eme.

The output saturation voltage, VCE(sat): increased by 272%.
This was attributed to decreased transistor gain end an increase in

emitter and collector series resistance. This relationship(l3) can
be written as

_ T A IC/BIQ>
VeE(sat) = q n 1+ (IC/IB)(l - i)

where o4 1s the inverse alpha of the transistor. For a transistor
with a 0.5 ohm-cm collector, oy i1s approximately O.1.

The collector series resistancey, rqp, can be siproximated by

Tan = Ped
5T o7,
where: p, = resistivity of the collector region
d = distance between the emitter edge and collector
contact edge
X¢ = thickness of collector region
T =1/2(1 + 1o)
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TABLE IT.

Proton Irradiation Effects in MOS snd Junction

CHANGES TN PARAMETERS OF A RCTL NOR GATE DUE TO BOMBARDMENT WITH

22-MeV PROIONS TO AN INTEGRATED FLUX OF 1.7 X 1015 PROTONG/CM?

Symbols Paramcter Average chaenges,
fy = 1.5 x 1012 protons/en® 50
B Transictor gain @ = L x 103 protons/en® -9L
¢t = LT X 1013 protons/cmﬁ =95
VoE(sat) Output saturation voltage 272
Input minimum | No load +208
Vmin(one) | Logical "one" Fon-out of 1 +206
Voltage Fan-out of 5 +287
Input maximum No load +184
Vnex(zero) | Logical "zero" Fan-out of 1 +165
Veltage Fan~out of 5 +09
I, Leakage Input No significant changes
Currents Output No significant changes
Ity Tnput drive current requirement -4
Tout Output driving current | Input = O volt +5 to 10
ou Capability Input = 0.5 volt +5 to 8
Ve Isolatlion diode
Forward voltage -9
Ry, load resistor +11
by Rise time
tg Storage time Nonconelusive results
tp Fall time Output pulses distorted
ta Delay tinme

15
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The collector series resistance in a monolithie microcircult is
greater then in its discrete counterpart due to the foct that the
collector contact is made on the top surface,

In some of the devices tested, the collector series resistance
was reduced by diffusion of & heavily doped reglon of the same
polarity as the collector between the epltaxial collector and the
substrate, This reglon has the effect of shunting the high resis-
tivity collector region thus reducing the series collector resist-
ance, Another advantege of this buried layer is that the resis-
tivity of the collector region near the base can be malntained at a
high level which results in low collector-base cepacitance.

Considersable changes were noted in the input minimum logizal
"one" and input maximum logical "zero" voltages at no load and fan-
out of one and fanout of five. These changes reflected decreased
transistor gain and increases in saburation voltage. Incresses in
VoE(sat) of one or more output transistors during ilrradiation can

cause fallure in digltal microcircuits by ralsing the loglcal output
voltages above the critical wvalues selected by design.

Input and output leakage current increases were insignificant
in this configuration; however, in other configurstions, leakage
currents increased two or three orders of magnitude. Leakage cur-
rents in silicon P-N junctions are partly attributed to the genera-
tion of charge from recombination centers within the depletion layer
of the Junction. Abnormally high leakage currents are most likely
to be caused by charge accumulation on or within the oxide passiva~-
tion leading to surface inversion layers.

The input driving current requirements, output driving current
capability, isolation diode forward voltage, and load resistanca
changes were not considered great enough to materially affect the
performance of the circuit.

The transient characteristics of the RCTL NOR gate, as indi-
cated in table II, could not be accurately measured at an integrated

flux of 1.7 X lO15 protons/cm? because of distortion in the output.

However, at a total flux of 10%0 protons/cm?, no significant changes
were recorded.

Figure 1% is a plot of the normalized transient characteristics
as & function of integrated proton flux for an RCTL flip-flop cir-
cult operating at a frequency of one MHZ. The time parameters, with
the exception of delay time, experienced considerable changes.

These parameters, primarily dependent upon output transistor char-
acteristics, reflected a large loss in gain, B. The delay time was
relatively unaffected, whereas rise and fall times increased 44% and
85%, respectively. Storage time decreased by 35%.

Rise and storage times are almost wholly dependent upon the
characteristics of the output transistors as shown by the

(14)

expressions

1
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1
L~ 0'9(Ics/ BfIB>

tp =7 In

2Dy I
'bsm'rln'r-—]-)-Bz-'-i—l-a-
X2 Los

I

saturation current
base drive current

where: Ipg
I8

Il

The switching process for fall time, tp, is simlilar to rise
time, except the active region is traversed in the reverse direc-
tion., ILoading effects are neglected in the expression for rise
time but must be taken into account in an expression for fall time
since the transistor represents a high impedance discharge path.

Delay time is dependent upon clrcult time constants preceding
the base of the output transistor and the threshold voltage of this
trensistor. Delay time, tg, comes about because of the reverse
bias on both emitter and collector Junctions when biased to an off
condition. As the effective base-emitter voltage, Vpm, goes from

VBE(off) to zero, the depletion layers of both junctions must

reduce in thickness. The delay time is the time required to charge
the Junction capacitance to the new voltage levels. These capac-~
itances are voltage dependent and should increase during this
process.

Figure 14 presents the input and output pulses of an RCTL RS
flip-flop before irradiation and at integrated proton fluxes of
1013 protons/cm® and 1.7 X 1015 protons/cm®. The circuit was trig-
gered at a frequency of 130 KHZ with 0.5 microsecond wide pulses.

The only significant change recorded at 102 protons/em? was & 100%
increase in rise time. This could be important in applications
where the output is used to drive other clrecuits requiring very fast

rise times, At 1.7 X 1013 protons/cm®, the circuit ceased to oper-
ate as a bistable device.

CONCLUSIONS

The results of the experimental tests have been presented for
each of the three classes of electronic components discussed in
this report. Conclusions derived from the results are as follows:

Junction FET's

The radiation resistance of Jjunction FET's were found to be at
least comparable to or better than most narrow-base minority car-
rier devices,

The zero gate transconductance of two of the three types of
junction FET's studied in detail was found to vary linearly with
proton flux as predicted. Unexpectedly, the zero gate drain current
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of the third type also varied linearly with proton flux resulting
in o nonlincar reletion for transcond .ectance.

The zero gete voltage drain curvent was found to have a power
law relation with trancconductance aid the exponent ranged from 1
to 1,6 instead of the quadratic depeidence predicted by the simple
theory.

MOS-1 [ ' 5

P-channel enhancement type MOS structures, whose characteris-
tiecs depend only slightly on carrier concentration, were found to
be more sensitive to radiation than most bipolar devices.

A net positive charge density in the oxide layer observed in
all p-channel and some n-channel devices is believed to be due to
positively charged oxygen-ion vacancles created through collisions
with the energetic particles,

In p-channel enhancement devices, the net oxide charge causes
the pinch-off voltage to take on successively more negative values,
thus degrading the drain current and transconductance.

For some n-channel enhancement-depletion devices, the same
negative increase in Vp occurs at eadly stages of bombardment.
The pinch-off voltege then reaches a maximum and begins to move
toward zero indicating eilther an increasing density of negative
charge in the oxide or on the surface. Finally, other n-channel
transistors showed no tendency for a negative increase in Vp but
rether toward zero. The causes for the n-channel behavior are not
clearly understood at this time.

L. tegrated Circuits

No particular type of construction, coupling scheme, or manu-
facturer's device was founa to be highly superior to another in
resistance to 22-MeV proton irradiation.

The predominant cause of fallure was found to be the degrade-
tion in transistor gein, which affects the performence of the micro-
circuits in numerous ways depending upoinn the particular clrcuit con-
figuration. Therefore, the use of transistors with the highest
frequency response (narrowest base) practical for the application
is recommended.

Rise time increased and storage time decreased with radiation.
Delay time and fall time increased with radiation in most instances.
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! —BEST ILINEAR FITI .
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FIGURE 3.~ NORMALIZED ZERO-GATE DRATIN CURRENT AS A FUNCTION OF
22-MeV PROTON FLUX FOR TRANSISTOR TYPE 2N3067 (n-CHANNEL).

13



" LNHNAYVENOE
NOIOYd ASH-CC Y04 HONVEONANOOSNVEL HLV)-09d7 (HZITINEON DOT

40 HOLIONNA V SV INIYUND NIVYA JLV5-0¥EZ QEZITTVWMON HOT =" HUNOTH

JONVIONANOISNYYL ILY9I-0¥3Z AIZITYWHON 90T
£~ ¢- - 0

| ]

h'g)

" IN34dNI N1VYa 31v9-043Z
A3Z1I'TVWHON 901




*THA-SOW TNAGIONVHNE THNNVHO-4 ¥od XNTd (ASH 22)
NOTOYd (EIVDALNT J0 NOILONAI ¥ SV HDVIIOA ALI0O-HONId -°G H¥NDIL

NEo\szomnm 33 X4 QILVY93INI

oy 9¢ ¢¢ 8 W 0 9T I 8 14 0
I _ _ _ _ [ _ | ! _

- 0°1-
0°Z- S110A
‘I9V1T10A
- 440-HONId




"NOTLVIGVHYT HY¥04Hd HEINLONYIS SOW J0 WYVYOVIAQ anvyg -- 9 HdNPTA

SALVIS 32Y4dNS 40 ALISNIG
——

0, .
d “‘ALISNIQ I9YVHI NOI

>S0 4SONOQ SY NMOHS) SILVLS IDV4HNS

A &
ib- =
oh——— = it = VI |\ g
YOLINANODIWAS o's | Tviw

ADYINT



*NOTIVIQVYNT ¥dLAY HYNIDNYIS SOW 40 WV¥HVIQ aQNVE - HUNdId

I . , . ,
0's NI ALISNIC I9¥VHO IAILISOd ~JAviS 30v4dNS 40°ALISNAC
SILYLS IDVAUNS .
R
e D B
o frm——————- ER
Y A -—-7 H= ® 8y
eFN - - } i
g9 / —==E2is
4IAYT NOILLYINWNOOV—

L
A9ddAN4
—~——

ST13AFT AQd3ANT 13344d
NOILYIQVY 4014333V ANY dONOQ



LANERL

"AG- = S0y any  ew 9°) = O
IHM € LEA-SOW INEWAONVENH TENNVHO-d ¥04 XNTd (ASH 22) Noxoud
CELVIDIINT 0 NOTIONNL V SV INARTND NIVYQ HZITVMON -°Q HuNpIdL

NEU\mzoSmn_ NHE XNTd (ILVYEIILINI

¢'1 01
m ]

7°

pr INFHAND
Nivdd
9 QIZITYWYON




, "AG- = STA NV Bw 9°) = OT HuHHM
‘THA-SOW INHWHONVENH THNNVHO- 404 (SNOTOMd ASH-22) EOHVIIOA
HOYNOS-HLYD 0 NOIZONNA V SV INEYYND NIVIQC CEZITVION -°6 SMNHId

SI10A “J9VLI0OA 30UN0S-ILY9
¢I- TI1- 01- 6- 8 /- 9- & p- ¢ 2 1- 0
v b

- Z

—p INFJIND
Nivid

g d3ZITYWYHON

g




'AG- = S0y @y ewm T°¢ = OF
HUEHM ‘THI-SOW NOIIHIJNQ 'TANNVHO-U ¥OL XNTA (ASH 22) NOTOud
CIIVEDEINT J0 NOTIONAZ V SV INMMND NIVMQ (HZTIVIKON -°0T TUNdIL

NEU\szomm 0T XN14 QILVY9IINI

¢l

9¢'s ¢ v 3 4 I I
ce ]

—_—— “

INFHANI
Nivdd
3Z1'TYWHON




LR R ISR e

‘M =50 any ewmo9g°T = °I
TUAHM ¢ THI-SOW INEWIONVHNE THENNVHO-U ¥0d X0Td (ASW 22) NOoToud
QHIVIDIINT J0 NOTIONNA V SV INMRBIND NIVIC GHZITVWEON -°TT H¥NDT

NEo\mzo.Ema 0T "XN14 Q3LYY9IINI

¢l

0 0°¢ 0°¢ 018 9 ¥ ¢ 0

INJHdN9d
NIvdd
Q3Z1TYWAON




*SHOLSTSNVIL
LINOYID CHLVYDHINT SNOTUVA ¥04 X0TA (ASW 22) NOIOYd THLVIDIINT

JO NOLIONOA V SV NIVD [INHIRIND YHELLIWH NOWWOD THZITVWEON - 2T H¥NOITA

NEU\mzo.Smn_ XNT4 qILVY¥93INI

chH N%H 33 32

| _ [

-V NIV9
INTYYNI
19  a3IZITywyoN

|
)

d3SN441@ JYNVId - 31¥9 ANVYN 114 —
@3SN441Q YVYNYId - 31V9 dON 110¥ v
TVIXV1LId3 4VYNVId - 31¥9 ¥ON 1031 O
1VIXV1ld3 dVYNVId - d01d-d1Td S O
TVIXV1Idd 4VYNVId - 31v9 ANVN 110

@3141doOW ©

O

T



S
} IWIL 39VY0IS

wu IWIL AvVT3Id

| awiL sty

" IWIL TIv4

AW ¢ =
ZHNT =

A9d3INT
[VERE!

dO1d-d 114 A-T
1194

X014 NOIOYd CHLVIDHINT
J0 NOTIONNA V SV SOILLSTYHIOVYVHD INHTSNVIL GIZITVWHON - ¢T HUnNdHITd

01

Nsa\ﬂa X SNOLOYd

8 9 v ¢

0

|

<&

O < oo

_ | _ _

by

SIWIL

IN3ISNVYL
A3ZITYWAON

8°T

0°¢



‘AlQ/SIT0A 07 - 30vydl WOLLOS
'AIQ/IT0A 0°T - 39Vl 401

TVI1LY3A
.>_o\uMm1 YA

TVINOZI1d0H
“J1VIS

.NEu.\a 29 - e

/4

[!4

A



	GeneralDisclaimer.pdf
	1968018166.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf


