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ABSTRACT

D meel

Results of investigations on the effects of nuclear radiation on semiconducior
materials. device surfaces, and devices are discussed.

Radiation damage in gallium phosphide was studiecd using electro- and cathodo-
! wninescence. Studies were aiso made of radiative and non-radiative recombination
rmvecharisms in various compound and elemental semiconductors. A non-radiative
auger-type mechanism observed at neutral defect centers appears to explain no'-
radintive lifetime degradation from both chemical and radiation damage defects.

The Fermi level dependence cf the ESR spectrum associated with the
phosplorus-vacancy complex was studied in eleciron-bombarded, phosphorus-doped
LGPE{ silicon. These studies confirm one¢ assumption that the Si-G8 {E) center is
not seen untii the Fermi level falls below E c—0.48 2V,

E(periments to determine the eiffects of device bias, {temperature, 2nd radia-
tion dost rate cn surface damage to MOS FET's showed qualitative agrezement with
a model of positive space charge buildup at traps in the devires’ SiO2 iayer. Pre-
liminary thermoluminescence studies {0 determine the source o1 «raps arz described.

Transient recovery phenomena in silicon devices after bursts of fast neutrons
were studied. A comparison with the cluster model for neutron damage implies
that transient recevery is an elecironic, not an atomic process. H:gh-injection-
leve! effects in irradiated transistors and PNPN devices are analyzed and ccmpared
with experimental results. Narrow-base PNPN devices are shcwn to be markedly
superior o transistors as power switches in a radiation environment.

iii
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EFFECTS OF RADIATION ON SEMICONDUCTOR MATERIALS AND DEVICES

1. INTRODUCTION

Studies under ihis coniract were carried out in three general areas:

1.

~

An investigation into the nature of radiation damage defects in elemental
and compouné semiconductors using clectron spin resonance (ESR) and
optical spectroscopy.

A summary of previous studies of radiation-induced surface effects in
semiconductor devices and a subsequent investigation into the nature of
surface charge buildup in irradiated planar silicon devices.

An investigation into the effects of fast neutron irradiation on state-of -
the-art silicon devices.

In fundamental studies of radiation-induced defects in cemiconductors, many

avenues of approach are possible through the variety of paysical tools which one

may select. The type of information that may be obtained depends to a considerable

extent on the initial selection. Two broad classifications may be distinguished:

1.

Techniques employing bulk electrical measurements, involving lifetime,
resistivity, Hall and thermal measurements. These give valuable in-
formation on macrorcopic parameters such as defect concentraticns,
minority carrier lifetime, and Fermi level location.

Microscopic techniques, such as electron spin resonance (ESR), photo-
conductivity, and optical flucrescence. These tend to give more detailed
atomic information.

Buik and atomic effects are closely interconnected; for instance, the Fermi level

plays a crucial role in the interpretation of ESR and optical data.

! Section I of this report contains a cescription of how ESR and optical tech-
niques were used in the fundamental study of defects in silicon and gallium phos-

phide {GaP). Where necessary, electrical measurements were used as a supple-

ment to these measurements. Although there is some degree of overlap in the

information which these two tools provide about the defect state, they are mostly

complementary. ESR provides information about the structure of the actual



defect level and optical techniques elucidate recombination mechanisms. While
ESR is a proven and estlablished tool in the investigation of radiation-induced eifects
in semiconductors, optical techniques have nct been widely employed.

In the optical swdies. electro- and cathedo-luminescent techniques have been
used to study the electronic effects of radiation-induced defects and radiative re-
combination mechanisms in several different semiconductors with principal! empha-
sis on GaP.

In the ESR studies, the production rate and dependence on Fermi leve) cf the
Si-G8 (E) center in phosphorus-doped LOPEX silicon has been carefully examined
in an attempt to clarifv the structure, charge state, energy level, and capture
cross sections of this center.

Section II of this report deals with the investigation of surface efiects in
semiconductor devices resulting from exposure to radiation. The first part of the
effort was spent preparing a summary of past work done in this area. The sum-
mary included a diccussion of the effects of 1adiation on both nonpassivated $i and
Ge devices and the more recent passivated Si planar devices. The current pro-
blem of space charge buildup in SiO2 passivation layers was treated in some detail.

After the completion of this summary, an experimental program was evolved
o investigate the effects of bias, temperature, and dose rate on the space charge
buildup using commercial MOS-FET's. Th2 results of these studies are com-

" pared with an analysic of a model for the charge buildup process which assumes

the trapping of radiation-produced roles.

Two other studies related to surface effects were also carried out. In one,
the thermoluminescence of irradiated 8102 layers was investigated to determine
whether more information could be obtained about the hole traps in the oxide. In
the other study, an attempt was made to investigate the effect of radiation on states
at a metal-semiconductor interface using Schottky barrier diodes.

Section I of this report is concerned with the effects of fast neutrons on
silicon devices. The principal effect of neutrons in most devices is lifetime de-
gradation. In some cases, the loss of majority carriers due to neutron bombard-
ment may aiso be a problem.

The first part of Section III is devoted to a study of short-time recovery of
lifetime degradation effects in silicon devices following a transient burst of fast
neutrons. In this study the implications of the clusler model for fast neutron
damage are discussed, and it is pointed cut that the large number of charges asso-
ciated with each cluster could explain the observed recovery effects. This possi-

bility is compared with the currently assumed model that recovery is due to short-
time annealing of neutron damage.



Botomnd

The second part of Sectior I is given over to a discussion of high-injcction
level effects in short-lifetime junction devices. In transistors ai high injection
levels, emission crowding efiects drastically limit the current- and power-
nhandling capabilities. The result of these effects on the saturatica behavior of
power switching transistors is discussed in detail in Attachment . Attachment II1
proposes a solution to the power limitations of trarsistors in a radiation environ-
ment by usimr PNPN devices. The radiation response of narrow base PNPN
structures ic compared to a simple device theory. Design criteria for radiation-
hardened PNPN and PIN devices are discussed.

in the last part of this section there is discussed the design and construction
of a logarithmic curve tracer for radiatiorn damage studies in silicon devices.

o
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I. STUDIES OF RADIATION EFFECTS ON MATERIALS

The work in this general arca was subdivided into rwo principal parts:
1. Optical studies in semiconductors, principally GaP.

2. Electron spin resonance (ESR) studies in phosphorus-deped LOPEX
silicon.

The optical studies in semiconductiors are reported in detail in Scientific Repori
No. 2.!* Ccnsequently, the discussion which follows will give only a summary of
that report. The ESR studies of LOPEX silicon performed under this contract
were discontinued in June 1966, so th~ results discussed below cover only work
done up to that time.

2. OPTICAL STUDIES

4. 1i'search Objectives

It was originally decided to devote macst of the effort to a study of radiation
damage in gellium phosphide, GaP, 2 material which promises to have important
device applications. The ready suppiy of GaP within Bell Teiephone Laboratories
and its efficient luminescence in the visible region made it a natural candidate for
radiation damage studies. The basic quantities to be obtained in the experiments
were the fluorescent spectra and lifetimes as a function of radiation damage. The
jormer give information about the densities of centers and their energy levels and
tae latter information on the kinetics of the recombination processes. The way the
program developed and was influenced by practical considerations are implicit in
the tollowing chronological outline of the phases of work.

1. Construction of experimental facility (October 1964 - February 1966).
2. Radiation damage in electroluminescent GaP {January - April 1965).

3. Radiation damage studies in GaP performed at BTL Murray Hill
{Aprii - September 1965).

4, Use of completed BTL Whippany facility to study general radiative recom-
bination mechanisms (February - Qctober 1966),

*References are listed on page 108.



The inftial phizse of 126 work involved the planning and beilding of the €lectron
spin resorance (ESRY, and ontical spectrometcrs, and Van e Graaff irradizticn
facilities. Before the installatinn of the Van e Graaff, gammz- and eleciron-
induced radiztion damage wws stuficd i GaP using the electran and gamma facili-
ties at BTL 3furra; Bill. Followirng the completion ¢f the facilities at BTL Whippary,
all further werk was periormed there. The latter work was centered upon stuidies
designed to lcad 10 2 more gererzal endersianding of the way mn which carriers re-
combine, both radiatively ané noaradiatively.

The foilcwing section contains 2 summary of the contenis of Scientific
Report No. 2 in which z detailed accoun: is gives of the 2ctual research underiaken.’

b. Summeary of Resclis

(11 Radiation Damage  rulfillment of the research objectives necessitaied

the building of a facilit -, shown in Fiqure 1. oy widch damage coulkd be introdaced
irto maierials at very low teraperateres and suitable excituiion couléd thereafter be

Figure 1. Van de Graaff Irradiation Facilities
at BTL Whippany Laboratory



zpplied o ihe samples to study the fivorescent properties. The Van de Graaff
accelerator shown in Figure 1 is capable of producing 409 kev electrons. A
switching mechanism and pulser was desigred, built, and incorporated into the
high~voltaze ferminal of the accelerator. This enabled a d-¢ beam (0 - 100ua) or

a pulsed beam (0 - 10 ma) to be selected. Besides specialized items such as the
electrosiatic deflection plates. focusing coii, and electron beam shutter. special
atieniior. was given (0 the pumping svstem, so that the dewar arii drift tube vacuums
coald te made contiguous. Ik this way samples could be excited while they are in the
liquid refrigerani. The optical detection system consists of a grating spectro-
metiar ané photomultiplier. the output of which can be used to obtain normal or
time-resolved specira and fluorescent lifetimes. The short cutoff time of the elec-
tron pulses enabled fluorescent lifetimes as low as 4 x 10'9 sec to be measured.

Radiation damnage produced ai 4°K by 460 kev electrons has been studied by
its effect on *he Si-S pair specira® in a crystal of GaP Pair spectra arise through
the recombination ~{ electrons and holes trapoed at associated, icnized donor-
acceplor pairs. It was fourd that ihe pair Enes. which characterize the discrete
separations between associated donor-accepior pairs, are uniformly attenuated in
intensity without brcadening or energy shifts. The measurements were accounted
for in terms of a simple theory which enabled two indeperdent and consistent
values tc b~ obtained for 7 N, the fractional production rate of nonradiative pairs.
Assuming an average threshold for displacement of 10 ev, the number of vacancy-
interstitial pairs in GaP per unit incident electron flux can be evaluated from the
work of Oen and Holmes.” It is concluded that if 2 damage defect (presumably the
phosphorous vacancy will be the most abundant) is formed within about 100 A of
the “center” of a pair, then the probability that it will "kill” the fluorescence
normally associated with the pair is near unity. The experimental facts are ac-
counted for by ascribing to the defect deep acceptor characteristics and by
roiing tha: the wave functions of neutral siiicon are very widespread. Therefore
the holes, which are initially captured by ionized silicon, can readily tunnel ts the
deep acceptor defect where they are tightly bound, thus preventing the production
of S-Zefect pair emission. The neutral cefect can then act as a center for efficient
nonradiative recombination through an Auger mechanism. The complete lack of
any fluorescence is in keeping with the observation that in GaP neutral acceptors
do not produce measurable fluorescence,

Insofar as carriers associated with radiation damage defects are nearly
always tightly bound. electron hole recombination at point defects will predominate
over recombination at associated impurity-defect or defect-defect type centers.
This is especially true for situations where low defect densities (~1017 cc) are in-
volved and for defect production at very low temperatures which prevent appreciable



diffusion and association in most semiconductors. However, many details of
carrier recombination at point defects were, and still are, unclear, especially
with respect to nonradiative decay mechkanisms and to the lifetimes of such pro-
cesses. In view of the general importance of these considerations in the general
discussion of radiatior defects in semiconductors, the authors were motivated to
undertake certain experiments designed 1o shed light on some of the existing un-
certainties. Because of the much higher level of understanding associated with
chemical impurities, as compared with damage defects, the former were chosen
for the study.

(2) Recombination Mechanisms. The kinetics of bound excition recombina-
tion at isoelectronic substituents™ were studied first. An isoelectronic trap° is

formed when a host atom is displaced by an impurity from the same group of the
Periodic Table. The electronegativity difference between the atoms creates an
energy state within the forbidden gap. Such centers are electrically neutral and
there are no weakly bound electrons prior to activation. The maierials studied
were GaP:N, GaP:Bi, ZnTe:0 and CdS:Te. *

At temperatures where no thermal quenching occurs, the fluorescent effi-
ciency at these centers is near 1C0 percent. The zero phonon line consists of a
doublet which arises from j-j couplingofaj =3 2 hole andaj = 1/2 electron
forming two states withJ = 1 and J = 2. At very low temperatures, the system is
constrained te radiate from the iowest energy state correspondirg toJ = 2, so that
\J - 2 transitions are involved. Such transitions are, to a certain extent, for-
bidden; the degree to which they are forbidden depends upon the mixing of the J =1
and J = 2 states. This in turn is dete~mined by the nature of the center, whether it
is an electron or hole trap.

Measurements of the fluorescent iifetimes as a function of temperature
enabled predictions as fo the nature of the traps to be verified and the oscillator
strengths and density of traps to be calculated. The latter valies compared well
with independent estimates of the density of traps. The thermai activation ener-
gies of both carriers were found to be quite similar in insulating crystals of GaP:N
and GaP:Bi, and they exhibhited a simple quenching behavior. A more complicated
situation arises in the crystais of CdS:Te and ZnTe:0 (n and p type respectively)
due to the incorporation of stochiometric defects. By chance it happens that Te in
CdS is a deep-hole trap and 0 in ZnTe is a deep-electron trap, so that the more
weakly bound majority carrier is ionized first in both cases, leaving behind a
charged center. A dynamic exchange of free and bound majority carriers occurs and

~The work on Cd3'Te was not funded under the present contract and will be reported
separately.’



has the eifect of greatly lengthening the fluorescent decay times withiout impairing
the efficiency. At higher temperatures, the fluorescence quenches with an activatien
energy corresponding to the loss of minority carriers.

In contrast to the above, exciton decay at neutral donors in silicon ard GaP®
was found to be very fast. and the principle of detailed balance could not relate
the measured concentration of centers and absorption cross section to the fluor-
escent lifetimes. The discrepancy for arsenic-doped silicon was about 80G0 and for
GaP:S about 700. The measured radiative efficiencies were also near the
inverse cof these numbers. Of the possibilities suggested (and formally discussed)
to resolve the difficulties, an Auger mechanism is the only one which entirely
satisfies the evidence. In this nonradiative mechanism, the exciton recombination
energy is given to the third weakly bound electron (or hole) which is ejected far
into the conduction (or valence) band. This mechanism is similar to internal
conversion and the calculation of the percentage number of internal conversion
electrons can be appropriately modified to estimate the ratio of radiative (o
nonradiative Auger transidons. The predicted values agree well with the dis-
crepancies between observed and calculated luminescent lifetimes and efficienc.es.

The very short fluorescent lifetimes and low efficiencies observed in GaP:Te
and GaP:Se’ can also be attributed to the occurrence of the Auger mechanism. The
high fluorescent efficiencies associated with ionized donor-acceptor pairs and
with isoelectronic centers can be explained by the absence of this Auger mechanism,
since there is nc loosely bouad third carrier to which the exciton energy can be

ransferred.

Although various Auger recombination mechanisms have been discussed in
the literature* they have seldom been invoked to explain experimental data, es-
pecially in radiation damage studies. Yet it is precisely in this field that such
mechanisms should play a prominent role because radiation defects energy levels
generally lie deep in the forbidden gaps so that the defects will generally be
neutral, favoring Auger recombination. It is felt that Auger recombinatim is a
much more natural explanation of nonradiative decay of electron-hole pairs than
the often invoked multiple phonon cascade process.'®

*A complete bibliography is contained in Scientific Report No. 2.
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3. ELECTRON SPIN RESONANCE STUDIES

a. Resonance Spec:irometer

As &' wn in Figure 1, the electron spin resonance (ESR) spectrometer is
integrated with the van de Graaff accelerator and the optical spectrometer in such
a way that low temperawre (< 4.2°K) irradiations could be carried out using the
EER dewar outside the magnet. After the irradiation, the dewar can be decoupled
from: the accelerator drift tube aid moved into its normal position within the mag-
net. Ultimately it is hoped that the eiectron beam can be brought through the
magnet pole faces and irradiations performed in-situ.

The ESR spectrometer is an X-band superheterodyne system. but it differs
from the conventional system in two respects:

i. The main kiystron is phase-locked to the 1100th to 1200th harmonic of
un 8-MHz crystal oscillator having a tuning range of 35 kHz.

2. The local oscillator. in furn, is phase-locked (slaved) to the main kly-
stron, using a 27-MHz crystal osciliator as the i-f reference.

Thus. excellent short- and long-term frequer:cy stability and phase coherence in
microwave and i-f channels were obtained. Moreover, once the harmonic number
had beer determined by means of a wavemeter, the microwave frequency could e
measured with an accuracy of 1 part in 106 by measuring the fundamenta’ fre-
quency of the 8-MHz crystal. Minimum detectable spins at 1.4°K have been deter-
mined to be less than 1011 using a powdered phosphorus-dopad silicon sample.
This is within a factor of 10 of the theoretical limit.

A microwave Tsz cavity assembly has been designed which allows samples
to be introduced and removed by means of lucite rods while the cavity remains at
liquid-helium temperatures. The cavity is made of gold-plated brass and has
0.010-inch wide stits on the side and bottom. These slits serve as both optical
windows and ports for electron beam irradiations. Stainless steel (0.0005-inch)
windows are soldered into the Dewar walls for electron-beam irradiations.

Samples used in this cavity are typically 1.2-inches long, 0.4-inch wide
and 0.030-inch thick. The sample is mouated on a copper block which minimizes
microwave leakage and serves as a heat sink. Resistivity and Hall coefficient are
measured for each sample by the Van der Pauw method using four Au-Sb leads
welded to the edges of the sample.

10
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b. Objectives

To put the initial objective of the ESR work into proper perspective, a review
of the state of afiairs when the program was undertaken is in order:

1. In phosphorus-doped float zone silicon the dominant ESR center de-
signated as Si-G8 (E) center was attributed to the phosphorus-vacancy

pair.ll,lZ’IJ

2. Electrical measurements on the same material indicated the presence
of a trap leve! or levels somewkhere between 0.38 and 0.47 eV below the

conduction band 1*'®

3  The concentration of the ESR center and the i{raps increased with the
phosphorus concentration, and in some isochronal annealing experi-
ments both disappeared at the same temperature of 150°C. Thus the
ESR center was believed to be associated with at least one of the trap
levels near E-0.4 eV."

4. Powever, discrepancies in other annealing experiments indiczted that
not ail c¢f the Ec'0'4 eV levels were directly related to the Si-G8 (E)
center.'®

The original task was, then, tc investigate the kinetics of the formation of
phosphorus-vacancy pairs, the Fermi-level dependence of their formation, and
the excess carrier capture cross-section of these deep trap levels. The measure-
ments were extended to the phosphorus concentrations in the range of 1016 to
1017 cm3, and the electrical and ESR data were carefully correlated.

c. Experimental Results

Using the above facility, ESR and electrical measurements have been made
on a variety of phosphorus-doped LOPEX silicon crystals with impurity concen-
trations in the range 1015 - 1017/ cm3. Eiectron irradiations with a 1 MeV Van de
Graaff (BTL, Murray Hill) and gamma irradiations using a Co60 Gammacell were
performed at room temperature.

In many of the samples (irradiated to a near-intrinsic level) a single iso-
tropic center was observed with a g = 2.0045 = 0, 0005 with a peak-to-peak line-
width of 5.5 gauss. This line is cbserved at 300, 77 and 4.2°K. No hyperfine
splitting was observed even at 4.2°K. None of the more than 20 centers in elec-
tron-irradiated silicon reported so far corresponds to this defect. The only com-
parable spectrum is one reported by Chen and Kikuchi'’ in neutron irradiated
silicon and was attributed by the authors to interstitial silicon. Fvrther informa-
tion on this center, which appears to be characteristic of LOPEX cryslals, will

11



probably requirc electren-nuclear double resonance {ENDOR) or uniaxial stress
technigue< because of its isotropic behavior.

The presence of this line in many of the samples used in this research has
made it difficult to obtain reliable g-tensors on other centers because of excessive

overlapping of the spectra. A conversion of the present spectrometer to a higher
" frequency would possibly overcome this problem.

In spite of this problem, it has been possible to study the growth of the
Si-G8 (E) center under electron bombardnent.

It was found that the growth of the EPR signal of the Si-G8 (E) center at 20°K
is very low until the total integrated flux in electrons/cm2 is 10 to 30 tlmes the
phosphorus donor concentration per ecm”, as reported by Watkins, et al For a
0.5 Q-cm sample (with 1.1 x 10 16 phcsphorus/cm ) the Si-G8 (E) center was
seen after 3 x 1017 electrons/cmz. For a 0.08 Q-cm sample (with 1.2 x 10
phosphorus/ cms), the Si-G8 (E) spectrum was observed after irradiation to ~ 1018
electrons/cma. These observations and the accompanying electrical data seem to
substantiate Watkins' original assumption that these defects ars being formed
throughout the irradiation, and the emergence of the spectrum is associated with a
change in the charge state as the Fermi level moves down in the gap. In the 0.5 Q-cm
sample, the locking of the Fermi ievei to 0.48 eV was observed to take place at about
1.3 x 1017 electrons/cms. To explain the slow growth of the Si-G8 (E) zenter it
must also be concluded that the Si-G8 (E) levels are controlling the bulk Ferm: Jevel.

The rate of decrease of the EPR signal of isolated phosphorus donors in the
0.5 -cm sample at 4.2°K agrees with that reported by Watkins;” however, illumina-
tion of the sample by white light increased the donor signal by a factor of 5 to 10,
indicating that substantial numbers of isolated donors were still present even after
heavy irradiation. If the number of phosphorus centers removed upon irradiation in
an illuminated sample are equated to the actual number of phosphorus-vacancy pairs
formed (NE), the data for both the 0.5 Q-cm and 0.08 2-cm samples can be approxi-
mately fitted by the first order process,

dNE
"¢ (P - NE> ¢

where P is the phosphorus concentration, ® is the electron flux, and a is a constant,
However, « is found to be smaller in the more heavily doped sample in agreement
with the electrical results reported by Stein'® and Carter.'

The production rate of the Si-G8 (E) centers was observed to be lower in
LOPEX than in float-zone material, This may be due to a higher production rate of
very deep levels in float-zone material or possibly to the involvement of dislocations
in the production of Si-G8 (E) centers,

12



In June 1966 the support for this study was discontinued under this contract.
The study since has been continued under other support.*

d. Summary

The extremely low production rate of the Si~-G8 (E) center at the early stages
of bombardment appears to be adequately explained by ihe original assumption that
the EPR center showed up only when the Fermi level was depressed below 5 certain
level, presumably the E e 0.48 level observed in bulk electrical measuremerts,
However, the resuit implies further that the S1-G8 (E) energy levels control the bulk
Fermi level. The production rate of the Si-G8 (E) center is lower in LOPEX mate-~
riai than in comparable float-zone material. This may be due to a higher production
rate of deep levels or possibly to the participation of dislocations in the forming of
Si-G8 (E) centers. A previously unreported isotropic center at g = 2.0045 is ob-
served in most electron-irradiated, phosphorus-doped LOPEX crystals.

Experiments are being continued to determine the Si-G8 (E) energy level and
its hole and electron capture cross sections by comparing bulk electrical measure-
ments and ESR measurements. In addition, further studies of the ESR spectra under
optical excitation are being made.

*A comp'zte report on this study will be made available to the Air Force Systems
Command at a later dat~,
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II. SURFACE STUDIES

4. SUMMARY OF SURFACE EFFECTS

Nuclear radiaticn is known to cause both bulk and surface damage in semi-
conductor devices. This damage can lead to degradation and even failure of a
device. In many cases techniques are available for reducing the effecis of bulk
damage, with the result that surface damage becomes the more imporiant cause
of degradation due to radiation. Considerable effort has been put into radiation-
induced surface efiects studies in recent years, and there is now a reasonably good,
although mainly qualitative, picture of the degradation processes. A summary of

the work up urtil 1965 has been compiled and was submiited as Scieantific Report
No. 1."?

The most important surface effect of ionizing radiation appears to be the
accumulation of charg2 on the device surface. This charge affects the underlying
semiconductor surface and causes degradation of the device characteristics,
particularly the reverse-bias leakage current of p-n junctions and the gain of
transistors.

The surface charge may collect in two distinct ways. In one process, ralia-
tion produces ions in the device ambient, e.g., the gas in the transistor can, and
these ions subsequently deposit charge on the device surface. For nonpassivated
surfaces this charge is very close to the semiconductor and will have a profound
effect on it. Nonpassivated devices are, therefore, very sensitive to a surface
charge buildup of this type. Passivated surfaces, on the other hand, are not nearly
as sensitive since the surface charge in this case is separated from the semicon-
ductor by the passivation layer (usually a few thousand A units of SiOZ). However,
charge can accumulate in another way: It is now apparent that ionizing radiation
affects the oxide passivation layer itself and causes a space charge to accumulate
in the Si()2 near the SiOz-Si interface. This space charge is quite effective in pro-
ducing device degracation. The effects of radiation on Sioz are complicated and
the details of the cnarge buildup are not well understood at present.

The purpose of the work described in the following seclions was primarily
to investigate the radiation-induced charge buildup in SiO2 passivation layers.
Based on the results of these investigations, a quantitative model has been proposed
which satisfactorily explains the main features of the charge buildup process. Some
preliminary resulis of an investigation of the effects of radiation on Schottky bar-
rier diodes are also given. This study was undertaken to investigate radiation ef-
fects on metal-semiconductor contacts.
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5. THE USE OF MOS-FET's TO STUDY RADIATION-INDUCED CHARGE
BUILDUP IN Si0, LAYERS

The properties of the 8102 layer used in Si planar devices have been studied
extensively in recent years, with special attention to the instability shown by this
layer when subjected to temperature-bias stress. It has row been established
that the instability is due to ionic motion in the oxide (notably Na*). At elevated
temperatures and with a ficld applied dcross the oxide, the ions migrate to the
Si-SiC)2 interface giving rise to a positive space charge in this region. The metal-
oxide-semiconductor (MOS) structure [see Figure 2(a)]has proved to be a conven-
ient device in which to observe the space charge buildup. The theory und uses of
the MOS structure are discussed in detail in Attachment L

The capacitance, C, of the MOS structure is voltage dependent. Curve 1 in
Figure 2(c) illustrates the dependence of C on the applied voltage, Vg, at a high
frequency for p-type Si (for n-type Si the curve is reversed in the voltage direc-
tion). I a positive space charge, Qgg, builds up in the oxide [sze Figure 2(a}], a
negative charge, QSi' will be induced in the Si; i.e., the conduction and valence
bands of the Si will be depressed at the surface of the Si. To restore the Si sur-
face to its original condition it is necessary to apply a potential AV to the metal
gate where

Qg;
COX

\W =

C ox is the capacity of the oxide. If we assume Qs s is distributed uniformly within
a distance d of the §i0,-Si interface [see Figure 2(b)], then

d 4\ %ss

Qg; = -(1 - -—)Q and AV = -(1 -
i 2x,) S 2%,) C ox

X, is the thickness of the oxide.

It is apparent then that the effect of a positive space charge, Qgg, is to shift
the C-V¢; curve of a MOS capacitor, parallel to the voltage axis, toward more
negative voltages, as shown in curve 2 of Figure 2(c). Furthermore, the voltage
shift is proportional to the space charge density, Qgg, and hence \V 1s a direct
measure of st'

When SiO2 layers are exposed to ionizing radiation, st is observed to
increase as evidenced by a negative shift of the C-VG curves. In addition, there
is often a distortion of the C-VG curves, and a hysteresis appears when the curves
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Figure 2. Space Charge Buildup in Metal-Oxide-Semiconductor Capacitor

are swept first from positive to negative and then {rom negative to positive VG
values. Distortion is usually interpreted in terms of electronic states at the
Si-SiO2 interface which change their charge states as the Fermi level at the Si
surface passes through them. Hysteresis, on the other hand, results from a change
in st caused by a large change of VG from one polarity to the other.

The MOS structure is found in many bipolar transistors, usually as a result
of overlaying contacts, and also in the MOS field effect transistor (FET). Com-
mercial MOS-FET's are convenicnt for studying radiation-induced buildup of Qgq.
These devices are available with a variety of oxide types and with bothk n- and
p-type substrates. The charge buildup car be monitored using the gate-to-
substrate capacity of the device as described above, or the output characteristics
can be monitored and the change interpreted in terms of st‘ The major dis-
advantage in using ccmmercial units is the lack of specific information available
regarding individual units.

In the experiments to be discussed in the following sections, Qgg was moni-
tored using the C-V@ curves almost exclusively. These curves were obtaired
manually using either a Boonton 75C variable frequency bridge (5 to 500 kHz) or a
Boonton 75A-581 bridge at a fixed frequency of 1 MHz, or automatically using a
C-VG plotter at 1 MHz as described 1n Appendix A.
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The Raytheon RN-1030 and the rFairchiid FI-100 MOS-FET's were selected
as suilable devices for the study of radiation-indeced Qgg buildup. The RN-1030
1s 2 p-channe! enhancement mode device with a Au-Cr gate 1260A thick, 16004 cf
deposited oxide. and an n-iype substrate. The source and drain are arranged in
an interdigitated geomeiry. The 71-3130 is also a2 p-channel enhancement mede
device. It has an Al gaie with 120CA ¢f thermally grown oxide on an n-{ype sub-
strate. Both devices have a gate-to-substrate capacitance o a few picofzrads.

6. CHARGE BUILDUP

a. Faciors Affecting Charge Buildup

Intuitively or:e might expect factors such as oxide type. temperature, radia-
tion type, dose rate and bias applied across the oxide io have some eifect on the
buildup of Qgg. A quantitative investigation of these factors should. therefore.
vielé some inswgit into the charge accumuiztion process. Accordingly. the efiects
of these {actors were investigated.

The general procedure followed was o irradiate a4 device under one set of
conditions. remove the charge buildup by thermal annealing. and then irradiate
the same device again under new conditions. By using the same device again.
1t was possible to olinuaaie the uncertainties which result from device-tu-device
variations when a different device is used for each sei of cernditions. Of course, it
1S accessary to repeat the experiments several times, using difierent devices, 1o
determine a typical behavior {or the devices.

For the RN-1030 MOS-FET. which was used {or most of the experiments, it
was found that aanealing at ~ 300 C for 1 hour was sufficient to remove virtually
all the radiation-induced space charge. even for quite badly degracded devices.
Figure 3 shows two \V-versus-dose curves for a device irradiated with V5 = 0.
This device was actually irradiated at a different dose rate between the two ir-
radiations shown. Prior to each irradiation, the device was annealed as discussed
above. From these results and others taken at different bias values it is apparent
that the charge buildup process shows good reproducibility.

(1) Bias. The juildup of a pesitive space charge in a SiO2 layer requires
the movement of charge in the oxide: hence, the process by which the charge ac-
cumuliates should depend noticeably on any elec.ric fields present in the oxide
auring irradiation. When a bias, VC-‘ is applied between the metal gate and the
silicon substruate of a MOS-FET, a tiansverse electric ficld appears in the oxide.
The effect of V; on SV was investigated for Vg in the range -15 to +10 volts.
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Figure 3. AV-versus-Dose Curves for an RN-1030 MOS-FET
Irradiated Twice with VG =0

Figure 4 shows the effsct of positive bias cn the charge buildup process for
an RN-1030 MOS-FET exposed to Coeo--, radiation at a dose rate of ~ 6.7 x 103
rads miz 1t shouid be mentioned that the doses used in this and subsequent fig-
ures are “exposed” doses, in the sense that they are the doses which would be
received in the radiation chamber of the gamma cell by a properly designed dosime-
ter such as a LiF TLD. Because the SiO2 layer in a MOS-FET is not a "well de-
signed dosimeter,” the actual dose absorbed by the oxide layer will be somewhat
different. However, since the curves shown here are ali obtained in the same man-
ner, they can be compared without any correction for dosimetry error. This point
will be discussed in mcre detall later.

From Figure 4 it is evident that the bias applied during irradiation has a very
strong effect on AV. At low doses, | AVi increases rapidly but tends toward satura-
tion as the dose reaches ~1 megarad. | AV} does not actually saturate, however,
but continues to increase, even at doses as large as ~5 megarads.

Figure 5 shows results obtained on the same RN-1030Q for negative values of
VG {note the change of scales). 'Is‘here is a definite saturation of | AV| ior all but
0V; saturation is reached at ~10“ rads. The two sets of curves are obviously quite
different and the curve for OV clearly belongs with the set for positive values
of VG.
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Figure 4. Effect of Positive Bias on the Space Charge Buildup
in an RN-1030 MOS-FET Exposed to Coso-) Radiation

Figure 6 shows a set of curves obtained with FI-100 MOS-FET's. These
curves were taken from measurements on three devices, rather than on one device
as was done in the case of the RN~1030. The variation in radiation sensitivity
among these devices was found {o be guite small, however. AgainiAV|is largest
for positive values of Vg and does not completely saturate. For negative values of
Vg the curves saturate, again at ~109 rads. For these devices, however, the
curve for Vg = 0 volis appears to belong to the set for negative Vg values.

Figure 7 shows AV (sat) (defined as AV at 106 rads) as a function of V¢ for
both FI-100 and RN-103C MOS-FET's. Both devices show basically the same
behavior; i.e., AV (sat) is negative for both polarities of VG and increases much
more rapldly for positive values of VG' There appears to be a quantitative differ-
ence between the two carves; one cause may be the difference between the methods
by which the 510, layers were prepared, i.e., deposited oxide in the RN-1030, and
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thermally grown for the FI-100's. A simiiar difference in radiation sensitivity has
been reported by Zaininger® for wet and dry thermally grown oxides.

Similar experiments were attempted with Motorela n- and p- channel MO3-
FET's (MM 2102 and MM 2103). However, neither type of device was able to with-
stand more than ~105 rads of Coao-gamma Tadiation before showing a high gate-to-
substrate cenductivity, which made it impossible tc obtain C-V G curves.

{2) Dose Rate. It is uot readily apparent how the charge buildup process will
depend on the intensity of the ionizing radiation, i.e., on the rate at which the dose
is absorbed by the oxide. This depandence is important because it may give some
insight into the charge accumulation process itself. It is also important fror- »
practical point of view, sinze the intensity of radiation to which semiconductor de-
vices may be exposed can vary over many orders of magnitude, from a few rads/hr
in space to 1010 rads’s or greater in a nuclear weapon environment. An under-
standing of dose rate effects is also important in simulating radiaticn environments
and in interpreting the results of experiments carried out at diiierent dose rates.

The dependence of space charge accumulation on dose rate was studied, using
RN-1030 MOS-FET's, for dose rates in the range ~1()2 to 1()11 rads/s. These stud-
ies were confined, for the most part, to accumulated dose levels suificient to cause

avere device degradation, i.e., < 10:’5 rads. At these dose levels the charge buildup
usually did not reach saturation.

The radiation experiments were basically of a comparative type. A device
was first irradiated at the desired gate voltage using Cosocgamma radiation at a
dose rate of ~102 rads 's. The device was recovered by annealing and then {rradi-
ated agaln at a different dose rate, but with the same gate bias.

The dependence of charge buildup on dose rate was first investigated at dose
rates of 28 and 130 rads ‘s using Coeo-gamma radiation. Figure 8 shows the voltage
shift as a function of dcse for bias values of 0 ana 5V. Each curve is the average
of results for five devices. For accumulated doses < 1{)5 rads there does not appear
to be any significant dose rate dependence for either bias value. Above 105 rads the
curves for OV bias diverge slightly. However, the divergence is small and may be
due mainly to experimental error.

Intermediate dose rates between 106 and 107 rads/s were obtained using
bremsstrahlung from a 45 MeV electron beam at the Rensselaer Polytechnic Insti-
tute Linac accelerator. The doses and dose rates were determined using LiF TLD's.
The results at three bins values are shown in Figure 9, At 5V gate bias (and at 2.5
and 1V as well) the curve for the low dose .ate lies above that for the high dose rate,
At QV bias the curves coincide, while at -2.5V the low dose rate curve lies helow
the high dose rate curve and tends to saturate at a voltage shift of ~-2.5V.
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These intermediate dose rate results indicate that the dose rate dependence
of charge buildup becomes detectable between 1( 2 and 106 rads s. However, at
least for doses <109 rads, the effect is still quite small.

Dose rates ~ 1010 rads s were obtained using 20 keV electrons. The elec-
tron gun used produced 2 ys pulses with current densities of ~10 ma 'cmz. Ac-
cording to the range-energy relation of Holliday and Sternglass®, 20 keV electrons
have a range of ~3.7# in Sior Si02. Electrons of this energy will, therefore,

penetrate the gate and oxide layers of a device and pass well into the Si substrate.

Figure 10 illustrates the buildup of charge with dose for devices exposed to
Coso-gamma radiation at ~102 rads ‘s and 20 keV electrons at ~1010 rads s. The
dose scale for electrons in e cm? has been arbitrarily positioned to make the
curves agree at low dose levels. With this in mind, it should be noted that at 4,6V
bias the curve for the high dose rate lies below that for the low dose rate, while
the opposite is true at OV bkias. Figure 11, which has the same relationship between
dose scales, shows results at :2. 5V bias. At +2.5V the high dose rate curve is
below the low dose rate curve, while at -2, 5V the curves cross with the low dose
rate curve saturating at ~-2.5V. There appears to be at least a qualitative simil-
arity between the results zt this dose rate and those at the infermediate dose rate.

To compare the curves for Coﬁo—gamma and 20 keV electron irradiations

2 io rads. On the
basis of a simple model it is estimated that the oxide of the devices used absorbed
~4.6 x 10“8rads per incident 20 keV electron. This calculation is based on depth-
dose curves for 20 keV electrons and takes account of backscattering from the

properly it is necessary to obtain a conversion factor from e cm

device surface.

As was mentioned earlier, the C080-gamma doses quoted are absorbed doses
in the sense that they are the doses which would be recorded by a properly con-
structed dosimeter. The SiO2 layer in a device is not well designed from a
dosimetry point of view, since it is covered with higher density materials (Au and
Cr) which, because of their higher conversion efficiency, will cause the Si02 to
absorb a somewhat higher dose than would be measured by, for instance, a LiF
TLD. An estimate of the size of this effect was made by placing the crystals from
LiF TLD's between sheets of Au and Al of appropriate thickness to simulate a
device structure, and the comparing the dose recorded by this ""device" with that
measured by a conventional LiF TLD. The LiF "device' recorded doses ~1.4 times
larger than the TLD.
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The results of Figure 10 are shown again in Figure 12 after the correction
and conversion factors have been applied. The agreement at 4.6V (and 2.5V as well,
not shown) is now quite good, while that at OV (and -2.5V) is somewhat worse.

Dose rates approaching 1011 rads/s were also investigated, again using 20
keV electrons. At this dose rate it was found that the conductivity of the oxide
becomes large enough so that VG may drive appreciable current through the oxide,
I VG is a high impedance source (= 106 ohms), the potential across the oxide may
drop significantly with the result that less space charge is accumulated.

The experiments have shown that a small dose rate dependence for charge
buiidup does exist in the eight decades of dose rate from 102 to 1010 rads’'s. For
doses less than a few times 105 rads, the effect is of the same order of magnitude
ac the variation of radiaticn sensitivity found in Si planar devices.

20 T T T

O 102 RADS/S

+ 16°RADS/S

— AV (VOLTS)

DOSE (RADS)

Figure 12. Charge Buildup at High and Low Dose Rates
for Bias Values of 4.6V and 0V After Correction
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(3) Temperature. As was mentioned previously, the radiation-induced
charge, st' in the RN-1030 MOS-FET can be removed by a one-hour anneal at
300°C. The annealing process was studied fu.ther. Three devices were irradiated
to a dose of 106 rads, each under a different gate bias (0, £2.5 Volts), and then
given an isochronal anneal (25C deg. steps from 50 C to a maximum of 300 C, 12
minutes at each step) with VG=0 volts (i.e., gate shoried to substrate). C-Vg
curves were taken, at room temperature, after each step. The devices were then
annealed for one hour at 300 C, irradiated again under the same conditions, and
then given another isochronal anneal, this time with +2. 5V gate bias. The ir-
radiation-anneal cycie was repeated again with a bias of -2. 5V during the isoechronal
anpeal,

The results for the three devices are shown in Fizure 13. Since three dif-
ferent devices are involved, it is not possible to make quantitative comparisons.
However, it is quite apparent that a large portion of Qsg is removed by raising
the temperature of the oxide to ~250 C regardless of the bias applied either during
irradiation or during the anneal. Also, with one exception, a bias of 0 or +2. 5V
during irradiation is somewhat more effective in removing Qgg than is a bias of
-2.9V. For the device irradiated at -2.5V bias and annealed at +2.5 bias, Qgq
decreases until the temperature reaches ~165 C, at which point it begins to in-
crease agaw., Zaininger’ has reported similar behavior in irradiated MOS capac-
itors and attributed the effect to positive ion drift in the oxide. In his case, how-
ever, lhe positive ion instability set in at ~350 C, much bigher than the tempera-
ture of onset observed here,

For 2ll three devices the anneal with -2, 5V bias gave the least recovery; in
fact, a sizable fraction of g still remained in the devices irradiated at 0 and
-2.5V bias. However, for (he device irradiated at +2.5V bias, I\V l at 108 rads
was initially much larger (19.1V as compared with 3. 76V and 4. 11V for the devices
irradiated at 0 and -2. 5V respectively), so that the amount of charge actually left
in the uxide was approximately the same for the three devices. Annealing at -2, 5V
bias thus appears to hold a small residue of positive charge in the oxide. The size
of the residue is approximately independent of preannealing magnitude of Qgg. &
one-hour anneal at 300 C and 0 bias was required {o remove Qgs entirely.

The results for the device irradiated at +2. 5V bias and annealed at 0V bias
have been replotted in Figure 14. The logarithm of the fraction of Qgg annealed
(i.e., log (1-AV(T) AV(297)) is plotted against 1 'T. The curve is not linear, indicat-
ing that there is no simple activation energy assoclated with the annealing process.
However, there is 2 linear section whese slope yields an activation energy, ~0.15eV.
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Since Q s €20 be annealed at quite low temperatures, it is reasonable to ex-
pect that the buildup of st will depend rather markedly on the oxide temperature
during irradiation. To determine the importance cf oxide temperature, a series of
irradiations was carried out on RN-1030 MOS-FET's under varicas bias conditions
ard at several temperatures. The results of these experimerts may prove useful
for two reasons. First, in practice. devices may be exposed to radiation a:
temperatures other than room tempesrature (the temperatre at which most experi-
ments are performed). I will be necessary, thereiore, to be able t{o correct for
temperature when maXing estimates of radiation eifects. These experiments may
indicate the impnrtance of these corrections. Second, the results will, hopefully,
yielé some information 2bout the charge buildup process itseli.

Three RN-1030 MOS-FET s were exposed at a selected temiperature i0 a
total of 106 rads of Cosc—gamma radiatinn. Each device was kept at 2 different
bias (9, :2.5V). C-Vg curves were taken, it room tewnperature, aiter accumulated
doses of 10%, 5x10%, 195, 5x103 and 10% rads. Afte: each curve was taker. the
devices were brought to tiie desired temperature before the irradiation was re-
sumed. When the accumuizied dose reached 10% -ads. the devices were zrnealeg at
3G0°C for one hour and then irradisted again at -« different temperature but with the
same bias values. Irradiations were performe at 77, 297, 323, 373, z2nd 423°K.
For the irradiaticn at 77 'K the devices were immersed in a liquid nitrogen bath in
the irradiation chamber. For the irradiadons at and above room temperature the
devices were placed in a special temperatura chamber mounied in the radiation

chamber. The radiation doses were measued with LiF TLD' s

A check was made to determine the ¢ffect on the final vaiue of AV of inter-
rupling the irradiation several times and quenching the devices to room tempera-
ture. TLe effect should be most importani at high temperatures. Three devices
were irradiated, under bias, at 423°K to 306 rads without interruption and the re-
sults comparegd with those for the previois case. For each of the three cases the
voitage shift, AV, was the same, within the limits of accuracy of the experiment, as
the shift obtained when the irradiations ~ere interrupted.

The results for the three devices are shown in Figure 15, For all three bias
values, the eifect of increased tempera.ure during irradiation is to reduce Qs s
The reduction as a funciion of tempera.ure is illustrated in Figure 16 for a dose of
106 rads. Since a different device was used for each bias, it is not possible to make
any quantitative comparisons. The slcpes cf the three curves are, however, similar
to each other anc also to the slope of the anneaiing curve in Figure 14. This fact
indicates that an elevated temperature during irradiaticn simply superimposes an
annealing process on the charge accurnuiaiion process.
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6. The charge buildup process does not depend significantly on the dose
rate over a wide range of values.

~]

The space charge may be removed partially or completely by thermal
annealing. Annealing temperatures ~300 to 350°C are generally re-
quired for complete removal.

Isochronal annealing indicates there is no simple activation energy associ-
ated with the annealing process, but it is not unreasonable to view the process as
having perhaps several such energies each a fraction of an eV. [t has also been
reported that the space charge can be annealed by exposing the oxide to ultraviclet
light of sufficiently short wavelength.a’8 The buildup process itself also depends on
the temperature of the oxide during irradiation: the space charge accumulation de-
creases with increasing temperature.

Early in the investigations of the effects of ionizing radiation on 8102 layers,
it became clear that the space charge buildup was not directly connected with
ionic motion (e.g., Na+) in the oxide. Sampies which show no ion drift under
thermal-bias stress do show a charge buildup when exposed to radiation.” Further-
more, if {onic motion were involved in the process, one would expect the effect
to increase rather than decrease with elevated temgeratures.
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The current picture of the charge buildup process may be understood by
referring to Figure 18.3’6’7’9 Ionizing radiation passing through the oxide creates
hole-electron pairs. The oxide is assumed to contain hole traps which capture some
of the relatively immobile holes, while the remainder presumably recombine. The
electrons, on the other hand, are more mobile and, as a result, drift toward the
positive electrode. Some electrons are thus removed from the oxide and, since the
Si is unable to supply eiectrons to the SiOz, a net positive space charge builds up
near the 8104 - Si interface. As the positive space charge grows, the field, E, in
the oxide between the space charge and the positive electrode decreases. When the
field in this region is reduced to zero, no rurther charge will accumulate unless the
applied potential is increased. It is apparent then that the charge buildup saturates
with Increasing dose and, furthermore, that the saturation value will depend on ap-
plied bias, VG'

Grove and Snow’ and Speth and Fang® have proposed similar models which
relate quantitatively the saturation value of the space charge to the bias applied
across the oxide dnring irradiation, VG' These models do not, however, explicitly
discuss the charge buildup process in a quantitative way.

Si S10, METAL
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Q| ® .
O ®
O ®
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0 ®

Figure 18. Model of Charge Buildup Process
Due to Ionizing Radiation
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(2) Quantitative Model. The picture of the charge buildup process presented
in the previous section is a rather simple one and may, for this reason, yield to a
straightforward analysis. In this section an attempt will be .»ade to derive an
expression for \V, as a function of radiation dose, which will contain the applied
bias, VG’ and dose rate as explicit parameters.

It will be assumed that the oxide layer is uniform in all necessary properties
and initially free cf any space charge. Factors such as contact potential differ-
ences and the effect of radiation on fast states at the SiO2 - 5i interface will be
igroved. Consider the situation illustrated in Figure 19. The potential, Vg,
applied across the oxide gives rise to an electric field, E, which is uniform
throughout the oxide and of magnitude VG X, where X, is the thickness of theoxide.

The effect of ionizing radiation is to generate hole~electron pairs uniformly
throughout the oxide at a rate of g pairs cms-s. The effect of the electric field will
be to drive electrons toward the metal gate and holes toward the Si. it i assumed
that the holes are relatively much less mobile than the electrons'® and thus a signifi-
cant concentration gradient will be set up only for electrons. It is shown in Appen-
dix B that the iree electron concentration, n(x}, will reach an equilibrium given by

A v . X
n{x) = LA 1 -exp <a xo\ (1)

2
X
‘,—_9\7— , provided there has been no appreciable accumulation of space
¢ G
charge to alter the field, E. p and T are the mobility and lifetime of the electron

respectively,

where a =

si Si 0, METAL
SR
E =~ Vg/Xo
B SO
$ X
X Figure 19. Initial Conditions
° ° in S109 Layer



‘The form of the expression for n{x) is shown in Figure 20 for three values
of the parameter a and for x in the range 0 < x < Xy The quantity a is essentially
the ratio of the thickness of the oxide to the distance an electron will drift in a
lifetime, Tor If VG =0, thena-, andn{x) = g, everywhere in the oxide. Ex-
perimentally it is observed that a relatively small space charge accumulates when
VG = 0. This rharge accumulation could result either from a built-in field present
in the oxide due to a contact potential, or from sume other process such as dif-
fusion. It will be assumed that in the region in which n(x) - g7, 1o net trapping of
holes occurs  Since n(x) is least at x = 0, the trapping rate will be greatest near
the SiO2 - Si interface. Turthermore, since it is rbserved experimentally that
the space charge accumulates almost entirely in the small fraction of the oxide
adjacent to this interface, it is concluded that a in equation 1 iz - 10, i.c., that
n(x) ~ 8rq throughout most of the oxide. As a result, no charge is accumulated in
the bulk of the oxide and the electric field is uniform at all times except near the
interface. As the space charge accumulates, the field in the bulk of the oxide
decreases. When sufficient charge collects, E vanishes and no more electrons
drift out of the cxide into the metal gate.

The distribution of space charge in the oxide at any time during the irradi-
ation will depend on the density of hole traps, NT’ and the applied bias, VG'
Clearly the region in which trapping can occur, i.e., the region in which n(x)
< E7ar will increase as VG increases, since a in equation 1 is inversely propor-
tional to VG' However, the maximum trapping ratc occurs at x = G for all values
of VG‘ As the space charge accumulates, the fieid near the interface increases a.d
maintains the high trapping rate in this region {hy removing electrons). At the same
time, the field in the bulk of the oxide decreases causing n(x) to approach g7, every-
where except near the interface. The effect will be to concentrate the trapped
charge as close to the interface as possible and to prevent the space charge from
spreading into the oxide.

It has been tacitly assumed tnat there are sufficient hole traps available
close to the interface to accommodate the required space charge. If this is not
the case then, of course, the space charge will spread into the oxide. The two
cases are illustrated in Figure 21. NT is the density of hole traps, assumed uni-
form over the region of interest, and PT(x) is the density of trapped holes as a
function of distance into the oxide.

To simplify the analysis it will be assumed that at any time (dose level) the
space charge distribution in the oxide can be approximated by

Pn=Pol), 0Sx<d

=0, deSxo
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The distribudon, {ilustrated in Figure 21, ALY

will contain the same amount of charge 1
as the zctual distributicn and have its Si sig,
cenier & gravily locaied at the same . :
distance from the interjace, x = 0. YRIPS SITCRITE
The vwoltage shift ¢ the C - VG
carve 2t any time, t, is givea by
TRLPS OO KOT
Qs;; SARELE
av{) = —
Lax
Pl —L - .
@ dIo'IP © ¢ \ *— orsTazumox
Cox Xo T i
A\X
- = > 2
Co:::‘o o
It is now necessary to cbiaip “n expres-
s D rigure 21. Acixzal! and Assumed
sioa for Pit). Distribuiion of Space Charge

The space charge, st(_'.‘.), is given

t

Q0 =apyitia=-[ sat )
(o)

where J is the curreant deasity due {o the electrons crossing the axide-metal inter-
face. (See Figure 22.) K E is the electric field at the interizce, thea

Jd=- qg.-euE (4)

It is shown in Appepdix C that E is given by

E=-52 - 5% — 2y (5)
o ‘%%

Combining equations 3, < ard 5 and differeniiating yields

dPT

VG - aPp = bgdt (6)

]
3
(§]

where a= gd'z_f and b
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Integroting and requiring PT(“I = O gives

v
P = -2 tie S 0]
Comoining ecuations 2 and 7 gives
AVE) = - aVg (1o P8 (@)
2x ) adps
‘her -{—-C ——e
where a= ( 3 - ) and =5 ‘X

If it is assumed that d is constant, then the expressicn for AV gives the
correct behavior of charge buildup on dose, (gt), namely szturation. Further-
more, the dose rate, g, appears oniy in the product gt, and so the observed dose
rate independence 1: corrocdy predicted. The saturation value of AV is aVG.
Experimentally |V (sat)i is observed {o ir.rease linearly with VG for low
values of VG (see Figure 7). At kigher values Ii\V (sat)! increases at a rate
somewhat less than linear. Such bekavior is to be expected if the traps near the
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interiace saturate and cause d 1o increase. An increase in @ causes a2 decrease in
a ard bence a decrease in the slope of the AV (s3t) versus VG curve.

For the case of negative bias applied during irradiation, ihe positive smace
charge will collect at the met:il—SiO2 interface. The problem will be symmetrical
as far as the charge buildup process is concerned, but the space charge will have
much less efiect oz the Si in this case. An amaljsis & e buildup for negative bizs
values similar o {hat given above for positive values yields

2 - =W " - _%i\
AV(?) e \1 e ] (9)
where f=qdn Te 2¢ ““%o

as beiore.

\V{i) saturaies with increasing dose with \W(sai) = VG. Reference o
Figure 7 shows that \V {sai) obeys tais relationship al leasi approximately for
the RN-1030 device.

From eguadons 8 and 9
AV(sat), _ ,
m-o_(_zxod-x) (10)

i.e., ihe ratio ci the volizge shiit at saturation {or a given positive bias to that

for {ne same bias but with oppusite polarity is independent of VG‘ Tabie 1 Esis

ke valves of AV(sat) for the BN-1030 device at 106 rads for positive ard nega >
values of VG and the correspoading rutios.

constant as predicted by equation 10 For ¥V G = 10 volts AV(sat) appears to be too
small, perhaps for the reasons already discussca. The average value of the first

With the excegiion of the result for | s’Gl = 10 volls, ihe ratio is reasonab.y

Table 1
Values of AV (sait)+ ‘AV (sat)_fer RN-102Q AMOS-FET
V. - AV (sat) AV (sat), 'AV (sat)
G volis * -

volis Yolts
1.0 9.2
1.0 1.6 5.8
+ 2.5 16.6 -
_ 2.5 2.5, 6.5
+5.0 29. 4 -
Z5.0 5.0 o
+10.90 38.5
210.0 10.1 3.8
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three ratios is 8.1. Substutution ¢f this value in eguation 10 yields d/x 0= 0.28,
indicating that the space charge is confined to a region of the ox’de close {0 one or
other of the oxice sur{aces.

Equations & and 9 have Geen fitled to the resulis for the RN-1930 MOS-FET
at bias values of =3 ard -5 velis. The best {it for -5 volis is

av = -30{1 - 73}
and for -5 volts
Av = -5(1 - e~2@)

where D is tne dose ir megarads. These curves are shown in Iigere 23 (3) ang
23 {b). togeth: r with ihe cbserved resviis.

Fer - 5 wolis bizs, the parameiers « and 3 were chosern to give 2 good {fit
for lower dese levels. At higher dose levels, however, VW does poi sziurate in
agreermeni with the calculaied cusve. The coadinuved increzse of W may be caused

by ine effect of radistion on the “fast” suriace siates at the §i0,-Si inieriace. It

was observed thui the C—\’G carves of irradiaied devices showed a distoriion which
increased in saagnitude with increasing dose. Furinermore. the distortion was
considerabiy larger ior posilive values of gaie bias. Distoriion is usuzily inter-
przted in terms of Iast surizce staies st tie S10,-Si interizcc. and the in<rease

of disteriien may indiczze an increase in the denvsity ci these states as a2 result

of he Cow-gamma irragiatior. \V could continue io increase as iong as tie
nun:ber of Ciese siates increases. or some reason which 1s not clear ai present,
the distortion does not agpear to ircrease with dose as rapidly {or negative bias
values,

For -5 volis bias, the calculated and cbserved curves cculd be reade to agree
somewra: more closely. However, it was necessary 10 choose 2 much larger value
of 3 (23 as 2gainst 3 for -5 volis bias).

If the oxide properties are uniform 2nd the SiOz-Si and SiOz-metal interfaces
are the same, then 3 should be the same for both bizs polarities. There are two
factors which may be at least partially responsible for the observed discrepancy.

3 depends linearly on the product pr_ which was assumed constant throughout the
oxide. However, since the SiOz—Si interface regicn of th2 oxide is expected to have
a mgher concentration of irperiections than the rest of the oxide, both p and 7 o MY
be significantly smaller in this region and thus produce a smaller vaiue of 3 for bias
posiiive valves. The generation rate, g, may not be the sare in both interface re-
gions as was assumed in the development of the expressions for AV, (A variation in
g will appear as a variation in 3 when the expressions are fitted to the experimental
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curv+s ) As the oxide structure changes, the energy required to form a hole-electron
pair will cha~ge so that a given absorbed dose will produce more ionization in
one part of the oxide than in another. Also, the fraction of absorbed energy which
produces ionization may depend on the oxide structure. Furthermore, g in the inter-
face regions may be influenced by the material adjacent to the oxide, i.e., metal for
regative and Si for positive bias.

There appear to be a number of possible causes of the observed discrepancy
in 3 (more accurately 3g) fer the two bias polarities. The contrclling value of 3g
wiil be the valuae in the interiace region where the space charge coilects. The vari-
ation of 3g across the oxide should not seriously affect the gualitative behavior of
the space charge buildup.

‘The experin enlal resulcs in Figure 23 {b) show that AV does not, in fact,
saturate but contire:s te increase slowly in a manner similar {o that at +5 volis
bias. This observation suggestis that the predicied i rve shouid saturate at some
value slighily less negative than -3 volts. In other words, if equaiion 9 is correct,
the effective blas preseat across the cxide was actually smaller in magnitude than
the 5 voits applied. Such would be the case if, for example, 2 small positive bvilt-in
field existed in the oxide. The fact that the minimum space charge buiidup for the
RN-1030 occurs at a small negative value of Ve (see Figure 7) also suggests that
such a field exists.

If the equation for AV at + 5 volts bias and the doses indicated in Figure 23
(a) are taken as correct, then it is possible to estimate pand subsequently the
product p-, . If the energy required to produce one electron-hole pair is taken
as 20 eV, then an absorbed dose of one rad produces ‘»1013 pairs. ’cm3 Using this
fact and taking e =4andd’ Xy = 0.28, then substitution in the expression for g3 yields
prg ~ 5x10710 m%v. For fe RN-1030 MOS-FET's used in the experiments dis-
cussed earlier this value of ys e yields a ~10 in equation (1) and is, therefore, con-
sistent with the assumptions made in deriving the expressions for AYV.

The expressions derived for AV (equations 8 and 9) do nct contain the
temperature, T, explicitly. It is assumed that a hole once trapped will remain
trapped. Elevated termaperatures will, however, release holes from the traps and
consequently reduce Q ss® From the results of the experiments discussed earlier,
it is apparent that the effect of temperatcre cannot be described in terms of a
simple activation energy. Presumably, this result implies that the hole traps are
rot all located at the same energy level in the SiO2 pand gap. However, the effect
of temperature during irradiation couid be approximatec by including a factor of
the form exp(-ET/kT) in the expressions for \V, where ET is an average acti-
vation energy ~0.15 eV.
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7. THERMOLUMINESCENCE OF IRRADIATED SILICON-DIOXIDE LAYERS ON
SILICON SUBSTRATES

The SiO2 passivation layer on planar semiconductor devices is sensitive to
the =ffects of ionizing radiation. Radiation gererally produces a positive charge
buiidup, Q s’ in the 8102 near the Si02—81 interface. The present piciure of the
charge buildup process supposes that hole-electron pairs are created in the SiO2
by the radiation; some of the pairs will, of course, recombine, but a fraction of
the holes will be trapped wnile the correspouding electrons escape from the SiO22
leaving a net positive space charge, Qgs.

At present, no direci information regarding the nature of the assumed hole
traps has been obtained. The stancard methods of observing the buildup of Qgg
(e-g., capacitance-voltage curves of metal-oxide-semiconductor capacitors) do rot
yield any information about the trapping process itself. 1t is known, however, that
Qss can be removed from the oxide by thermal annealing. The purpose of the work
described in the following paragraphs was io determine whether luminescence 2c-
companied the thermal annezling and, if so. the eifects on the thermolumii:escence
of such factors as (2) type of oxide, (b) presence of impurities, particularly sudium,
in the oxide, and (c) presence of an electric field in the oxide during irradiation.

a. Thermoivminescence Dosimeter

For preliminary investigations, a commercial thermoluminescence dosimeter
manufactured by Controls for Radiation, Inc. was used. The instrument, under
normal operation, uses a pkotomultiplier tube to observe the thermoluminascence
from irradiated LiF samples. The electrical output from the photomultiplier tube
is integrated and read on a digital scale.

For this caperiment it was necessary to modify the instrument. To reduce
the background infrared radiation, the photomultiplier tube was masked leaving a
3,'8" square opening, the sample holder (planchet) was gold-plated and a blue filter
placed between it and the photomultiplier tube., The shape of the sampl2 holder
made it necessary to use Si chips 3/8" square.

The ouiput volta~e of the photomultiplier tube was observed directly on an
X-Y recorder, with the output of an Iron-Constantin thermocouple, embedded in the
planchet, as the other input. The thermocouple was referenced to room tempera-
ture (25°C). Its output is roughly 9. 055 mv/°C.

The silicon wafers were oxidized in three ways: (1) thermal growth ina dry
oxygen atmosphere (dry), (2) growth in a wet oxygen atmosphere (stearn), and
(3) deposited by a silane process {deposited). The oxide layers were all approximately
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PHOTOMULTIFLIER QUTPUT (MV)

5000 A thick. Samples cf cach oxide also had 2 layer of sodium chlcride deposited
on the oxide surface. Sodlum diffus:on into the oxide was carried out at 600°C for
24 hours.

b. Procedure

Trapped charges (both holes and electrons) were created by irradiating the
samples with Coso-gamma rays. The magnitude of trapped charge was conirolied
by varying the radiation time from 20 minutes to 2 hours. After irradiaticn each
sample was placed on the planchet and the thermoluminescence ouiput plotted as a
function of temperature.

For each irradiated sample three curves were generated {see Figure 24).
Curve a was the photomultiplier ouiput as a function of temperature for the empty
planchet. This curve gives the real background. Curve b was the photomultiplier
output of the sample and the planchet obtaired {rom the first heating of the sample.
It is this curve that gives the information concerning the amount of stored charge
in the oxide layer. Curve ¢ was gererated under the same conditions as curve b,
but for a second heating of the sample. This curve gives the effective background
and indicates whether or rot the trapped charges were completely removed by just
one annealing.

An experiment was carried out to determine whether room temperature
annealing in the time interval between removal from the radiation cell and measure-
ment of light output significantly affected the light cutput. A sample was irradiated

6 pLANCHET ALONE S PLANCHET + SamwPLE [ PLANCHET + SAMPLE
{RRADIATED | HOUR
AT 415 X105 RADS/HOUR
}
&} al- .
2+ 2 / 2
Y 4 JL c wlb o ,.A
—— —_.—-—-———J
L t 1 ' 1 1 ] 1 1 ]
e 5 0 5 o 5 10 5 0 5 10 15

THERMOCOUPLE OUTPUT {MV)
(0) (4] {c)

Figure 24. Photomultiplier Output of Sample and Plunchet
as a Function of Thermocouple Output
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for 40 minutes, and then allowed to remain at room temgerature for a specific time
period. At the end of this ime interval the luminescence was observed. As can

ke seen from Figure 23, there is a significant reduction in the light output for
periods >- 1 hour, but for periods of ~ 20 minutes the output was reduced by -~ 5%.
Therefore, for this experiment all measurements were taken within 20 minutes of
the time the sample was removed from the Coso—gamma cell.

in order io compare different oxide specimens, it was first necessary to
determine their relative luminescence efficiency. Luminescence efficiency is
effectively the iraz{i..a of the total energy released by anrealing which appears as
luminescence. Ihe samples were placed in an electron gun and mounted in such a
way thai the light emitted by the oxide was observable through a window in the gun
chamber. The samples were then bombarbed with 20 keV eleé¢trons and the light
output frem several samples of different oxide types was compared by several
observers. It was zgreed that there was nc difference detectable to the unaided
eye batween the light output frcm various samples. Thus, it was concluded that
the eificiency was the same for all oxide types within the accuracy required for
these experiments. As a result, any differences seen in the light output for dif-
ferent oxides due {o thermoluminascence are not caused vy differences in the
luminescence efficiencies of the oxides, but by differences in the amount of stored
charge st’
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. Facinrs Affecting Thermplz=minscencs

[Ke}

The typ2 of oxide was the first s2clor studied which mizht afiect ihe thernw-
luminescerce. The oxides were irradiated with Cow-gamm rays for varises
lengths of lime and then giaced in the Termoluminescence uosimeter. A pint of
photymul :plier orlipet as a funciion «of thormoorrple otipr: was generated for each
oxide. Typical results {g- exch type are shown in Figure 28.

A tzrge thermal arneal pe2k is Shserved for each oxide, varyinz from 83 C
1n the dry cxide 0 120 C in e deposited oxide. in a&dition. there is some evidence
2 stbsidiary pezak between 160 2nd 180 C. The principa! peak odrresponds o

&£
U
that seen in th= thermal arneal of irradiaied WCS-FET cdavices made with 2 Cepos-

ited ox:de laver.

Qg will be preportionz! o the imegrated iizkt intensity. i.2.. the total area
unter eadh of the curves in Figura 26. The areas under hese curves have been

elermined as 2 funciion of irdegrated dose. The results zre given in Figure 27.

In al! cases the irappad charge appears > safurate i the seigiborhoed of ¥ Mirad.
This it alsy the dose 2t which Qg5 seturaies in MOS-FET devices. It is evident
that the inlegrated leminescerni ouigui and presumably e mammitvée of stored
chzrge Q__ is =75 greater in the steam (wets g.own axide thas in the olber txo
Lypes.

The next factor studled was the effect Xa contamimition had on the lumines-
cence Of the different oxides. The same irradiation and meastremern: crcle used for
the uncortaminated oxides was emploved. Typieal curves Ior the Na-contamipaied

« €~
[S‘iu croNw exee 5 CEPTSITED CacaE our exax
{
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PHOTOMULTIPLIER QUIBYT 1MY)

== ° 4 .,
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{c} o) {c?

Figure 26. Photomultiplier Output ¢f Taree Types of Urncontaminated Oxide<
as a Function of Temperature {4.15 x 10% rads)
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PHOTOMULTIPLIER OUTAUT (MV)

[P —

Figore 27 L..egmdeamtc’me
Three Tyres of Uncomtaminmated
Oxides as 2 Foncdon of

Irzzdiatien Time

INTEGRATLD BHOTOMULTIPLIE I OUTRUT

[SRATWLTEEN TS ()

oxices are shown In Figure 28, The Introdection cf sodlem shifts e pezk of the
acnexling carves 0 iower temperztore: in 65°C in the dry axide, and w6 200°C for
toth steam (wel) and depssited oxides. In sieam and deposited oxides 2 cisirivaidon
of kigh {emperature {Geep) tzaps 2150 2ppears 0 kave besn added. These worid
cause the breed Iumirnescence at temperatures 2bove the prizcipel peak. Again in
order 10 compere the oxides, the area ancer the curves must be compared. Flgure
28 shows tizt the presence cf sodiam zffecis the luminescence of e2ch axide in2
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Figure 28. Photomultiplier Output for Three Types of Contaminated Oxides
as a Function of Temperature (4.15 x 106 ragés)
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difierent way. Thers was essemiiaily no change in the Iuminescence Ior tke steam
groawn oxide. Bowever, sodlunm Increased the laminescence from the dry oxide by
abom 507%, and from the deposlted oxide by appreximately 250%

The presezce o an eleciric feld in the oxide durlng irradiziion was the last
facior sivdied. The eleciric field w2s applied zcross the oxide by mezns of a tali
of mercury on tiie surizace of the oxide and 2 gold wire bondsd to the silicon seb-
strate.

Urooniaminzied oxicdes were irracizated for one hour 2t difierent biases,
ranging from -30V to =30V. The resulis ¢f this study 2re showr in Figure 30.
The bias caused only 2 slight effect on ike Inminescence. except at -20V where 2
recuciion of about 30 - was observed. This result is indeed surprising since other
work has shewn 2 very strong depencdance of the charge accumalztion on bdizs.
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Figure 30. Imtegraied Luminescence of
Unconiaminated Sieam: Grown Oxide
as a Function of Bias Voltage



d. Cornclusions

The thermoluminescence technique would seem {0 be guite useful in studying
the problems asscciaied with trzpped charge in oxidized silicon susfzces. it is
evidently a suificiently seasitive tco! {0 detect difierences in the precess tsed to
prepare th2 exide. Coasequently, this technigue could be vsed routinely te check
oxidized wafers for contamination intreduced either éuring oxide growth or in sub-
sequent device precesses. The technique should 2lso be of use in selecting oxides
{or other insulating surfaces) to be used in an ionizing enviroament.

Althowezh it bas not been nossible to demonstrate that the traps which siore
charge next to the Si9, -5t interface in oxidized devices are rélated to those ob-
served in therswiumi;escence. ii woulé not be 2 difficuit task to prepare 2 number
of MOS capacitors on the same slices that are ssed for thermoluminescerce
siudies tc establish the necessary correlaticn. Some correlation exists in thai the
thermal anneal peak in irradiated M0OS- FET's corresponds to the {hermolumine-
scence peaXk seen in the comparable oxide.

Trap céepths (E1) giving rise to the therm.luminescence can be estimated

using the expressicn 2
g o
a

\T

=K

E
=t

where T is the temperature of the peak. AT is the temperature difierence between
nali-maxima, and k is the Bolizman constant.

Using this expression, trap depths are estimated at 0. 25 eV in steam oxide,
9. 30 eV in dry oxide, and 0. 22 eV ik deposited oxide. The laiter value should be
compared with the value 0.15 €V oblained for hole traps responsibie for the
trapped charge Qgg in irradiated MOS-FET's using this oxide. Introduction of
sogium into these oxides apparently iniroduces still shailower traps estimated to
*ave a trap depth of 0.2 eV. This resuli indicates that sodium was probably not
tae impurity that caused the trapping observed in uncontaminated samples.

In the case of the oxidized surface to which no metal cortact is made, it must
be assumed that irradiation causes both holes and elecirons to be trapped. In con-
trast. the electrons in a MOS structure are presumed to move to the metai elec-
trode and leave the oxide. Since the shallower of the two tiraps, hcle and electron,
would control the arnealing behavior, it is concluded from the agreement observed
between hole trap leve. in MCS-FET's and the thermoluininescent trap level that
the thermoluminescent iraps are also nole iraps.

The failure to observe any marked change in the luminescence when bias was
applied during irradiation is surprising, since a marked deperdence on bias is ob-
served fcr the number of holes trapped at the SiOZ-Si interface in irradiated MOS
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devices. It may be that bias does rot alter the total trapped ckarge in elther case,
but only aiters the relative dispositon cf irapped boles ard elecirons. This feature
merits further investigation.

The thermolumirnescence technique appezars to have some very real value for
studyirg irappirg phenomen2 in oxidized layers. Farthermore, a2 correlation of
such stedies and paraile] stedies on MOS capacitors oould provide some real in-
sight into both the radiaiion damage and reliabilify problems in oxidized silicon
surizces. Sech correlated studies cculd 2lso prove useful in uaraveling the
mysterias of trapping phenomena. both laient and radiaticn-induced, in a2 wide
variety oi insulzating materials.
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8. EFFECISOF Co - Gaixidit IRRADIATION ON SCHEOTTKY BARRIER DIODES

a. Introduciien

A study was carrief out of the efiecis of gamma irradiation on Au-Si and
Cr-Pa-Pi-Fi Scholiky barrier diodes. In theory, such derices — being majority
carrier siructures — should be relatively insensitive to radizlion damage.
However the I-V characteristics of a2 Schoitky barrier are closely related to
interface states at the semicorductor-matal junction. In this respect, the
Schotiky barrier miay be similar ¢ the MOS structure with an extremely thin
O™ layer, so that the Fermi level of the interface states is closely coupled to the
Fermi level in the metal. In a thick Q" layer, the interiace Fermi levels couple
to ihe semicoaductor. High densities of inferface states (1013 states cmz) have
been found for many metal-semiconducior junctions.!! These interiace states
explain the iack of strorg dependence of barrier height on the metal work function.

Energetic radiation could be expected to change the interface state density
and thus the I-V characteristics. However very large doses of Coso -gamma radia-
ticn (>108 rads) would be required to affect significantly barriers whose initial
interface siate densities were of the order of 1013 states/ cmz.

b. Experimental Procecure

The devices studied were WECo 479A Au-Si and developmental Cr-Pa-Pt-Si
diodes having roughly the same siructure., This structure is shown in Figure 31.
Pre- and post-exposure msasurements of I-V characteristics at -50°C, 25°C, and
100°C were made with a logarithmic curve tracer which will be described later
in this report. Typical -V characterisiics before and after exposure are shown at



the three temperawres for 2 Cr-Pa-
P{-Si diode in Figures 32 and 33.
Capaciiarce-voltage meascremsentis
were made wiih a Bornton Capacitance
Bridge. Exposures were made ina
Co60 gamma cell at 2 rate of 0.2 x 106
% (0.58-cm) 5.5 rads hr. Devices were exposed with

| and without bias. Several devices were
i also exposed to fasi neuirons from the
ot White Sands Fasi Burst Rezcior. Both
gamma zed reuatron irradiated devices
were subsequenily subjected o 2 series
N of isochronal apneals.

Figure 31. Structure of Ae-Si Diodes
c. Resulis
A wide variety of respoases to

ionizing radiation were observed for the

I-V characieristics. The Au-Si produc-
tion devices exhibited a parroxer range of responses ihan did the Cr-Pa-Pt-Si de-
velcpmental devices. For example reverse current changes at -3 V ranged from
virtuaily zero to nearly four orders of magnitude increase at 108 rads integrated
dgse. Figures 34 ané 35 show the average increases in reverse current at -5 V for
both grouns of devices as well as the oe2s’ and worst device in each group. There
is evidepce of saturaton in the damage mechanism at integrated c¢ses of 1()8 rads.
These large and variable responses were eTident also in the forward characteristic
up to = 100 .a. Above this rurrent, relatively small changes in tae forward char-
acterictic were observed. C-V characteristics show a 1,'02 vs. V characteristce
with an exirapclated barrier height of ~0.40 V for Au-Si and 0.36 V for Cr-Pa-Pt-Si
devices. Essentiaily no change in this extrapolated barrier height occurred ivr in-
tegrated doses up to 108 rads. This result indicates that changes in interface state
density are smal! and do not contribute to the observed changes in the I-V charac-
teristic. The devices subjected to erergetic neutron bombardments showed ncgligi-
bie changes for integrated fluxes up to 1014’ N,"cmz. Since this neutron finence
should produce approximately the same lifetime degradation as the larg2st gamma
dose employed in this study, it is concluded that changes in minority carrier life-
time do not significantly contribute to the observed changes in I-V characteristics.

Because of large variations among devices, there was no effect ascribable to
applied bias during test. Furthermore, although the variety of responses 1o ionizing
radiation was less for the Au-Si devices, there were no other obvious differences
in the recponse to radiation of the two types of contacts.
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Those devices whick had very large increases in reverse current with
radiation showed a much reduced dependence of reverse current on temperature.
For example, devices with reverse currents at -5 ¥V of 20 ~ 50 pa showed a factor
of 2 change in reverse current for a temperature change of 75°C in contrast tn the
order of magnitude change observed in devices having reverse currents -~ 1 pz at
-5 V. Annealing of radiation damage in devices showing iarge changes in reverse
current was significant for temperatures belew 159°C. Annealing in devices with
small increases in reverse current required temperatures of the order of 300°C.

A correlation was observed between the forward spreading resistance of
these devices and the magnitude of increase in reverse current with irradiation.
The correlation is evident in Figure 36 for the Cr~Pa-Pt-Si devices after 108 rads
irradiation. Forward spreading resisiance is determined from the slope of the
I-V characteristic for forward currents between 1 and 10 ma.
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d. Model for Radiation Damage in Schotiky Barrier Diodes

A model has been proposed for the observed 0060 -gamma radiation damage
in Schotihy diodes for those devices which show very large increases in reverse
current. This tvpe of damage saturates in the neighborhood of 10" rads and
anneals out at rclatively low temperatures (156°C or less). These observations
indicate that this type of damage is related to the charge storage process in the
oxide layers of MOS devices, i.e., to the buildup of trapped positive charge at
the SiC,-Si interface. This charge would develop an enhancement layer on the
n-type ;ﬂlcon epitaxial layer. This enhancement layer could affect the I-V char-
acteristic only whers the metal, SiO2 and silicon have a common boundary, i.e.,
at the perimeter of the metal-semiconductor contact. At this perimeter the metal
is in contact not only with the moderate vesistivity epitaxial silicon but also with a
high conductivity surface enhancement region. The metal-semiconductor depletion
laver will be drastically narrowed in the enhancement region. In addition the
radius of curvature at the edge of the depletion region is reduced. Both of these
effects. which are illustrated ir: Figure 37, will drastically reduce the breakdown
voltage between the metal and semiconductor. Because of the charges n.esent in
the oxide, a large field 1s produced in the silicon withoat application of reverse
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bias. Leistiko and Giove' have pointed out that for surface charges in excess of
1012/ cmz, surface breakdown wiil take over in typical silicon plan«r devices.
Grove and Snow’ have reported surface charge densities for oxidized surfaces

013 r‘m so that surface induced

exposad to ionizing radiation in excess of 1
breakdown should occur. Ultimately ior very strongly accumulated surfaces

tunnel current will flow from metal to ser "conductor. Both breakdown and tunnel
currents would be expected tc show a small temperature dependernce as wuas observed

in the irra.liated diodes having very large reverse currents.

In the production of these Schottky barrier diodes, it is observed that the
surface mecalization sometimes fails to sinter to the silicon next to the oxide so
that only a fraction of the total metsl-semiconductor perimeter adjoins oxide.
Because of the reduced metal-semiconductor area the forward spreading resistance
is increased in these devices. Thus the correlation evident in Figure 36 between
reverse current after irradiation and forward spreading resistance is explained by
the model.

e. Summary

A variety of responses to icnizing radiation have been observed in the T-}
characteristics of Av-Si and Cr-Pa-~Pt-Si Schottky barrier diodes. Changes in
barrier height or minority carrier lifetime do not account for the results.
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Sariace char je bailéop in the oxiée layer z2djacent o Te menl-semiconizolor
perimeter will lezd © sorfacs breatdean and possible metzal -semicendacior tuonel-
ing an® probably zccoants for ihe large increases i reverse currerl. Devices with
incomplete meirl-semicondocior contacts =il kave less perimeter in common with
oxige and show less radiasipn scasitivity. Redoced sensitivity to radiation effects
in Schoityy barrier éavices of the Gpe stodied here {plamar) w1 regnire éevelop-
ment of oxide {or insciater) isglztion layers kaving significartly lower iocizable
irap corncentratipns.

62



i DZEVICE STUDIES

9. INTRODUCTION

Tke principal effort Ir device strdies hac beea concerntrated on bulk effects In
silicon devices cansed by fast peutrons. Recovers eifecis in tranrsistors and diodes
aiter 2 single puise of jast necirons have been strdied widh a viex toward under-
starding the natore of nexitron damage centers. The cbserved recovery eifects are
belleved {0 be caused by multi-charged éamage cleciers, which act as iraps rather
than recambination ceniers.

The effecis of nevtren damage on high-injeciion-level operation in transistors
have been examined.* This siuGy revealed basic limirations in ultimate power-
switching capebilities of ransistors which can be overcome by using PNPXN devices.
The response of marrow-basz PNPN devices fo neatron damage has also been
stedied and compared o 2 fairly simpie device theory. Deslga considerations for
PXNPN devices to be used in radiation eavironments have been developed.

10. SHORT-TRIE RECOVERY FROXM NEUTRON DAMAGE IN
HIGH-FREQUEXCY SILICON DEVICES

Rapld recovery of d-¢ gain at room temperature in silicon transistors irradi-
ated with bursts of fast neutrons iizs beea reported by Sandszr 2nd Gregory1 and by
Binder and Buicher.” Thess authors reported that significant recovery of current
gain occurred at times o the order of milliseconds to seconds. Such recovery
cculd drasticaliy affect the performance of missile electronics within seconds after
expesure 10 a2 weapon environment.

To shed further light on the matter, a variety oi high-frequency rarraw-base
silicon transisiors and one type of PIN diode were exposed to pulses of nevtron
from tke Whiie Sands Fast Burst Reactor. Base current (i.e., current gain) in the

*Some of the resulic published herein, particularly Attachment II by E.A. Oversireet
and part of the work reported in Attachment II by D.K. Wilson and H.S. Lee, werse
supported by Contract DA-30-069-AMC-333(Y). However, because of their rele-
vance fo AF 19(628)-4157 studies they have been included.
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transisters and forward voltage ¢rop in the PINs were mozitored vefore, during,
and after the burst. The effects of various kias conditions and of {emperature on
both transistors and diodes were expiored.

The results indicate that the ratio of recoverable neutron-induced recombina-
tion rate to ‘he stabie peutron-infduced recombination rate, R A R;\" is of the order
of unity at times of the order of 1 msec. Thus, the current gain of a transistor
immediately following a burst of neutrons might be as little as one half of its final
gain for times of the order of 1 msec. R A RN was always highest at low emiiter
or forward currents.

The rates of recovery were observed to be strongly dependent cn injection
ievei in the devices studied. Little or no recovery occurred at times up to 0.5 sec
witnout mirority carrier injection.

The ratio, R A R‘N at 1 msec after burst was observed to be tempevature
dependent. increasing to greaier thar two at iemperatures of -50°C. However the
rate of recovery of R A R}\ was relatively inseunsitive to temperature.

Two additional effects were observed in neutron-irradiated devices, and they
appear to be related fo the recovery process. The first was observed in neutron-
irradiated devices which were heated to anneal some of the neutron damage. When
these devices are returned to room temperature a slow reverse recovery, current
gain decreasing with time, was noted. The second effect was observed in capaci-
tance measurements of reverse-biased silicen diodes. After a burst of neutrons,
a large decrease in capacitance was measured which recovered very slowly to the
final measured capacitance change. Forward bias accelerated the capacitance-
recovery and reverse-recovery processes markedly.

The recovery effect may be important in the case of devices whose perform-~
ance 1s marginal in a weapon environxient. Such devices include high-power tran-
sistors. PNPN switches, and PIN dlodes. Since recovery is slow when minority
carriers are not injected, device degradation will be most evident in circuiis hav-
ing a very low duty cycle.

A model is proposed for the observed behavior which attributes recovery to
changes in the charge state of the recombination and trapping centers, i.e., to
electronic processes. This model is compared with that of Sander and Gregory,
which assumes that atomic migration of the recombination defects occurs.
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a. Experimental Procedure

The gevices were exposed to a short burst (approximately 100 usec long) of
fast neutrons (E > 10 kev) with a fission spectrum: distribution from the White
Sands Fast Burst Reactor. The neutron fluence received by each device was of the
order of 1 to 5 x 1013 I\'/cm2 as determined by sulphur foil activation methods.
Unless otherwise noted, device temperatures were approximately 20°C, except for
the medium- and nigh-power devices operated at coliector currents greater than
100 ma. The transistors were supplied with constant emitter current and the diodes
with constant forward current during measurement. Current gain ir the transistors
was determined by measuring the voltage drop produced across a known resistance
by the base current. Voliage changes with time were recorded using 2 Mirneapolis
Honeywell Visicorder with galvanometers having a response time of less than 1
msec. The circuit used for this measurement is shown in Figure 38, Forward
voltage drop across the PIN's was also measured with the MH Visicorder and the
circuit shown in Figure 38. Oniy the devices under test and the cables to supply
potentials were exposed to the immediate environment cf the reactor. Ferrite
cores were placed around the emitter leads of the transistors to eliminate high-
frequency singing. In both circuits provision was also made fer delaying the appli-
cation of emitter current or forward current to the devices for times from 1 msec
to 1/2 sec after the radiation burst. The delayed bias circuit could also be operated
under a variety of bias conditions during the reactor pulse.

DEVICS UNDER TEST

DIFFERENTIAL
AMPLIFIER
SHIELDING
-~y
I VISICORDER
:Il -
- =
=
——o I
0.0 CRI DELAYED GATE
) 3\) {AT AFTER BURST)

RADIATION AREA b

"M{

+i00V

-1
b

Figure 38. Transistor Fast Anneal Test Circuit (for I o = 1 ma)
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Figure 35. PIN Fast Anneal Test Circuit

Devices were also exposed at various temperatures using the hot cold mount
shown in Figure 40. Low temperatures were obtained with this mount by passage
of cold nitrogen gas through the transistor support and high temperatures were
obtained by heaters embedded within the mount. A chromel-alumel thermocoupie
referenced to ice~water temperature was used {o monitor the device temperatures
during expcsure. In the results cited here, temperatures from -5 C t¢ +100 C
were emploved.

k. Resulis

(1) Transistors. All of the transistors exposed in these studies were planar
and had basewidths of the order of iu except for the WECo 2N-560 (W = 3u). The
planar types included low power NPN's (WECo A-2409) and PNF's (Motorola MM999),
medium power NPN's (Motorola 2N-3252) and PNP's (Motorola 2N-3245), and a high
power NPN (Motorola SF2585A). Typical dc current gains before neutron bursts
of 5x 1{)13 N/cmz, as well as several hours after, (for a variety of collector cur-
rents) for these devices are shown in Table 1.
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TABLE 1
Typical D-C Caias of Experimental Devices

Before and After Exposure to 5 x 1013 N ‘cmz
Collector
Device C}’g“;“‘ hop Before hpp After
2N350 i 24 8
2N560 10 40 12
A2409 1 69 26
A2409 10 83 40
A31999 1 124 22
AMIF99 10 126 36
2N1252 1 67 9
2N3252 100 92 27
2N3244 1 o5 11
2%W3244 106 130 37
SF2585A H 100 17
SF2585A 400 100 27

Collector voltages during most of the test were 3.0 volts fer all devices,
except for the SF2583A where 2 collector hias of 1.5 volts was used. Current
densites in the transistors for 10 ma were of the order of 100 amp/'cm2 for the
low-power NPN's and PN?P's, 10 amp_/x.:nz for the medium-power NPN and PNP's,
and 1 ampl-’cm2 for the high-power NPN's.

Figures 41 through 45 show the recovery of d-c gain normalized to the final
current gain for these devices after a burst of 5 x 1013 N/ cmg. In all -ases tran-
sistor current gain was at a minimum immediately aiter the neutron burst and re-
covered subsequently to a higher final value. Where several devices of the same
type were studled, variations among devices were smail. Recovery times were
generally comparable for all of the devices studied including both NPN and PNP
types. It will be observed that in all cases the magnitude of tane annealing was
larger at low collector currents. In the delay bias zirrangement it was determined
that recovery did not occur until forward emitter current was passed. This was
true for delays in application of emitter current up to 1/2 sec after the reactor
pulse. In most cases the same magnitude and time of recovery were observed for
delayed application of blas as were observed when forward bias was applicd during
the reactor pulse.

If it is assumed that neutron damage results in an inecreased recombination
rate due to damage centers in either the emitter space charge reglon or the neutral
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base region of the transistor, and it is assumed further that the centers which re-
cover are independent of the permanent ones so that the recombination rates add,
then the ratio of the recoverable recombination rate to the permanent recombina-
tion rate R A/ Ry (R o 1/, where 8 is the d-c gair) can be determined.

1/B8(t) - 1/B () IB(t)"IB(”)

/) - 1/50)  18) - 1500 W

where IB is the base current and F is the quantity defined by Sander and Gregory'
as the annealing factor.

The quantity R A/RN at 1 msec has been obtained for the transistors listed
above and was found to be independent of the total integrated flux of neutrons re-
ceived by the device in the range irom 1013 to 1014 N/ cmz. That is, the ratio of
recovered to permanent damage is independent of the total fluence received. This
result was also found by Sander and Gregory and supports their argument that

recovery is caused by changes in centers in the bulk rather than changes in surface
states.
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In general, the quaniity R A RN for tlmes greater than 1 msec has a time
dependence of the form

_1/
R. R,-Bt " (2)

ExY N

where time (t) is expressed in milliseconds and the quantity S = n < 6 at room tem-
perature. 2oth n and B are funcdons of temperature and the eniitter current during
recovery. Thus the kinetics of recovery are described by an equation of e form

AF-1) n-1
‘(T - k(F - 1) 3)

and the order of recovery (n - 1) varies from 2 - 5. Nihcul and Stals® have dis-
cussed bimolecular recovery processes and have shown that large deviations from
n-2 can generally be expocted. 1t 1s therefore possitie that the recovery is a
result of a bimol--cular diffusion process. However the strong dependence of re-
covery on curreat density has already been noted. As the current gain of the
transistor changes, its current density alsc changes because of the emission
crowding effect. Presumabiy this dep>ndence could be taken into account but it
wiil further modif, .he derived order (n - 1) of the recovery kinetics.

The expression equation (2) implies very large valuesfor R A P’N for extremely
short times. Unfertunately times less than 1 msec were not studied because of the
long response time of the Visicorder galvonometers. Sander and Gregory's experi-
ments® indicate that the maximum value of RA RN is of the order of unity. This
shows that recovery in our devices during the {irst msec or so is relatively small.

Sander and Gregory were able o measure F at short times by studying the
recovery with very low average currents usin:. 10 pgsec pulses to measure the cur-
rent zain. Their results with this technique also indicate that some recovery does
take place without injection but with a very long time constant. The marked de-
pendence of recovery on forward bias was also observed in their experiments even
at very low duty cycle. Using a duty cvcle of 0.1 per cent, they observed 2 dis-
placement in the annealing rurve 10 twu orders of magnitude lo.ger time compared
with the result for a 100 per cent duty cycle.

From the results of Sander and Gregory and the resulis given in Figures
41 through 45, it is estinated that the recombination rates immediately after the
burst may be as high as twice the final recovered vaiue. That is, the neutron
burst produced a recoverabie recombination rate that is roughly equal to the final
{fully recovered) neutron-induced recombination rate. If 1/3 o ¢, then it could
also be said that the worst case degradation corresponds to the steady-state device
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ch- ~acteristics observed after exposure to approximately twice the actuai neutron
fluence. Worst case degradation should be aaticipated in devicez which are off
during the exposure and switched on briefly some time later.

\2) Eliecis of 3ias and Temperzaiure on Recovery of Transicicrs., The

SF2585A medium-power devices and MM399 devices were alsc operated with a
collector bias of 45 velis and low collecter current during irradiadon; ro differ-
ences in recovery phenomena were observed. All of the devices were also tested
with reverse emitter bias supplied during burst. Reverse amiiter bias should
accentuate any radiaticn-induced surface degradation in the neighborhood of the
emitter base junction during irradiation. Again r2 differences in recovery behavior
wers observed under these bias conditions.

A measurement was also made during reactor burst of the VCE(SAT) of the
power transistor at I = 400 ma, ard Iy= 60 ma. 'V'CE(S.%T) shouid be fairly
seunsitive to changes in the lifetime of minority carriers in the collector epitaxial
region. However, no recovery of the saturation voitage was observed. The rela-
tively high base drive used in this experiment may have obscured any changes in
VCE(SAT) due to lifetime changes in the epitaxial region.

The high power NPN's (5172585A) exposed with collector currents of 400 ma
and the medium power NPN's (2N3252) with collector curreats of 100 ma had sub-
strate temperatures appreciablv higher than 30 C. ‘Estimated temperatures were
80 C for the S¥2585A and 60 C for the 2N3252.) The recovery of these devices
with emitier current applied minutes before irradiat:on was compared with that in
devices with emilter current applied shortly after irradiation. No significant dif-
ferences in recovery were observed.

The effects of temperature on the recovery process were also examined
using the hot cold mount described above. For these studies oniy the medium
power NPN and PNP transistors were used. Recovery was observed at -50°C and
-100°C and compared with room temperature results, Figure 46 shows typical
results for each type of device and Terle 2 summarizes the behavior of these de-
vices in terms of the parameters given in equation {1). At low temperatures no
recovery was observed untll bias was applied, as was the previous finding a2t room
temperature. However at 100°C, during the first 0.5 sec roughiy 1/3 of the re~
coverable centers disappeared before application of forward bias. At 1 msec
R A'/ RN was roughly 1/2 as large at 100°C as it was at -50°C; however, recovery
with bias proceeds somewhat more slowly, if anything, at the higher temperatures.
This may be because the emission is not as crowded in the emitter region at high
temperatures; hence the actual current densities and the minority carrier injection
levels are much lower. Because of the dependence of recovery on injection level,
the rate of recove_y would then be somewhat lower at this temperature.
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TABLE 2

Recovers Parameters of 2N32352 and 2N3224
After Exposure 10 Burst oi Neutrozs (& = o)

= - = "'"1. n, Y H
R, R =F-1=5Bt .t given in msec)

Collector
. Current Temperature -1,
Device {ma ¢C} B (msec )
NPN - 2N3252 10 -50 1.2
19 -25 0.9
19 +160 0.6
PNP - 2N3244 10 -50 1.2
10 -25 c.c
10 -160 0.7
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The recovery of transistors after a burst of neutrons was also monitored
asing an exponentlzlly swept emitter current. The emitter current was increased
irom 1 .2 0 20 ma in approximately 100 msec. Figure 47 shows the base current
of the NPXN 22409 25 2 function of the emitier current. It was hoped, in this type of
measurement, to be able to separate space-charge region recombination currents
induced by radiation irom bulk recombination currents. Recovery was sufficiently
rapid at the high emitier currents, so that it was not possible is sweep an entre IB
versus IE curve before rerovery teook place. Becsuse of system response, recovery
for times less than 5 msec was not determined in these tests. The results for longer
{imes give somewhat smaller annexiing factors, F, than those determined using con-
siant emitter current. This result is attributed io the relatively high average-
current density used in these measurements which would speed up tke recovery of
the reccverable ceaters.

(3) Dioues. The transient recovery cf forvard voltage drop in a WECo
G657174 PIN was also siudied. The PIN dlode is in theory a desirable structure
for studying ckanges in recombinaticn rate for several reasons: (1) its forward
voltzge Grop is 2 very sepsitive furction of the diffusicn length in the intrinsic
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reglon, (2) its current density is uniferm and calculable, and (3) its characteristics
at high injection level should be relatively insensitive to surface effects. A simple
theory gives the foilowing relationship between the forward voltage drop and the
diffusion length in the wide base region.

V=Vpn+Vy

= 2T /— kT 7 W/2L 4
: In (3 V6 L/2q D, n,)+ T5e @)

where b is the ratio of electren and hoie mobilities, L is the minority carrier dif-
fusion length, W is the width of the intrinsic layer, Dn is the electron diffusion
constant, and ny is the intrinsic concentration. For the injection levels and ratios
of width and diffusion lergth for which this particular device was operated, the first
term in this expression gives rise to a voltage drop of the order of 0.5 - 1.0 v which
depends on the current density and the temperature of the measurement. The
values for the junction voltage drop assumed in this study are given in Table 3.

TABLE 3

PN Junction Voltage Assumed for
WECo PIN Diode

Current (ma)

Temperature
¢c) 1 10 50
-50 0.70 0.80 0.87
25 0.60 0.70 0.77
100 0.45 0.60 0.67

The PN junction voltage (first term in equation 4) also changes with irradiation;
however, the dependence on lifetime is logarithmic and has been neglected in this
analysis. Comparisons made between irradiated and unirradiated PIN's show not
only the expected change in saturation current contribution to the first terin, but
also an unexpected change in the slope of the In I versus V characteristic which
has not been taken into account. The change in slope could result from a strong
dependence of diffusion length on injection level.

The secona term in equation (4) which is independent of diode current gives
rise to a large additional drop when the ratio of the width of the intrinsic region of
the diffusion length of minority carriers is large compared to unity. Ai 5 x 10]3
N/cm2 the estimated lifetime in the intrinsic layer is of the order of 0.1 usec.
Since the base width of these devices is approximately 50 u . the ratio of base width
to diffusion 'ength is greater than three. Hence the second term should add signi-
ficantly to the forward voliage drop.
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Recovery of the forward voltage drop as a function of time after a single
neutron burst for various aiode currents is shown in Figure 48. The current density
at 10 ma in this PIN is approximately 5 amp/cmz. The recovery here is quite
simiiar to that of the current gain in the transistors and occurs in roughly the same
time span. Essentially, complete recovery does not occur until times are of the
order of 100 sec or more, possibly because of the low current density. If the PN
junction voltage given in Table 3 is subtracted from these results, the voltage
across the intrinsic region can be obtained. It will be seen that this voltage is 3 to
4 times as great immediately after the neutron burst as it is in a completely re-
covered diode. From equation (4), the voltage drop across the intrinsic layer, a
simple relationship between the recoverable and the final recombination rates in
the intrinsic layer similar te that obtained for the transistors can be derived.
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Figure 48. Recovery of Forward Vultage (Vf) of
DIN Diode After 5 » 10*5 N/em®
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From this expression and the results shown in Figure 49 values of R A/ RN at 1 msec
of 1.3 at 35 ma and 1.7 at 10 ma are obtained. These results are somewhat larger
than the results obtained for the transistors. The time dependence of R A RN for
diodes could also be fitted by an equation of the form of equation (2) with3 < n < 6.
Again initial values of the unrecovered device voltage drops were not obtained at
times less than 1 msec. Sander and Gregory have studied the recovery of solar
cells at very 'ow current densities. Their results show a fiatiening of recovery at
iimes iess than 1 msec. It may be concluded from their results that the max value
of Ry RN for diodes lies in the range 1 to 3.

Exposures of the PIN diode at a series of integrated flux levels also showed
that in the case of diodes R ARN was independent of the flux level. This resuit,
plus the magnitude of the annealing observed in the PIN diode, is fairly strong evi-
dence that a bulk phenomenon, not a surface-dependent eifect, is being observed.

The ehc~ts of temperature on recovery in the PIN diodes were also studied
and the results are shown in Figure 49. These results can again be expressed in
terms of the parameters given in equation {1). Their valves are summarized in
Table 4. In general these results are quite siinilar to those obtained on transis-
tors, i.e., the magnitude of recovery is larger at low temperatures and larger at
low measuring currents. However the rate of recovery is relatively incensitive to
both the temperature and measuring current density. Again, as in the case of the
transistors, recovery of the PIN's was not observed until forward current was
passed through the device. The results of Sander and Gregory' on colar cells
indicate that recovery without bias (ir their case, application of light to the samples)
proceeds very slowly with a time constant of the order of many seconds.
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TABLE 4

Recovery Parameters of WECo PIN Diode
After Exposure to Burst of Neutrons (t = o)

(R, Ry=F-1= Bt_l/n.t in msec)

Current Temperature -1
__(ma) (*C) B (msce ) n
1 ~-50 3.5 4
+25 3.0 4
+100 2.0 5
50 -50 1.5 4
+25 1.0 S
+100 0.6 >6

The severc recovery effects observed in FIN diodes might also be expected
in the on-voltage of PNPN devices in view of the fact that PNPN's also operate at
relatively 'ow current densities. The severity of the effect will undoubtedly be
most noticeable ir circuits which are off during exposure to radiation and are
swifclied on for only brief periods after irradiation. In this case the maximum
observed annealing factor must be expected.

c. Other Recovery Effects

{1) Revers- Recovery. An interesting reverse recovery effect was observed
in neutron-irradiated medium-power NPN and PNP devices which were heated to
anneal out some of the neutroi wamage. The degraded post-irradiation gain at low
currents (1 ma) increased about 40 per cent after a 5-minute, 125°C anneal. This
increase was slowly reduced to 25 per cent after a period of several minutes. A
brief operation at high current (100 ma) would accomplish the same reverse re-
covery in a matter of seconds. The effect was reversible; reheating to 125°C
again increased the initial gain recovery to 40 per cent. A comparable reverse
recovery was observed in the forward voltage of irradiated PIN's. Thus it is un-
likely that it is a surface controlled effect.

R A/ RN has been evaluated as a functicn of time for reverse recovery using
equation (1). Figure 5C compares the time dependence of R A/ Ry for reverse re-
covery of neutron-irradiated medium-pewer NPN after a 200°C anneal with the
typical recovery of R A/ RN of similar devices after a burst of neutrons. Note that
the time dependences and magnitudes of the two effects are very similar. The re-
verse recovery effect like the normal recovery is largest for the lowest measuring
current.
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Figure 50. Comparison of Recovery of NPN 2N3252 After Burst of Neutrons
(5x 1013 N/’cmz) and Reverse Recovery (1-F) After 200°C Anneal
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After Fast Neutron Bombardinent
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Figure 51 shows how the fast neutron damage anneals for the medalum-power
NPN and PNP devices used in this study. Litle or no anreal of damage is meas-
ured up to 150°C. The magnitude of the reverse recovery effect is also plotted in
Figure 51. This effect peaks in the neightorhood of 150°C and gradually disappears
ir the same region, from 175° to 225°C, where most of the neutron damage anneals.
It may be conciuded then that the reverse recovery is associateé with bulk neutron
damage.

It may also be concluded that the reverse recovery is a bulk electronic proc-
€ss because it is reversible aad because it is largest below the temperature where
a significant amout of annealing ¢f neutron damage occurs. The marked similar-
ities of ordinary recovery, and reverse recovery in turn, suggest that ordinary re-
covery may also be due to an electronic process.

(2) Capacitance Recoverv. Measurements of the reverse-bias junction

capacitance have also been made in devices immediately after exposure to bursts
of fast neutrons from the White Sands FBR. The device studi~d was a WECo 426G
rectifier having a N PP~ type of structure witk a P region doping of 1014 cm '3.
Junction capacity afier a neutron burst drops abruptly and slowly climbs back to
nearly its pre-irradiation valve. For a NP step junction, the capacitance variation
is given by

(N - N - N 12
C(t)-k(:\o N, .\n)

(v)

where k is a constant depending on the applied bias, NO is the initial acceptor con-

centration, N a and Nn are the concentrations, respectively, of recoverabie and final
neutror-induced deep donors It i easily shown that

. 22
hazg_(;/-) )

}\T

51— (1)
2 Cloy ™ Clxy

A-c capacitance measurements at 10 kHz anrd 100 kHz were made using a Boonton
capacitance meter. The time dependence of N a’/ Nn at a reverse bias of 0.5 volis
is of the form

»
4

2

P 4.0 exp [- t/sso} (8)

At 500 sec, forward bias was applied and almost complete recovery of the capaci-
tance to its final value occurred in a few seconds. Similar capacitance recovery
was observed at larger values of reverse bias. The values given above were
obtaired with 100 kHz measuring frequency. Similar results were obtained at

10 kHz, although there are quantitative differences which are as vet unresolved.
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The observed exponential dependence is characteristic of an electronic
process, i.e., fllling or emptying of traps. Since the defects which ar¢ responsi-
ble for the changes in a-c capacitance are located at the edge of the space charge
region. they see very few mobile carriers and the charging process could be verv
slow. Forwa:d injection would speed up the charging process drastically.

From the final capacitance change it is estimated that Nn is of the order of

1013 N c1112. This corresponds to

13 3 =
10" /cm"” for a fast nautron-fluence of 5 x
roughly one or two acceptors being neutralized per ciuster. The initial vaiue
N, N,l immediately after the burst is five times as large, hence a large number

of charge states appear to be associated with each cluster.

There is as yet no evidence to link capacitance recovery and the post neutron
burst recovery of {ransistor gain. except the common dependence of recovery rate
on injection level. However, there is every reason to believe that charges in the
charge state of a cluster could aiter both its effectiveness as a recombination
center ard the effectiveness of other recombination centers located within a Debye
length of the cluster.

d. Discussion

(1) Nature of Neutron Damage in Silicon. Unfortunately there is little solid
experimental knowledge about the radiation damage centers produced by fast neu-
trons in silicon. As a result, the model discussed below for neutron damage is a
highly speculative cne.

For fission spectrum neutrons the average neutron energv is of the order of
1 Mev. The mean free pach of such a neutron is approximately § cm in silicon;
hence enly 18 per cent of the incident neutron flux produces recoils in a 1-cm-thick
sample of material. The average energy transferred by this neutron to a primary
silicon recoil is of the order of 70 kev. I the sllicon lattice this recoil can travel
a linear distance of the order of 600 A and give up 70 per cent of its energy to sub-
sequent displacements. If the average energy per displacement is assumed to be
25 ev, then the total number of displacements will be & 2000. Of these displace-
ments a large fraction can be assumed to be close interstitial-vacancy pairs
(Fraenkel defects) which recombine almost immedlately. Of the remaining defects
it is generally assumed that the interstitials (transferred by replacement collisions)
exist as a cloud surrounding a core with high vacancy concentration. The overall
defect is commonly called a cluster.

The cloud of interstitials might be expected to rapidly collapse hecause of the
large interstitial mobility. but trapping by other lattice defects or by other inter-
stitials could slow down ccnsiderably the return of interstitiais to the vacancy core.
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Within the core, rapid rearrangement oi the vacancies to form vacancy pairs,
triplets, and possibly vacancy platelets can be expected. Interactions of the vacan-
cies with other defects within the core (oxygen donor or acceptors) should be less
probabie because their concentraticns are comparativeiy small.

The resuit a.fser the first immediate stage of annealing should consist of a
core, perhaps 300 A in flameter, which has several hundred vacancies aggregated
into vacancy pairs, triplets, etc., surrounded by trapped interstitials and pessibly
a small density of trapped vacancies (bound to oxygen, donors, etc.). This model
is illustrated in Figure 52.

Several experiments in germanium, including electron microscopy,®® seemed
to support this type of model for neutron damage but as yet no evidence exists for
this model in silicon.®

It may be concluded from this kind of model that two possible types of damage
could be measured in fast neutron-irradiated materials. The {irst is diffuse damage
arising from the cloud of impurity-bound vacancies and interstitials surrounding the
core. This diffuse damage should be very similar to the damage produced by elec-
trons or photons having energies less than a few Mev. Flectrical measurements of
electron and photon-bombarded silicon indicate that isolated vacancy-oxygen,

1-D .- 1-0
v-0 -1 I-p V-0
— —_—
-~ N I-0
I-1 7/ V=D
-0/ v-v \  i-I
/ v-v \
I-0 / v-v VoV \ 1-T
! V-V - \
I-1 o 1o 5
l -V v-v - lV D
| v-0 |
\ v-v | 1-D
; 3004
v-p \ V7V v-v /
\ V-v-v / 1-1
1-1 \ CORE / DIFFUSE
REGION / REGION
I1-0 N V-V / 1-D
~ -
~NYP - 1-1
-0 -t
-1
1-D

I ~ INTERSTITIAL
Y/ — VACANCY
D - DEFECT, INITIAL

Figure 52. Cluster Model for Fast Neutron Damage
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vaczncy-donor, and vacancy-vacancy coraplexes are the most signiticant contrib-
at~rs to this type of damage. The second kind uf damage is due to the vacancy rich
core of the cluster. This kind of dan.age would not be produced in low energy elec-
tron or photon irradiations.

(2) Electrical Effects of Neutron Damage in Silicon. . 4st neutron damage
in silicon has been studied using EPR, optical, Hall, and lifetime measurements.
Only the EPR studies can be interpreted in terms of specific kinds of defect centers.
The experiments of Jung and Neweli’ have been interpreted by Corbett.® The experi-
ments indicate relatively large concentrations of vacancy aggregates, including
vacancy pairs and quadruplets. Vacancy-oxyger and vacancy-donor pairs have not
been cbserved.

Optical measurements indlicate divacancy and some vacancy-oxygen com-
plexes. Lifetime, Hall, ard photo-conductivity measurements indicate defect levels
at 160 mv below the conduction band and 270 mv above the valence band. These
leveis have been identified respectively with the vacancy-oxygen and the divacancy
complexes. In addition., many other leveis whose positive identification is highly
uncertain have been observed. R. Whan® has observed that the vacancy-oxygen
optical-absorption band begins to develop slowly in neutron-irradiated material at
temperatures in exccss of 50 C. This slow increasec in absorption is attributed to
the breakup of the vacaucy~rich core and subsequent migration of the freed vacan-
cies to oxygen traps.’

Two amhors'™ " have observed that neutron-irradiated silicon exhibits life-
time degradation which is relatively independent of the impurity content of the mate-
rial in contrast to very marked impurity dependence of lifeiime degradation in
gamma- or electron-bembarded materials. This suggests that the principal re-
combination centers are the vacancy cores of the neutron clusters.

H. Stein'® has observed a very smalil temperature dependence of the production
rate of neutron lifetime damage in bulk material. (This obscrvation has been con-
firmed in a variety of silicon devices as weill.) Again, this result contrasts with the
lifetime production rate observed in electron- or gamma-radiated materials where
there is a marked temperature dependence. Stein also obs<cved recovery of the
lifetime in neutron-irradiated materiais at temperatures 50 C which he alsc attrib-
utes to breakup of the vacancy cores.

Annealing of sieutron damage is typically suread out over a broad range of
temperatures, as shown in Figure 52. On the other hand vacancy-oxygen, vacancy-
donor, and vacancv-vacancy complexes have neen obscrved to anneal rather sharply
in a very narrow temperature range in electron- or photon-irradiated materials.
For example, the vacancy-phosphorus conter anncals almost completely between
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150°C - 190-C, whereas the vacancy-oxygen and vacancy-vacancy centers anneal
rather abruptly in the range of 360°C. The shape of the ncutron damage annealing
curve has been attributed tc the breakup of the vacancy-rich clusters cver a wide
range of temperatures.

The general conclusion to be drawn from these various observations is that
the effects of neutron damage on semiconductor electri.al prope:lies ars guite dif-
ferent from the effects of the diffuse type of damage cbserved in ¢lectron or gamma
2 is that
the electrical changes in neutrop-bombarded silicon are primarily related to the

environments. The specific conclusion that some cliservers have drawn'”

vacancy-rich core of the cluster.

(3) Cluster Electronic Model. B. R. Gossick' nas proposed a model for the
electronic vifects of the disordered regions in semiconductors resulting from fast
neutron hombardment. Within the disordered regions in silicon. the material is
presumsably near intrinsic since the disorder introduces states near the middle of

the forbidden gap. To some extent the neutron disordered regions resemble dis-
ordered regions present around dislocations. V. Heine' has argued that the new
states introduced into the forbidden gap should be acceptors. i.e.. negatively charged
when they capture an elecuron. These states are removed from the conduction band
because of the dilation of the lattice within the discrdered regicns. Gossick, how-
ever, assumes that both donor and acceptor states are iatroduced, so that in either
P- or N-type material an island of nearly intrinsic material can be formed. The
divacancy, which should be present in large concentrations in the core, has been
shown by Watkins and Corbett'® to have some of the necessary properties for this
purpose, i.e., the divacancy can bind either a hole or an electron with a fairly deep
binding energy. Since the Fermi level position in the disordered region immediately
after it is created is different from the surrounding material. a potential must ce-
velop hetween this region and the surrounding material. The potential is developed
across a dipole layer which builds up at the edge of the disordered region. The di-
pole iayer 1s formed by trapped holes or electrons within the disordered region and
by lonized acceptors or donors outside the disordered region. The dipole space
charge region extends into the bulk material a distance of the order of a Debye-
length (L)

1/2

L =1/q (kTe/N) 9

where ¢ is the dielectric constant and N is the impurity concentration in the bulk.
L is the order of 500 A for 1.0- and 5.0-ohm-cm N- and P-type silicon, respec-
tively.
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The potential drop required betwesn the disordered ard bulk reégions 10 briny
their Fermi levels into «guilsbrium will be zbout a few tenths of 2 volit. Assuming
the cluster radius is 130 &, the capacitance () of the cluster is esiimated o be

C=%¢ (139x 10'1‘03

T 1.7 x 10'17 farads

The number of charges (n) required te produce a potential drup of 0.2 v would
then be

Thus 20 electrons or boles must be captured Ly e disordered region to
riny it into ~quilibrium with the surrourding material. This model ic illustrated
in Figure 33. In heavily doped material the equilibriam si*uation should he
achieved rapidiv. In lightly deped mauterial (or juaction depleiion regions) equilib-
rium between the disordered resion and the btulk will be reached very slowiy since
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Figure 53. Gossick Model for Electronic Properties
of Neutron Clusters
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only a small fracticn of the majority carriers encountering the disordered regior.
wil! be energetic enough o overcome the coulombic repulsion of the center; i.e.,
the capture cross-secticn of the cluster for majority carriers becomes very small.
On the othe hand minority carriers wiil see an attractive potential near the cluster
and their capture cross-sections ought {o be vary large. In cther words the clusters
are primarily minority carrier traps. The following experimentul observation sup-
ports this conclusion. At 5 % 1013 N/em? Mfetimes typically measured in silivon
devices are of the order of 0.1 - (.2 usecs. If the capture cross-sections for

both majority and minority carriers are assumed to be of the order of the geomet-
rical size of the ciuster, ie.. 2 x 1(‘2'11 cm2. then the bulk lifetime can be estimated
atdx 1013 I\’/cm2 to be

1
Nov

-
7T =

= 0.001 usecs

where v is the thermal velocity of the minority carriers. Thus at least one of the
capiure cross-sections must be much smaller than the geometric cross-section.
Since it is physically unlikely that both cross-sections are small, it is concluded
that clusters, particularly large clusters. should be traps. A large number of ex-
perimental observations'”"*® in neutron-irradiated silicon suggest that large trap
concenirations are present. However no attempt has, as yet, been made to relate
such traps to the ciusters themselves. Wysocki’™ has cbserved thermally stimu-~
lated conductivity from traps roughly in the middle of the gap. Strong evidence of
raps is also seen in plastically deformed silicon.™

If it is concluded thai large clusters are primarily traps, then the increased
recombination from fast neutron bombardment mast e accounted for. The follow-
ing possibiiities are suggested.

1. Small (weakly charged) clusters.
2. Difiuse defects surrounding cluster.
2. Recombination-generation in space-charge reglon of cluster.

Since the results quocied previouslv show that neutron damage in silicon does not
resemble gamma or electron irradiation damage, the second possibility must be
rejacted. Similarity, the third possibility would suggest a strong dependence of
lif«time damage on the material doping. This dependence has noi been observed.

It is concluded then that small clustered regions which have relatively few
holes or e2lectrons to attain equilibrium may account for increased recombination-
generation associated with neuiron damage but large czaters, presumabiy due to



the more energetic collisions, vill behave as traps. The ratio of traps to recom-
bination centers wcuid be expected to increase as the neutron energy increased.*

(4) Models for Transient Recovery. In the analysis of the transient recovery
of both dlodes and transistors the recovery was expressed in terms of R A/ R,\,
This ratio can be related to the defects responsible for recovery in the following
way,

NAGA )

R,/Ry = o—— (16
N T oy

where N A N\, are the numbers of recoverable and permanent centers respectively

ané o A and oy are their respective limiting capture cross-sections. The time de-

pendence of R A may be due to a change in concentration of centers, in thelyr capture

cross-section, or both. The number of recombination centers car be changed by

atomic migration of defects (annealing), whereas the cross-section can be altered

by changes in their charge state, l.e., by electronic processes.

Sander and Gregory' and Birder and Butcher® have interpreted the ordinary
recovery process in terms of atomic migration, specifically the miigration of inter-
stitials back to the vacancy-rich ciuster. The vacancy complexes within the core
are presumed then to break up, releasing some vacancies outside the ¢luster. It is
the release of these vacancles that is believed to give rise to the slow growth of
vacancy-oxyvgen centers observed by Whan.®

There are a large number of experimental observations which do not support
this explanation for the recovery process. Among these are the following.

1. In devices, little or no annealing of lifetime degradation is observed in
the temperature range from -50°C to +150°C (see Figure 51).
2. Such an interpretation fails to account for the marked dependence of the

recovery process on minority carrier injection.t

3. In the case of atomic migration a considerable change in the rate of re-
covery with temperature would be expected. This was not observed.

*The Gossick Model roughly explains the carrier removal rates of fast neutrons
in either n or p type silicon. Thus for 1 N/cm2 one expects 0.18 clusters/cm3

and 20 x 0.18, i.e., 3.6 carrlers/cm3 removed per neutron. Measured carrier
removal rates are of this order and are approximately equal in n and p type
material.

tSander and Gregory suggest that interstitial mobility (like vacancy mobility) may
depend on charge state, hence on injection level, If this were the cause of the
rapid recovery under forward bias it would be very difficult to explain the similar-
ity of results obtained on NPN and PNP transistors.
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4. This interpretation could not account for the reverse recevery process
discussed in Section 4. This process has many features in commnon with
the ordinary recovery process.

As a result of these experimental observations, an alternative model tor
the recovery process, based on tentative conciusions given in the previous section,

is proposed.
These conclusions are:
1. Large multi-charged clusiers are minority carrier traps.
2. Small and weakly charged clusters are recombination centers.

3. Charge equilibrium for large clusters is 2uaired slowly in lightly doped
material or in junction space-charge regions.

It is expected thac following a burst of fast neutrons both the small and large
clusters would be weakly charged in lightiy doped (I) material or in junction space-
charge regions. Hence, both small and large clusters could be recombination
centers. As the large clusters gradually charge-up, their cross sections for
majority carrier capture decrease and these clusters slowly convert to traps. *

It is assumed that within the cluster there are both the deep trap levels called for
in the Gessick model, and deep or shallow recombination levels. Thus the recovery
process is considered to be associated with slow transformation of large clusters
from effective recombination regions to traps. T An alternative way of presenting
the model is to regard the edge of the cluster as a surface with both fasi and slow
states, where the charge in the slow states controls the recombination through the
fast states.

In a typical transistor the only regions where this electronic process could
be long-lived would be the emitter and collector space-charge regions. In the
emitter space-charge region it would give rise to large iniiial space-charge re-
combination current, i.e., to an initially low value of emitter efficiency. This
would explain the dependence of the magnitude of recovery on measuring current

*One can expect to see such a process only with fast neutron bombardment.
Energetic charged particle bombardments would produce such intense local
mniﬁtion that any clustered regions produced should reach charge equilibrium
rapidly.

1The slow charge equilibrium of large clusters could affect the recombination rate
in several other ways as well. For example, assume the diffuse defects around
a cluster were primarily responsible for reccombination; as the cluster charged
up the band edges within a Debye length of the cluster would be bent and the re-
combination rate of centers inside this Debye length would slowly change.
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since emitter efficiency tends to limit the current gain at low currents, whereas
base transport efficiency limits current gain at high currents. Obviously recovery
would be highly accele, ated if the majority carrier concentration were raised in

the space-charge region as it would be by a high level of mingrity carrier injection.

In the P diode the lifetime throughout the entire intrirsic region would re-
cover to its final value slowly. as was observed.

Raising the temperature of either the transistors or PIN diodes would not
markedly accelerate the recovery process because in either case the majority
carrier concentration in the depletion region or the I region (not truly intrinsic,
possibly 1012 majority carriers present) is nol much altered by the temperature
change,

Reverse recovery in transistors and diodes is also explained by this model
in the following way. Aftar a period of time at elevated temperature, a larger
number of charges is trapped by the cluster than is required for room temperature
equilibrium, i.e., more carriers have enough thermal energy to surmount the
cluster potential. On cooling and injecting minority carriers, the clusters are
observed to gradually lose rather than gain charge. Hence, the recombination rate
slowly goes up (reverse recovery) rather than down. This process is expected to
be reversible.

Although the capacitance recovery has vet to be related to ordinary recovery,
both its time dependence (exponential) and magnitude {4-5 charges cluster) suggest
that the process is electronic rather than atomic in nature and may also be related
to changes in charge density of clusters.

¢. Conclusions

Experimental results of transient recovery in high-frequency silicon devices
are in substantial agreement with those reported by Sander and Gregory.' In
general the results can be summarized by saying the worse case device degradation
at a given neutron {luence () corresponds to device parameters measured at long
times (T > 103 sec) after an exposure to 25, (This result is based on the assum-
tion that both Rp and Ry, are proportional to¢.)

The worse case degradation will be most evident in devices which are tvpically
marginal in a neutron environment, high power transistors, PNPN devices, PIN
diodes, etc. Largest recovery effects are observed in components having low
injection levels and short duty cycle applications. PNP and NPN silicon devices



show comparable recovery efiects. Low temperatures accentuate and high tempera-
ture decrease the magnitude of the recovery.

Reverse recovery of transistor gain following high temperature anneals has
been obscrved. This prccess is reversible and is believed to be due to changes in
the charge states of deep traps. Recovery of juncticn capacitance has also been
observed following exposure to a pulse of neutrons. As yet this capacitance re-
covery has aot been related to the ordinary recovery process.

Two models have been discussed to explain the observed recovery eiferts,
The first model, which was proposed by Sander ard Gregory, attributes recovery
to migration of defects around neutron-induced clusters back. to ilie core of the
ciuster. The second model, which is proposed in this repcert, attributes recovery
to conversion of clusters from recombination centers to traps by slow charging of
the center. The second modei accounts for the dependence of the recovery ampli-
tude on injection level, the virtual absence of recovery in the absence of injection,
and for the reverse recovery effect. The first model fails to account for any of
these features.

Progress and understanding the probiem of transient recovery will most likely
come from a study of recovery in bulk materials and from experiments which dis-
close a more concrete model for neutron damage.

11. HIGH INJECTION LEVEL EFFECTS IN IRRADIATED JUNCTION DEVICES

The degradation of current gain in a transistor because of increased recom-
bination in the neutral base and base-emitter space-charge regions is the principal
effect of radiation damage at low and medium currents.

At high carrents other effects caused by radiation damage centers are ob-
served. Figure 34 shows how these effects arise. In a transistor the base current
flows perpendicuiar to the collector current. Because of the narrow basewidths
used in these devices, the base current encounters considerable resistance. A
lateral voltage drop which reduces the forward bias at the center of each emitter
stripe and makes only the pcriphery of the emitter efiective in carrying current
develops underneath the emitter stripes. As a consequeace, emitter and collector
current densities can be quite high.

A simple calcilation for the emitter current density J is shown in Figure 54.
J increases with emitler current ! o with base current (1-qa) Ie' and with base re-
sistivity p, and it decreases with increasing hasewidth W and emitter perimeter h.
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Figure 54. Emission Crowding and High-Injection
Level Effects in Transistors

For the low power devices where W =1 h =25, p=1ohm-cm and a = 0.99, an
emitter current of 10 ma results in a pre-irradiation current density of approxi-
mately 20 amp/cm2, After exposure t¢ 2 x 1014N/cmz, base current increases by
more than an order of magnitude, due to the reduction in alpha, and the emitter
current density wiil approach 1000 amp/cmg. In medium power devices with
approximately the same constants excepi that emitter perimeter is about 0.1 inch,
an emitter current of 1 amp after radiation again results in a current density of
100C amp cmz. At such large current densities various higl.-injection levei effects
set in. The crowding of the emitter current into a very small region beneath the
emitter perimeter resuits in a smaller area for the generation of heat. This gives
rise in higher thermal impedance and collector temperatures due to poorer coupling
to the heat sink, and as a result, the secondary breakdown problem can be expected
to be more severe.

The major effect of the increased current density is a widening of the base-
width due to the "Kirk Effect,”'® which is also 1llustrated in Figure 54. In this
figure the moiile minority carriers have been represented with minus signs. and
fixed charges In the coliector space charge region have been shown by circled

charge signs.

The "Kirk Effect” occurs when the injected minority charge density
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in the vicinity of the collector space charge region becomes comparable with the

fixed charge density found there, i.e., wher JK =qV N ¢ where Vm ax is the

A
maximum velocity imposed on minority carriers in r;flae.;\space charge regiocn by
scattering, and Nc indicates the level of ccllector doping. This occurs in typical
silicon devices at current densities of the order of 1006 amp cmz. The heavy
concentration of minority carriers tends to increase the effective charge density in
the space charge region next to the base and to decrease it next to the collector.
This causes the space charge region to shift toward the collector body and thus to
widen the base. The wider base results in a lower value for the frequency cutoff.
f;. and in reduced dc current gain. It is expected that the effect would occur at
s-maller currents in more lightly doped material due to the smaller density of
fixed charges. Alsc the effect would be expected to be worse after irradijation
because the emitter ¢rowding is enhanced by the increased base current.

From these resulis it can be seen that high gain at high current and at high
integ ~ated flux levels requires heavy collector doping. The optimum transistor
design must, of course. strike a balance between all the factors indicated in
Figure 54. such as emitter perimeter. btase width and resistivity, collector
doping, etc. However. it appears that a high-current, radiation-resistant tran-
sistor of conventional design is necessarily a rather low voliage device.

Generally high current operation in tranz:stors takes place under saturation
conditions, i.e.. with the collector junction driven to forward bias. The high in-
jection level effects in a saturated transistor are not easily analyzed because an
appreciable fraction of the current which flows out of the base contact flows later-
ally in the collector region. This current gives rise to a transverse collector
voltage drop similar to the transverse base voitage drop. This problem and the
effects of radiation damage on the saturation operation of silicon-planar epitaxial
transistors are discussed in Attachment II by E. A. Overstreeti.

The conclusions reached in this study are similar to those arrived at above
for normal operation of a transistor. The VCE (sat) which often controls the
radiation resistance of an irradiated power transistor is minimized by:

1. Increasing the impurity content in the epitsxdal region and reducing the
width of the epitaxial layer.

2. Decreasing the sheet resistance of the base diffusion.
3. Increasing the emitter perimeter.

The conclusion is again reached that high current transistors intended for
either normal or saturated operation after irradiation (because of the heavy doping
required in both base and collector regions) are necessarily low voltage devices.
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A further conclusion of tais study is that true saturation may not be achieved in
irradiated transistors unless the base curren? is increased well beyond the point
where the coilector junction voltage reverses. On the other hand, before irradia-
tion very little is gained by increasing the base current much above this level.

There is, however, a possible way of obtaining both high voltage and high
current capability in a scmiconductur device which mnust withstand radiation, and
that is to use a PNPN transistor. The principal advantage of this device is thau the
base current flows paraliel rather than perpendicular 16 collector current. Con-
sequently there is no emission crowding, and the full area of the device remains
active. Another advaniage is that in the PNPN device the carriers are accelerated
by electric fields in their passage through the biace regions 11stead of depending
entirely on diffusion. Hence, thicker bases can be used for the same radiation re-
sistance and the problem of high breakd>wn voltage., which requires wide bases,
is eased. In Attachment IH D.K. Wilson ard H.S. Lee aiscuss the effects of
nevtron bombardment on narrow base PNPN devices.

The conclusion of their study is that such devices are capable of switching
more than an order of magnitude higher volt-ampere product than transistors for
the same radiation exposure. Existing devices capable of switching more than

1060 watts at 1015 N, 'cn12 are described, as well as a proposed device structure

capable of switching over 100 watts at 1016 Ny cmz.

12. LOGARITHMIC CURVE TRACER

a. Description

In the study of radiation damage mechanisms in diodes and transistors, a

knowledge of voltage-current characteristics over a wide range of currents is
needed. Important clues can be missed if the data are obtained only at discrete
points rather than as a continuous curve. Since the currents in diodes and tran-
sistors are exponential furctions of the diode and emitter-base voltages respectively,
any wide-range presentation is best made using a logarithmic current scale and «
linear voltage scaie. Plots of collector and base currents in transisters should be
made simultaneously to avoid errors which can be caused by temperature changes
between measurements or by possible changes in characteristics after one of the
currents has been swept over a wide range.

The siope of such curves 2s log IC and log IB Vs VEB has a value of q/nKT;
if this slope 1s readily delerminable, much useful information can be extracted
from the curves. For example, one can separate the various components that con-
tribute to the base current.
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In the subsequent discussion, a logarithmic curve tracer will be described.
When attached to 2 two-pen X-Y recorder as shown in Figure 5%, it can auto-
matically plot, in a time of the order of 10 seconds, the logarithm of ¢ne or two
currenis over a range of 1678 10 1071 ampere vs a linear voltage. At a somewhat
slower tracing rate, currents down to 10_9 ampere may be plotted; and at a very
slow rate, it is possible to plot currents down to about 10-10 ampere.

To date, the curve tracer has been used in surface radiation damage studies
cn Schottky barrier diodes, in annealing studies of neutren bombarded transistors,
and in the selection of diodes and transistors to obtain devices having a wide range
constant slope log I vs V characteristic,

Figure 55. Logarithmic Curve Tracer

b. Basic Circuit

The basic circuit of the curve tracer is shown in Figure 56. The device
under test, a transistor, is operated with its base at ground potential, its collector
at a chosen VCB of a few volts, and then its emitter-base voltage, VEB’ is varied.
The resulting ccllector and base currents flow into separate log converters which
generale output voltages proportional to the logarithins of their input currents.
If these voltages are applied to an X-Y recorder, plots of log Ic and log IB Vs VEB
may be made as shown on the left-hand recorder in Figure 56. If the voltage
representing log IB 1s subtracted from that representing log IC, a curve ruay be
plotted representing grounded emitte: current gain, IC/ I., vs VEB as shown at
the right of Figure 56.
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Figure 56. Logarithmic Curve Tracer Using Operational Amplifiers

c¢. Log Converter

In order to obtain a voltage, V, proportional to log I, a transconductor is
connected between the output and inverting Input of a high-gain operational ampli-
fier as shown in Figure 56. The amplifier is chosen for low offset voltage, low
offset current, and low drift. The iransconductor may be either a diode or a tran-
sistor connected as a diode (base and collector commorn) or a transistor connected
as shown. It must have a voltage associated with it which is proportional to log I
over a wide current range - i.e., cver as many decades as possible.

Since a high~gain amplifier with par.liel negative feedback tends to maintain
zero volts across its input terminals, any currcnt fed to the input must be carried
from the input to the output terminals via the transconductor. Thus, if the input
current is to be 100 ma, the amplifier output must have an output capability of
100 ma. In the Philbrick line of solid-state operational amplifiers, the SP2A
Differential amplifier has the desired input characteristics but an output current
of only 2 ma. Hence, it is followed by a non-inverting P66A Booster amplifier as
shown in Figure 57 tc obtain an output current of 100 ma. The resistors and
capacitors associated with the input, output, and feedback circuits are used to
prevent oscillation.
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Figure 57. Details of Log Conversion Circuit

Many types of diodes and transistors (and the latter with ail possible con-
nections) were tried for the transconductor. The Philbrick PL1IN and PL1P units
sold for this purpose are gocd only to one ma. No single diode type was found
which followed the E = K log I law over a range of 107100 1071 ampere. Atlcast
two diodes would have been required to cover this range.

Transistors showed more promise as transconductors and tne best types
tested were Motorola 2N3252 (NPN) and 2N3244 or 2N3245 (PNP) medium power
transistors. By paralleling two of these as shown in Figure 57, a uniform log
conversion was obtained from about 10'10 to about 2 x 10'2 amperes. At higher
currents up to 100 ma, the voltage ouiput of the converter increased tco rapidly
to maintain a straight line of I vs E on semilog paper (see Figure 58). This in-
crease in VE B above the logarithmic dependence on I is due fo the flow of base
current through the lateral base resistance. However, by making use of the
forward V-I characteristic of a type 1N647 silicen diode, CRS, and 2 small vari-
able series resistor, PI‘ the curve between 10 and 100 ma may be straightened
without appreciable effects at lower currents.
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t -y For best results, transistors
/- Q, 2rd Q, should be provided with

/ heat sinks, but extremely good clec-
g trical insuiation from cans ard col-
lector leads to ground is also re-
quired. ‘ihe bese-emiiter junctions
of Q1 and Q2 are protected by a type
INEAT silicon giede. CRIi. from
breakdown in cas~ the wrong polarity
of inpumt current is connected to the
log converter.

(2]

ol

d. Linear VEB CGenerztor

The prodaciion of smooth IC
and IB carves on the X-Y recorder
requires stepless control of the in-
creasing voliage, VEB‘ applied to
the device under test. This is reaclily
attained elecironicaily using opera-
tionzi anmplifiers as showa in Figure
59. The circuil uses 2 P65A voitage
amplifier iolicwed by 2 ron-inverting
P66A current booster. A 0.001 24
capacitor {rom output {0 input sup-
presses oscillation. An adjustable
consiant curreri through P5 flows tc
the input of the P553. The oaiput
by 2 P ot oe potential of the PEEA ampliiler

Vea SYOLTS changes sufficiently to cause rearly
all of this current {o flow through

Flgure 38. Io or I versus Vg the 109-.£ capacitor, C,. 1 the ot~

not of the P66A. Since 2:2 Ciarges
linezarly with ime. a linear voltage ramp is generated ai the output of the booster
amplifier from whica 100 ma can be drawn for the device under test.
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With switch S5 in the Start position. P35 is set for a suitable sweep rate and
P6 for the lowest value of VEB 10 be ploited. Retating S5 1o the Sweep position
causes VEB to increase at the selected rate. At any value of Vo, alorg the curve
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Figvere 39. Lirear Electronic VEB Cenerator

S6 is returzed to the Adjusi Siart position. the curve is swepi back towards the
origin al 2 raie controlled by the value of P6. I switch S2 i5 throzr to the leit,
regative-going voliage ramp is generated which is suitabie for tesling NPN devices.

e. Slope Determination

If a low-irequency fixed incremenial voltage, - \V, is added io any given
value of “'-EB‘ it is possible, through the use of 2 phase-sensitive deiecicr, to
determine the clops of 2 log IC or iog 1., curve at tkat value 6 "'EB‘ As shown
in Figure 39, a siep-down transformer has been included io provide 2 lgw impe-
dance source of low frequency alternating polential in series with the output of
the VEB generator.

£ . _ng aplete Circuit

The comipiete circuit of the curve tracer is shown in Figure 60. Included in
the cabinet of the curve tracer are twc  the log conversion clircuits shown in
Figure 37, the ¥ £p SWeep generator of Figure 59, regulated power supplies for the
operation2i amplifiers and patteries to supply VCB to the transisier under fesi.
Buili-in calibrating and switching facilities coniribute to permaznent accuracy and
to the usefulness ané convenience of the curve tracer.
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g¢. Calibration

Accarate volages from 0 to 1.0 volt in 0.2-volt steps are available from
switch 38 for calibrating the X or \'E B scale of the X-Y recorder.

Similarly, known currents are supplied from switeh 59 through S4 or S3 to
the oy converters for calibrating either of the two Y scales of the recorder.

0

These currents are provided in decade steps from 10710 ¢ 107! ampere.

1. External Connections

Transistors may be tested in either of thc two from panel sockets or
remotely throvgh wires from a four pin Amphenol :ack on ihe back of the set.

A terminal strip on tite front panel provides direct access io the inpuis of
the Y! and Y2 lug converters and t¢ the X chanrel cutpiut.  Use of the ternnnal
sirip eliminaies any sn:ali voliage drops which may occar across series swicies
at the higher currents. It 1s useful 12 plotting 1ae V-1 characreristics of aigh
current diodes in the range trom 10 10 100 n.a.

13. CONCLUSIONS

The effects of electron and gamma irradiation on pair specira in GaP have
been studied. It was shown that damage defects are very eifective in killing pair
fluorescence. The experiments indicated that a non-radiative recombination mecha-
nism was operative af deep damage defects but at the time the experiments were
periormed no satisfactery recombination mechanism had been formalated. This
problem: icd fo invesiivations of recombination 2t two sther types cf chemical de-
fects. The {irst invoived study of the Kiretics of exciton recombination at isoelec-
ironic traps such as nitragen substitvted {or phosphorus in GaP. At these isoclec-
tronic trans eiecirons and holes were {ound to annihilate each other with a high
prooabidity {for photon production. From these studies it was possible to determine
the nature of the traps (i.e., whether they are hole or electron trups) their oseillator
strengths, capture cross sections, activation energies. and densities.

Studies of the kinedcs of bound exciton recombination at neuwtral donors rather
than isoelectronic centers revezied a more compiex Auger-type mechanism. In this
process, the exciton recombination eaergy s transierred to the weakly bound donor
elecirun. which is ejected into the conduction band. This non-radiative process was
found to predominate greatly over the radiative decay processes for these neutral
centers. The discovery of this mechanism provided a2 possible explanation for the

form of the killer actianm of doop damage center in GaP. Thag it ic very prohabie
that rthe hole, weak!y bound at a Si-S pair, will transier to a deep defect jcvel with
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acceptor characteristics. This : ; atral center can then act as a level {for efficient
non-radiative recombination. It appears that in the study of radiation-induced de-
fects the nossibility of this type of Auger recombination has seidom been considered.
it is felt that the experimental techniques described will be valuab:le in furither
studies of recombnatinn mechanisms at radiation defects. The recent discovery of
fluorescence associated with recombination at the A center in silicon provides much
impetus ior continuing research in the present direction.

ESR studies of the SiG8 (E) center in siiicon, heavily doped with phosphorus,
show that the slow growth cf the center with irradiation is probably, as previously
assumed, caused by the gradual fall in the bulk Fermi leve! which is ultimately con-
trolled by the SiG8 (E) center energy levels. Prodaction rates of the SiG8 (E) centers
are lower in LOPEX silicen than in comparable float-zene silicon. A previously un-
reported isotropic radiation damage center at g = 2.0045 is observed in most
electron-irradiated, phosphorus-doped LOPEX crystals.

Following the summary of surface effects submitted in Scientific Repor: Na.
1, an experimental program was initiated ic investigate the efiects of bias. tem-
perature. and dese rate on the space charge accuniuiation process in oxidized
silicon devices. It was {curd that the accumulation increases with bias of both
poiarities. decreasec< as the temperature increases. and is viriualiv independent of
the dose rate. The results of these investigations indicates tha. the space charge
accumulates when holes generated by the radiation zre trapped while the correspsond-
irg electroas leave the oxide. An zaalys’s based oa this mode! shows how the
space charge accumulaies with dose and includes the effect of bias as a parameter.
Comparison of the predicted dependence with that actually observed yields a value
for the product of the mobility and lifetime of free electrons in the Si02 laver ihat
is consistent with the assumption made in deriving the expressions for AV(t). The
trapping mode! thus appears tc be well established and well understood. However,
the source of the hele traps has not yet been identificd. If more is tc be learred
about these traps, new techniques such as thermoluminescence wiil be required.
Once the origin of the hole traps is krown, it may be possible to produce oxides, and
hence devices, which are less sensitive to ionizirg radiation.

Thermoluminescence has been applied to study the trapping process in
oxidized silicon surfaces. Considerable differences were observed in the integrated
luminescent intensity from three types of oxide-dry. wet, and depssited. Sodium
was found to change the thermoluminescent characteristics significantly, but it
does not seem to have been ar 1initial contaminant in any oi the oxides. Shallow
hole traps apparently control the thermoluminescent behavior as they also do the
hehavior of irradiated MOS devices. Thermoluminescence studies in conjunction
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with MOS capacitance studies could provide some real mnsight into both the radia-
tion damage and reliabihity problems in oxidized silicon surfaces.

Coﬁo-gamma irradiaticns of Schottky Barrier diodes could not be used to
study changes in mterface state density because the radiaticn response of the de-
vices was controlied by charge buildup at the Sioz-Si-meta! commos interface.
This charge buildup causes breakdown and/er tunneling to take place between the
metal and semiconductor and can result in severe device degradatic:.

Transiemt recovery in silicon devices after fast neutron irradiation shows
streng evidence of an electronic 1ather than an atomic process. This elecironic
process is autributed to the slow charge equilibration of large damage clusters
{similar to dislocations). Such clusierz would be minority carrier traps rather
thar recombination centers. Transient recovery of reverse bias juncticn capac-
itance after neutron irradiation has alse been observed. An adeguate understanding
of the transient recovery phenomena wil! require a clearer experimental picture
cf the microscopic nature of reutron damaze.

Hizh-iniection-level effects 1n neuiron irradiaied silicon power transistors
and PNPN devices have been anmaiyzed and compared with experimen:al resalts.
PNDN devices have been shown to have power switching capability an o: der of
magnitede vreater than that of transistors exposed to the same neutron environment.
Design criteria are giten {or radiaiion -hardened PNPN and PIN devices. A PNPN
device structure is proposed which should be capable of switching a 100 watt volt-
ampere product 2t integrated fast neuvtron fluxes up to 1616 x cm?2.

A logarithmic curve tracer was designed and buili which is capable of auto-
matically recording both log i and log I against the emitier-base voltage of a
transistor over more than ¢ight decades of coilzctor currani (I¢) or base current
(Iy)). This curve tracer has been very useful in separating out the various re-
combination currents ir irradiated devices.
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APPENDIX A
AUTOMATIC C -VG CURVE PLOTTER

A convenieni method of moniiering the posiiive charge accumulation in the
Si0, laver of a MOS-FET is tie use of the capaciiznce-voltage characteristics of
ire ;:a:o-io—sumtra:e capacitance of the device. Thre fedious and time-consuming
chore of poini -by-poini pioliing of the mumerous C-V curves reguired dictated the
aeed for 2 much improved technigue - preferably astomatic. A search of commer-
cially available equipmenrt led 10 the acquisition of a Model T1A Booricn: L-C
meter. The L-C meier previcdes z DC aral~r sulput of the capacitance as read on
the meter which is capable of driving direcily any high input impedance recorder
and has provision for supplyirg bias to the “test™ capacitor from ap exioraz;
source. Al that was reguired then was an X-Y recorder, which w2s readiy avail-
=ble, ard a suitzble hEas supply capable of sweeping over the desired vollage
rarzes at a sufiiciently slow rate 10 allow equilibrium of charze in the "fast™ inter-
face states.

Since a sweep generaior meeting the specific requirements of this stedy was
not awaiiable, one ~ad to te consiructed. A schematic of the circuil designed for
this purpose is shown in Figure A-1. The power supply is capable of providing
independently =100 or -100 voits maximum in 10-voit steps, with one additional
5-volt range at ihe low erd. The heart of the sweep generator is a2 10-turn,
molcr-driven Helipoi, with a special ceater-tap. that sweeps the entire voltage
span from plus volts through zero to mins volis or vice versa in ore minute.
The Helipot is easily changed should longer or shorter sweep inte: vais he de-
sired. Since ihe speed of the motor-driven pot is voltage sensitive, a weli regu-
1ated supply was incorporaied o assure a constant turring speed. The cverall
measuring technique is shown in block diagram in Figure A-2.
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APPENDIX E
INTTIAL EQUILIBRIUM ELEZCTRON DENSITY

Consider the situation shown in Figure 19. The electric field in &« oxide. E,
is uniform throughout the oxide ami of magnitude VG/x o It is assumed that elec-
trons are generated at a rate of g,/cm3—s. The electrons have 2 lifetime -_and 2
mobility ;. At any point x in the oxide the electron density, n, is given by the con-
tinuity eguation

o

(9]

~ ~ -
I n [P
o =‘2r_ }é.’#'}:—éD

(1)

*ye
w

'w!:s
3

vhere D is the diffusion constani for the electrons.

I will be assumed that diffesior is negligible compared to drift. 1.e., D~0,
and that no space charge accumulates in the time reguired for n to reach equilibrium,
(3n 3i) = 0. Equation 1 becomes

dn n "’G
pES-L=-g E=-_2 (2)
da: ¢ X9

Since the Si cannet supply elecirons to the oxide, n(o) = 0. Using this boundary
cendition, the sclution to equation 2 is easily found to be

n(x) =gre[.'«; - exp (- a i)]

where a =

ur,V

G
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APPENDIX C
ELECTRIC FIELD IN THE CXIDE AT X =X AT ANY TDME

Figure 22 illustraies the situation in the MOS structure at any time {. The
purpose of this Appendix is to derive an expression for the fieid E iz the exide
at x =X, in terms of the space charge Qgg(t). E is uniform in the regiond<x<xp
since there is no space charge in this region. In the region o < x < d Poisson's

equation yields
dzv _ QPT(t)

.2
ax £

(1)

whe—e V is the poieniial at any point x, ¢ the dielectric constant of Si02, and €
the permittivity of free space. Integration of equation (1) gives

av _ Py,

— = A T A

dx o

here A = E(o)
where A = — = - Efo
= )

xX=o0
With the aid of Gauss' law and the relation QSi = - [st(t) + Qm(t)} it is easily
shown that

t) + t
Eo) = - st() Qm() @)
€ ‘0
Now
Q® = Coy Vi = Qs S 3)
X
o
and
Quglt) = qP(t)d ()
Cox = ;c;o ©)
Combining equations (2), (3), (4), (5) gives
P..(t)d \'/
A =q_T() a-9,y._6 )
2% X

€€ () (5}
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Hence

E(x o)
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ATTACHMENT I
METAL-OXIDE-SEMICONDUCTOR (MOSj CAPACITORS

1. INTRGDUCTION

Semiconductor devices employing 8102, such as passivated Si planar transis-
tors, monolithic integrated circuits, or metal-oxide-semiconductor (MOS) field-
effect transisiors (FET) are known to suffer degradation when operateq at elevated
temperatures or exposed io radiation. The SiO2 and the 8102-81 interface regions

of these devices apparenily hold the key to the degradation process. By some m=2ans,

not at present understood, positive charge accumulates in the oxide at the SiOZ-Si
interface and causes degradation either through the foermation of channels on the
device surfi-ce or by increasing the surface carrier generation-recombination.

The MOS capacitor is being used increasingly in the study of §i0,, and the
SiO2-Sl interface.’™® These capacitors are simple to construct and, through rela-
tvely straightforward experiments, can vield useful information about charge proc-
esses in the oxide. The MOS capacitor is, therefore. likely to be important in the
study ¢f radiation efiects on the surfaces of semiconductor devices. This attach-
ment is intended to describe the construction, theory, and uces of these capacitors.

2. THE MOS STRUCTURE

A MOS capacitor is usually formed by thermally growing a few thousand ang-
stroms of oxide on a p- or n-type Si wafer a few mils thick, and then depositing a
metal electrode, the gate, on the 510, surface. The oxide is removed from the bot-
tom surface of the wafer so that an ohmie contact can be made {o the Si. Electrical
contact to the gate is often made by means of a pressure contact. The resulting
structure is a parallel plate capacitor with the gate and surface region of the silicon
acting as the plates and the oxide as the dielectric between them.



3. MOS CAPACITANCE AS A FUNCTION OF APPLIED VOLTAGE

a. Qualitative Discussion

Since a semiconductor forms cne piate of a MOS capaciior, the capacitance
will be dependent on the applied voliage. The gross features of this voltage depend-
ence can be predicted from a qualitative argument. The surface layer of the Si will
be accumulated. depleted, or inverted depending on the gate potential. The charges
stored in the capacitor for these three conditions are illustrated in Figure I-1 for
p-tyvpe silicon in the absence of trapped charge in the Si02. Also shewn in Figure
I-1 are the corresponding band structures at the Si surface.

ror VC-. < 0. (a) in Figure I-1, a charge, Qs’ comprised of mgobile holes equal
in magnitude to the negative charge on the gate, QG, coliects in the Si surface layer.
For this condltion, the MOS capacitance piates are essentially separated by the
oxide. The capacity (per unit area) is. therefore. that due to the oxide,

where Ks and X0 are the dielectric constant and thickness of the oxide respectively
and € is the permittivity of free space.

For VG > 0, (b) in Figure -1, the hole concentration in the Si surface be-
comes depleted and the charge density in the surface layer, Qs, comes from expoesed,
fixed acceptor impurities (i.e., Qs = -qNA, where NA is the density of acceptors;).
The depleted surface of the 31 acts as a dielectric and hence the separation of the
capacitor plates is increas d causing a decrease in the capacity. When VG >> 0,

(c) in Figure I-1, electrons are at’.acted into the Si surface layer and the surface
becomes inverted. Q s is now comprised of a negative charge of mobile electrons,
Qn, and charged acceptor atoms, QS = Qn - qNA, It will be shown later that as Qs
increases, Qn - Qs, i.e.. the negative charge in the £i surfare is made up almost
entirely of mobile minority 2arriers. Thus, as th. surface becomes more inverted,
the depletion region stops its advance into the Si and sufficient minority carriers
collect at the Si surface so that the capacity again becomes esscntially that due to
the oxide, C ox' The expected variation of the MOS capacity, C, normalized to Cox
is shown in the low-frequency cuvrve of Figure I-2. For a MOS capacitor with n-type
Si the capacity minimum will, of course, occur at negative values of gate voltage.
Trapped charge present in the oxide acts as a bias on the capacitor and causes the
curve to shift parallei to the abscissa, in the positive direction for negative charge
and in the negative direction for positive charge.
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b. frequercy Depenuence

The procedsre for measuring A0S capacitance involves applying ~ known d-¢
bias to the capaciior ard then measuring the capacitance with 2 small, superimposed
a-c signal. In the discussicn 2bove it was tacitly assumed that the mobile carriers
in the semiconductor surface were in equilibrium at ail times, Le., it variations
oi the potentizl difference across the capacitor were siow erough for the carrier
concentration o follow. Majorlty carriers can remain in equilibrium with a-c s:g-
nals for freguencies up to ~109 Hz. Hence. for the Si surface in the accumulation
or depletion condition, the surface I3 controlled by majerity carriers ana the ca-
pacity is virtualiy independent of irequency.

.for thz inver.ion corndition, however, minority carriers control the surface
region. The time constants involved in the recombiration and generation of minor-
ity carriers are quite long and henre the ability of the n inority carricr densiiy in
the inversion "ayer to follow the a-c sigial will depend on the signal irequency. At
low frequenciles (Zlﬁ2 Hz) the minority carrier density can iollow the a-c sigral,
and the capacitance variation with appli=d voliage will follow the low-frequency
curve in Figure I- 2. At high irequenries ('3104 Hz), on the other hand, the surface
density of minority carriers cannot follow the rapid a-c voltage variations and the
measured capacity will be due only to majority carriers in the depletion region.
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The {differential} capacity which is proportien2l to the ckarge of the amount
charge in the 34, Le., C = dQs. @V, wiil, therefore, remain at a lgwer value at high
ireguencies becavse oQS wiil be Gue only to the majority carrier concerntiration
changes. Tte variation of C in thic case is llustraied by the high-frequency curve
in Figure I-2. The capacity variatos at an intermediate irzquency (~106~ Hz) is
also skown in Figure I-2,

¢. Quantitative Analysis

A cuantilative analysis of A0S capacitance variafion with applied veltage bas
beern given by severzl auihors.”™* For the study of radiaton eifects, however, z
simple version ¢f the theory which glves the more gross feziuvres of capacitance
variation will be suificlent. The zralysis given below follows that given by Grove
et a1.>*

Consider a p-iype MOS capacito-, such as that Mlustraled in Figure i-1, ender
the iollowing assumptirns.

1. XNo surface staies 2re present in the oxide, Le., ns charge is trarped In

the oxiGe.

2. Tnere is no work funciion difieresce between the metal gate 7 :d the silicon.
3. The d-c bias changes slowly epough o permit carrier eguilzprimm at all
imes.
£. The dopirg level in the Si surface layer is the same as that in the balk SLL
Taz 211 Si surfzce condidons the toial charge in the silicon, QS is given by

S

;
Q= j p(x) dx
(i}

p(-‘:)=q(p— a+ND-NA)
where

p = the hole concentration
n = the electron concentration
ND = the density of donors
N A= the density of accepiors
g = the magnitude of the elecironic charge
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The pciertizl in the semicornductor, &, Is given by Poissor's eguaiion

w2 = 226)
Kséo

where K < is the dieleciric constant of Si. Now
b =1 exp (u,_, - u)
n=niexp(u-uF}
where

n, = the irtrinsic courentraiiorn of carriers
u = the potential in the semiconductor in units of XT (i.e., u = @®/kT)
a = the Fermi erergs l<iel

X, - N_ = - pl
Xy~ Np=[-olyg
= 2q, sish v,
Heace
.
p = -2n,q|sinh {e- uF) + sinh ::I_]

SubsHtuting the cxpression for p into Poisson’s egeation yrelds, afier integraiing
ouce ard using Gauss” Law,

gl‘-’-:s:g[coshfu—u)-coshu +usizha 1)
dx ‘LD . F. 7 F
and
iis —_ -l‘:"z
Qs =-2 Iusl LD qn, 212 [cosh (us - uF) - cosh up+u_ €lnh uFJ (2)
where
L2 = l_{r_r. KSEO
g 2n0

and u = qos/kT is the poteniial at the Si surface.

For the case of inversion

4 [uF .y
- L n{u)du
Q=-a f n(x)dx = -q J_‘ Qo)



where x5 is ihc depth of the sarface Inversion iayer. Using equation (1), Qn becomes

S

exp (-.1 - uF) du

Qn———- an,Ly (3)

lu | I 2
[cosn u ug) - cosh ug - u sirh ug|

From eguations (2) ard (3), Q md Qn can he calculated for a given tempera-
ture, applied voltage {u S), and copirc level (“F) Figure I-3 shows IQH/ aql asa
function of !Qs/'q ! 2t 300°K for several doping levels.* From these curves it is
appareat that as the charge in the Si, Qs‘ increases, the charge, Qn, contained in the
inversion layer zlso Increases, and Qn - Qs for large values of Qs. Thus, at high
inversion levels the depletion layer stops increasing in width and the negative

charge o2 the semiconducior plate is comprised of minority carriers {electrcas)

at the 5i0,-51 interface. At low Ireguencies the capaciiy is thus Coy for the inver-
sion condition.

An eifective depletion width, Xd, can be defined by the eguation

Q =Q, + cfp - Ny ) X4 @)

Figure I-4 shows the variation of X with iQ_ ‘q} at 300°K.* As expected, Xg4 be-
cemes almost constant at high IQS,";q I values.

d. The Eifect of Surface States and Work Function Difierence

In any real MOS structure there will be s work function diifereacs, Pris’ be
tween the metal gate and the Si 2s well as some charge trapped in the oxide, Qs s
The band structure at the suriace of a p-type semiccusiductor with =o appiied vcliage
but with the effects of the work function difference and trapped charge includeu is
shcwn in Figure i-5a. The corresponding charge distribuilon is shown in Figure
I-5b.

From Figure I-5a it is apparent that

E
+ Y =y - = + =
Ot ¥ Voo TX " 95 7& “F ()

where

®rq is the work function of the gate metal
x Is the electron affinity of the Si
Eg is the energy gap of 51
V and & so Are the potential drop across the oxide and the Si surface po-
tential respectively at zero applied gate voltage
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By definitica

E \
- - '&j&
s T O (?\' 2 '6-)

or using equation (3)

Ors © '("”so ¥ voo) ®)

In the iollowing treatment, no distinctlon wiil be :rade among the oxide sur-
face shates arising irom varicus causes and all charge in these states will be {reated
as if it were :ocated at the SIOZ--Si Interface. Also, it will be assumed that the
charge in these surface states, Qs st is infiniiely slow, lL.e., st is independent of
the surface potential.

If 2 potential, VG, is applied to the gate the Si surface band structure and
MOS charge distributior will be altered to those shown in Figure 1-6, For this sit-
uation

V= (Vo - oo) * (’*”s - “oso)
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or, using ecuation (6)

By charge neutrallty requirements

Qg+ Qgg = Q, = 0 ®)
Also Qg =V, C ox a1 hence combinirg equations (7) and (8)
Q Q.
V= O ¥ o =0 ~ =2 9
G “Ms Cox S Coy

Now the total MOS capacitance, C, is defined by the rslation

C= e
TEv.
e
But from equation (7)
dVG =dV 0¥ dq»s
Hence
-1
= (SXO_ £ dws)
Qg R
-1
1 1
C= + — (10)
[Cox (Cs* (’ss)_l
where Cs = -dQ s/d«i>$ and Css = --dst/d@s, i.e., a capacitance is associated with

the charge in the Si, Q_, and the charge in the oxide, st.

According to equation (12) the MOS structure can be pictured as a combination
of three capacltors as shown in Figure I-Ta. However, according io the assumption
of trfinitely slow states in the oxide, dst = G and nence C ss = 0. The MOS equiva-
lent circult reduces to a series combination of C ox and CS as shown in Figure I-7b.
There will, of course, be resistances associated with the bulk of the material in the
MOS structure and leakage through the 8102 layer.

e. Low Frequency Capacity

At low frequencies both majority and minority carrier densities in the Si sur-
face can {ollow the a-c signal and hence for all three surface conditions

c Qg ¢ 995
$ dog kT dyg
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Figure I-7. MOS Equivalent Circuit (Resistances Omitied)

Substituting for Q s from equation (2)

(pS - nS i ND i \JA) (11)

Cs=Kseoq Qs

where Pg and n g are the Lole and electron concentration respectively at the Si
surface.

It is now possible tc calculate C as a function of voitage. The procedure is
straightforward although somewhat lengthy. The quantities C ox’ T, N A ND, and
Oy ATE all determined in advance for a given MOS capacitor. The first step is to
select an arbitrary value of o (2., us) and calculate the corresponding value of
Qg <rom equation (2). Once Qs is known V - Pus * Qs s/ C0 can be found from equa-
tion (9). Next, C g ls found from equation (11) and this value of C together with the
known value of C ox gives C through equaticn {10) (C ss = 0). The calculation is re-
peated for other values of o until a curve of C versus V0 - Opeg st/cox can be
plotted.
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f. High Frequency Capacity

The MOS capacity will be the same at high and low frequercies except when
the Si surface becomes Inverted. For inversion, Q is constant since only majority

carriers can follow the a-c sigaal. Now C_ = -(dQ /dw ) and using equaticn (4) re-
sults in
dX
d
C. =N, - )
(] ( A D d(;)s

Grove et al.®> have shown that
dxX

d_ 1 Kseu
Nj - Np) %4
and hence
K ¢
=_S0 /
CS Xd {12)

The procedvre for calculating C as a function of Vo - Ops T st/cox is sim~
{lar to that used in the low frecuency case. From equation (3), Qg Is obtained for a
particular value of @ s From Figuie I-4 the corresponding value of X d is deter-
mined and used to calculate Cs from equation (12). Now C s and C ox may be used
to give C from equation (10). V0 - Ops * Qs s/ C ox is determined from equation (9)
and there 15 nnw one point on the graph. The calculations are repeated until suifi-
clent points have been obtained.

4. DETERMINATION OF THE DENSTTY OF TRAPPED CHARGE, st

In practice C is measured at some fixed frequency as a function of d-c bias,
VG. The calculation vutlined above, however, gives C as a func'ion of VG - Ops t
Q s s,’C ox’ Ii the experimental and calculated curves are parallel then the difference
in abscissa between them is due to the term “Oms t st/Cm Figure I-8 shows
the calculated and experimental curves for a p-type capacitor as reported by Grove
y_l.“ I OMs and Cox are knowles Cj‘iél be determined. Grove estimates st &
be -0.7V for p-type Si ( ~ 10 ). Qg /q is then found to be ~2 x 10
em™2. Values of Q /q reported by other authors vary but are generally in the
range 1()11 to 10 2 2. T 1e charge trapped in the oxide is found to be pesitive
regardless of the conductivity type of the Si.

When the Si surface is invert:d the MOS capacitance is strongly dependent
upon the doping level of Si. Figure 1-9 shows the variation C/Cox with gate voltage
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L} —
ior capacitors wii: acceptor conceriration from 1.1 x 101’ t0 3.5 ‘016 cm
The inversion mode eapacity can be ased to determine N, in the Si surface lager.

5. DENSITY OF STATES AT THE Si02—81 INTERFACE

The measurement of MOS capacitance as a furction of applied voltage witi
vidd only a limited a2mount of information about the charge states in the oxide at
the 510,-51 interface.”™ The interpretation of the experimentsl resulis is, in most
cases, ambisuous. To illusirate the difficulties encourntered, consider the czse of
a moroenergetis charge siie eaiformly distributed throughout the oxide, as skown
in Figure I-10a. As seen irom the Si, the enrergy of z particular irap site with re-
spect to the botiom of the Si corduction bard will obviously be 2 function of the elec-
tric field in the oxide, Eex' 2rd the distarce of the site from tize interface. The
sites within X ~204) of the interface ure filled and thus for 2 fleld ~10%v em™
the energy range AE over which the “monoenergetic™ charge level is spread is
eAEX =~ 0.2eV (Figure I-10b). Thus a monoenergetic trap level in the oxice yields
an elfective density of surfzce states. I 2 monoenergetic trap level were the only
level present ie the oxide, the experimental resuiis could be inzerpreied relatively
straighforzardly. However, in practice, severai ievels at least are likely {o be
present, and {ne resoluilon of these levels {rom the information obtained from

1
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. ‘loo” £y £,

° g ~T T
AT 7/ :
5 - J—

Xpm—M

1

tss
{0} {b)

Figure I-10. Monoencergetic Trap Level Uniformly Distributed in SiO
a) Energy diagram
) Effective density of states in the sxide as seen from the Si

2
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capacity measuremern:s alone is virteally impossible. Oniy aa effective density of
states can be determined.

The procedure for calculatiag the effective density of states from capacity
variation with applied pciential can be obtained irom a slight extensicn of the MOS
capacitance theory outlined above. The procedure is lengthy, cumbersome, and of
limited accurasy ard reguires the use of 2 computer If many devices are to be ana-
lyzed. It wiil be assumed that the charge ia the oxide surface states, Qs s’ is able
to follow slow (d-c) variations in the suriace poteatial. o s caused by variations in
the applied gate voltage, VG’ but that Qs s cannot follow any a-c¢ changes in o s The
density of states, N__. er cm” per V) is defined by the relation

Q

_ [
ss 2 J Ngg do

s

where the integration is over the occupied sites (it is assumed that all states below
the Formi level are occupied. zll states above are uncccupied). N ss is then given by

- 1 dst
N__== 13
ss g d"s (13)
and Q@ ss must now be found as a function of O-
Equation (10) can be rewritten as
C= COK (QQS/d@S) (14)

(fiQs" ’d‘”s) - Cox

where it has been assumed (dQ ss/deas) = 0 at the a-c frequency used for measure-

ment.
Hence for each bias voliage, VG, the corresponding value of C can be used

with the known value of C ox fo determine dQ s,/de;s. From equation (2)

) 5 . R Y
dQ o, Lppy V2 [sinh a0, - 0g)/KT + stnh q@F/kT]

~S=-_49
do_ kT 1o 7z

»

! [cosh q("”s - wF)/kT + cosh q@F/kT + (q:ps/kT) sinh qu/kT]
(15)
If equation (i3) is used to plot dQ s/ do  2sa function of ¢ for the particular MOS
capacitor, then, from the graph, o g can bz determined for the values of dQs/ d:os
calculated from equaticn (14). The o 5 values then obtained can be used with equation
(2) to determine the corresponding values of Qs’ yielding, for a particular
MOS capacitor, O Qs, Cox’ and Da1s values for each VG value. Equation (9) can
then be used to find the corresponding values of Q.. A plot of Q. Vversus ¢ can
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then be used to determine dQS
through equation (13}.

. 11c & o N 'l +3
s dos graphically to give N as a function oi o

6. USE OF MOS EQUIVALENT PARALLEL CONDUCTANCE TO
DETERMINE THE DENSITY OF FAST SURFACE STATES

Nicollian and Goetzberger® have demonstrated a method for determining the
density of fast surtace states at the SiOz-Si interface. They have shown that the
equivalent parzliel conductance of a MOS capacitor arises aliost entirely from
these fast surface states with virtually no contribution from the oxide or depleticn
layers. Under these circumstances the MOS equivalent circuit shown in Figure I-11
is applicable for irequencies above 100 Hz for which the minority carriers cannot
foliow the a-c signal. C ox is again the oxide capacitance, CD is the capacitance of
the depletion layer, and CSS and R ss 2re the capacitance and resistance associated
with the fast suriace states.

The measured admittance of the MOCS capacitor Yo may be written as

=Y i .
YO-U‘:' g ,J)Co

where Go is the measured conductance, C0 the measured capacitance, and w the
angular frequency of the measured signal. Converting Yo to an impedance, Z o’ Te-

sults in
Cox
“=Css

Yo= Gg T+ jw Co _L
Co =

S Rss T YT Css

+wir?

- - — . __ R |

Figure I-11. MOS Equivalent Circuit Including
Effect of Loss Due to Fast Surface States
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Z =._1_= Go - jwce
o~ Y 32 3. 2.3
° Giﬂbco G2 + oc2

Subtracting the impedan=e of the oxide from Z0 gives the impedance, Z, of the par-
allel combination of Css' Rss’ and CD,

Z= Go w-j/ 1 - Q’CO )
2. 2.3 \oC 2_ 22
G Co \ ox Go""co

o T ¥

After converting Z to an admittance, the conductance, G, is given by

2.2 . 2. 2.2
G- &) Coxuo (Go + w Co) (16)
2
2.2.2 _ [~2 2 \]
w0 GCox * [Go tw Co(co B Cox).i
From the equivalent circuit in Figure I-11, however, G is given by
G Cesm_ (17)
Y o 1s w‘rz

where 7 is the time constant of the fast surface states, Rss Css' Equaticn (17) is
very useful since it does not involve CD' The quantity G/w reaches a maximum of
C s s/ 2 when w7 = 1. Hence, ii G Is calculated from eguation (16) at a particular
value of V., for a series of frequencies and G/w plotted against w, then 7and C,.
may be determined directly. The density of states, N g5 can be found from equation
(13) since Css = dst/dgos. The process is repeated at other values of v, G.e., )

to yleld NS gasa function of ¢ s

S

7. ION TRANSPORT IN SXO2 FILMS

When devices employing a 8102 film are heated or irradiated uader operating
conditions a positive charge is often observed to collect in the 8102 at the SiOZ-Si
Interface. This charge influences the adjacent Si surface and leads to device degra-
dation. It has been suggested that mobile positive ions in the SiO2 are resnonsible.
Snow et al.' have investigated MOS capacitors purposely contaminated during fab-
rication with Na* or Li" lons at the gate-5i0, interiace. They found tnat when a
capacitor was heated to ~150°C and the gate made positive with respect to the $i,
positive charge accumulated at the 5102-81 interface., If the capacitor was subse-
quently shorted or the polarity of the gate potential reversed the positive charge at
the SiOz--S1 interface was reduced to its original value (but never became less than
the original value). Snow interpreted these observations as the result of Na* or Li*
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transport across the 8102 film and developed a model which agrees with their
findings.

it can be shown that for an arbitrary charge distribution, o (x), in oxide layer
the capacity versus voltage curve for the MOS capacitor will be shifted parallel to
the voitage axis by an amcunt AV where

1 Yo
AV = c f x o{x)dx

-~
P:S

00X -

The origin of the x ccordinates is taken at the gate-SiO2 interface. Initially all the
charge wil! be located at the gate-SiO2 interface, x = 0, ard herice AV = 0. As ions
move across the oxide AV increases and becomes a maximum whenr all the charge
reaci_xes the 8102-81 Interiace, x = X5 The experimental curves obtained by Snow

on x“; contaminated MOS capacitors 2re shown in Figure I-12a and the charge dis-

tributions corresponding to the various curves are shown in Figure I-12b.

Curve 1 shows the initial measurement before a bias was applied to the ca-
pzcltor. The corresponding charge distribution is shown in Figure I-12b(i). After
5 minutes at V G~ -10V, T = 150°C the devices were cooled to room temperature
and curve 2 observed. It is evident that virtually no change has occurred in the
charge distribution, L.e., Figure I-12k(i) applies to curve 2. Curve 3 was obtained
after 5 minutes at VG = +10V, T = 150°C. Positive charge has apparently collected
at the SiOZ-Si interiace as shown in Figure I-12b(ii), After 5 miautes at T = 150°C
with the capacitor shorted, curve 4 was obtained indicating the positive charge had
largely returned to the gate-Si02 interface as shown in Figure I-12b(iii).

To obtain quantitative expressions for the transport of ions through the SiOz,
Snow divided the oxide layer into two regions, a thin boundary iayer at the gate-
SlO2 interface and a bulk reglon comprising the remainder of the SiOz. To obtain
a madel suitable for mathematical arnalysis the electric field in the boundary layer
is assumed to be zero (In practice the average value ~0) and ion motion is due solely
to diffusion. In the bulk region the field is taken as constant and ion motion is due
to the fleld and diffusion. According to this model when an ion diffuses out of the
narrow boundary region it is rapldly swept to the SiOZ-SJ. interface, i.e., lons spand
most of thelr time at one or other of the interfaces.

Further analysis of the model ylelds the time dependence of the buildup of
charge at the SiOz-Si interface, Q’s, as
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At 150°C: (1) original curve; (2) after 5 minutes at Vg = -10V;
(3) after 5 minutes at VG = +10V; (4} after 5 minutes, shorted

| semicoNDUCTOR

Charge distribution corresponding to curves in (a):
(i) corresponds to curves (1) and (2); (ii) corresponds to
curve (3); (iii) corresponds to curve (4)

Figure I-12. D-c¢ Blas Applied to Na-Contaminated MOS Capacitor
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where 7 is a characteristic time associated with th= oxide {z ~ minutes). The ex-
prassions above for Q‘s agree quite well with observed time dependence of Q's.

8. USE OF MOCS CAPACITORS IN THE STUDY OF RADIATION EFFECTS
ON SEMICONDUCTOR DEVICES

Semiccnductor devices employving 2 SiO2 layer degrade when exposed to radi-
ation due to a buildup of positive charge at the SiOz-Si interface. The charge cor-
responds to Q ss in a MOS capacitor. Since changes in QS g may be determiped with
relative ease from capacity measurements MOS capacitors will be useful in the
studv of the role played by radiaton, in conjunction with electric field 2nd tempera-
ture in the buildup of st.

In particular. it is desirable to know the relationships between Q ss and tem-
perature, radiation dose, dose rate and hias voltage as well as any conditiors which
iead to a decrease (recovery) of Qs . A knowledge of these relationships may pro-
vide a clue to the mechanism by which Q S8 accumulates.

If the increase of st is due to the motion of posiiive ions such as NZ, as pro:
posed by Snow, then one might expect the charge to be contained in a set of mono-
energic traps near the SiOz-Si interface. A determination of the effective density
of states Nss as described in paragraph 5 would indicate the presence of 2 mono-
energetic trap ievei. However, if 2 more complicated set of levels werc present,
the effective density of states could not be unambiguously interpreted without addi-
tional information (such information may be obtainable from optical studies).

MOS-FET's are very sensitive to conditions at the SiOZ—Si interface and hence
are very sensitive to radiation. At relatively low radiation doses the turn-on volt-
ages and transconductance of these devices may be seriously degraded. By a for-
tunate coincidence MOS-FET's contain a built-in MOS capacitor and are thus able
to serve the dual purpose of MOS capacitor and device. With the aid of MOS-FET's
it should be possible to obtain in the same structure a direct correlation beitween
Qs s and degradation. Such a correlation will be very useful since, strictly speaking,
it is the charge Qs s and not the radiation which actually causes degradation.
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ATTACEMENT I

THE EFFECTS OF FAST-NFUTRON IRRADIATION ON TEE SATURATION
VOLTAGE OF SILICON PLANAR EPITAXIAL TRANSISTQRS*

i, EFFECTS OF FAST-NEUTRON IRRADIATION ON SILICON

The study of the effects of fast-particle bombardment on semiconductors had
its historical beginning in 1947 with the discovery that the exposure of germanium
and silicon specimens to reactor irradiations and cyclotron particles affected their
conductivity and Hall coefficient.! This discovery was made concurrently at Purdue
University by K. Lark-Horovitz and at Oak Ridge by W. E. Johason. Since the
changes in conductivity and Hall coefficient were too great to be attributed to impu-
rities introduced by nuclear reactions, it was cencluded that the observed change in
both concentration and type of charge carrier was caused by localized energy states
associated with radiation-induced laftice disorder. This view was later confirmed
when it was demonstrated that most of the changes couid be removed by thermal
annealing near 500°C.?

Since this early work of Johnson and Lark-Horovitz, considerable effort has
been devoted to the study of radiation effects in a variety of semiconductors of
diamond type lattice using a number of radiation sources. There are several rea-
sons for the high degree of interest in this field. The physicist sees in radiation
defects the copportunity to study the simplest possibie defects in crystalline solids.
For exampgle, radiation has been used in the determination of the displacement
energy, therefore justifying the assumption that lattice atoms sit in a simple poten-
tial well of depth a.! Radiation can be used as a valuable tool for altering the prop-
erties of semiconducting materials to produce new types of semiconducting materials
with predictable properties. As will be discussed later, the interaction of irradiaticn
with semiconducting materials can alter such properties of the material as charge
carrier concentration and type, mobility, minority~carrier lifetime, minority-
carrier trapping processes, and other associated properties.1

Another increasingly important reason for studying the effects of irradiation
cn semiconductor material is the increasing application of semiconductors in envi-
ronments that are subject to radiation fields. Today there is a need for semicon-
ductor devices that will be able to operate reliably for long periods of time in the

*This attachment is the thesis submitted by E. A. Overstreet in partial fulfillment
of the requirements for the degree of Master of Science in the Department of
Engineering, Graduate School of Arts and Sciences, Duke University, Durham, N.C.
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presence of radiation. Such devices are required for use in military applications
and in communication satellites which must operate in the Van Allen belts.

Semiconductors have proven to be much more sensitive to radiation than
metals.® The reason is that snecimens of semiconductor materials can be prep.red
with a lower conrcentration of carriers in the conduction band, and consequently the
introduction of a few traps or donors by bombardment with energetic particles can
lead to relatively large changes in the carrier concentration. As a result of this
property, semiconductors are used as particle detectors.*

The basic neutron radiation damage proces. resulis from the collision of an
incident high-energy particle with an atom in the semiconductor crystal. Since tne
neutron is an uncharged particle, the initial interaction will be an elastic collision
with the nuclei of the laitice atom, rather than a Coulomb interaction characteristic
of charged incident particles, If, in the elastic collision, the lattice stom receives
an energy in excess of the displacement energy Ed, the binding energy of the normal
Iattice site may be overcome and the atom will be displaced from its normal lattice
site. Therefore, a lattice vacancy is created and, since in most circumstanc?s the
recoiling atom comes to rest in a nonequilibrium or interstitial state, an interstitial
atom is created. Thus the printary process involved in fast-neutron bombardment
is production of Frenkel defects (pairs of vacant lattice sites and interstitiai atoms).

As a secondary process, the displaced or recoil atom may receive sufficient
energy from the primary collision for it to create vacant lattice sites by subsequent
collisions with other lattice atoms. This process can continue until the energy of
each particle has been degraded to ihe point where Ed cannot be transferred in sub-
sequent collisions. This displacement cascade accounts for most of the defects pro-
duced during bombardment of semiconductors with fast neutrons. It should be noted
that although the primary collisior of the neutron and the lattice atom does not in-
volve Coulomb interaction, the recoiling atoms usually become icnized and Coulomb
interactions dominate in secondary and subsequent displacements.

In addition to the displacement of atoms from their .ormal lattice sites, fast-
neutron irradiation can produce other effects such as thermal spikes a1d nuclear
transmutations.® A thermal spike results when a lattice atom is struck by a fast
particle but does ..ot receive enough energy to be removed from its normal lattice
site. Instead it will vibrate with large amplitude and will rapidly transfer energy
to its neighbors, thus creating a region of high temperature (~1000°K). The region
will rapidly expand with a drastic reduction in temperature, The duration of the
thermal spike is only 10'10 to 10'11 seconds. Nuclear transmutations are equivalent
to introducing impurity atoms in the conventional manner, and occur to an appreci~
able extent only in mat=srials of high cross sections. Since the absorption cross

. . . - 5 - . X
section of semiconductcrs is very small” (1 x 10 25 cm2 for Si), transmuta.ion
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effects mzy be neglected. Therefore, permanent changes in the semiccaductor
properties with irradiation can be attributed almost entirely to radiation-induced
lattice disorder.

The maximum Kkinetic energy that can be transmitted to a lattice atom by an
incident particie occurs in a head-on collision. In the case of massive particle
irradiation*

E =—— E (1
m= 5 )
;)
where Em is the maximum energy transferred by a moving particle of mass M1 and

energy E to a stationary atom of mass Mz. In order for an atom to be displaced
from ifs normal lattice site, Em =z E re Therefore

(2)

where Et is the minimum or threshold energy that the incident particle must possess
in order tc displace an atom from iis normal lattice site.

A value of 25 ev is usually assumed as a reasonable value for Ed for most
materials.’ However, early experiments with germanium and silicon have led to a
value of displacement enzrgy of 31 ev.” Recent experiments have shown that damage
could be produced well below this supposed value of 31 ev, but with decreasing
probability.* Rather than define the displacement energy Ed as a value such that all
atoms are displaced which receive energy greater than Ed and no atoms are dis-
placed which receive energy less than Ed, it would be more accurate to define an
energy~dependent displacement probability similar to the curve shown in Figure II-1.

As mentioned previously, the observed change in carrier concentration of
semiconductors with irradiation -.as caused by localized energy states associated
with radiation-induced lattice disorder. James and Lark-Horovitz® proposed a
model in which the interstitial-vacancy pair provided two donor levels, attributed to
the first and second ionization potentials of the interstitial, and two acceptor states
whose levels are taken to be the energies required to place one and two electrons
respectively into a vacant site. With increasing amounts of irradiation, the induced
donors ¢ d acceptors will force the Fermi level toward a limiting value determined
by their positions in the forbidden-energy gep. When silicon is irradizled, its con-
ductivity approaches the intrinsic value, independent of whether the silicor. was in-
itially N- or P-type.! The expression for resistivity (p) is:

*See Appendix E for List of Symbols.
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where
BB o = moebility of electrons and holes

a,p = electron and hole concentration
q = electronic charge

The increase in the resistivity of silicon toward intrinsic resistivity can be attri-
buted primarily to the reduction in ihe majority-carrier conceatration by the inter-
stitial atoms and vacancies. A secondary contributor to the increase in resistivity
is a reduction in carrier mebility due to the increase of charged scattering centers
produced by the icnized recoil atcms.

Siace the resistivity of N- or P-type siiicon approaches the intrinsic value
with irradiation, it was suggested that the two donor levels and two aczeptor levels
are distributed symmetrically about the center of the forbidden band® as shown in
Figure II-2,

The actual positioning of the acceptor and donor levels in irradiated silicon
has not been successfully established at the present time. However, calculations
of carrier removal rates by assuming a donor level at ~0.25 ev below the conduction
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Figure II-2. Energy Level Diagram for Irradiated Silicon
Based on James and Lark-Horovitz Model

band and an acceptor level at ~0.055 ev above the valence band give results that com-
pare satisfactorily with experimental measurements.® It is seen that if the levels
are iniroduced deep within the band, where thermal icnization is inefficient, then
N-type silicer will lose its conduction electrons to those acceptor levels or electron
traps which lie below the Fermi level, and P-type silicon will lose its holes from

the valence band to those donor levels or hole traps which lie above the Fermi level.
The Fermi level is shifted toward the center of the forbidden-energy band, i.e.,
toward the intrinsic position.

1t should be noted that radiation-induced lattice defects in other semiconductor
materials are not located symmetrically about the center of the forbidden-energy
band. For example, studies of radiation effects on ger.nanium showed that N-type
germanium was converted to P-type and P-iype increased in conductivity with
exposure.! This indicates that only radiation-induced acceptor levels have an appre-
ciable effect on germanium. The donor levels lie £o0 near the top of the filled band
that they nave no observable effect on the carrier concentration.” The Fermi level
approaches a position ~0.2 ev above the valence band at high levels of irradiation.

Recent work has shown that a more complicated model than the simple four-
level model of James and Lark-Horovitz is needed to expiain all of the effects of
fast-neutron irradiation on semiconductors. Clusters of interstitials and esgoecially
vacancies may be produced which have different effects from isolated vacancies and
mterstitials. A multitude of levels, rather than the four predicted by the earlier
models, has been discovered in irradiated semiconductors. Nevertheless, the



mechanism by which majority carriers are removed is essentially the same as was
expiained for the simpler four-level models.

Another important effect of neutron irradiation of semiconductor materials is
a reduction in minority-carrier lifetime. The reducticn ir minority-carrier lifetime
is attributed to the introduction of recombination centers and temporary minority-
carrier trapping leveis in the forbidden-energy band. Based on a single recombina-
{ion level and con 2 low injected carrier density compared to the free carrier density,
Shockley-Read—Hallw have shown that the carrier lifetime (7) is given by

Tpr (" * "r) " Tnr (p * pr)
n+p

sec “)

whare

n, p = electron and hole concentrations
n. P = electron and hole concentrations that would exist if the Fermi level
coincided with the level of the recombination centers
Tor = lifetime of electrons in highly P-type material
Tor = lifetime of holes in highly N-type material.

P
Both Tor and Tor are limited by the number of recombination centers and car be
expressed as
1 o
T = sec (5)
r ¥
1
7, .= ——sec (6)
nr
NR Cn

where I\'R 1s the concentration of recombination centers in cm"3 and C_ and Cn
are the capture probabilities of the certers for holes and electrons respectively
in cm” per second. Thus Equation (4) can be written as

(/) e+ m)+ (464) o2

NR (n + p)

T

sec (7)

This relation indicates that as the number of recombination centers NR increases,
the carrier lifetime 7 decreases. Beck, Paskell, and Peet?! indicate that the number
of recombination centers introduced is directly proportional to the number of inci-
dent neutrons.

Another means of expressing the change in minority-carrier lifetime is given
12
by

d
-+ g sec (8)



where

integrated fast-neutron flux (reutrons/ cm2)

o=
'k lifetime hefore irradiation (sec)
TR = luetime after irradiation (sec)

K = radiation damage constant, which for P-type silicen is 3.2 £ 1.1 x 106
and for N-type silicon is 2.8 + 0.8 x 108 (nvt-sec)

The damage constant is determined by observing the decay of = with irradia-
tion in the semiconductor material. The damage constant is dependent on the total
neutron dosage and on the properties of the particular semiconductor, such as
energy gaps and doping levels,

The effects of fast-neutron bombardment on semiconductor materials can be
extended to semiconductor devices, in particular, transistors. Neutron irradiation
causes changes in three parameters which affect transistor operation, i.e., resis-
tivity p, minority-carrier lifetime 7, and surface recombination velocity s.” For
neutron flux levels of 1014 neutrons/cm2 or less, the reducticn in minority-carrier
lifetime is the predominant cause of permanent damage in a transistor.

2. THE SILICON PLANAR EPITAXIAL TRANSISTOR

The silicon planar expitaxial transistor has been found to possess highly de-
. . . . . 14
sirable properties for use as a general swiiching device. Its advantages as a
switching device can be seen by examining its marufacturing process.

First the collector is formed by growing a very thin, lightly doped, single-
crystal layer of semiconductor material on a very heavily doped crystal layer of
the same type.‘5 This thin, lightly doped layer is known as the epitaxial layer and
has a much higher resistivity than the substrate on which it is formed. The epitaxial
layer is then covered with an cxide coating. The oxide coating is remcved in con-
trolled areas by a photoetching process. The base is then diffused to the collector
in the area where the cxide coating has been removed. This method of accurately
controlling the diffusion area is known as the planar process. The emitter is then
diffused into the base by repeating the planar process used in the base diffusion.
Metal contacts are made to the collector, base, and emitter, and the surface of the
semiconductor wafer is covered with an oxide coating. The resulting structure is
shown in Figure II-3.

In commercial power transistors the emitter is not usually a simple configu-
ration as shown in Figure II-3. Rather, it is usually composed of several strips
interleaved with base strips or of a star or grid geometry in order to increase the
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Figure I-3. N-P-N Planar Epitaxial Transistor

ratio of emitter periphery to emitter area to reduce the current crowding effect.
This will be discussed later.

Now consider the advantages of the planar epitaxial transistor for switching
applications. Since the base is diffused into the collector, the base width can be
made smaller (order of microns) than the base width cbtained by other junction-
forming methods. The narrow base gives a lower series resistance and a smaller
base-transit time, resulting in improved frequency response and lower saturation
voitage. In switching applications, the higher f'I‘ and low VC E(SAT) of the diffused
base transistors give a favorable advantage over alloy and other types of transistors.

Before censidering the advantages of the epitaxial layer, it will be necessary
to consider the dependence f certain parameters of a switching trancistor on the
collector doping concentration. It 1s desirable te have a collector of kizh resistivity
to give a high collector-base breakdcwn voltage BVCBO and a low collector junction
capacitance. However, increasing the collector resistivity increases the voltage
drop across its ohmic resistance which increases VCE(SAT)' In addition, the high
minority-carrier lifetime asscciated with high resistivity establishes a significant
amount of stored charge in the collector, resulting in high switching times. Thus,
it can be seen that the design of the collector in switching transistors is a compro-
mise between BVCBO’ VCE(SAT)’ CTC’ and switching time.

With a thin high-resistivity epitaxial region in the collector, this compromise
is not necessary. The righ-resistivity epitaxial layer gives a high collector
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breakdown voltage and very low capacitance per unit area. Because the epitaxial
layer is very thin (typically 15 to 20 microns), the tctal series resistarce affecting
VC E(SAT) is small, since the resistance of the heavily doped substrate is negligible.
Jn addition, the collector-stored charge is reduced consideranly because the high
recombination rate in the heavily doped substrate reduces the minority-carrier dif-
fusion length to the thickness of the epitaxial region, which is several times less
than the diffusion length ccrresponding to the actual lifetime in the epitaxial region.

The efiect of the oxide coating on the surface of the semiconductor wafer is to
reduce surface recombination and reduce leakage currents.

For the investigation in this thesis, three types of silicon power transistors
v th planar epitaxial construction were used. They are Motorola SF2553 and SF2585
and Clevite 3TX(02. These transistors were investigated beczuse they were known
to have the desired parameters for particular switching applications, but it was not
known how their parameters would change with fast-neutron irradiation.

The Motorola SF2553 transistor is a prototype NPN silicon power transistor
with a measured base width of ~1.3 y. The Motorola SF2585 NPN silicon transistor
is similar tc the SF2553, except that its base width is approximately 1 p. The
Motorola transistors are rated at 5 amperes collector current and they are contained
in a TO-3 package. The Clevite 3TX002 is an NPN silicon power transistor with a
base width of approximately 1 p. It is rated at 5 amperes collector current and a
maximum power dissipation of 60 watts. The emitters of the Motorola and the
Clevite transistors are composed of strips with base strips between the emitter
strips. This arrangement increases the emitter-periphery-to-emitter-area ratio.
The essential data for determining the switching characteristics of these transistors
is given in Table II-1,

3. EXPERIMENTAL TECHNIQUES AND DATA

The fast-neutron irradiation for this investigation was performed at the Sandia
Pulse Reactor Facility (SPRF) in Albuguerque, New Mexico. The devices irradiated
included four Clevite 3TX002, five Motorola SF2553, and five Motorola SF2585.
During irradiation, the devices under study were mounted on a styrofoam block as
shown in Figure II-4. The mounting surface was cut on an 8-inch radius in order
that all devices would be equally distant from the center of the cyiindrical reactor
when the styrofoam block was placed at the proper distance from the reactor. The
amoeunt of integrated fast-neutron flux received by the devices was controlled by the
distance from the reactor at which they were mounted and by the number of radia-
tion pulses which they received.



Table II-1

TRANSISTOR PROPERTIES

Base width (u = 10~4

cm)

Base resistivity (2-cm)

Epitaxial layer thickness (p)
Epitaxial layer resistivity (&-cm)
Emitter-base perimeter (inch)
Emitter thickness (p)

Collector body thickness (inch)
Collector body resistivity {2-cm)
Emitter resistivity (2-cm)
Emitter-base contact spacing (p)

Average sheet resistance of base
region underneath emitter (§2/sq)

Average sheet resistance of base
region not underneath emitter (Q/sq)

-10

SF2585 SF2553 3TX002
1 1.3 1
0.01 ¢.01 0.01
15 15 20
2 2 5
0.4 0.4 1.0
2 1.7 3.0
0.605 0.005 0.005
0.0001 0.0001 0.0001
0.0Ge1 0.0001 0.0001
25 25 30
~2000 ~1200 ~2400
100 100 100
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Figure I1-4. Mounting of Transistors for Irradiation

Sulfur threshold detectors exposed with the transistors were used to determine
the integrated fast-neutron flux (E > 10 Kev). It was discovered that the flux re-
ceived by the transistors varied slightly with angle over the mounting suriace. The
data presented take this variation of flux into account. The total integrated fast-
neutron flux-received by the transistors was approximately 1014 neutrons/ cm2.

Measurements were made of common-emitter d-c current gain hFE’ collector-
emitter saturation voltage VCE(S AT and base~-emitter saturation voltage VBE(S AT)
at six different levels of irradiation. All measurements were made using . Baird
Atomic Power Transistor Pulse Unit. This instrument applies 300-microsecond
pulses to the base of the transistor at a repetition rate of 60 cycles per second.

The resulting base and collector current pulses are peak detected and compared to
d-c measuring values. In this way the average power dissipation is reduced by a
factor of 50. Thus the effect of temperature change on the transistor parameters
can be neglected.

Graphs of direct current gain versus exposure for the various transistors are
shown in Figures -5 through II-7, where hFE is given for collector currents of 1
and 3 amperes. Although this thesis is concerned primarily with saturation voltage
and not current gain, data on d-c current gain versus exposure are important in the
analysis of saturation voltage for two reasons. First, it will be shown in Chapter 4
that saturation voltage is a function of d-c current gain. Second, d-c current gain
versus exposure to irradiation gives a good approximation of minority-carrier
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lifetime changes with irradiation. This information will be shown to be important
in predicting changes in saturation voitage with irradiation. The total reduction of
d-c gain with irradiation is summarized for the thrce types cf transistors in
Figure II-8.

Graphs of VBE versus exposure for the transistors are shown in Figures II-9
through II-11. As can be seen, VBE does not change significantly with irradiation
up to the flux levels considered in this investigation. Graphs of VCE versus expo-
sure for all the transistors at ccllector currents of 1 and 3 amperes and an IC/IB
ratio of five are shown in Figures I1-12 through II-14. The reason VCE versus ex-
posure data in the above mentioned figures was presented for individual transistors
is to show the censistency of the increase in VCE with exposure for the transistors.
Also, the comparisan of theory and experimental data in a later chapter will be
focused on the particular current conditions shown in these figures.

To show the dependence of VC E Versus exposure on base current, graphs of
VCE versus exposure for different base currents are presented in Figures II-15
through iI-17 as an average for transistors of the same type.

4. THEORETICAL CONSIDERATICN OF COLLECTOR-EMITTER SATURATION
VOLTAGE AND PREDICTED CHANGE WITH IRRADIATION

An ideal switch would be an open circult when ""off" and a short circuit when
"on."" A transistor used as a switch does not have this ideal characteristic, but
rather has a small voltage drop across it when in the "on" condition. In switching
applications, this voltage drop, known as the collector-emitter saturation voltage
(VCE(S AT))’ is of prime importance and should be kept as low as possible for two
reasons. First, it i1s superimposed on the signal that is being transmitted through
the "on" transistor, thus representing error in the transmitted signal; second, the
saturation voltage represents power lost in the transistor.

By definition, saturation is the condition in which both the emitter and collector
junctions are forward bilased.’® For a common-emitter cireuit configuration, the
base current required to hold the transistor in a saturated condition is given by the
foilowing equation

Ig> < ©)

where
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The relationship of the saturated reglon of transistor operations to the active and
"off"" regicns can be seen from the coliector characteristics shown in Figure I1-18,

When the transistor is operating in the saturated reglon, both junctions be-
come forward biased. For an NPN transistor, the emitter will emit electrons into
the base and the majority of these electrons will be collecied by the coliector, thus
producing a normal transistor. Similarly the collector, since its junction is forward
biased, will emit electrons Inlo the base, some of which are collected by the emitter.
1his is referred to as an inverted transistor and its apprcpriate alpha is ap in-
verted alpha. Thus the saturated transistor becomes, in essence, a superposition
of a normal transistor and an Inverted transistor. The two transistors do not in-
teract with each other i« the first order because of the linearity governing the flow
of carriers across the base. The voliage drop across the junctions of the saturated
transistor becomes the difference of the two forward-blased junction voltages. The
superposition of the two transistors s shown in Figure I-19.

A review of the literature shows that Ebers and Moll'’ have developed an
equivalent circuit of the saturated transister in which the normal and inverted tran-
sistors are at the same physical location. They have obtained an expression relat-
ing the collector and emitter junction voltages to the operating currents for a low-
level current model. A derivation of this relationship, including the modifications
which have to be made for high-level currents, is given in Appendix B.

Moll'® has extended this model from one dimension to two dimensions for
transistor structures in which the collector junction area is larger than the emitter
junction area. He considers the effect of a lateral base current producing a peten-
tial gradient along the collector and emitter junctions. As will be shown later, this
effect tends to separate the physical locations of the normal and inverted transistor.

Other authors, such as Rudenberg,’® have considered transistors in which the
collector junction area extends under the metal contact to the base region. This is
the geometry that exists in the epitaxial transisior. However, these authors have
assumed that the collector region of the transistor is an equipotential surface since
it is assumed relatively thick and heavily doped compared with the base region, and
therefore the lateral resistance of the cellector is negligibie.

For epitaxial transistors in which the width of the high-resistivity epitaxial
layer cannot be considered small compared to the spacing between the emitier and
the metal contact to the base, the lateral resistance of the collector region cannot
be neglected. The problem to be considered in this section is one of presenting a
model of the epitaxial transistor operatling in the saturated reglon, including the
effects of a lateral voltage gradient in the collector region. From this model, the
effects of operating current and fast-neutron irradiation on the collector-emitter
saturation voltage will be discussed.
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As mentioned In Paragraph 2, the emitter region of an epitaxial transistor is
usually Interleaved with the metal contacts to the base. In order to simplify analy-
sis and still retain the important physical dimensions of the actuzl transistor, a
physical modei consisting of one emitter strip and one base contact strip wili be
used for analysis. The area of the emiiter strip is the same as the combined emitter
area of the actual transistor. The emitter-base perimeter and the spacing between
the emitter region and the base contact of the model and actual transistor are the
same.

The follewing assumptions are made in the analysis of the model and the ef-
fects of irradiation:

The junctions are assured planar and parallel.

Pt
.

}\5

Voltage drops in the emitter region and collector substrate are negligible.

w
.

Surface recombination is neglected.

4. Step junciions are assumed except in particular cases in which there would
be a significant difference in properties of a diffused junction and a step
junction.

5. Changes in conductivity of the semicenductor regions with irradiation are

negligible for the fast-neutroa flux levels considered in this investigation.
The validity of these assumptions is discussed in Appendix A.

The physical model ané equivalent circuit are shown in Figures II-20 and
II-21. V Jc and V JE aFe the mest forward-biased collector and emitter voitages,
respectively. The base and coliector currents, IB and IC’ are the independent vari-
ables for a saturated transistor in a common~<mitter circult configuration. The
current components withia the transistor can be wriiten in terms of IC and IB as

E=lfg-%lpc=lc* 1 (10)
:C = aNIFE - IFC (1)
Solving the above equations yieids
_(1-a)1o+ 1y
I = (12)
FE 1- aNaI
_aylp - fi-ay) I ,
IFC - i-¢a (13)
N1
The voltage VCE can be written as
VCE = VJE - VJC - VD + Vg + ICR'C (14)
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where VR is the laterd voltage drop in the base reglon and VD is the lateral volt-
age drop In the collector region. VR and VD can be calculated from the model as

Va=Ry(1- ay) Ipg (15)
RY, ( 1-a. ) -
_fnit-ay .
Vg = _%-’TN*;; !_(1 - e Ip ¥ Ip) (16}
and
VD = RD IFC )
_ Ry
(I e fente - (- e 1) (18)

Equations (14) through (18), along with Figure [I-21, appear to give a rather simple
model for calcalating VCE of the saturated transistor. This model is sufficient for
most alioy and nonepitaxial diffused transistors. However, for the epitaxial tran-
sistor, the calculation of the individual terms of Equation {14) becomes a rather
complicated process.

Before these terms can be evaluated, the physical location of the normal and
inverted transistor must be determined. First consider the normal transistor in-
volving the currents IFE’ QNIFE’ and (1 - aN) IFE‘ Due to the large value of sheet
resistance in the narrow base region under the emitier, the base current {1 - aN) IFE
enccunters considerable resistance as it flows laterally in the base. This resist-
ance gives rise to a potential gradient underneath the emitter-base junction. Since
emission varies as exp (40 V'n), (1 = n =< 2), the emitter current is effectively
localized on the outer periphery of the emitter. As a result of this edge-crowding
effect, emitter and collector current densities can be quite high in a smali area
under the emitter periphery. Hauser” has shown ihat the effective area of the
emlitter can be expressed as

2
he W,
A o 2KT bl 2 (19)

@ g2

FE (L~ ay) P

where pi)l is the resistivity of the narrow base region under tne emitter, taking into
account conductivity modulation as discussed in Appendix C. In order to increase
the effective area, the emitter-base perimeter {h) should be as Jarge as possible
for a glven emitter area, thus the reason for the interleaving of emitter area and
Jase contacts.
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The location of the inverted transistor is also dependent upon the potential
gradient produced by the lateral base current. The potential gradient in the base
tends to crowd the inverse sinission of eiectrons by the collector, and the injecting
of holes into the collector by the base, into a localized area underneath the base
contact. Thus the normal and inverted transistor would be separated by the dis-
tance from the emitter region to the base metal contact. However, the electrons
needed for inverse emission and for recombination with holes injecied inio the col-
lector must come {rom the collecior area underneath the emiiter. This laterai fiow
of electrons in the collector will produce a potential gradient which makes that part
of the collector junction nearest the emitter the most iorward-biased part. Thus the
lateral potential gradient in the base and the lateral potential gradient in the collector
have opposite effects in determining where the inverted transistor action occurc.

The dependence of the location of the inverted transistor upon the relative
magnitudes of Vp and VD can be demonstrated by considering Figures II-22 through
II-27. The assumption o = 0 can be made without affecting the principle demon-
strated.

When the base current IB is just large enough to drive the transistor into sat-
uration, Ip ® (1- aN)IE and I~ << Iy, meking V, negligible compared to V. In
this condition the collector is an isopstential surface and the potential gradient in
the base crowds the inverted transistor into a localized area under the base contact.
The voltage distribution in the transistor and the paths of hole and electrorn fiow for
this condlilon are given in Figures II-22 and I1I-23. In the voltage distriraticn aia-
gram the collector junction bias gradient is given by the voltage between tae dotted
lines representing VR and VD' The reiative magnitudes of the voltage comporents
in Figure 1I-22 are exaggerated in order to demonstirate the gradient in the collector
junction bias. In Flgure 1I-23 IRP is that current due {o holes being injected into
the collector from the base, and IRN is due to electrons injected into the base from
the collector. The relative magnitudes of IRP and IRN are determined by the in~
jection efficiency of the collector. It should be noted that in the figures showing
flow paths ot carriers, the lateral flow of electrons in the collector is shown as
being in the epitaxial layer, whereas, in reality, the lateral fiecw would be distributed
between the epitaxial layer and the ccllector substrate. The distribution would de-
pead upon the ratio of the width of the epitaxial region to the lateral distance that
the electrons must flow.

As the hase current is increasea and the collector current is held constant,
the lateral current in the base region will increase only a small amount equal to
- aN) IB' The majority of the increase in base current will flow laterally in Jhe
coliector. Thus VD is increasing at 4 much fast
expressed as

o
~t
2
v
&
)
=
<!

The r
R’ Le rate can be
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U,y
- N -
AVD =i o AVR = ,3N AVR (20)

As the base current is increased. a value wili be reached for which VD = VR‘ Un-
der this condition, the collectior junction has agpreximately the same forward bias
at all locations, as shown in Figure II-24. The inverted transistor is new distri-
buted over the entire junction, as shown in Figure I3-25. N

~

As the base current is Increased past the vaiue for which VD = VR, VD will
become larger than VR and will tend to crowd the inverted transistor into a local-
ized area close te the edge of the emitter, as shown in Figures II-26 and [I-27.
Now VD must be larger than VR + IBRB’ since VR has been defined by Figure I1-21
to be the lateral voltage drop in the base reglon between the normal and inverted
transistor.

Therefore it can be seen that increasing the ba » current beyond the mirimum
value required te saturate the transistor has the effeo. of pulling the inverted tran-
sistor frem under the base contact to the edge of the emitter. Chaplin® has veri-
fied experimentally the dependence of the position of inverse emission by the collec~
{or upon the lateral voltage drops in the base and collector.

The lateral base resistance Ré <an be calculated from

Ppo 2
RL =
B W0 B

ohms >

where gy and sz are the resistivity and width of that part of the base region that
is nct under the emiiter ind 4 is the lateral distance between the normal and in-
verted transistor.

The calcuwlation of RD ie not as straigniforward as Ré since the low-resistivity
collector substrate affects the lateral resistance of the epitaxial layer. Champion®
has analyzed the potential distribution in a2 semiconductor block with strip contacts
and a conducting bottom surface. The epitaxial region can be considered as a sim-
flar model since the higher resis?ivity substrate behaves essentially like a metal.
RD can then be approximated by

Ry = Eﬁf— g ohms (22)
W h
ep
wvhere o ep and We are the resistivity and width of the epitaxial layer and g is a re-

duction factor which depends upon the ratio /W ep' 28 shown in Figure II-28.

p
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It should be noted that R‘B decreases as the inverted transistor is brought
closer to the normal transistor due to the decrease in 2, but that RD will not de-
crease proportional to ; but may actually increase due to the increase of g.

Considering the model presented in Figure II-21, the approximate base cur-
rent needed for VD & VR can be found by solving for the value of IB which satisfies
the {fcllowing equation for a given IC:

(1 - ay) Tpg Pyo TpcPep 23)
W . w8 \
b2 ep

Using the expressions for I and I given by Equations (12) and (13), the above
eguation can be written in terms of IC and IB as

N Pep (1 - o) Db] ) (1- et - ay) oy . (t - o) Pepl (g

g
B wep wb2 J ¢ Wb2 Wep

I

The necessary value of IB needed before the inverted transistor can be considered
to be crowded into a Jocalized area near the emitter edge will, of course, be larger
than the value calculated from the above equation, but the equation can be used to
determine a minimum I, needed to move the physical location of the inverted tran-
sistor toward the norm';i transistor.
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Returning 10 Equation (14), the junction voltages VJC and VJE will now be
consldered. As shown in Appendix B, the Ebers and Moll expression for V Jjc - Vv JE
is

e

kT algl - [IC/IB] E(I - ay )Vay]

JE in
q N
1+ (1c/1g) (1- )

VJC -V

volts (25)

where 1 < n < 2 for silicon. For the operating conditions examined for the particu-
lar transistors used in this investigation, n will not be much greater than one. As
pointed out in Apnendix B, the above expression is not completely correct for this
analysis but it will be used since VJC - VJE will be shown to be cnly a small con-
tributor to VCE after irradiation.

Axn examination of Equation (25) shows that VJC - VJE increases as ay or ay
decreases. The dependence of ay upon fast-neutron irradiation can be seen irom
an approximate equation for Uy of a NPN transisior,

-1
W2 . W -
s (1 - bl )(1;_{_9__‘21\ (26)

oy ~ :
N 2Dy Tay Pb1 Lpe,’

The first term on the right-hand side of the above equation is known as the base
transport factor and will decrease as Tnb decreases. It was shown in Paragraph 1
that minority-carrier lifetime decreases with fast-neutron irradiaticn, thus reduc-
ing the base transport factor. Combining Equations (26) and (8), the base transport
factor (,’3’&) can be written in terms of the integrated fast-neutron flux (¢) as

2
W
[_tzl_ 1,0 '
AR | 20 <~ K) 1)

 nbi
where 7 nbi Is the minority-carrier lifetime in the base before irradiation. The
second term on the right-hand side of Equation (26) is known as the emitter effi-
ciency ternll and it Is also dependent upon minority-carrier lifetime since L e
(D e Tp e)l/ 2. However, for the low-resistivity emiiter reglons considered in this
investigation, the emitter efficiency term wil' e approximately urdty and will change
very little with irradiation. Thus the primary change in ay with irradiation can be
attributed to the reduction in base transport factor.

A simple approximation cannot be made for ay as was made for ape An ex-
act expression must be used for the base transport factor of the inverted transistor.
This is given by
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\i
Wb

(28)

,3f = sech 73

(D7)

where Wi) is not a constant but is dependent upon the physical locaticn ¢f the inverted
transistor. As the inverted transistor is mioved from under the base contact toward
the emltter, Wi) will decrease and pf will increase. The minurity-carrier lifetime

Tnb will decrease with fast-neutron irradiation as discussed for ay

An expression for the injection efficlency of the collector acting as an emitter
in the inverted transistor is difficult to obtain, due to the effects of the NT substrate,
in addition to the epitaxial layer in determining the injection efficiency. If only the
epltaxial layer were considered, the injection efficiency would be very low, since the
concentration of holes in the base is approximately two orders of magnitude higher
than the electron concentration in the epitaxial region. Therefore the current flow
across the forward-biased collecter junction will consist almost entirely of holes
being injected into the collecter from the base. However, it requires only a small
density of hecle current (= 10A, sz) in order for the injected hole concentraticn to
beccme larger than the electron concentration in the epitaxial region. In order to
maintain charyge neutrality, electrons must be injected into the epitaxial region
from tne N substrate. This increases the electron concentration in the epitaxial
region, thus increasing the injection efficiency of the collector. The injection ef-
ficlency is no longer a function of the impurity doping but rather is a function of in-
jected hole current. An approximate expression for collector injection efficiency
(- I) as a function of injected hole current has been derived in Appendix D as

[ qD2 w P Tl
TR P b2 po \ (29)
D L tanh (wep Loc) JpJ

Since J_ is also a function of Jp an exact value for 3 is difficult to calculate, but
Equation (29) does show the dependence of 37 dpon J_. the minority carrier diffusion
length (Lp c)’ and the widths of the transistor regions. Typlcal values calculated
from the above equation and from measurements of 2y of the transistors used in
this investigation give ap ~ 0.6 - G.9 before irradiation for reasonable values of J_.

The last component of VCE which must be considered is IC R’C. The resist-
ance R'C must include two important effects: current crowding and conductivity
modulation. Due to the crowding of the current toward the emitter edge, a relatively
large density of electrons enters the collector in a narrow region beneath the emit-
ter edge. These electrons will spread out in the collector body, but in a region
close to the collector junction there may be a considerable IC R'C drop due to the

high resistivity of the epitaxial iayer. On the other hand, {his IR drop can be
y !
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reduced by an order of magnitude or more if a hole current is injected into the epl-
taxial region at a distance of less than a hole-diffusion length irom the place where
the electrons enter the collector. Conductivity modulation is discussed in Appendix
C. where it is shcwn that the effect of the hole current is to reduce the resistivity
of the epitaxial region from pe to p'c where

2
pe = C - (30)
1+ (Jp We,'2a D ND)

where ND is the impurity concent:ation in the epitaxial iayer and We is the width
of the epitaxial layer. If the diffusion lengtn (ch) of holes in the epitaxial layer
becomes less than Wep’ then ch should be used in place of Wep in Equation (30),
and only a distance of ch from the junction car. be considered to be conductivity-
modulated. How.ever, even when L pe << wep’ a ronsiderable reduction in the IR
drop can be achieved by increasing J_, since the majority of the IR drop would be
expected 0 occur in a region close to the collector juncilon. The spreading of the
electrens away from the narrow regicon under the emitter edge will also produce a
lateral voltage drop which helps to hold the inverted transistor close tc the emitter

edge. The motion of the carriers is shown in Figure I1-29.
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The resistance of the epitaxial region can be determired by
ot W p.. W
R = e.DA' L - €n € ohms (31)
A [1 + (3, Weg' 26 Dy ND)]

where Jp is the injecteqd hole density and 4" is the cress-sectional area of the cur-
rent path through e eplta:al regicn. The value of A is difficult {o delermins cue
te the sgreading of e carrlers as they teavel irom 2 small area at the collecior-
bzse juncHon iGward the collector substraie. A maximum value of R'C caa be cal-
culated by using the area deiised by Equation (19). It wouid be expected that the R'C
calculzted using this zrez would be severzl times as large as the acteal value of ch.

The analysis 2f the epitaxial transisior operating ir the sziurateq cordition
c2n be summarizes by dividing the saturation operation into three regions.

In Region I, the base current is just sufficient o drive the transisior into sat-
uraiion. I thls region, the inverted tzansistor is located under the base coniact;
thus o is low and ?‘2: is not conductivity-modulaicd.

Region 1l would be 2 transition region defined by the base curreat calculaied
from Equation (2£). In this region the inverted iransisior is distribuied zlong the
collector junciion anu ay i:as been increased from Regica 1. 1i the lifetime for holes
in the epitaxial region is sufficient, there will be some reduction in R.’: due to cca-
ductivity modulation. VR is aleg recuced in geing from Region I io Region IL

In Reglon HI, the base current is large erough 10 crowd the :nverted transister
toward the emitier, thus giving ay its maximum valee and reducing RC by a2 consid-
erable amount since the bace is Iajecting holes inio the collecior In the same area
where electrons from the emitter are being injected.

Thus the greatest change in VCE(S aT)2s2 funcilon of IB“" IC wouid be seen
in geing irom Reglon I to Region II. Once the transistor is operating in Region I,
increasing IB will not decrease VCE (SAT) significantly once the ICR’C drop in the
epitaxiai layer has been reduced by conductivity modulation to a2 value that is small
compared to the other components of VCE(S ATY

The effects cf fast-neutron irradiation on the saturated transistor can be seen
in terms of the three regions discussed 4bove. First it will require 2 larger base
current to saturate the transistor, since ay is reduced with irradiation. Once the
transistor has been saturated, it wid require a larger base current to drive the
transistor from Region I to Region OI. This is due to the fact that the lateral voltage
in the bzse wiil be greater after {rradiation since (1 - aN)I FE is larger. Thus, a
larger lateral voltage drop is needed in the collector in order to overcome the in-
creased voltage drop in the base and pull the inverted transistor toward the emitter.
Tt.is increase in (1 - aN)IFE with irradiation also causes the emitter current {o be
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crowded more than befsre irradiation, thus increasing the ICR'C drop in the small
region where the electron current enters the collector. Cnce the transistor mas
een driver into Region IO after irracdiaticn, the ICR'C drop in the epitaxial region
will be greater than pefore irradiaticn dve o the increased crowding of the injecied
electrons and due to the reduction iz the diffusion length of the holes injected into
the epitaxial region.

Thereiore, before irradiation, once the transistor is saturaied a small in-
crease in IB wili drive VCE(S AT) to 2 low constaat value, After irradiation, a large
change in VCE(S AT) will he observed 2s the base current is increased beyord the
value reguired to drive the transistor into saturation. Aiso, VCE:(S A7) will be de-
perdeni upon IB over 2 much wider range oi IB tkan kefore irradizfion. The mini-
mum valee io which VCE(SAT) can be driven afler irradiation will be greater than
the minimem value before irradiation. This is because &e holes injected inio the
epitaxial region have a smali diffusion lengin after irradiaiion and thereiore
conductivity-medulate only part of the widi: of the epitaxizal region, wkereas bziore
irradiation the entire egitaxial rezion could be corductivity-modulat

5. COMPARISON OF THEORETICAL PREDICTIONS WITH
EXPERIMENTAL CBSERVATIONS

As discussed ir Paragreph 1, the primary eiiect of fast-reutrca irradiation
with fiux levels up to 1014 netirons-cm - is {0 reduce the minority-carrier lifetime
in the semiconductor regions of fhe transistor. Since the emitler efficiency of the
normal transistor is assumed to remain constant with irradiation, tae change in
base transport facior with irraciation can be used io determine the reduction 1z
minority-carrier lifetime in the base with irradiation. The expression for base
transport factor is repeated here as

B, = sech ——ﬂ’i—ﬁi (32)
(D no 7nb)

Using the ;‘3N's given by f.é‘:e dafai in Figures II-5 through I-17, the appropriate base
widths, and Dnb = 10 cm“-sec , the above eguaticn can be used to calculate Tub
versus irradiation by assuming By = 3&. The resuits of these calculations are

13 neutrons-cm'z,

shown in Figure II-30. For fast-neutron flux levels greater than 10
/7 nb -nereases linearly with flux level as predicted by Equation (8). The values of
1/7 nb glven in Figure I-30 wiil be slightly higher than the actval values, since unity
emitter eiffciency was assumed in calculating the values in Figure II-30. However,

Figure II-30 does give an accurate method of determining values of K in Fquation
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(8). These vzlues of K are given in the figure and are within the accepted range of

values for K given in Paragraph 1.

For flux levels greater than 1013 neutmns-—cm-z, elecircn lifetime in the base
is primarily a fenction of the number of radiation-induced recombinztion centers
rather than impurity concentraticn. Thus the lifetime of holes in the collector can
be assumed to be approximaiely equal to the iifetime of the electrons in the base
for flux levels abeve 1013 neutrons-cm'z. Vaiees of hele lifetime in the coilecior
have beew determined from measurements of collector recover: times for these
{ransistors before ard after irradiation. These values xnd other pertinent data and
calculations are given in Table I1-2. The values given in Table O-2 vary oaly

slightly among the different devices.

Table II-2

VALUES OF MDNORITY-CARRIER LIFETIMES
AND DIFFYUSION LENGTHS

Parameter Dre-Irradiation Post-Trradiation
b =] 'sec 0.02-6.05 :sec
Lnb =30, 5-10 «
'i'pc 2-5 :'sec 0.02-0.05 ;:sec
ch 50-170 .. 5-7 .
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It should be noted that the measured pre-irradiation value of =+ nb is apprexi-
mately 1 microsecond, whereas Figure II-30 incicates that the pre-irradiation value
of “nb is approximately 0.1 microsecond. There are two possible reasons for this
discrepancy. First, the value of Thb 1 microsecond given in Table O-2 is caly
ana approximate value, since Tnb is difficult to mggsure accurateg in power transis-
tors. Second, for irradiaton levels less than 10™" neutrorns-cm “, fite assumpiion
of unl , emitter efficiency is a >oor a2ssumption since the emivier efficiency has as
wuch eiffect as the base transport factor in determining By As the transistors are
irradiated above 102° neutrons—cm'?‘_. the base transport.factor hecomes the domi-
a2at facior in determining B\ and the calculated and measured values of Top 2T€ in
reasopakle agreement.

The values ior VCE (SAT) beiore irradiation will row be considered. Ecguations
(15) and (17) can be used o calculaie V > and VD‘ using values of ay, irom Figure
-8 and a measured ag = €.8. These calculations show \"R and VD to be on the order
of 0.003-0.C12 voits, which is less than the kT/q = 0.026 volts needzd before crowd-
ing is significant. Therefore it would be reasonar®e t0 assume that the irjection of
holes inio the collector and the injection of elecirsns into the bese by the collector
is distribuied aiong the collecior juaction and will be cruwded very little. However,
even when the injection of holes into the collector is distributed along the collecior
junction, 2 considerable reduction in R‘C can be made, since the injected holes have
a diffusion length that is long compared to the width of the epitaxial region ard the
spacing between the emitier and base contact. The data presented in Figures I-1%
threugh [-17 skow that, before irradiation, the largest change in "’CE (SAT) is seen
when the drive ratio (IB/ IC) is increased from 0.: to 0.2 with very litile charge in
VCE(S AT) by increasing IB beyond 0.2 IC.

Since VE and VD are small before irradiation, VCE(S AT) will be determined
by the junction voltage plus a smadl ICRE: drop. The junction voltages can be cal-
culated using Equation {23) and the values of ayy from Figure II-8 and ap = G.8. An
appareant Rt can be determined from the difference in the calculated values of
\'4 JE VJC and the measured VCE (SATY These values are given in Table II-3.

As carn be seen from Tabie II-3, the apparent resistance Rb is reduced by a
factor of ~2 when IB is increased from 100 ma to 200 ma, and then remains essen-
tially constant with IB' Tiie decrease in R‘C is due to conductivity modulation. The
fact that R’C remains constant with IB for IB > 200 ma can be explained by two fac-
tors. Firsi. as Ig is increased, the inverse injection efficiency (TI) of the collector
increases. Thus an increase in IB once IB > 200 ma causes 4 large increase in the
number of electrons injected into the base by the collector, but only a small increase
in the number of holes injected into the collector. Second, a resistance of 0.04 - 0.07
ohms may be die to a resistance other than R}, such as lead or contact resistance.
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Tz2ble O-3
PRE-IRFADIATION VCE(S AT) AND CALCULATED COMPONENTS

Caiculated Measured Arpparent
Ic I Vse-Vic  VcE@EaT) Re
Deavice {amp) {amp) (zolts) {volis) {otms)
SF2585 1 0.1 0.05 0.15 .10
i 0.2 £.037 0.0¢ 0.055
1 0.4 0.025 0.083 0.05¢
3 6.3 0.052 G.27 0.072
3 0.6 ©.037 0.25 0.671
3 1.2 0.925 0.25 0.072
SF2553 1 0.1 0.652 0.17 0.118
1 0.2 0.037 0.08 0.043
1 0.4 0.025 0.07 0.045
3 0.3 0.052 0.20 0.030
3 0.6 0.037 0.17 0.044
3 1.2 0.026 .17 0.046
3TX092 1 0.1 0.051 0.17 0.119
i 0.2 0.026 0.09 0.054
1 0.4 0.024 0.09 0.060
3 0.3 0.051 0.23 0.060
3 0.6 0.036 0.22 0.061
3 1.2 0.025 0.23 0.077

Now consider VCE(S AT) after irradiation. Figure II-8 shows the reduction in
N Aiso, a; can be assumed to be reduced to approximately 0.3 - 0,4 by consider-
ing the reduction in lifetime for holes in the epitaxi2l region and the reduction in
inverse base transport factor, t king into accoant the fact that electrons in the in-
verted transisior have a longer base path to travel than electrons in the normal
transistor. The value oi ap = 0.3 - 0.4 is when the inverted transistor is within 10
microns of the emiiter. Atlow base currents, when the inverse emission of the
electrons by the collector occurs underneath the base contact, Gy will be much lower
ag = 0.03).

When I & IC/ Py Vg can be calculated from Equation (15) with Ipg = Ig-
This gives values of VR = 0.07 for IE = 1.1 amperes, and VR = 0.21 for IE =2.3
amperes. Thus the inverse emission will be crowded under the hase contact when
the transistor starts into the saturated condition. Values of IB/ IC required to spread
the inverse emission aleng the entire collector junction can be calculated using

Equation (24). These values of drive ratio are given in Table I-4.
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Table L-4

CALCULATED VALUES OF DRIVE RATIO
REQUIRED TO SPREAD OUT INVERSE
EMISSION AFTER IRRADIATION

. I /IC Reguired

‘C to Spread Out
Device {amp) Inverse Emission
SF2585 1 0.13

3 0.14
SF2533 1 0.18

3 0.18
3TX002 1 0.14

3 0.17

As can be seen from Table -4, a drive rado of 0.1 is nct sufficient {o move
the iaverted trarsister from underneath the base corntact. The holes injected into
the collecior underneatk the base contact recorabine with electrons pefore they can
reach the collecior area underneath tt2 emiiter perinphery. Therefore, the 1njected
holes do not help to reduce Rb. Sirce the lateral base current (1 - aN) EFE flowing
in the base under the emitter has been increased by a factor of 4 to 5 due (o the de-
crease in ay with irradiation, the electrons irom the emitter enter the epitaxial
region in a smaller area than before irradiation. As a result of these two factors,

the ICR'C drop will be larger for a drive ratio of 0.1.

Similar data can be caiculated for the transistors after irradiation. The cal-
culations are the same as for the pre-irradiation condition and the results are
giver in Table I-3. Again it is assumed that VCE(S AT) = VJE -V jc* ICR’C, and
that the difference between VR and VD is large edough to cause a gradient in the
coliector junction bias but is only a small coniributor to VCE(SI.T)’ To be consist-
ent, VJE - VJC should also be considered negligible compared to ICR'C since
12 JE " VJC is of the same order of magnitude as VR and VD' However, calculations
of V JE " VJC zre presented for the primary purpose of showing that VJE -V Jjor
even with greatly reduced ay and ap is not much greater after irradiation than be-
fore irradiation. Thus VJE -V jc cannot account for the large increase in VCE (SAT)

with irradiation.

As can be seen from the table, the apparent Rb is reduced considerably by
increasing I, and is dependent upon IB over the entire range of given IB'

Several imporiant comparisons can be made using Table II-5, These are:

1. R'C for the Motorola SF2553 is significanily lower than for the Motorola
SF2585. The most logical explanation for this is the difference in the sheet
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Table O-5
POST-IRRADIATION VCE (SAT) AND CALCULATED COMPONENTS

Calculated Measured Apparent
Ic I Vs~ Vic  VeE(aT) Re
Device (amp) (amp) (volts) (volts) {ohms)
SF2585 1 0.1 0.14S 0.73 0.58
1 6.2 0.110 0.38 0.27
1 0.4 0.095 0.33 0.23
3 0.3 0.155 3.97 1.26
3 0.6 0.110 1.20 0.36
3 1.2 0.096 0.68 0.20
SF2553 1 0.1 0.170 0.72 0.55
i 0.2 0.120 0.32 0.20
1 0.4 0.098 0.24 0.14
3 0.3 6.185 2.74 0.85
3 0.6 0.120 0.84 0.24
3 1.2 0.098 0.48 0.12
3TX002 1 C.1 0.160 1.09 0.93
i 0.2 0.120 0.47 0.35
1 0.4 0.096 0.31 0,21
3 0.3 0.190 4.34 1.38
3 0.6 0.120 1.61 0.50
3 1.2 0.097 0.74 0.21

resistance of the base region underi.oach the emitier, as given in Table
II-1. The base sheet resistance of the SF2553 is approximately 40% less
than for the SF2585. resulting in less crowding of the electrons entering
the collector and thus a lower ICR'C. drop.

2. With low drive ratios, the apparent Rb of the 3TX002 is greater than that
of the S¥F2585. The two devices have approximately the same sheet re-
sistance in the base reglon under the emitter, but the 3TX002 has a higher
resistivity in the epitaxial region and a wider epitaxial region, resulting
in a larger R‘C. The difference in R'C for the two devices would be even
greater If it were not for the fact that the emitter-base perimeter (h) of
the 37X002 is more than twice that of the SF2585, thus reducing the crowd-
ing of the emitier current. As the drive ratio is increased, the RG for the
two devices approach similar values for the same drive ratio, indicating
that R'c is now determined primarily by conductivity modulation rather
than by the impurity doping in the ocpitaxial region.
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3. The diffusion length for holes injected into the epitaxdal region is =5,
whereas the width of the epitaxial region is 15, for the Motorola SF2585
and SF2553 and 20;: for the Clevite 3TX002. If Rb were distributed uni-
formly over the width of the epitaxial region, oniy 1/4 o 1/3 of Ri could
be reduced by conductivity modulaton; thus R'C couid not be changed by
more than 25 to 30% by increasing IB' However, Table II-5 skows that

R'C is decreased by a factor of 5 or more by increasing IB‘ This indicates

that R’C is not distributed over the width of the epitzxial regior. Instead,

the majority of the ICR'C drop occurs near the collector junction where
the electron path Is crowded into a small area. If this is correct,
conductivity-modulating only the part of the epitaxial regionr near the col-

lector junction can cause a considerable reduction in R',:.

Comparisons (1) and (2} can be seen clearly by plotting Vop (SAT) data for the
S¥2585 and SF2553 on the samre graph and by plotting data for the 3TX002 and SF2582
on the same graph. These are given in Figures II-31 and O-32. It should he noted
in Figure [I-32 that at IC =3 amp, VCE(S AT) for the Clevite 3TX002 iransistors is
equal to or less than V%‘E(S AT) for the Motorola SF2585 for fast-neutron flux levels
up to =0.6 x 1013 n/em=, and then VCE(S AT) for the 3TX002 starts to increase with
irradiation at a faster rate than for the SF2585. The diffusion length for holes in-
iected into the collector can be calculated by

ch = (Dpc Tpc)1/2 cm (33)

Hole lifetime (7 p c) can be calculated using Equation (8) repeated here as
Ti. = —1 + 9_ sec_l (34)

Using

K = 2.5 x 108 sec-n/cm?
o =0.6x 1(513 n/cm2

L -0.29 % 107 sec”
'[.'40

1

Thus

_ -1
Tpc-3.5X10 sec
and

4

ch =18,Tx 10 * cm = 18.7Tu
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The width of the epitaxial reglon for the Clevite 3TXG02 is 20;.. Therefore,
as the diffusion length for holes injected into the epltaxdal layer becomes less than
the wiith of the epitaxial layer, the diff¢-ence in resisiivity of the epitaxial layer of
the two types of transistor begins te result in a signmificant difiereace in VCE\S STY
This is to be expected, since P.b is then determined partly by the amount of con-
ductivity midulation arnd parily by the resistivity of the epitaxial jayer. This effect
can be extended w all the VCE(S AT) measurements given in Figures I-15 to I-17
and Figures I-31 and I3-32, (specidly for EC = 3 amp. It can be sern that o siope
of VCE(SAT) ve:snlxg irradiatitl)g begins to inci-gase significantly for {lix levals in
the range 0.6 x 107" to 1 x 10™" reutrons-cm ~. This is the same level of irradi-
ation for which the difiusion lengih of holes in the epitaxial layer becomes less than
the width of the epitaxial laver.

Figure [I-31 shows that VCE(S AT) for the Sr2585 is consisiently nigher than
v CE(SAT) for the SF2533 even though the SF2553 has the lower a
gain 2lone is 2ot an accurate criterion for predicting VCE (SAT)

N Thus curreat

Calculations of R’C with any accuracy is difficult for &two reasons. First, the
effective area of the electron paih through the epitaxial region varies with distance
from the collector junction due to the spreading oi the elecirons from the small
area in which they enier the coilector. Second, since elecirons and holes are in-
jected into the collecior over dliferent areas, their interaction and the resuliing
conductivity modulatisn is dlificuit to determine with any accueracy. The reiative
R'C of the devices can be approximated by calculating an R’C assuming that the ef-
fective area is constant through the epliaxial layer and equal to the area in which
the electrens from the emitter enter thie collector. 1t is also assumed that there is
nc conductivity modulation, a5 would be expected to be the siivation for 2 0.1 drive
ratio after irradiation. The eifective area can be determined by combining Equa-

-ion (19) and Agpendix C Equation (3} for Pp1 resulting in
2 kThZ W, KTh w2
52 bl b1 o -
< - 12 T L ' - 0)
qIpg (1 - ay) 0y qIpg (1 - "N) Pp1 Py Np

Taking into account conductivity modulation of Pp1 tends to 1imit the crowding of the
current to a minimum area. R'C can then be calculated from

p W

Sy (36)

Eifective areas and resistances foc the devices are given in Tabie O-6.

Comparing Table I-6 with Table II-5, it can be seen that R'C_. assuming no
spreading of the electrons in the epitaxial lajer, is approximately four times that
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Tzble O-6

CALCULATED COLLECTOR RES:STANCE AFTER
IRRADIATION ASSUMING NO CURRENT SPREAD
OR CONDUCTIVITY MODULATION

Ic 15 A Re

Device {amp) (amp) (cmz) (ohms)
SF2585 1 0.1 1.33 x 1073 2.4
3 0.3 0.58 x 10> 5.17
SF2553 i 9.1 1.92 x 1073 1.56
3 0.3 0.6 x 1973 47
3TX002 1 0.1 45 x 1073 2.22
3 0.3 1.6§ x 10-° 5.95

of the measured a2pparent R'C. This wow.d appear 0 be a reasarzalle reduction facior,
since R'C versus iB indicat?s that the majority of Rb is within 2 third to a fourth of
the width of the epltaxinl layer irom the collector junction. Table II-§ dces give

the same relative values of R‘C for the dliferent devices. Ii can be seen that the
37TX002 has the largest efiective area due io its larger value of emitter-base per-
imeter, but this advantaze is lost in calculaiing R‘C due to the nigher rssistivity of
the epitaxial region.

One final point should be menticned in this chapter: the shape of the ~oliector
characteristics of the transistors before and after irradiaticn. Bejore irradiadon,
the saturation region is defined by a definite saturation lire, as demonsirated in
Figure I1-18. However, after irradiation, the curves become much more rournded
in the viclinity of the saturation region due tc the Iarger range of saturation voltages
ior different values of collector and base currents. This is Illustrated by Figure
T1-33, which gives typical collector characteristics of the Motorola SF2585 beiore
and after irradistion. Note that before irradiation increasing IB cnce the iransistor
is saturated does nut decrease VCE for a given collector current, whereas ai.er
irradiation increasing IB changes VCE significantly for a given collector current.

6. CONCI.USIONS

The primary result of this investigation is not a rigorous formala for caiculat-
ing collector-emitter saturation voltage versus fast-neutron irradiation. Instead,
this investigation has shown, by means of a theoretical analysis and comparison of
experimental datza for different transistors, the important factors in determining
the change in VCE(S AT) with irradiation, thereby providing a criterion for predicting
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the relative change in VCE(S AT) with fast-nevtror irradiation for diffsreat iransis-
tors. The resviis of the invosHgation can also be used to influence the design of
switching transistors for use in radiation snvironments.

In Paragraph ?, the advantages of the epitaxial transistor over cther types of
wransistors for swiiching applications were discussed. It was pointed out that a
compromise between breakdown voltage, saiuration voltage, junclon capacitance,
and swiichirg time was eliminated by the use of an epitaxial layer in the collector.
This is true befcre irradiztion since the experimnentai resulis showed that the col-
lector iesistance was smali and the ICR'C dre;s did not ccatribute significanily to
VCE (SATY However, it was showr in the npalysis ami gata that after-félst—neutron
irradiation with integrated flux levels greater than 10 neuirens-cm “, it can no
longer be assumed that the epitaxial iransisior has nezligibie collecior resistance.
On the cortrary, it was shown that fae ICR'C drop was the dominant factor in deter-
mining VCE(S AT) after irradiatior. From this irvestigation, seversl methods of
reducing the effective collector resistance cain i 5852, Those ore listed below:

1. The most obvious method is {o increase the impurity doping in the egi-
taxizl izyer and reduce the width of the epitaxial 1ayer. However, this
reduces the reverse-biased voltage which the "off" transisior can with-
stand before the junction breaks down and increases the coiiector junction
capacitance — two undesirable effects.

2. R'C can be reduced by decreasing the sheet resistance of the base region
underueath the emitter either by widening the base or increzsing the im-
purity doping in the base. However, this will reduce the switching ime
of the transistor and limi¢ the maximum {:eguency of the signal which cun
pDe transmitted through the "on' transistor.

3. The emitter-bese perimeter can be increased. This will not degrade
other switching properties of the transistor, but the maximum value of
the emitier-base perimeter is limited somewhat by space consideraticns.
However, this dces point out the advantage of using an emliter configura-
Hon that is interleaved with the base contacts.

Therefore the design of an epitaxial transistor for switching applications in
a radiation environment still remains a compromise between breakdown voltage,
saturation voltage, collector capacitance, and switching time. The most practical
comprnmise to make will depend upon the particular application of the transistor
ar:1 which of the above mentioned properties are most critical.

This investigation has alsc brought out an iirportant point in considering the
d-c current levels at which to operate the saturated transistor. Before irradiation,
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very litlle advantage car be gained by iacreasing the base current beyo.xi that re-
quired to drive the transistor into saturation. In fact, it is desirakie rot to increase
the base current past this value since this will increase the input voltage drop VBE'
However, if the transistor is {0 be exposcqd to fast-neutron irradi=tion, a sigaiiicant
decrease in VCE (SAT) can be gained by increasing the base current to several Himes
the value required fo drive the transistor into saturation. In addition to the con-
sideration of the base current, the d-c coliector and conseguently the emitter cur-
rent should be kept as low as possibie o reduce the ICRb drop and io reduce the
crowding of the current entering the collec or.

The effects ef reduced minority-carrier lifcime on the collector-emitter
saturation voltage discussed in this thesis are #lso appl/cable to switching transis-
tors that have gold doping in the base and collector regiins. Cold doping is 2 com-
mon practice in the manufacture of switching transisio: s in order to reduce carrier
lHetime, thus ~zducing switching time. V CE(SAT) increases with gold doping not
only due toc the reduction in carrier Iifetime but also die to the fact that gold doping
causes a greater increase in the resistivity of the semiconductor regions than fast-
neutron irradiation levels less thar. 101% neutrons-cm™2. Thus, the design of gold-
doped switching transistors with fast switching iimes involves many of the same
problems and compremises as the design of switching transistors for use in radia-
tion environments.



APPENDIX A
VALIDITY OF ASSUMPTIONS

Assumption (1) limits the geometry being considered to that most frequently
employed in transistors, including the epitaxizl traisistors considered in this inves-
tigation. Assumption (2) can be shown to be a valid assumption on the basis of the
resistivity and widths of the emitter regicr and collecter substrate, Both of these
regions have a resistivity of approximately 0.0001 ohm-cm. Assuming a maximum
emitter widtk of 3 x 10”" ce: and minimum 2rea of 1075 cmz, the resistance of the
emitter area can be calculated as

-4 =4
R _pewe_IO‘x3x104_3t1o-5 (1)
E -— - - - - -
A 10-3
For the collector substrate, the maximum wiath is 5 miis or= 13 x 10'3 cm. As-

suming as a minimum effective collector area the emitter area above, the resistance
of the substrate can be calcula’ed to be

_10%x13x1073

R = 10
Csur 10-3

Q (2)

Thus, for maximum currents oi IC = 3 amperes and IE = 4.2 amperes, the voliage
drops in these regions wiil be negligible compared to the othar voltages in the tran-
sistor.

Assumption (3) is made because at the relatively high current densities con-
sidered in this investigation, the maximum surface recombination current when the
oxide-coated surface is saturated is negligible compared to the current densities in
the base. Previous work on this type of transistor has shown that surface recom-
bination current can be neglected when considering the operation of the transistor.

Assumption (4) is made in an effort to simplify the analysis as much as possi-
ie In cases for which the step junction approximaticn is reasonable. The effects of
the impurity gradient in the base are included in the base sheet resistance and aver-
age resistivity. The values of these parameters used in the analyses were either

measured on these transistors or obtained from the manufacturer.

The validity of Assumpiion (5) is not obvious from the data presented in this
thesis; rather, it is based upon measurements o junction breakdown voltages and
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capacitance made oa these transistors bafore and after fast-neutron irradiation.
These measurements indicate that the carrier concenirations are changed by no
more thar a few percent for fast-neutron flux levels up to 1014 r:eulrons/cmz. Con-
ductivity {¢) can be expressed in terms of the carrier concentrations {n, p) by

G =gq (pﬁn +p pp) chm-cm (3)

Thus the conductivity would be expected to change by ro more than a few percent for
the above mentioned fast-neutron flux levei. It shouid be noted, hewever, that at
fast-neutron flux levels avove 1@14 neutrons/cmz, the change in conductivity may
become significant and thus have {c be considered in determining operation o1 semi-
conu.ctor devices at high levels of fast- -eutron irradiation.
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APPENDIX B

EBERS AND »101.L, RELATIONSHIP FOR JURCTION
VOLTAGE Y£RSUS JUNCTION CURRENT

The Ebers and Moli'’ relationship is based upon the assumption that current-
voltage relations for the junction can be written in the form

I=Ig [exp (Sk%) - 1] (1)

This assumption is valid only for junctions ior which the mincrity-carrier concen-
tration injected into a semiconductor region is negligibie compared to the majority-
carrier concentration in that region. Hcwever, in the operation of many silicon
transistors, this assumption is rot valid because the concentration of minority car-
riers injected into the base region or coliector region may exceed the majority-
carrier concentration by more than an order of magnitude. In this case, it has been
shown® that the diode equation can be written as

I=Ig [exp ( _qi) - 1] (2)

nkT/
where 1 = n = 2 depending upon the relative concentraticens of minority and majority
carriers involved.

Thus the collector and emitter currents (assumed positive when {flowing into
transistor) can be written as

/qv.\ [ (qv ]
E C
I.=A exp|l —=2}-1|+ A exp|l —=] -1 {3
E- "1 p(nk’l‘) |12 p\nk’l‘) 3)
L. A L -
r - r . B
qVE\ qVC
Ic= Agylexp (ﬁ/ - 1j+ Ay, | oxp (n——) -1 (4)

where Vo and VC are the emitter and coliector junction voltages respectively. Under
normal transistor operation, the collector junction is reverse biased (VC << 0);
thus IE and IC can be written as

- -

qVE\ ,
Ig =4 | exp| o T—) - 1= Ay (5)
- ] . /qVE 1
IC = AZl exy \H ~-11- A22 (6)

o-57




Solving Equation (3) for [exp (qVE/nkT) - 1] and substituting this vaiue in Equation

(6) yields
A21 12“21 \
Ie= E* - Ay ()
11 11
Equatior (7) can be written in terms of transistor parameters as
Io=-aip+ ICO (8)

For inverse transistor operation, the emitter junction 1s reverse biased and
a similar procedure as used above for IC can be used to determine ! Igas

12 . /a 12891

I —--A (9)
E” ‘\22 A2, 11
For the inverse transistor, IE can be written as
IE‘ = -aIIC + IEO {10)

Comparing Equations {7), (8), (9), and (10), the A's can be evaluated as

-

1
A= FO - (11)
N 1
A= ___IC_O_ (12)
22 i- QNQI
a, 1
A= T (13)
N9
A.. = __aN I:E_O_ (14)
217 1- apey

Using the above equations, IE and I‘C can now be written as

I qVv -l o 1 qVv
Ip = —EO  fex p( k’IE‘: - 11+ -—-——11 CO_lexs <Tg -1 (15}
1 - ayy J - agag nkT /
a; qV \ I qVv ]
N "EO E coO C
I,=_—— xp( 1~ exp< >-1 (16)
C T-ayy kT / T- oy nkT ]



Equations (15) and (138) can be solved for the exponential factors and simplified to
yield

— -~

o[ VE 7
-Ioo ] exp )" 1)=Ig+ als (17)
L . =
Ve -
'ICO exp (E?i‘_) -1f= aNIE + IC (18)
Solving for Vg and VC yields
. [ 1.+ a.l \
VE=nkTJ'“k°E 1C+1_i (19)
q Ipo
.+ eyl
Vc=nkTLn(-‘C NE+1) {20)
q 1
(8{6)

For any reasonable values of IE and IC, Equations (19} and (20) can be reduced to

. 1o+ a,l

Vg - nkr , BT 4lc 1)
q Igo
. 1.+ @yl

Vo =T (- RE (22)
q Ico

Using the facts that IE + IC + IB = 0 znd that QIICO = aNIEO’ the voltage drop across
the junctions can be expressed in terms of base and collector current as

Veg =+ (Ve - V) (23)
V. o ,nkT, | [1 -1c (1-ay)/ (IB“N)] (24)
CE "q ~ 1+1/1g (1-a1)

1

The (+) sign applies to PNP transistors and the (-} sign to NPN transistors. Using
Equation {24) with n > 1 is valid only if high-level injection occurs tc the same
degree at both the collector and emitter junctions. For example, if high-level injec-
tion occurs at the collector junction but not at the emitter junction, the fullowing
modification of Equation (24) would be more accurate:

CE~ ,:_1;_1‘ in i [1 e <] ] QN>/(IBGN>]. +(n-1) 4n (‘ E.(_:f- oN'E

Y i
1+15/15 {1 - aI) \ o

(25)
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For the transistors examined in this investigation and for the current levels
considered, another complication arises from the fact that the current through the
collector junction is composed of electron and hole currents. The hole current in-
jected into the collector from the base is considered as high-level injecticn due to
the low impurity concentration in the epitaxial layer. However, the electron current
through the epitaxial layer is majority-carrier current, and high-level injection does
not apply. Due to the fact that the hole current is much smaller than the electron

current, it can be assumed that Equation (24) gives a gcod approximation of VCE
withn = 1,
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APPENDIX C
CONDUCTIVITY MODULATION

Conductivity modulation results whenever minority carriers are injected into
a semiconductor region in a concentration that is of the same order of magnitude or
greater than the concentration of majority carriers present in the regicn. Ir order
to maintain charge neutrality, the majority carriers must increase to the same con-
centration as that of the minority carriers, thus increasing the number of {free car-
riers in the semicor ductor and increasing the conductivity, or, in other words, re-
ducing the resistivity. For example, consider an n-type semiconductor for which
n >> p. The resistivity can be expressed as

1 ~ 1

= Q-cm {1)
QMR + QP QD

p=

Since n = ND, where ND is the concentration of the donor atoms, the resistivity can
be written as

1 .
= (2
p qunND )

If 2 hole current is injected into the n-region, the concentration of holes injected is
given by

w3
P -5 Dp (3)
9%

if the width of the n-region (W) is less than the diffusion length for holes (Lp) in the
n-region. If L_ is less than W, then L_ should be used in Equation (3) and only a
distance of Lp can be considered to have an excess hole concentration. Since n must
equal p, the resistivity of the n-region is now given by
" _ 1
p' = ~-cm (4)
au,Np (1+ w3 »/2a DpND)

or

p'=1 WJ52 RN ®
<+ pqu)
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Thke hole current density at which the efiects of conductivity modulation becomes
significant can be expressed from Equation (3) as
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AFPENDIX D
INJECTION EFFICIENCY OF COLLECTOR

An approximate expressicn for the injection efficiency of the collector of an
epitaxial transistor can be derived, based on the assumgtion that the N¥ substrate
acts like a metal contact and reduces the hole concentration in the epitaxial region
to its equilibrium value ai the N"N* junction. This is shown in Figure :31-D-1,

N P R- n+

ppo n.&o

e e e e ——

Wy, g0 Wep —_— X

Figure II-D-1. Carrier Concentrations Which Determine
Injection Efficiency of Coilector

In the N region, the "ole concentration can be expressed as

P(2) - Po-n = A exp /—l) + B exp (—-3-\ (1)
N0 \L L
pc/ pc/

To determine the coefficients A and B, Equation (1) must be evaluated at the bouni-

i - x=W .
aries x=0and x V‘ep

qVC .
Atx=0 P:PN-o exp T (2)

and at x = wep

P=Pyxo )

where VC is the forward bias voltage across the collector junction (PN™),
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Substituting Equations (2} and (3) into (1), A and B can be evaluated as
_Pxo [1 - exp (qVC/kT)] exp{-W_ /L )

A= 2 p_2¢ )
2 sinh (wep/L pe )
5. -Pxo [1 - exp (qVC/kT)} exp (W o p/Lp c) )

2 sish (Wop/L )

where We is the width of the epitaxial region. Substituting for A and B in Equation
(1) and simplifying yields

vVl sich [(wW_ - x)/1
P(x) = Py0 - Py [1 TP (q C\'] [( ) bpc]‘ (6)

sirh (w . p,/ch)

The hole current density injected into the N epitaxial region from the P base can
be exoressed as

= dp(x)|
Jp = Dy 7%’],{:0 M

Performing the differentiation and setting x = € yields

gD P, qv
- pc No[em(ﬂc)_l] 1 (8)
tanh (w‘3 p/ch)

The electron current density injected {rcm the epitaxial region into the base can be
determined from the electron concentration at x = a by

d
p ch

aD_. n(a)
5n=—w ®)
b2

Using the fact that n(0) = P(0), then n(a) can be expressed as

\4 -qV
n(a) = P(C) exp (EIE,%) exp (—}{TQ> (10)
’ \
But
'qu> <P N"0)
exp = (11)
( kT Pp o /
and
qV
P(0) = Py~ €XP <_ch\ (12)
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Therefore n{a) can te written as

2
Py~ 23V
nfa) = K0 exp ( C) (13)
Pp o kT
axa Jn czn be written as
aDyy Pirg  (2aVc
nT W PP "}TT‘) (14)
b2 DO 3 ’

The injection efficiency of the ccilector is defined as

-1
J J
y = 0 =1+(_2) (15)
Jn-.— Jp Jn

Using the approximation that exp (qVC/kT) >> 1, the ratio J p/Jn can be written as

J_p _ Dpc Wb2 Ppo exp ('qu/kT) (16)
3
n Dy Ly, Py tanh (w oo’V c)

Equation (14) can be written in terms of J b using Equation {8) as

2
q Dpc wb2 Ppo

J
32 ) 2 2 ) 117
n Dy Ly, 3, tanh (wep/ch'

Thus it can be seen that J /Jq is a function of Jp and aiso Lp o the diffucion length
for holes in the epitaxial layer.

It Ly, >> W, tanh (Wep Jlipg) = W/l 2nd
2
DZ, W
fl).:q pc 22 Ppo (18)
7
n Dnb Wep Jp

S

It W > 2L, tanh (W,./L_.) ~1and

ep’ “pc

2
Ip_ 9P W P
Jn

e (19)
D ch Jp

A numerical example will give an indication of the magnitude of 126 Assuming a
reasonabie value for J_ of 100 amp/cmz, y can be calculated for the Clevite
3TX002 before irradiation using
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~ 2
Dpc = 10 cm*/sec

x 2
D ; ¥ 10 cm /sec
3

! =910
“ea 2x10

J
2 =land ¥ =0.5
J

n
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APPENDIX E
LIST OF SYMBOL3

Area
Effective area

Grounded-base curreat gain of normai
transistor

Grounded-base current gain of inverted
transistor

Collector-base breakdown voltage

Grounded-emitter current gain of
normal transistor

Base-transport factor of normal
transistor

Base-transport factor of inverted
transistor

Collector junction capacitance
Emitter efficiency of normal transistor

Emitter efficiency of inverted
transistor

Electron diffusion constant in base

Hole diffusion constant in collector
epitaxial layer

Cutoff {requency
Emitter-base perimeter
Total base current

Total collector current
Collector forward current
Collector reverse current
Totai emlitter current
Emlitter forward current
Emitter reverse current

Saturation current of collector junction
with zero emlitter current

Saturation current of emitter junction
with zero collector current

Hole current density
Boltzmann's constant

Hole diffusion length in coilector epi-
taxial layer

Hole diffusion length in emlitter
Electron mobility
Hole mobliity

-\

nbi

Doror impurity concentration
Electron conceniration
Hole coacentration

Equilibriv a1 hole concentration in P
reglon

Equilibrium hole concertration in col-
lactor epitaxial layer

Charge of electroa
Base resistance

Base resistance between normal and
inverted transistors

Effective resistance of epitaxial layer
Lateral resistance in epitaxial region

Resistivity of base reglon under
emitter

Resistivily of base reglon rot under
emitier

Resistivity of epitaxial reglon
Resistivity of emiiter
Conductivity

Absolute temperature
Electron lifetime in base

Electron lifetime in base before
irradiation

Hole lifetlme in collector epitaxial
layer

Collector junction voltage
Emitter junction voltage
Collector-emitter vo:tage
Emlitter-base voltage

Collecter junction bias voltase
Junction contact potential
Lateral voltags drop in base
Lateral voltage drop la collector
Width of base underneath emitter
Width of base not underneath emitter
Width of epitaxial region
Integrated fast-neutron flux level
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Area
Effective area

Grounded-base current gain of rormal
ransistor

Grounded-base current gain of inverted
transistor

Collector-bage breakdown voitage

Grounded-emitter current gain of
normal transistor

Base-transport factor of normal
transistor

Base-transport factor of inverted
transistor

Collector juncticn capacitance
Emitter efficiency of normal transistor

Emitter efficiency of inverted
transistor

Electron diffusion constant in base

Hole diffusion constant in collector
epitaxial layer

Cutoff frequency
Emitter-base perimeter
Total base current

Total collector current
Collector forward current
Collector reverse current
Total emitter current
Emitter forward current
Emitter reverse current

Saturation current of collector junction
with zero emitter current

Saturation current of emitter junction
with zero collector curreat

Hole current density
Boltzmann's constant

Hole diffusion length In collector epi-
taxial layer

Hole diffusion iength in emitter
Electron mobility

Hole mobility
ﬂ

g 'o B 2

Tabt

LIST OF SYMBOLS*

Donor impurity concentration
Electron concentration
Hole concentration

Equilibrium hole concentration in P
region

Equilibrium hole concentration in col-
lector epitaxial layer

Charge of electron
Bage reslstance

Base resistance between ncrmal and
inverted transistors

Effective resistance of epitaxial layer
Lateral resistance in epitaxial region

Resistivity of base region under
emitter

Resistizity of base reglon not under
emitter

Resistivity of epitaxial region
Resistivity of emitter
Conductivity

Absolute temperature
Electron lifetime in base

Electron lifetime in base before
irradiation

Hole lifetime in collector epitaxial
layer

Collector junction voltage
Emlitter junction voltage
Collector-emitter voltage
Emitter-base voltage

Collecter junction bias voltage
Junction contact potential
Lateral voltage drop in base
Lateral voltage drop in collector
Width of base underneath emitter
Width of base not underneath emliter
Width of epitaxial region
Integrated fast-neutron flux level

*Appendix E repeated.
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ATTACHMENT III

PERMANENT RADIATION DAMAGE EFFECTS
IN NARROW BASE PNPN DEVICES

1. INTRODUCTION

The rapid degradation in performance of wide-base PNPN devices by nuclear
radiation has been pointed out by a number of investigators.l"§ As 3 result of these
studies a stigma of poor radiation perfcrmance has come to be associated with four-
layer structures. This is not a valid conclusion. In this paper the effects of fast-
neutron irradiation on sarrow-base PNPN triodes will be discussed, and resuits will
show that, for comparable base widths, PNPN devices are far more resistant to
radiation damage than are bipolar transistors. Tiiis relative insensitivity to radia-
tion damage is due to tne collinear flow of majority and minority carriers in the
bases of a PNPY. in contrast to the case of bipolar transistors where majority
carrier flow in the base is perpendicular to minority carrier flow, The collinear
flow of carriers in the PNPN gives rise to field-aided transport in both base
regions. As a result, the minority carriers are caused to move across the
bases more rapidly than in the case of diffusion-controlled bipociar devices.
Thus, for comparable base widths, the PNPN can tolerate a far shorter lifetime
than can the transistor Results will aiso show that, in lieu of increasing the radia-
tion tolerance of the PNPN device over the ordinary transistor, one can at the same
level of radiation dose achieve much higher power handling capabiiities ir the PNPN
structure. Results obtained witii currently available PNPN devices indicate mcre
than an order of magnitude improvement in power handling capability over bipolar
transistors,

The major effects of nuclear irradiation of szmiconductor devices are due
to the degradation of the excess carrier lifetimes and, to a lesser extent, to
the changes in the majority carrier concentration. In a minority carrier device
where the operation depends on irnjection, decay, and transport of excess car-
rier densities, the effects of a short lifetime may be better visualized in terms
of diffusion length in relation to device geometry, i.e., the basewidth to diffusion
length ratio W/L. Analyses in terms of this parameter as applied i» o*N"NF
structures can be found in several sources. Stafeev' stresses the properties of
diodes with a large ratio and demonstrates the strong dependence of the forward
current on the diffusion length, Mayer, Baron, and Marsh’ show that in leng silicen
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PIN structeres, diffusion significantly affecis the current voltage characteristics
even where the W/L ratio is r.uch greater thaa ten.

The P*N"PN" device can be thought of as a P'N"N" structure with an addi-
tional center junction which provides a blocking characteristic in the forward direc-~
tion up to some characteristic current, the holding current. Above this current the
lightly doped N~ base is inundated with holes from the P’ region and electrons from
the N'PN" transister. The properties of such PN PN devices with large W/L
ratios have been discussed Ly Aldricn and Bolonyak‘ and Kuzmin.’ Generaliy these
P'N"PN" devices have a relatively wide N base, since the width of this base deter-
mines the biocking voltage capability. For a maximum blocking voltage capability
this base will nct only be relatively wide but of fairly high-resistivity material. In
the ty.-ical manufacturing process the starting material of the silicon wafer would be
high-resistivity N type, which will later form the wide base region of the PNPN, A
deep P type emitter diffusion is done to form one emitter junction, and a typical
transistor base and emitter diffusion is carried out on the otiter side of the wafer to
form the remainder of the structure. Thus, the narrower base transistor will usu-
ally be the NPN transistor with a basewidth typically 2 - 5 p. This technique results
in bases for the PNP transistor typically 50 - 200 p wide. As a consequernice of the
wide N base and the large W/L ratio, these devices are rather sensitive to perma-
nent damage effects of fast neuirens.

In this paper, permanent damage effects in narrow N base (15- 20y) P'N"PN*
structurez will be discussed. These devices are made by epitaxial deposition of the
N~ base on a heavily doped P™ substrate. Ordinary transistor diffusion processes
are then used te form the remaining P base and N* emitter. Such devices have a
relatively low blocking voltage capability but a high resistance to radiation damage.
In comparisor witn bipolar transistors of comparable basewidths they are signifi-
cantly less sensitive to damage and for the same radiation exposure have a much
greater power switching capability.

The superiority of the PNPN over the bipolar transistor is a result of the fact
that majority carrier currents to both base regions of the PNPN flow paraliel rather
than perpendicular to the minority carrier flow. Consequently the current crowding
effect of ordinary transistors is absent. In addition, the PNPN majority carrier base
current gives rise to an electric field in the lightly doped N base which aids the
minority carrier transport across the base regions. Thus PNPN switching
(a1 +ag 2 1) wili occur and sustain the "on™ condition even though the difiusion
length of the minority carriers in the N base region is small compared to its base-
width, i.e., Lp << Wo. Ordinary transistors would require that Lp > Wn for
satisfactory operation.



In this paper, the behavior of PNPN devices and the transport of minority
carriers in the {wo base regions will be discussed. Then, the experimental results
obtzined or a variety of PNPN structures subjected to fast neutron environments
will te presented. Following these results, the design of radiaticn-hardened devices
and the relative power switching capabilities of PNPN's and transistors will be con-
sidered.

2. PHENOMEKROLOGICAL EXPLANATION GF A PNPN DEVICE AND
COMPARISON WITH BIPOLAR TRANSISTOR

a. PNPN Operation

A PNPN device may be thought of as a device with inherent PNF and NPN
transistors forming a regenerative feedback pair.';"q The base current or the re-
combination current and nonunity emitter efficiency current at the emitter junction
are supplied mutually and collinearly by the collector current of the other transistor.
Thus, as the locop gain approaches unity, each transistor drives its mate into satura-
tion. By balancing the constituent currents at the center junction and introducing the
current ampliiica_tion factors (al, az) of the minority carriers injected respectively
by the exterior P” region and the N* region, one readily finds three regions in the
V-1 characteristics: (1) a forward blocking state corresponding to a;+ay < 1
(2) a negative resistance transistor region corresponding to a; +ay = 1; and
(3) a forward on-state or the high-current, low-~voltage region corresponding to
a; tay = 1. The transition from forward blocking to "on' states is normally facili-
tated by temporarily injecting additional majority carriers (gate current) into one
of the base regions, usuvally the narrow P base, thus increasing the collector current
which, in turn, increases the alphas and satisfies the "on' state requirement. How-
ever, once the device is driven into the "on' condition, all three junctions are for-
ward biased and the gate drive is no longer necessary to sustain the "on" condition.

b, Comparison of PNPN and Bipolar Transistor

In order to compare the carrier flow in a PNPN and a transistor, schematic
representations of both are given in Figure III-1. Here the flow of the majority and
minority carriers in a PNFN device in the on" condition is shown to be collinear,
in contrast to transistors where the continuous base drive or the majority carrier
flow is perpendicular to the minority carrier flow, In the transistor the resultant

*From the circuit peint of view, the division of the thyristor into two ccupled tran-
sistors may still be kept up formally, but irom a device physics point of view, this
concept is no longer meaningful at high injection levels and at short carrier life-
times,
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Figure Iil-1. Comparison of Carrier Flow in a Saturated Transistor
and PNPN Devices in the "On" Condition

lateral base voltage drop causes current crowding at the emitter periphery and a
localized current entering the collector regicn. H the transistor alpha is degraded
by radiation damage, the base current increases, thus further intensifying the crowd-
ing effect. In the PNPN the collinear flow and the urniform current density along the
junction are not altered even under irradiation. Thus there is considerable {lexi-
bility in designing very large emitter-area PNPN devices which are capable of
car:ying larger currents than transistors.

The requirement (cz1 + g 1) on the alphas for a PNPN is less than the re-
quirement for a transistor (a ~1). Hence, for the same diffusion length, wider
bases in the PNPN sre allowable and consequently higher puach-through and forward-
blocking voltages can be 2chieved.

The collinear flow of majority and minority carriers produces a further ad-
vantage which is particulariy evident in the wide N base of a PNPN in the "on" con-
dition. The flow of majcrity carriers gives rise to an electric field which aids the
flow of minority carriers across this region. By way of contrast, in the epitaxial
layer of the collector region of a transistor, which must be comparable in width to
the N base of the PNPN in order to obtain equivalent voitage switching capability,
both minority and majority carriers enter from the base side. As a result the field
due to the majority carrier flow opposes the flow of minority carriers. Thus for
comparable W/L ratio the wide base of the PNPN will be more heavily conductivity-
modulated than wili be the collector region of the transistor. Since the voltage drops
across these regions usually limit the power handling capabilities of irradiated
PNPN's or bipolar transistors, the PNPN is clearly superior to the transistor in
this respect. In Section 4 the question of the voitage drop across the wide base will
be discussed in greater detail.



3. DISCUSSION OF MINORITY CARRIER TRANSPORT ALPHAS IN PNPK
INCLUDING DRIFT EFFECTS

The PNPN devices investigated had base-width-to-diffusion-length ratios after
irradiation of the order of unity in the narrow base region and much greater than
unity in the wide base region. As pointed out previously, in such PNPN struclures
the operation of the device depends partially upon the electric field transport cf
minority carriers. The following paragraphs discuss the variation of the minority
carrier current amplification factor with respect to changes in the base-width-to-
diffusion-length ratio and th2 current injection level.

a. Blocking Region

At very low currentis, in the order of -0*3 amp/cm2 or less, both ay and g,
increase with increasing current due to increasing emitter efficiencies and increas-
ing transport factors. Since the N~ base is less doped than the P base, the variation
of the voltage across the center junction and the resultant changes in the width of the
space charge region cause appreciable changes in both the effective basewidth of the
N~ region and its corresponding transport iactor. At higher current rarges and in
the negative resistance region, the voltage bias across the center juncticn goes
through a transition irom reverse through zero and then to a slightly forward condi-
tion. The rate of increase in alphas in this region is governed by the interaction of
increased emitter efficiency, effective N~ basewidth, and the field-aided transport in
the base region. At the end of the negative resistance or the holding condition, the
center junction is slightly forward biased.

A simple analytical expression for the alpha of the lightly doped wide base
region can be obtained if the following assumptions are made.

1. The forward bias at the center junction is negligible (V2 << XT/q) so that
the excess minority carrier concentration is zero at the center junction.

2. The injection level is low.

3. The electric field is approximately constant in the lightly doped wide base
region.

The resulting calculation is similar to that given by Aldrich and Holonyake and
is based on the drift-enhanced diffusion model.

vy 1+ v2eBV1) /sinn G41+v2>
1 1 1
a =

1

V1+‘/1+V% coth <GVII+V2>

(1)

1
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where

EIL w
V., = ...._...L, G-= _ﬁ
12 (k1/q) o

El is the electric field

Lp is the hole diffusion length

W is the width of the N~ base region

v, is the emitter efficiency at the PTN" junction
k is Boltzmann's constant
T is temperature in degrees Kelvin
q is the electronic charge.

Figure III-2 shows a plot of the wide base alpha with respect to the voltage drop in
half a diffusion length normalized by kT/q, indicating the strong dependence of alpha
on electric field. Alpha based on a pure drift model, a; = exp (-G/2V1), is also
plotted for comparison. For large basewidth-to-diffusion-iength rati.s, drift trans-
port clearly predomingtes and large transport factors are possible even though
Wn/i..p is large. The minority carriers are swept along by the electric field — a
mechanism which, combined with the multiplication process at the center junction,
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enables the PNPN device to reach the turn-on condition even though the minority
carrier lifetime is severely degraded.

In the narrow base region where Wn/ Lp is approximately unity, the diffusion
model, independent of current, is p~ bably adequate for determining alpha in the
vicinity of the turn-on process.

b. "On" Region

In the forward "on" cendition, where high injection level conditions are as-
sumed, there are twc domains of interest. In the first the minority carrier density
(hole concentration) in the wide base ragion increases linearly with the total current
density J. Thus the electric field, and also the voltage drop across the wide base,
is approximately independent of the current density. Alpha, which is roughly propor-
tional to the product of the {ield intensity at the edge of the center junction and the
ratio of the hole concentration at this edge to the total current density, is therefore
approximately constant.

In the second domain, the injected minority hole density is proportional to the
square of the current density which gives rise to the same relation for the base
voltage drop. The average eleciric field is now proportional to the sguare root of
the current density and the alpha is again approximately independent of the total
current density.

Because oi volume recombination and ronunity junction efficiencies, majority
carrier current is caused to flow in the base regions, developing electric fields in
both bases. One may also anticipate an asymmetrical field distribution in the lightly
doped wide base region because the minority carrier concentration is lower at the
NP center junction than at the P*N™ junction, resulting in higher fields near the
NP center junction. These electric fields, together with the forward bias at the
center junction, cause the alphas of the two inherent transistors to be closely inter-
related. This interdependence can be expressed in terms of the basewidth ratio,
diffusion length ratio, doping ratio of the bases, and the emitter efficiencies at the
exterior boundaries, When the lifetime of the minority carriers is degradeq, the
turn-on condition is satisfied at higher current levels through the aiding field in the
lightly doped wide base region.

It is interesting to note the limiting values of zlpha in the wide base region.
At high injection level, it can be shown for large W/L ratios that if the wide base is
N type, alpha cannot be greater than 1/(b + 1), and on the other hand if the wide base
is P type, alpha will approach b/(b + 1). For semiconductors of large mobiiity ratio
b, one may anticipate a significant difference between P-type wide base and N-type
wide base devices,
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4. VOLTAGE DROP IN WIDE BASE

The V-I characteristics in the forward "on™ condition of a PNPN device have
been analyzed by Kuzmin. With the simplifying assumptions that: (1) lifetime is
independent of injection level, and (2) high level injection condition exists in the base
region, the base voltage drop in the lightly doped wide base region is found to be

(w
YN base ¥ 9 (‘B‘» YB: Y173 ﬁé: ) KT e an/25:p) (2)
L b L n ND q
where £ b = Lp " 2b/(b + 1) is an elongated effective diffusion length due to the elec-
tric field. 6 is a function of basewidth-to-diffusion-length ratio, the emitter efficien-
cies Y Y3 at P*N and PN* junctions, the base doping ratio N A/ND’ and the mobility
ratio b. If the fall-off in the emitter efficiencies with increasing high injection cur-
rent is neglected, 6 takes a value between 1 and 27/(b + 1). The above expression
indicates that the voltage drop in the wide base region is a sensitive exponential
function of Wn/ L o and becomes the major coniributor tc the total voltage drep across
the device as the lifetime of the minority carriers is decreased.

The algebraic sum of the three junction voltages is approximately equal to that
of the P'N junction, since the sum of the second and third junction is proportional to
the legarithm of the ratio of the electron concentrations at the forward biased edges
of the narrow tase region, and is negligible, The sum of the junction voltages is
then

'mp {[7’1 (b+1) - 1] cosh Wn/l'.p +[1 -(b+ 1) 01]}

VJ ~ k—q'g In
2qu I—n b sinh Wn/.SZp
Jg w
zglnz DpP for v—n>>1and 7y =1 (3)
q q p n "‘p

which Indicates that the junction voltage is a logarithmic function of diffusion length
and decreases slightly with decreasing minority carrier lifetime.

The condition at which the contribution from the wide base voltage drop begins
to exceed that of junction voltage may be estimated from equations (2) and (3) as

i ZquPn [6 exp (Wn/ﬁpﬂ

i
P

J e

(4)

Thus, for a given current level, devices with narrower base width, Wn’ will have a
much wider range of insensitivity to radiation damage. Figure Ii1-3 shows the vari-
ations of the above expressions for the base voltage, and also the sum of the base
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voltage and the junction voitage plotted with respect to the minority carrier lifetime
for devices with varying W/L.

5. EXPERIMENTAL RESULTS ON DEVICE PARAMETERS IN A
NEUTRON ENVIRONMENT

a. Devices and Exposures

The dimensional parameters of the PNPN devices used in this investigation
are shown in Table III-1.* Several types of conventional triple-diffused structures
were also included in this study for comparison purposes. The iirst three types
have relatively small emitter areas, whilc the rest of the devices have larger emit-
ter areas and substantial gate-cathode interdigitation for decreasing the lateral
spread time in the turn-on process. The four-lead devices were included in order
to measure the albhas of the inherent transistors in the devices. The devices were
exposed to fission spectrum neutrons at thc Triga Reactor at Harry Diamond Labo-
ratories and at the White Sands Fast Burst Reactor. Neutron fluences (E > 10 KeV)
were determined with sulfur foil activation methods and are accurate to = 20%. Pre-
and post-irradiation measurements were made of the fellowing parameters: reverse
saturation current, alpha of the NPN part, hold and gate currents, "on" voltage,
junction capacitance, breakdown voltage, and gate characteristics.

Table OI-1
PNPN STRUCTURES

, , p(N) Emitter Area
Device V\p (W) Wn {n) (1-cm) cm2 X 10"3
ZB1002 (SSPI) 3 15 0.6 0.60
2N3032 (ssPI) 3 20 2.0 0.75
2N3032 (4L)*t (SSPN 3 25 8.0 0.75
ZB1001 (NB)T (SSPI) 3 15 8.0 3.2
ZB1001 (WB)t (SSPI) 3 20 8.0 3.2
352001 (WB)*  (SSPI) 8 50 25.0 3.7
2N1765 (WE)}* (WECo) 3-5 ~100 25.0 4.5

*Triple-diffused structures.
tFour-lead devices.

*Solid State Products Inc., Salem, Massachusetts, provided most of the devices
used in this study.
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b. Reverse Saturation Current

In the forward blocking state, both exterior PN junctions are forward biaced.
The center junction is reverse biased and plays the role of a collector for the minor-
ity carriers injected into it by the exterior junctions. The total current at the re-
verse biased junction consists of electron and nole diffusion currents that originate
at the exterior emitters and the generation current originating in the depletion region
of the center junction,

At a very low current ievel (10'9 - 1077 amp) the generation current at the
center junction predominates over the diffusion components, which are minimized
by the small transport factors. Thus a generation current I proportional tc the re-
combination rate (1/7) is expected for the center junction. Figure IIlI-4 shows the
observed linear relation between the reverse saturation current and the neutron
fluence (@) indicating that the minority carrier lifetime in the space charge region
is linearly related to the reciprocal of the neutrou fluence, i.e., 7 & 1/d.

¢. The Amplification Factor ONPN for the Inherent NPN Transistor

It is difficult to measure the alpha of the inherent transistors of a PNPN under
actual coperating conditions, since any alpha measurement made with leads to the
bases introdices external perturbations to the current flow and the voltage distri-

10,11
bution, ’

length of unity or less and a higher doping than the wide base, sc the diffusion model

However, the narrow base region generally has a basewidth-to-diffusion

may be adequate in describing the carrier flow in this region and the alpha measure-
ment of this region is 1neaningful.

The calculated degradation of the alpha of the narrow base region with increas-
ing neutron fluence assuming I/Tbase = ]/1'no + <I>/Kn is shown in Figure III-5 with
the corresponding experimental data taken on the four terminal devices. The meas-
ured values and the calculated values based on the usual transistor formula
(a = sech Wp/Ln’ assuming the emitter efficiency is nearly unity) agree for the fol-
lowing chosen parameters: the damage constant, Kn =10 N/cmz-sesc, and the initial
effective minority carrier lifetime of the base regions, Tho = 5x 10" sec. These
constants will be used in the rest of the investigation.

1t will be shown later in this paper that some of the devices studied are useful
power switches even though the d-¢ gain (hFE) of the narrow base transistor has
been degraded well below unity. Thus for comparable basewidths the PNPN is
inherently more radiation-resistant than the transistor.

IiI-11
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d. Holding Current and Gate Currcat

Alphas in the vicinity of the turn-on condition having been determined, the
variation of hclding curreat and gate current with respect to an increase in the nea-
tron fluence will now be discussed. Figures III-6 and 11I-7 show plots of the experi-
mental results of the holding currents, which vary approximately linearly with the
neutron fluerce. This dependence may be attributed to the approximately linear
relationship between the alpha, the normalized voltage drop, and the current dengity
in the lightly doped wide base region {N°), as was shown in Figure III-2. From Fig-
ure III-2 it is evident also that devices with larger basewidths require a higher nor-
malized voltage drop V1 or higher current level to attain the holding current condi-
tions @, + @ = 1. This is also reflected in the experimental data of Figures III-6
and II1-7. For example, for the same neutron fluence, devices with narrow base-
widths such as ZB1601 (15 p basewidth) have holding currents of about one order of
magnitude lower than that of the conventicnal device such as 2N1765 with a 100
basewidth.

Using the experimental value of ay from Figure I7I-5 and ey ¥ 1~ ay for the
known Wn/ Lp ratio, an approximate holding current can be estimated. The result
shows an approximately linear dependence of holding current on the neutron {luence,
but is found to be an order of magnitude greater than the experimental values. This
discrepancy has two poussible explanations: first, a localization of the current in the
hoiding condition, and <ccond, change of the minority carrier lifetime with the in-
jection level. The first possibility is supported by the following observation. In the
case of ZB100L (W_ =15 , N, = 16'°/em™>) at 101% N/em®
value of the holding current is 12 ma. If the current is uniformly distributed vver

fluence, the experimental

the emitter area (3.2 x 10'3 cm2), the corresponding current density is 3.7 amp/cmd.
1~

Assuming that all the increase in "on'" voltage (AV) at 101" 1\’/cm2 results from a

uniform ficld In the wide base, then the holding current density must be

J=c2V o 125x1.9/15 x 10%
wll

160 amp/cm?‘ (5)

One may then conclude that if a current density of 160 a.mp/cm2 is necessary for
holding, then there must exist areas of localized current at this current density,
although the average current density is only 3.7 amp/cmz. Localization of current
has also been reported for large W/L ratio PIN devices by Barnett and Milnes.'?

Wher: the basewidth-to-diffusion-length ratio is large and pure drift model
becomes adequate, the approximate holding current can be readily derived from the
expression a;  exp (- G/ZVI) as
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indicating approximately linear relation between Jh and neutron fluence as observed.

* ¢ 7 = lifetime (6)

e

Figures 111-8 and III-8 show the gate current variation with neutron {luence,
where gate current is current into gate used for switching from blocking to "on™
states with low voltage (~5v) on the anode. Assuming that in the narrow base NPN
transistor the gate curreut is approximately equal to the turn-on current divided by
hpp = 02/(1 - @) and both the turn-on current and the l/hFE vary in proportion to
the neutron fluenca, one may then deduce that the gate current varies in proportion
to the square of the neutron fluence as observed. Thus for devices with large
basewidih~to-diffusios:-length ratio in the lightly doper wide base and approximately
unit ratic in the narrow base region, the gate current can readily be derived as

/ ) 2
J Qo N, (W W
Jgh?nd(n_g 1 N 7
® ohpp 2 15 2J\L, 2)|
\p J mit+ [2/(wp/Ln) ]
where
W W
D>>y, B=g
Lp Ln

Note that the guadratic relation comes irom the degradation of the minority carrier
lifetime in the two base regions. Although both hold and gate currents increase
significantly due to radiation bombardment, very large power gains are still obtained
with the devices since neither gate nor hold currents are large compared to typical
operating cirrents in the structure.

e. "On" Voltage

Figures iII-10 and III-11 show experimental forward "on' voltage versus neu-
tron fluence with the corresponding theoretical value of the wide base voltage drop
for the different devices. A good agreement between the calculated values shown in
Figure III-3 and the experimental values given in Figure III-1J is obtained for the
range of the basewidth-to-diffusion-iength ratio W n/ Lp, up to 11. In the ZB1001 with
a 15 p basewidth, the "on" voltage is approximately independent cf neutron fluence
up to 1014 N/'cmz. On the other hand, the conventional triple-diffused 2N1765, with
a 100 p basewidth, is severely degraded at 1013 N/cmz. For much highar Wn/Lp
ratios, the exponential relation between the base voltage drop and wn/Lo ratio pre-
dicts a buse voltage drop several orders of magnitude higher than the actual
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experimental values. This suggests a large increase in the effective diffusion length
due either to field-aided transperi of carriers or to strong injection level dependence
of the lifetime.

Figures 1I1I-12 and III-13 show experimental comparisons of forward "on"
voltage versus current for various devices before and after irradiation. The V-I
characteristics show the two expected domains:

1. A voltage independeat of current domain. The injected carrier density is
greater than the doping concentration, and the conductivity is increzsing
at the same rate as current density leading to the constant base voltage
drop in the wide base region. Since the junction voltage is a logarithmic
function of the current density, its effect un the slope of the V-I charac-
teristic is negligible.

2. A higher current domain having nearly a quadratic current voltage char-
acteristic. This may be attributed to the combined effects of the fall-off
in the injection efficiencies from the left and the right of the wide base
region, and the drift-enhanced mode of the carrier fiow at the very high
injection level, resulting in a condition where tne injected carrier density
is approximately proportional to the square root of the current density.

The displacement of the V-I characteristics toward higher voltage with in-
creasing fast neutron fluence reflects the increase in the voltage drop of the lightly
doped wide base region as the minority carrier lifetime is degraded.

The tendency for the slope of the V-I characteristics to decrease with the in-
creasing dose .s greater for the device with the larger basewidth and suggests that
the conductivity modulation is decreasing faster for these devices.

f. Efiects of the Neutron Fluence on the Junction Capacitance and the
Breakover Voliage

Figure III-14 shows the effect of neutron fluence on the junction capacitance
of the reverse biased center junction for a device forward voitage of 5 volts. At
neutron fluences greater than 1014 N/cmz, the majority carrier concentration is de-
creased and the depletion region 1s widened, causing a decrease in the junction
capacitance, The effects are more serious for a device with a higher resistivity
base. In the lowest resistivity devices (ZB1002) the changes are relatively small
even at 101° N/cm?‘.

Figure II1-15 shows the effect of the neutron fluence on the forward blocking
voltage under two-terminal operation. Preirradiated forward blocking voltages in
many of the narrow base devices ranged over wide values, due to the fact that the
summation of alphas exceeds unity, and these devices do not possess uniform forward
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locking characteristics. Therefore forward blocking voltages are normalizea to
0!3 N/cm2
appreciably degraded in both bases of the narrow base PNPN devices and the re-

the value corresponding to 1 fluence where the carrier hfetime has been
duced alphas introduce a reprcducible forward blockiny state. For the heavily doped
ZB1002 it is observed that the forward blocking voltage is relatively insensitive to
neutron fluence but increases slightly as the majority carrier concentration starts
to decrease near 10155 N/cmz. For the narrow base ZB1001 with relatively high
resistivity, the breakover voitage is determined by the decrease in the effective
basewidth as the majority carrier concentration is decreased at higher neutron
fluences. Punch-through of the lightly doped N* base region may occur at very

high neutron {luence levels. In the case of the 352001 with a 25 ohm-cmn base resis-
tivity and a 50 i basewidth, there is an initial increase for the breakover voltage
due to the decrease of carrier concentration; then, as the carrier concentration
further decreases, the space charge region widens, punch-through sets ia, and the
breakover voltage decreases again.

g. Gate Characteristic

Figure 1I1-16 shows an increase in the gate-to-cathode voltage with increasing
neutron fluence. This is caused by the decreased conductivity modulation in the gate
region and an effective increase in the gate-to-cathode resistance during the "'gate
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Figure 11-16. Gate-to~Cathode Voltage versus Neutron Fluence
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turn-cn' period. The device with a better interdigitated gate structure, such as
ZB1001, is less susceptible to the neutrcn fluence, since the interdigitated gate
structure prevides a larger periphery of the cathode-emitter region and lower ef-
fective gate-to-cathode resistance. The interdigitated structure also speeds up the
lateral propagation of the turn-on state along the emitter :unction.

6. DESIGN CONSIDERATIONS

It is now evident that the most severely degraded parameter, and a prime
factor in determining the losses and the current handling capability of a PNPN de-
vice, is the forward "on" voltage. For optimum radiation hardness and lowest on-
voitage, it is desirable that both basewidths of the PNPN be made as small as possi-
ble. Since these widths also determine the forward and reverse blocking voltages,

a compromise between the forward blocking voltage and "on" voltage must be made.
The maximum forward blocking voltage that a PNPN, in two-terminal operations,
can achieve is the lowest of either the punch-through voltage or the avalanche break-
dovm voltage of the reverse biased center junction. The punch-through voltage de-
pends on the particular impurity distribution. In the linear graded junction, the
space charge is divided equally between the two sides of the junction. Caussian types
of distribution have the space charge layer mostly in the lightly doped region. How-
ever, for a crude estimate of the relationship between breakover voltage, space
charge width, and the impurity concentration, a PFN™ step junction will be assumed
for the reverse biased center junction. The relationships are given in Figure III-17,
This figure shows, for emmple that a PNPN device with a 10 p basewidth and a dop-

ing concentration of 10 3

has a punch-through voltage cf approximately
80 volts. If the concentration is increased to 3 x 1015 9 the junction will ava-

lanche breakdown at 160 volts.

To insure avalanche breakdown rather than punch-through, a thin N* layer of
high concentration may be inserted between the p* region and the N~ base to stop
f rther expansion of the depletion region. In the case of the epitaxial structure, this
high concentration layer is deposited first and then the N region over it. Transport
tirough the high conductivity region is diffusion-controlled; hence, it must be quite
thin. With such a stopping region it 1s possible to reduce the doping in the N~ regicn
to near intrinsic levels. The electric field in the N~ region iz then uniform through-
out the region rather than peaked at the PN™ junction, and the breakdown voltage in-

creases to the upper line {marked VB) as shown in Figure IfI-17. The resulting
structure, NTpIN? P+, has many features in common with the PIN dicde.

Since this structure offers the optimum compromise of blocking voltage and
on'" voltage, it will be used in subsequeat design considerations. If the N*pNTPY
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is used, the blocking voltage capability is reduced by roughly a factor of two pro-
vided that the doping in the N~ region is adjusted to yield avalanche rather than
punch-through breakdown.

It should be evident from Figure III-17 that high blocking voltage capability
is incompatible with radiation hardness. However, the low forward blocking voltage
of the radiation-hardened device may be tolerated by operating several PNPN de-
vices in series connection. Assuming a given forward blocking voltage, the condi-
tions for a minimum power dissipation can be calculated from Equations 2 and 3.
It can be shown that the optimum condition occurs when the Wn/ L-p ratio is equal
to 4 (see Appendix A).

This optimum condition occurs when the voltage drop acvoss the wide base is
roughly equal to that across the PN junction, i.e., is of the order of 1 volt. It is
possible using this optimum Wn/ L _ ratio to reiate the blocking voltage of a N*tpinp*
and the minority carrier lifetime (after irradiation). This relationship is given in
Figure IIJ-18. This figure can be used as a design guide for the development of
optimally hardened PNPN devices., For example, if it is desired to operate a device
in an environment which reduces the lifetime ultimately to 10'9 sec (cerresponding
tc a neutron fluence of approximately 1015 N/cmz), the optimum basewidth is 5 p
and the blocking veltage capability of a single NYPINP" device is = 160 volts {or
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80 volts for a N*PN"PT structure). In practical devices where structural variations
are usually present, blocking voltages roughly one half of these values could be
expected. Any requi_ed blocking voltage may be achieved then by stacking an appro-
priate number of devices. Figure III-18 can also be applied tc the design of PIN
diodes for use ip a radiation environment,

From the results given in Figure III-18, a PNPN structure has been evolved
for use in neutron environments up to 1016 N/cmz. The structure (Figure III~19) is
P*NP PN’ with a P™ thickness of 2 i and an estimated blocking voltage capability
between 30 and 60 volts. The cathode and gate diffusion are interdigitated to mini-
mize effective gate resistance. N* regions are diffused intc the gate to further
minimize this resistance. Impurity concentrations of all regions except the P~
region are sufficiently large that carrier removal will not degrade the performance.
Carrier removal in the P~ region will make this region intrinsic but, as previously
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pointed out, this is a desirable result. The thicknesses of both N and P regions are
such that the degradation of diffusion transport in both does not reduce the sum of
the transport factors below unity, Mobility variations from neutron irradiation have
been neglected in the design considerations.

This structure should be capable of switching currents of the order ¢f 5 amps
with turn-on and turn-off times less than 10”° sec. Because of the narrow bases,
the blocking state of this device will not be observed unless the initial lifetimes are
drastically reduced either by pre-irradiation or by gold doping.
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7. RELATIVE VOL'-AMPERE SWITCHING CAPABILITIES OF PNPN

DEVICES AND "RANSISTORS

In designing radiation resistant transisters, as in the desige: of PNPN's, a

compromise between collector breakdcwn voltage and ultimate device lifetime must
be made.n This compromise is necessary fcr the following reasons. Transistors
which must funr:tion despite short bulk lifet.xr € require narrow basewidths. Fig-
ure [I1-18 shows the transistor basewidth regured to yield « current gain of 10 as
a functior of bulk lifetime. It should be noted that the transistor basewidth required
is considerably narrower than either vasewidth required in the PNPN. In such
narrow base devices, the base resistance is high, emission crowding i severe, and
very large current densities enteir the collector region. The mobile spxce cnarge
associated with the collector current will cause the collector boundary to retreat
when mobile charge concentration becomes comparable to the majority carrier con-
centration in the collectcr. This is the "Kirk efiect.”” To prevent loss in current
gair due to the widening of the base, the coliector must be heavily doped and its
avalanche voltage will be correspondingly ‘ow. Figure III-18 shows typical tran-
sistor breakdown voitage as a function of iifetime required for hFE = 10, obtained
on 2 variety of high-frequency silicon transistors. Again it should be noted that the
voltage switching capability of the trans:stor is roughly an order of magnitude less
than that of the PNPN in the same environment.

The PNPN is also superior to the transistor in current switching capability.
Since the current in a PNPN is spread uriformly over its cathode area, the current
switching capability increases in proporiion with the cathode area. In centrast, the
current switching capability of a transistor is controlled by the length of the emitter
perimeter because of “emission crowding.” Thus complex interdigitated emitter-
base structures are necessary for high curreat transistors. For very narrow base-
width transistors there are present-day technological probiems, such as material
uniformity, which limit the maximum perimeter to the order of 1 cm for basewidths
larger than 1 y and somewhat smaller perimeters for narrower basewidth devices.

As has been pointed out, it is also desirable to interdigitate the catl.ode-gate
structure of the PNPN. Such interdigitation reduces the cathode gate resistance and
speeds the turn-on prosess. To some degree the maximum volt-ampere switching
capability (product of maximum current and maximum voltage switching capabilities)
is determined by the speed of switching be.ween high voltage - low current and low
voltage - high current states. In the case of the PNPN with gate turn-on, the cathode
region adjacent to the gate switches quickly, while the remote regions may switch
relatively slowly. It is therefore desirable to minimize the iateral distance which
the turn-on process must traverse. Once the turn-on process is completed, however,
the current is spread over the full area of the cathode. The requirement for rapid
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spreading of the turn-on process combined with the maximum perimeter limitation

given above will result in a maximum useful area of narrow base PNPN devices of
the order of 1 mmz.

it should be apparent from the foregoing discussion that the volt-ampere
switching capabiity of the PNPN will be significantiy greater than that of a tran-
sistor designed ior the same nuclear eavironment. Table III-2 compares two high-
frequency silicon NPN transistors and one of the PNPN's studied abeve. All three
devices ure representative of the state cf the art. The narrow hasewidth
DNPN is capabie of switching more than an erder of magnitude higher volt-ampere
product than narrow base silicon iransisters which survive the same environment.
The end of life environment for the transistor is taken as the {luence at which its
d-c gain hop falls to 10, and for the PNPN it is the fluence at which the on-voliage,
V__, rises to 3 volts. Both of these criteria correspond roughly te the point where

on’
the power switching efficiency drops to 80%.

Table OI-2
POWER SWITCHING CAPABILITY FOR TYPICAL DEVICES

2
d()max (N/cm®)
- h = 10 or
v___BY p___ ‘hpg
. oy L {a) Smax “CEO ‘max oy g g
Device Basewidth {j1) "max Blocking Volt (wat@ on
NPN (SF2585) 1 2 50 150 104
NPM (RT-6)° 0.3 0.1 15 1.5 101°
PNPN (zB1001) 3 (F) 10 100 103 101°

The superiority of tne PNPN with respect to the transistor as a power switch
at very low switching speeds (i.e., for wide base devices) has been generally recog-
nized.”” The superiority of narrow base PNPN's to transisters has not been so
generally appreciated. Since these narrow base PNPN's are inherently much higher
speed devices, it follows that for comparable switching speeds the volt-ampere
capabiiity of the PNPN also exceeds that of the transistor. In a recent article E. O.
Johnson16 i2s shown that PN2N devices approach much closer to the theoretical
limiting value of (VmImXc)1 21‘,( than do transistors. X, and {, are the device imped
ance and cutoft frequency respectively. This fu..damental superiority is due not only
to the absence of emission crowding effects but also to the fact that collector space-
charge effec.s are caaceled in the PNPN because holes and electrons enter from op-
posite sides of the wide base.
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The high switching speed capability oi the ZB1001 has been employed to make
a pulse generator capable of producing pulses 10'8 sec in length with an amplitude
of 10 amps. The very narrow base design descrived in the previous se~tion should
be capable of producing pulses 10'9 sec with an amplitude of 5 amps.

8. SUMMARY

Narrow base PNPN devices exhibit a high degree of radiation recistance. The
device parameter which determines the environmental !!mitations of PNPN's is the
forward “on" veltage, which is a sensitive exponential function of the Wn/ Lp of the
wide base. Consequently narrow base devices have a considerably reduced vulner-
ability. A reasonably good fit of the observed "on" voltage for a variety of silicon
PNPN's exposed to fast neutrons wag obtained assuming 2 silicon lifetime damage
constant of 106 sec—cmz/ N using an analysis based on the work of Kuzmin.’

Design considerations based on these results suggest a device using a PYNIPNT
structure which should be capable of surviving nearly 1016 N/cm2 and of switching
a volt-ampere product greater than 100 watts. This same structure should also be
useful as a high frequency - high power switch. Since such a device functions de-
spite short bulk lifetimes it should also be insensitive to undesired turn-on by a
transient ionization pulse. It is estimated that an ionizing dose rate greater thin
109 rads/sec would be required tc turn on this device if the initial lifetime were de-
graded to 3 x 10710 gec.

In this study it has been found that PNPN's are markedly superior to tran-
sistors as power switches to be used in a radiation environment., State of the art
PNPN's have a volt-ampere switching groduct more than an order of magnitude
greater than state of the art silicon NPN transistors. Fundamentally this comes
about because the recombination curcent in the hase of a PNPN produces a voltage
drop which aids the flow of minority carriers, whereas the comparable recombina-
tion current in the bases of the transistor produces a lateral voltage drop, emission
crowding, and restricted current- and voltage-handling capabilities.
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APPENDIX A

DESIGN CONSIDERATIONS FOR
SERIES-CONNECTED PNPN DEVICES

This appendix discusses methods for obtaining, in a series string of PNPN
devices, the optimum combination of (a) the number of devices and (b) their base-
widths {0 minimize the total power dissipation in the "on" condition. The initial
constraints are the minority carrier lifetime and the toial breakdown voltage for the
series string.

If the minority carrier lifetime is short enough that the voitage drop across
the base of one device is comparabie to the algebraic sum of iis junction voltages,
the power dissipution of the N series-connected devices in the "on™ condition is as
follows:

|
b.. =NJ_kI 1l1[__._£__ +'a—e(wn/2g‘p)5
]
)

dis /
|20 D, \Pn/fp)

The number N and the vasewidth Wn for minimum power dissipation are deter-
mined in part not only by the required breakover voltage but also by the tyre of the
forward breakover mechanisn:.

In P NPNY devices, one may adjust the dcgsiag concentration of the N region
for a given basewidth to obtain the avalanche breakdown condition. In order to insure
avalanche breakdown rather than punch-through, a thin p* layer of high concentration
may be inserted between the pt region and the N~ base. The resulting structure,
P+N+N'PN+, has breakdown characteristics similar to those of a reverse~biased
PIN diode, and the breakdown voltage is almost proportional to the basewidth. The
blocking voltage may be expressed as

Vblock = NCW

. - - - . !7
where C is a weak function of ionization rates and basewidth.

By the method of Lagrange multipliers, f(N, W, 1) = Pdis + ANCW, the condition
for the minimum power dissipation for a given forward blocking voltage can be found
by simultaneously solving the two equations; 0f/ON = 0 and 3f/dW = 0, The condition
is
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where

F)
]
)
q
2
-

p'Lp b+ 1

o

For the current range J ~ 100, the width-to-diffusion-length ratio becomes approxi-

\ / 3
mately Wn, Lp 4,

Because of the strong dependence of the icnization rate on the electric field,
the critical field for a given semiconductor varies very siowly with background dop-
ing or impurity gx"ad_ient.m"g Thus, as a {irst approximation, a fixed critical {ield
intensity of 3.3 x 10° volt/cm was chosen. Ther, the breakdown voltage is related
to the diffusion len;gth through Wn/Lp =4 as Vb = Emwn =4 EmLp for N series-
connected P NIPN' devices.

A similar argument may be applied to N series-connecied P NPN* devices
with avaianche breakdown as the breakover mechanism by adjusting the doping of
the base region. The breakdown voltage is then related tc the diffusion length

through wn/Lp =4 as Em(W"/Z) =2 EmLp'

The above results are plotted in Figure III-1R: data for 2 single transistor
with a one-diffusion-length base are included 1or comparison.
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