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Abstract—This paper provides a historical review of the liter- Following a brief summary of the history of displacement
ature on the effects of radiation-induced displacement damage in damage studies in semiconductors, key displacement damage
semiconductor materials and devices. Emphasis is placed on effectsyq chanisms and effects are described qualitatively. The effects
in technologically important bulk silicon and silicon devices. The . . . . .
primary goals are to provide a guide to displacement damage lit- of uniform dlsplacement damage in bulk materlal gnd S' de-
erature, to offer critical comments regarding that literature in an ~ Vices are then considered, followed by a brief consideration of
attempt to identify key findings, to describe how the understanding nonuniform displacement damage effects. Damage annealing
of displacement damage mechanisms and effects has evolved, angs then treated, including short-term and long-term thermal
to note current trends. Selected tutorial elements are included as an annealing and injection annealing. Nonionizing energy loss
aid to presenting the review information more clearly and to pro- . . ,
vide a frame of reference for the terminology used. The primary concepts and_ damage correlations are then feV'eW_ed- This paper
approach employed is to present information qualitatively while concludes with comments on the evolution of displacement
leaving quantitative details to the cited references. A bibliography damage understanding and on current research and engineering
of key displacement-damage information sources is also provided. trends. A bibliography of key displacement-damage informa-

Index Terms—Annealing, damage correlation, defects, displace- tion sources is also provided in addition to the cited references.

ment damage, nonionizing energy loss, radiation effects, semicon-

ductors, silicon, silicon devices.
Il. BACKGROUND INFORMATION

. INTRODUCTION AND OVERVIEW A. Early Displacement Damage History

Wigner and collaborators performed theoretical and experi-

on the effects of radiation-induced displacement damaHbental studies of displacement damage in irradiated materials

in semiconductor materials and devices. Emphasis is placedsri€ €arly 1940s [1]. Their work initiated considerable in-

effects in technologically important bulk silicon and silicon geterestin radiation effects on materials of technological impor-

vices. Displacement damage effects in other materials and [fd1ce- Lark-Horovitz [2], Seitz [3], and Slater [4] reviewed the
stigations of radiation effects in solids conducted in that

vices are noted briefly. Emphasis is also placed on papers thyfstigatic : X
were presented at the annual IEEE Nuclear and Space Ra§i& (It IS interesting to note that displacement damage work

tion Effects Conference (NSREC), and subsequently publish‘@fﬁlS also pgrformed in the 1800s and ?a”Y 1900s, as summa-
in the IEEE TRANSACTIONS ONNUCLEAR SCIENCE, since the r|zeq by Billington _and Cravyford [5].) Scientists at Purdue Um—
present article appears in a Special Issue commemorating YRESIYY and Oak Ridge National Laboratory performed the first
40th anniversary of that conference. Further, this article focusaddies Of radiation-induced displacement damage in semicon-

on the specific technical literature with which the authors afl}icling germanium materials and devices [6]_.[8]' followed by
familiar. related Ge work at Bell Telephone Laboratories [9]. Johnson

The primary goals of this paper are the following: 1) provid@nd Lark-Horovitz [8] evidently performed the first study of dis-
readers with a guide to the rich displacement damage litePlacement damage effects in silicon materials and devices. That

ture; 2) provide critical comments regarding that literature mUPJ€ct continues to be of interest more than 50 years later.

an attempt to identify key findings; 3) describe how our under-

standing of displacement damage mechanisms and effects Rafualitative Overview of Displacement Damage

evolved; and 4) note current trends. Selected tutorial elemeMgchanisms and Effects

are also included as an aid to presenting the review informationt) Defect Production:Energetic particles incident on a solid

more clearly and to provide a frame of reference for the tegse their energy to ionizing and nonionizing processes as they

minology used in the displacement damage field. The primaggvel through a given material. The result of this energy loss is

approach employed here is to present information qualitativelye production of electron-hole pairs (ionization) and displaced

while Ieaving quantitative details to the cited references. atoms (displacement damage), with the latter effect being the

focus here. The primary lattice defects initially created are va-
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vacancies form a defect referred to as the divacancy. In irrattical property such as minority-carrier lifetime in bulk material
ated silicon, larger local groupings of vacancies may also occar.dark currentin a charge-coupled device (CCD), one generally
Additional types of defects can form when vacancies and imould observe forward annealing, i.e., a decrease in damage ef-
terstitials are adjacent to impurity atoms. The resulting defedesctiveness. There is a significant short-term thermal annealing
are called defect-impurity complexes, with one example beipgocess that is essentially complete in seconds to minutes fol-
the vacancy-phosphorus pair. This defect is referred to as théoting defect creation, depending on the type and energy of the
center in irradiated Si. incident particle. Long-term annealing follows and can continue

Now consider the density of defects produced in irradiatddr years at room temperature. Increasing the temperature will,
materials. At one extreme, radiation-induced defects are retd-course, enhance these annealing processes as will increasing
tively far apart and are referred to as point defects or isolatéee injection level.
defects. For example, incident electrons and photons with eniNext, consider steady-state irradiation either of bulk semi-
ergy on the order of 1 MeV produce such defects. At the otheonductor material or of a device, which is similar to the en-
extreme, defects may be produced relatively close together afrdnment experienced in space. In this example, defects are
form a local region of disorder (referred to in the literature datroduced continually but defect reordering also proceeds si-
a defect cluster or disordered region). For example, a single multaneously. If one were to follow the history of the damage
cident neutron with energy on the order of 1 MeV gives risatroduced by &ingle particlein this steady-state flux, then the
to many defects. The mechanism involved is the initial transfdescription given above for a burst of radiation applies. That is,
of a significant amount of energy from that neutron to a singkhort-term and long-term thermal annealing will occur for the
Si atom. The dislodged primary knock-on atom then displacdamage introduced by that particle. If the rate of steady-state
many other Si atoms locally, thereby creating a disordered mwmbardment, i.e., the defect introduction rate, is much lower
gion. The defect density in portions of that local damaged réan the short-term annealing rate for introduced defects, then
gion will be much higher than in the example of 1-MeV electrothe effectiveness of the damage produced after a given steady-
damage. That high-defect-density portion is often referred to state irradiation time will be relatively stable. In this situation,

a terminal subcluster or subcascade (discussed in Sectionsmtien irradiation is stopped one can then observe the relatively
and VI). In general, incident energetic particles produce a miglow long-term annealing process.
ture of isolated and clustered defects. 3) Displacement Damage Effect3he defect reordering

2) Defect Reordering:Once defects are formed by incidendiscussion given above makes the point that the effectiveness of
radiation, those defects will reorder to form more stable coradiation-induced displacement damage depends on the bom-
figurations. For example, the vacancy in silicon is an unstabidardment conditions and on the time after irradiation. More
defect and is quite mobile at room temperature. After vacancigenerally, damage effectiveness depends on many factors,
are introduced, they move through the lattice and form moircluding particle type, particle energy, irradiation temperature,
stable defects such as divacancies and vacancy-impurity cameasurement temperature, time after irradiation, thermal
plexes. The effectiveness of defects in altering the propertieshi$tory after irradiation, injection level, material type (i.e., n-
bulk semiconductor material and devices (discussed below) dep-type), and impurity type and concentration. References to
pends on the nature of the specific defects and on the time aftez literature that describe those functional dependences are
defect creation at a given temperature. Defect reordering is afgovided herein. The primary effects of displacement damage
temperature dependent (thermal annealing) and dependenttat lead to the degradation of material and device properties
the excess carrier concentration present (injection annealingdre now discussed.

Defect reordering is usually calle@hnealing which typi- In general, any disturbance of lattice periodicity may give
cally implies that the amount of damage and its effectivenedse to energy levels in the bandgap. Radiation-induced defects
are reduced. In general, the reordering of defects with time love such levels associated with them, and it is these defect
increased temperature to more stable configurations can alsostetes, or centers, that have a major impact on the electrical and
sultinmoreeffective defects. This process is often referred to ioptical behavior of semiconductor materials and devices. The
the literature ageverse annealin@n contrast to the more typical basic phenomena that cause materials and devices to degrade
process oforward annealing(i.e., “annealing”). in a radiation environment that produces displacement damage

Two examples are given to describe damage reordering fare: 1) incident particles displace atoms; 2) the resulting defects
ther. A short intense burst (i.e., milliseconds or less in duratiogive rise to new energy levels; and 3) those levels alter material
of identical incident energetic particles is considered first. Thad device electrical and optical properties.
temperature of the bombarded material or device is assumed td@ he fundamental effects of defect centers on electrical prop-
be constant at room temperatyre300 K). Depending on par- erties are now described. The first effect is the thermal gener-
ticle type and energy, each particle in this burst may produason of electron-hole pairs through a level near midgap. This
several relatively widely spaced defects or a number of mopeocess can be viewed as the thermal excitation of a bound va-
closely spaced defects, as noted above. Itis assumed that defecise-band electron to the defect center and the subsequent ex-
are introduced instantaneously (i.e., in a time comparable to titation of that electron to the conduction band, thereby gener-
duration of the burst). Following their creation, defects will miating a free electron-hole pair. Alternatively, it can be viewed
grate and reorder to more stable configurations. If the effectivas hole emission from the center followed by electron emission.
ness of those locally created defects is monitored as a functidnly those centers with energy levels near midgap make a sig-
of time following creation by, for example, measuring an eleaiificant contribution to carrier generation; an exponential de-
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crease in generation rate occurs as the energy-level positioprisjunction devices used for detection of high-energy particles,
moved from midgap. In addition, emission processes dominaype conversion does occur in depletion regions. (For example,
over capture processes at a defect level only when the free-caae [10] and references therein.)

rier concentrations are significantly less than their thermal equi-An eighth effect of radiation-induced defects in the bandgap
librium values. Thus, thermal generation of electron-hole paiks enhanced effectiveness for thermal generation of carriers.
through radiation-induced defect centers near midgap is impaihis effect occurs when defects are located in a device region
tant in device depletion regions. Introduction of such centers igentaining a high electric field. One mechanism thought to be
creases the thermal generation rate, which is the mechanismrésiponsible for this process is a reduced potential barrier for
leakage current increases in silicon devices. thermal generation (Poole-Frenkel effect). (For example, see

The second effect is the recombination of electron-hole paifg1]).

In this process, a free carrier of one sign is first captured at theln summary, radiation-induced levels in the bandgap can give
defect center, followed by capture of a carrier of the oppositise to several processes, including generation, recombination,
sign. Recombination removes electron-hole pairs as opposetrépping, compensation, tunneling, scattering, type conversion,
the generation process. In general, the recombination rate dee field enhancement of carrier generation effectiveness. In
pends on the defect-center (or recombination-center) densgyinciple, any combination, or all, of these processes can occur
the free carrier concentration, the electron and hole capture cros®ugh the same level. The role a particular level plays depends
sections, and the energy level position. The mean time a roi variables such as carrier concentration, temperature, and the

nority carrier spends in its band before recombining is referrelévice region in which it resides (e.g., in a depletion region).
to as the recombination lifetime. Radiation-induced recombina-

tion centers cause the lifetime to decrease; this is the dominant
mechanism for gain degradation due to displacement damage in
bipolar transistors. [ll. UNIFORM DISPLACEMENT DAMAGE EFFECTS

The third effect is the temporary trapping of carriers at a typ-
ically shallow level. In this process, a carrier is captured at a de-The typical situation encountered in practical applications
fectcenter and is later emitted to its band, with no recombinati@fid in simulation experiments is the introduction of relatively
event taking place. In general, trapping of both majority and miiniform displacement damage by energetic particles. This sec-
nority carriers can occur (at separate levels). Radiation-indudén reviews relevant concepts and notes key studies of uniform
traps are responsible for increasing the transfer inefficiency §@@mage effects. Emphasis is placed on effects in bulk material
charge-coupled devices. and in discrete devices, such as solar cells, diodes, and bipolar

The fourth effect is the compensation of donors or acceptdfansistors.
by radiation-induced centers. For example, in n-type materialEarly studies of displacement damage focused on effects in
deep-lying radiation-induced acceptors compensate some ofitiiadiated Ge and Si bulk material and bipolar transistors. Typ-
free electrons available from the donor level. The result is a rigally, a specific parameter, such as minority-carrier lifetime or
duction in the equilibrium majority-carrier concentration. Thisurrent gain, is measured as a function of particle fluence, and
“carrier removal” process will cause an alteration in any devidbe rate of parameter degradation is determined for specific mea-
or circuit property that depends on carrier concentration. For esdrement conditions. That degradation rate has been referred to
ample, the resistance of the collector in bipolar transistors wiill the literature alternatively as the damage constant, the damage
increase due to carrier removal. coefficient, and the damage factor. The first term seems inap-

A fifth process is the tunneling of carriers through a poterpropriate since the degradation rate is not a constant; its value
tial barrier by means of defect levels. This defect-assisted (agepends on the conditions under which it is determined, such as
called trap-assisted) tunneling process can cause device curréragiation and measurement temperature, time after irradiation,
to increase in certain situations. For example, there may bad particle type and energy. Damage coefficient and damage
defect-assisted tunneling component of the reverse current ifagtor are both more appropriate terms to use for the degrada-
pn-junction diode. tion rate. The terrdamage factois favored here since itis more

In the sixth effect, radiation-induced defects act as scatteriagncise.
centers and cause the carrier mobility to decrease. The mobilittEmphasis was placed in early displacement damage studies
decreases with increasing ionized impurity concentration. Inoa identifying and characterizing the defects responsible for ma-
similar manner, the introduction of charged radiation-inducedrial and device degradation. A key part of that characteriza-
defects also causes the mobility to decrease. This effect shatideh was identifying energy level positions in the bandgap and
be stronger at temperatures considerably less than 300 K bher defect properties, such as capture cross sections. Curtis re-
cause ionized impurity scattering dominates over lattice scatewed the early work along those lines for isolated defects in
tering in that regime. irradiated semiconductors [12]. Although workers still pursue

A seventh effect is type conversion due to displacg¢he determination of such fundamental information for defects
ment-damage-induced carrier removal. In bulk Ge, introductidoday, measurement and analysis of damage factors for irradi-
of acceptors causes the resistivity of n-type material to increaa&ed devices is now a more frequent goal since those factors are
which leads to the eventual conversion to p-type material. Typg&ectly applicable in practice when designing radiation-tolerant
conversion does not occur in bulk Si. Irradiated Si simply bérardware. Using fundamental information to derive more prac-
comes compensated intrinsic. However, in Si devices, notalbigal information is a very difficult task at best. Consider the
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seemingly simple example of calculating post-irradiation ma single energetic neutron interacts with the lattice and pro-
nority-carrier lifetime based on knowledge of energy levels iuces a primary knock-on atom (PKA), the resulting damage
troduced by radiation. To perform that calculation accuratelgroduced by that PKA may take the form of several subclusters
one would need to know information such as all the energpntaining relatively few defects, as discussed in more detail
levels introduced in the bandgap, the defect concentrations ageoSection VI and in the citations provided therein. Modeling
ciated with each level, the capture and emission probabilities fadicates that those terminal subclusters would have a relatively
electrons and holes for each level, and the temperature dep@mnall barrier height associated with them within a modified
dences of those probabilities. Further, one would need to kn@wossick interpretation [31].
all the levels associated with the various charge states for eaclClustered defects were invoked to account for the enhanced
specific defect. recombination effectiveness in neutron-irradiated material com-
A key theme that emerged from studies by various earnpared to the situation for isolated defects. In that model, a cluster
workers is the similarities and differences between the effeggesents a potential well or sink for minority carriers, which then
on electrical properties of semiconductor materials irradiateecombine within the cluster. That recombination enhancement
with different particles. The primary early example is thé not present for isolated defects. Another feature of cluster
comparison of effects produced by fission or 14-MeV neutromsodels accounts for the lack of a dependence on impurity type
with those produced by 1-MeV electronsCo gamma rays. or oxygen concentration noted above for neutron-irradiated Si.
Until the late 1950s, all radiation effects on semiconductols subclusters, the defect density is much greater than the im-
were interpreted as being due to isolated, or Frenkel, defectsplrrity concentration, so the nonimpurity-related defects, such
1959, several papers demonstrated the importance of impugtydivacancies, dominate recombination. In the isolated defect
type and concentration on observed radiation effects [13]-[18hse, the radiation-induced defect density and the impurity con-
These and other studies led to the recognition of the ratentration can be comparable, which leads to the importance
of defects involving impurities, such as the oxygen-vacanof impurity-defect complexes for this situation as compared to
complex and the phosphorus-vacancy complex. At that saclesely spaced defects.
time, Gossicket al. [16]-[18] proposed a model to account The main pointis that various experimental observations and
for differences between effects produced by relatively isolatedmparisons led many early workers to seek a model to account
defects and those produced by more closely spaced, or cligs-the differences between effects produceddidyMeV elec-
tered, defects. Their description is commonly referred to as ttrens and fission neutrons in Si and Ge. The Gossick model and
Gossick model. its extensions appeared to be successful in accounting for those
Curtis [19] summarized the differences between the effeagferences, at least qualitatively. However, that success does not
of 1-MeV electrons of°Co gamma rays (i.e., isolated defectsjnean that Gossick-type models provide an accurate description
and, for example, fission neutrons (i.e., more closely spaced déphysical reality. The important point is that any successful
fects) on recombination lifetime in silicon and germanium. Ormaodel must be able to account for all of the experimental obser-
of those differences is the relative lack of a dependence of thetions. Cluster models appeared attractive in that regard, which
lifetime damage factor on impurity type and oxygen concentraras why many early researchers embraced them. It was also
tion in neutron-irradiated n- and p-type Si[20], but a significanmtoted that it is not necessary to invoke the relatively large clus-
dependence of that damage factor on those paramet&t€in ters originally proposed by Gossick to account for observations.
gamma-irradiated Si [21]-[24]. Another notable difference Relatively small terminal subclusters appeared to be sufficient
the much greater effectiveness, in terms of reducing the recoior neutron-irradiated Si [31].
bination lifetime, of a specific number of closely spaced, or clus- Additional views on displacement damage modeling and on
tered, defects as compared to the same number of defects tfis-existence of defect clusters are discussed in [133, Ch. 5].
tributed uniformly throughout the lattice structure. Further difAlso, see [133, Ch. 14] for discussion of hardness assurance
ferences are evidentin thermal and injection annealing behavimonsiderations for displacement damage effects in devices.
as discussed in Section V. Several other early workers observedo summarize the above, a successful displacement damage
notable differences between the effects of 1-MeV electrons (@odel must account for various experimental observations,
60Co gamma rays) and neutrons on the electrical propertiesssime of which are: 1) short-term, thermal, and injection
silicon. (For example, see [25]-[29].) Curtis [30], [31], and Greannealing effects and differences, as discussed in Section V;
gory [32] extended the Gossick model analytically to accou) impurity effects, including the lack thereof, on degradation
for experimental observations on neutron-irradiated silicon. rates; 3) enhanced recombination-lifetime damage effectiveness
The qualitative view adopted by many radiation effectsf particles such as energetic neutrons as compared to 1-MeV
workers in the late 1950s through the mid-1980s was tledectrons, for example; and 4) scaling of degraded parameters
following, which was based on a wide variety of experimentalith the nonionizing energy loss observed in numerous cases.
observations and accompanying modeling efforts. Electromhis aspect of displacement damage phenomena is discussed
with energy less than about 2 MeV, which includes Comptdn some detail in Section VI.
electrons generated by incidetitCo photons, produce rela- Early displacement damage studies performed on bipolar
tively isolated defects. Higher energy electrons (ex¢p MeV) transistor are summarized briefly here. Many studies of dis-
and neutrons in the MeV range produce a mixture of isolatpthcement damage mechanisms in bipolar transistors have
defects and clustered defects. The number of defects irbeen conducted, with emphasis placed on examining and
localized cluster may be relatively small. For example, whepredicting neutron effects. For example, see [33]-[41]. A key
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paper published in 1958 is that by Messenger and Spratt [33}apic of injection annealing is addressed since it is occasionally
which an equation is presented for describing gain degradatim integral part of thermal annealing studies. Next, short-term
in transistors. Gain degrades due to the introduction, véenealing following a short burst of radiation is considered,
displacements, of recombination centers throughout the deviaéth emphasis placed on room-temperature studies. Long-term
Gregory and Gwyn examined the effects of recombination thermal annealing is then discussed.
various device regions on current gain in irradiated bipolar )
transistors [38], [40]. A. Injection Annealing

Surface recombination can also play an important role inInjection annealing is the enhancement of defect reordering
degrading the gain in irradiated bipolar transistors due to thg the presence of free charge carriers. That charge may be
effects ofionizing radiation. One mechanism is the changmtroduced in several ways, including electrical injection into
in surface potential produced by charge buildup in surfaervices and excitation using ionizing radiation. Note that the
oxide passivation layers. Alteration of the surface potential cgame radiation source that introduces displacement damage will
cause the surface recombination velocity to increase, theredlyo excite electron-hole pairs, which can then enhance the re-
decreasing the gain. Another mechanism is the production@tiering of that damage.
interface traps, which also enhances surface recombination anGregory published the key early paper on injection annealing
causes gain degradation. in irradiated silicon [52]. He demonstrated that point defects

Displacement damage also gives rise to generation centg@ieiduced in p-type Si b§’Co gamma irradiation anneal when
and such centers can play an important role in the reverse-dliectrons are injected into the material. Gregory explained his
ased base-collector junction. The reverse leakage current at fegults in terms of enhanced vacancy motion as a result of al-
junction will increase due to the thermal generation of elegering their charge state from neutral to negative via electron
tron-hole pairs at radiation-induced centers. Leakage curréjection. A similar study was also performed for gamma-irra-
can also increase due to generation centers produced at the gigted n-type Si[53]. Stein [54], [55] and Barnes [56], [57] con-
face by ionizing radiation. In addition, radiation-induced carriefucted early studies of injection annealing in neutron-irradiated
removal can alter the properties of bipolar transistors. For e3t. Gregory and Sander explored the effects of injected carriers
ample, the width of the reverse-biased base-collector junction short-term annealing, as described in Section V-B.
depletion region will increase, resulting in a decreased punch-Kimerling and co-workers explored the mechanisms respon-
through voltage, assuming that the base width is reduced dusitsle for injection annealing [58]-[61]. For specific cases in sil-
carrier removal in the base. Further, carrier removal in the neigen, a change in defect charge state appears to be the dominant

tral collector will increase the collector resistance. mechanism, with a resulting increase in defect mobility. In other
cases, especially in GaAs, the responsible mechanism is recom-
[V. NONUNIFORM DISPLACEMENT DAMAGE EFFECTS bination enhancement. In this mechanism, nonradiative recom-

. . o . bination of electron-hole pairs occurs at a specific defect level,
A very low particle fluence incident on a silicon device can

result in nonuniformly distributed displacement damage. Sugﬂd .thls local deposition of vibrational energy enhances the an-
. . ) PN . ealing rate.

effects are especially evident in a visible imaging array, sudf§

as a CCD, that may contain millions of individual pixels. FOB  short-Term Annealing

that important example, radiation-induced dark current can varySh 4 ling is the defect deri that
significantly from pixel to pixel. In the extreme case of a single ori-term anneaing 1S the delect reordenng process tha
%ges place shortly after a burst of radiation that introduces dis-

incident particle that produces damage, only one pixel in a der!
array will exhibit an increased dark current placement damage, such as a neutron burst from a pulsed re-
' actor. The manifestation of that process is a time-dependent ma-

Gerethet al. [42] in 1965 evidently made the first report of "~ Lor devi " h t gain in a biolar t
the effects of displacement damage produced by single particﬁ%@a or device property, such as current gain in a bipofar tran-

incident on silicon devices. They explored those effects by irrﬁ'—sw.r' (Short—tgrm anne_ahng IS aIs:o referred torassientan-
diating avalanche diodes with fission neutrons and with 2—Mer\]/3a|'.ng. andapid anneglmg n the literature.) .

electrons. Notable differences in device behavior were observ (ﬁt is important to distinguish betwgen the tlme-erendent
between these two cases. Two decades later, numerous studigeéS acement damage effects occurring after a radiation burst

single-particle-induced displacement damage effects were cBh the permanent effgcts gl such bombardment. F|g 1 illus-
ates the events following a neutron burst for bulk silicon and

ducted [11], [43]-[49], nearly all of which used visible imagini:u. devi The ch . :
arrays as test devices. (Researchers during that period were on devices at room temperature. The change in carrier

aware of the earlier work by Gerett al. [42].) Pickel et al. lifetime or transistor gain that occurs is shown. Following an

[50] review the work conducted during that later era. A revie\ﬁ}brupt decreasg goincident with the radiation pullse,.lifeti.me
paper by Hopkinsoet al. [51] provides further information re- or gain then exhibits a recovery due to the recombination (i.e.,

garding nonuniform displacement damage effects for the int@r_mihilation) and rearrangement of defects. The effectiveness
ested reader of those defects in degrading lifetime, or gain, decreases with

time. The recovery period, referred to as short-term annealing,
begins shortly after damage creation and is essentially complete
in a time on the order of several minutes to one hour after the

The literature on thermal and injection annealing of radidurst. The damage remaining at that time is often referred to
tion-induced displacement damage is now discussed. First, #s%“permanent damage.” However, a relatively slow annealing

V. DISPLACEMENT DAMAGE ANNEALING
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A in solar cells [66]-[68], [75], [82], current gain in bipolar tran-
sistors [63], [65], [66], [68], [71], [79], [80], [82], [87], for-
ward voltage drop in diodes [68], [72], junction capacitance
in diodes [70], propagation delay time in logic circuits [69],
circuit gain in power inverter circuits [69], and dark current
[84], [85] and charge transfer inefficiency [85] in CCDs. Var-
Long-term Anneal ious pulsed radiation sources that provided several types of par-
- 2X ticles were used in those short-term annealing studies, including
e . X fission neutrons [63]-[71], [73], [79], [80], [82]-[85], 14-MeV
neutrons [73], [82], [83]~1.4-MeV electrons [66], [68], [74],
“Permanent” Damage 10-MeV electrons [72], and 30-MeV electrons [78]. In addition
Short-term Anneal to using pulsed radiation sources, steady-si¥@» gamma ir-
radiations have also been employed to obtain insight regarding
short-term annealing mechanisms and phenomena [66], [68].
1 ! ! Key aspects of short-term annealing are summarized below,
0 1 hour 1 year including irradiation temperature effects, injection-level effects,
Time After Burst effects of particle type and energy, and practical application of
the results obtained by the various workers. This discussion is
Fig. 1. Conceptual illustration of short-term and long-term thermal annealifgased on the body of short-term annealing literature cited above
at room temperature of displacement damage in bulk silicon and silicon dewa%]—[S?]. The primary references within that group are cited
following an incident neutron burst. :
below where appropriate.
Gregory and Sander [67] found that the short-term annealing
process, or long-term anneal, will continue after the short-temate is very sensitive to the carrier injection level present in a
anneal is completed. For example, recovery by roughly avice. They also found that the measured annealing factor at a
additional factor-of-two has been observed over a one-ygfiven time correlates well with the electron density present in
annealing period at room temperature [62], as indicated tine active region of a device. This electron density can be ei-
Fig. 1. ther injected or an equilibrium carrier concentration. The injec-
A short-term annealing factod F'(t) is commonly used in tion-level dependence of short-term annealing is an important
the literature as a measure of the amount of recovery that &mple of the ionization-enhanced annealing process. Charge
occurred at a given time following a burst. For example, thgtate effects, discussed above, appear to play a role in this case.
annealing factor for minority-carrier recombination lifetime If carrier lifetime in p-type silicon is monitored at a very low

Neutron Burst

Carrier Lifetime or Current Gain
\

v

is defined as minority-carrier injection level (i.e., electron density), then the
work of Gregory and Sander [67] suggested that very large an-
[r,,(t)—l — r,,o—l] nealing factors would be observed. Annealing factors as high as
AF(t) = [7(00)~ 1 — 1o~ 1] (1) 2550 indeed were measured later in low-injection-level exper-

iments on such material [75], [82].

The annealing factor is the ratio of the amount of radiation-in- The vacancy is quite mobile in silicon at room temperature
duced damage at timeto that present at some long time afteand hence is referred to as an unstable defect. After vacancy in-
bombardment (stable damage). Thus, the minimfiis unity. troduction by irradiation, vacancies move through the lattice and
The amount ofinstabledamage present is then proportional tform more stable defects, such as divacancies and vacancy-im-
AF — 1. Note that for transistors th& F' definition is the same purity complexes. If electrical properties are monitored during
as for lifetime and is obtained by substituting current gain fahis defect rearrangement (or annealing) process, a decrease in
7, in (1). the effectiveness of the damage with increasing time is typically

Early studies of short-term annealing included measurementsserved. Examples of this are shown in Fig. 2 where the relative
on Ge and Si devices [63] and bulk Ge material [64] followingmount of damage present in p-type silicon following bombard-
a neutron burst. Sander evidently made the first detailed reponent with a 40-ns burst of electrons (average energyl MeV)
of short-term annealing in silicon devices [65]. Sander and hasd a burst of fission neutrons are plotted versus time following
colleague Gregory subsequently performed significant expettiose bursts [74], [82], [83]. To obtain these data, carrier life-
ments and analyses on that subject, which are documentedinme (which depends on the amount of damage present) was
several key publications [66]-[69]. That outstanding body aheasured as a function of time. For the electron irradiation case,
work by Gregory and Sander constitutes the foundation of oapronounced recovery stage (i.e., a decrease in the amount of
understanding of short-term annealing phenomena in irradiatigimage present) is observed. A characteristic recovery time can
silicon devices. Other workers also explored various aspectshafextracted from the data, since they exhibit a simple exponen-
short-term annealing experimentally and analytically [70]-[87{ial decrease in the amount of damage present (i.e., first-order

Several material and device properties have been measukigrbtics is followed). Temperature dependence measurements
as a function of time in short-term annealing studies, includif@4] yielded an activation energy (0.32 eV) associated with de-
minority-carrier lifetime in bulk material [73], [74], [78], [81], fect mation. If the data are extrapolated to low temperatures,
[83], conductivity in bulk material [64], [78], diffusion length good agreement with the electron spin resonance data (ESR) of
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the relatively abrupt annealing stage observedfbiMeV elec-
%\ 1 | l tron-irradiated silicon (Fig. 2). This difference may be attribut-

«
o

~1.4-MeV Electron-irradiated able to the various types of defect interactions that may occur

S
8
8 type Si, 308 K
L;, 25 ‘/ pype St in neutron-produced closely spaced defects as compared to the
£ less complicated situation that evidently prevails for the case of
§ isolated defect production by1-MeV electron bombardment.
€ 20 AN Second, annealing factors at early times are somewhat larger in
< - . the case of bombardment with 14-MeV neutrons than for fission
£ rission-neutron- \ neutron bombardment [82], [83]. This difference is possibly due
irradiated p-type . p .
L 154  si300kK < to a slower defect interaction rate in the 14-MeV neutron case
) \ \ as a result of a lower defect density compared to the fission sit-
o .
= \\ uation.
1.0 Sander and Gregory [69] devised a short-term annealing
10° 102 10" 100 10' 102 103 nomograph that aids in determining the appropriate AF for a
Time After Burst (sec) given situation. That nomograph was developed for reactor

neutron irradiations and assumes, for the case of transistors,
Fig. 2. Annealing factor comparison for p-type Si bombarded with bursts Btf'at _recombmatlon in th_e emitter-base space_ Charge region
1.4-MeV electrons and with fission neutrons [74], [82], [83]. dominates gain degradation. The electron density (which deter-

mines the annealing rate) is the same for npn and pnp devices

at the center of that region for a given base-emitter bias. To

6.0 ] l l use their nomograph, one must employ the electron density in
< irra d?::g gasngl';fc ol L the specific region of a device that controls the post-irradiation
£56 behavior. As an example, once a bipolar transistor that is off
§ 5.2 during pulsed bombardment is turned on, recovery occurs
= rapidly.

g 4.8 Fission-neutron:

g irradiated Si Solar Cell T C. Long-Term Annealmg

g 44 \ | — Long-term thermal annealing of displacement damage typ-

g .0 _ / |call)_/ is stu@ed expenmental!y in two ways: isothermal an-

n ™ — 76K nealing and isochronal annealing. In the former case, properties
3.6 [ of the test specimen are monitored as a function of time after

102 10  10° 10! 102 103 104 irradiationat a fixed temperaturen the isochronal annealing
Time Following Light Turn-on (sec) case, post-irradiation anneals are perforifioed fixed time du-

ration at a series of increasing temperatures, and the specimen
. . N . . Ieroperties of interest are then measured after each anneal.
Fig. 3. Comparison of injection annealing at 76 K for solar cells previous .
irradiated with® Co gamma rays and with fission neutrons [66]. In 197(_)! Gregory' and Sander [68] ;ummquzed the temper-
ature regimes required to anneal various primary defects and

) ) ) ) _ defect complexes in silicon. Consider the vacancy as an ex-
Watkins [88] was obtained. He attributed his ESR observatiogg,pje. Relatively isolated vacancies introduced at cryogenic

to the motion of neutral vacancies. Thus, the transient Procesiperatures (e.g., 77 K) byl-MeV electrons or by°Co
exhibited in Fig. 2 for the electron case is consistent With theymma rays exhibit a characteristic annealing temperature that
reordering of radiation-induced isolated vacancies in a neutilyends on the charge state of those defects. Neutral vacancies
charge state. Near room temperature, those findings indicate faipit an annealing stage at 150-180 K [52], whereas nega-
;table defects are formed within a few seconds after the radﬁ_%|y charged vacancies, which are more mobile, anneal below
tion burst. In contrast to the electron results, the neutron datgigy [53], [68]. Additional examples: the divacancy anneals in
Fig. 2 exhibit relatively complex annealing behavior over sepe 500550 K range and the E-center anneals at approximately
eral decades in time following the burst. 420 K [58], [68]. For further information regarding long-term

A related example is shown in Fig. 3 where injection anpermal annealing of radiation-induced defects in silicon, see,
nealing of solar cells at 76 K is shown following bombardmeng, example, [89] and [90].

with 89Co gamma rays and with fission neutrons [66]. The iso-
lated defects introduced by gamma rays injection-anneal in a
relatively abrupt step, which is in contrast to the more complex
annealing in the neutron case. This comparison is comparable
to the short-term thermal annealing example in Fig. 2 and agairDuring the last 15 years, it has been shown that the radia-
indicates the relative complexity of neutron damage. tion response of many types of devices (e.g., bipolar transistors,
Two relevant short-term annealing observations are the fablar cells, focal-plane arrays, and other detectors) can be pre-
lowing. First, the short-term annealing process for neutron bowticted reasonably well based on calculations of the amount of
bardment takes place over several decades in time in contrastisplacement damage energy imparted to the primary knock-on

VI. NONIONIZING ENERGY LOSS CONCEPTS AND
DAMAGE CORRELATIONS
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atoms [91]-[94]. Also, since it is not possible to use particle ac- Analytic calculations of the energy dependence of NIEL
celerators to simulate fully the radiation environments of pra@r protons incident on Si and Ge appeared in the 1960s
tical interest, such as that in space, development of a functid®8]-[112], and were revisited in the 1980s [95], [113], [114]
to describe the nonionizing energy loss (NIEL) rate in varioumnce it became clear that experimental damage factors for Si
semiconductors versus incident particle energy has been impame GaAs solar cells (e.g., [115]-[117]) were not in agreement
tant. That development permits the use of monoenergetic pasth earlier NIEL calculations. During the 1960s, the energy
ticle testing to predict on-orbit behavior for space and other aggependence of the electron NIEL in silicon was also studied,
plications [95]-[98]. Similarly, simulation testing requirementagain using solar cells, and compared to calculations [118]. The
would be greatly reduced if one could correlate the damage pemergy dependence of neutron damage was also investigated
duced by one particle with that produced by another in terrfis19], [120]. In each case, NIEL calculations were revisited,
of the impact on device electrical behavior. Thus, considerabkfined, and expanded in later years to include other semi-
effort has been expended in pursuing the goal of displacemeonductor materials and to compare with new experimental
damage correlation. Three IEEE NSREC short courses [9dgmage factors.

[99], [100] have treated displacement damage effects in semi-

conductors and have discussed the NIEL concept and its limifa- NIEL Correlations to Device Behavior

tions. NIEL studies in semiconductors over the past 15 yearspuring the 1960s and 1970s, much effort was expended in
are based on early radiation-induced defect studies in whighempting to correlate semiconductor device damage from var-
physical models of radiation damage and its impact on semius particle types and energies [119]-[125]. One motive for that
conductor device behavior were developed. This section TEViQW§rk, is, for examp|e, that the Signiﬁcant nuclear weapons ef-
key aspects of nonionizing energy loss and damage correlatifftts database could be mined to predict a device response to
o protons found in a space environment if such a correlation could
A. Nonionizing Energy Loss Rate Concept be established. In 1980, van Liat al. [126] summarized the
The physics community was very active in the 1950s anghderstanding at that time of displacement damage correlation,
1960s in investigating both elastic and nonelastic ion-solidcluding its limitations. They noted the apparent limitation to
interactions [101]-[104]. Defects in semiconductors had beearrelation that arises when one considers the cluster interpre-
studied since the 1940s, as noted in Section II-A, and it was tation of neutron damage.
alized that they were key to the operation of solid-state devicesThe Gossick cluster model [17], discussed in Section I,
Interest also emerged in correlating the damage produceddsgentially involves a disordered volume surrounded by a de-
various types of radiation and in operating devices in radiatiguetion region. That model appeared to be consistent with many
environments, including space, near nuclear power sourcelgctrical and optical measurements, as indicated in Section I,
and that produced by weapons. plus agreed with thermal conductivity studies [127]. In the
The nonionizing energy loss rate can be calculated analyt60s, the Gossick model derived timely support from electron
cally from first principles based on differential cross sectionsicroscopy studies [128], which appeared to show evidence of
and interaction kinematics. NIEL is that part of the energy irrelatively large clusters. However, it was later found that the
troduced via elastic (both Coulombic and nuclear) and nucleairly microscopy work was compromised by faulty etching
inelastic interactions that produces the initial vacancy-interstechniques [129]. Electrical measurements on irradiated de-
tial pairs and phonons (e.g., vibrational energy). NIEL can éces performed in the 1980s (e.g., [91], [130]-[132]) appear
calculated for electrons, protons, neutrons, etc., using the ftm- be inconsistent with the Gossick model. In fact, some
lowing analytic expression that sums the elastic and inelassiglar cell data originally used to provide support for a cluster
contributions: model was later employed to support NIEL correlation without
N modification by cluster theory. It is worthwhile reviewing the
NIEL = (Z) [oeTe + 0T7] (2) studies that led many workers away from cluster models in the
1980s. ltis interesting that nearly 25 years later the basic NIEL
whereo. ando; are total elastic and inelastic cross sectiongpproach to damage correlation described by van éfral.
respectively, 7. andT; are elastic and inelastic effective av{126] is still employed with its limitations.
erage recoil energies corrected for ionization loss, respectivelyln the 1980s, bipolar transistor gain measurements for a
N is Avogadro’s number, andl is the gram atomic weight variety of incident particles (as a function of particle energy)
of the target material. Note that the units for NIEL, typicallyvere performed to determine whether the new calculation
MeV-cn? /g, are the same as those for stopping power or lineaf the NIEL function [95] could be used both to predict the
energy transfer (LET) that describe energy transfer by ionizenrergy dependence of the device damage factor and to correlate
tion and excitation per unit length. Many of the early buildinglegradation due to different particles [91], [130]. In that work,
blocks are used in NIEL calculations today. For example, thaell-characterized transistors from several diffusion lots were
fraction of the total energy loss going into ionization is calcuemployed for irradiations with neutrons, protons, alpha parti-
lated using the 1963 Lindhard theory [105] that was validatedies, deuterons, and electrons over a broad energy range. It was
by 1965 Si data from Sattler [106]. Also, many models of thdemonstrated that by comparimgtios of measured damage
nuclear inelastic processes are still followed, such as the Mofféetor to the calculated NIEL ratios, no scaling parameter is
Carlo studies of intranuclear cascades performed in the 19%@®ded to match data with theory. Measurements were also
by Metropoliset al. [107]. made as a function of collector current, and it was shown that
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100 T T T LB | T ] 100 is independent of the primary knock-on atom (PKA) energy,
c [ o 2N222A &% and 2) the resulting stable defects have the same device ef-
é 8 o onaouTA % fectregardless of whether they evolved from a vacancy-intersti-
- '\ © 2N6678 8 tial pair originating in a subcascade or as a well-separated pair
8 R §\ O 2NesaT | &  [130]. This result implies that cluster models are not required
é \g § to achieve a reasonable correlation methodology. In addition,
o s given that various stable defects have quite different electrical
o N\ — =110 > . . : s .
= " <) propertles,_ th_ls correlation also implies that the defect inventory
&,:’ s w produced is independent of PKA spectrum. Nevertheless, the
E - 5 degree to which the NIEL correlation holds is qualitatively con-
o | 8 L e — = sistent with the Monte Carlo calculations that were performed
= L ALrotons ===l S in the 1980s using codes such as MARLOWE that were devel-
< <+—DATAPOINTS 5\ S oped at Oak Ridge National Laboratory [138]. Those simula-
1= ] 1 2 tions showed that a higher energy PKA produces more overall
L . . T 2 damage but that the microscopic nature of the damage is not
2 4 6810 20 40 6080100 200 400 drastically different. The branching process simply creates more
ENERGY (MeV) and more subcascades or subclusters, each separated by a string

of relatively isolated defects.
Fig.4. Transistor damage-factor ratios for a variety of particles compared with The final configuration of electrically active defects formed
fission neutrons are shown along with the corresponding calculations of NIEL . . L . .
ratios. Note that both ordinates are identical (with no fitted parameters), WthQ( pamde irradiation has been a.to_pIC of much research bl:It 1S
indicates a direct proportionality between NIEL and the damage factors ovestill not well understood. That topic is central to understanding
wide energy range (after [91]). the use, and limitations, of calculated nonionizing NIEL damage

functions to predict the displacement damage response of irra-

the variation with collector current was identical for all particlediated devices. Fig. 5 shows the spatial distribution ofriteal
tested [91]. In that work, the Messenger-Spratt equation B@cancy—mterstltlal pairs calculated using the MARLOWE code

was used to describe the radiation response of the comniBhthe example of proton-irradiated Si[140]. As indicated in the

emitter dc current gaih . of a bipolar transistor: plot of the log of the number of interactions (Log N) versus the
incident proton energy, most events are Coulomb interactions
1 1 that produce PKAS WittE reshold < E <~ 2 keV and result
B fe - B feo +K(E)® () inisolated defects. Although there are many fewer of the nuclear

elastic and inelastic reaction events that produce cascades, those

where the term /h .o is the initial reciprocal gainK (E) is events are far more damaging and can contribute a significant
the particle- and energy-dependent displacement damage fadtagtion of the total displacement damage at higher proton en-
and® is the incident particle fluence. (A detailed description ggrgies. As indicated in the figure, recoils with energies between
this equation is given in [133, Ch. 5] and in [33].) The damaggbout 2-10 keV produce single subcascades, whereas those with
factor is determined experimentally by performing device gagnergies in excess of 12—-20 keV form a tree-like structure with
measurements (for a particular set of device operating conlliranches containing multiple subcascades.
tions) after incremental exposures at a given particle energy. Muelleret al.[141] also investigated the defect structure near

Fig. 4 shows the measured damage factors for prototise end of the recoil track in Si and obtained similar results. The
deuterons, and helium ions normalized to the 1-MeV-equiterm “terminal subcluster or “subcascade” has been used to de-
alent (Si) neutron damage factors as a function of ion energgribe the damaged region where the recoil ion loses the last
for a variety of Si bipolar transistors [91]. The importance dd—10 keV of energy and has the highest elastic scattering cross
this result is that the proportionality between the measuredction [140]-[142]. It was found that a single cascade is likely
damage factors and calculated NIEL provides the basis forhave two to three terminal subclusters with a characteristic
particle-damage-dependent predictions of device degradatiodimension of 5 nm and connected to each other by a string of di-

Research performed during the last 15 years has shown thate displacements. (Note that this size is an upper limit since the
to first order, the linear relationship between device degradatioalculation does not include initial vacancy-interstitial recombi-
from particle-induced displacement damage and NIEL holds foation.) This result is consistent with transmission electron mi-
a variety of electrical parameters, incident particles, and devicescopy measurements [143], [144] on 1-MeV, 14-MeV, and
materials [91]-[93], [130]-[132], [134]-[137]. This is a surfission-neutron-irradiated Si that found an average size of 4 nm
prising result when one considers that NIEL calculations dé&sr the damaged regions. It is clear that the original Gossick
scribe the energy deposited into the formation of Frenkel pathister model, which was based on heavily damaged regions ex-
(over 90% of which recombine) and do not consider the préending for 200 nm (see [126] and references therein), does not
cesses by which stable electrically active defects are formegbpear to be supported by more recent work. However, as noted
Since NIEL is a direct measure of the initial number of vain Section lll, experimental studies of neutron-irradiated Si [31]
cancy-interstitial pairs created, the implications of the NIEwere accounted for well using a modified Gossick model that
correlation with device degradation are that: 1) the percentagas consistent with relatively small terminal subclusters domi-
of initial vacancy-interstitial pairs that survive recombinatiomating observed recombination behavior.



662 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 3, JUNE 2003

Displacement Damage Processes in Si
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Fig. 5. Pictorial relating the initial defect configuration to the primary knock-on atom energy in Si material. Note from the plot of the numbexabicimse
(N) versus incident proton energy that most interactions are Coulomb events producing isolated defects. For recoil energi@skabhvbe overall damage
structure is relatively unchanged due to the formation of cascades and subcascades (after [140]).

Itis important to keep in mind that, although defects producgetnding on the target material. It is a very useful code for the
from isolated vacancy-interstitial pairs (such as those producaaalysis of on-orbit solar-cell displacement damage for which
by °Co gamma rays and 1-MeV electrons) may have similow-energy particles are of interest [156], [157]. However, one
electrical characteristics to those produced by heavier partictem also calculate the primary recoil spectrum generated in a
such as protons and neutrons, thareimportant differences, material by a given particle by other means, such as MCNP-x
as discussed in Section Ill. Those differences are not restrictedy., see [158] and references therein) or GEANT [159] and ei-
to short-term annealing effects but also manifest themselbgr directly calculate the nonionizing energy loss for PKAs or
in the long-term behavior of device properties. For exampletilize the treatments found in the TRIM code in order to calcu-
E-centers (vacancy-phosphorus defects) produced by 1-Mite NIEL for the PKA spectrum.
electrons anneal at a significantly lower temperature than those
produced by protons [145], [146], a relevant (and unfortunatB) Limitations on NIEL Usage

fact for charge-coupled device engineers who have consideregy ) cajculations are a useful tool for approximating the
on-prb!t warm-ups to m!t|gate cha.rge transfer ,eff'c'e”?y degr@kpected particle-induced response of a device in a radiation
dation in CCDs [147]. Differences in the operation OfS'Getra'Environment, but it is necessary to appreciate the underlying

sistors [148] and AlGaAs-GaAs solar cells [149] have begigmptions and limitations in order to use them effectively.
attributed to differences in the defects produced by NEUtroRg,iations at very low particle energies (approaching the dis-
versus protons. Very well controlled deep-level transient sp acement energy thresholds) are expected [100], [130], [160],
troscopy studies [150], [151] have unequivocally demonstratg; they are not generally of concern fmotonapplications in
that, although 1-MeV electrons and protons produce some of ce for example, because they contribute little to the total dis-
the same defects in n-type GaAs, there are also different dgscement damage behind typical shielding. However, silicon
fects produced by each particle. For specific practical applicg|ay cell data, while showing a linear correlation with NIEL

tions, the indication is that devices that are highly sensitive {g, n-type material, exhibit a quadratic dependence on NIEL for
displacement damage should be radiation tested with those Rﬁ[)'/pe material (e.g., see [118], [126], and [160]).

ticles expected to cause the damage. Systematic deviations from NIEL correlation for medium

to high proton energies have also been observed in Si device
measurements (e.g., for several CCDs, a CID, a 2N2907
NIEL has also been calculated by other means, includimgpolar transistor [130]), and in GaAs measurements (e.g.,
Monte Carlo programs such as HETC [97], CUPID [152], [153],ED’s [161]-[163], a laser diode [164], solar cells [93], etc.).
and SRIM (formerly TRIM) [154]. A comparison between thédepending on how the damage factor measurements were
most recent Burke and CUPID calculations of Si NIEL is disaormalized to NIEL, the deviations have been reported either
cussed in [155]. Although HETC, CUPID, and Burke’s calas the damage factors being overestimated by NIEL at higher
culations of the recoil distributions as a function of incidergnergies or, equivalently, being underestimated by NIEL at the
proton energy show similar trends, they differ in the detailswer energies.
[155]. TRIM includes the Coulombic interactions, so it is not The choice of a damage function (i.e., the energy dependence
appropriate to use it directly for damage calculations for prot@iven either by the calculated NIEL or by experimental damage
energies above the Coulomb threshold~& MeV or so, de- factors) has been shown to be significant. For example, one

C. Further Progress in NIEL Calculations
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Fig. 6. Transistor damage factors and dark-current damage factors for prot; ns7 c lation bet ¢ NIEL in Si due t ils in th .
(normalized to fission-neutron damage factors) versus NIEL. Lower line (wi pg. /. Lorrelalion between percen In St dué 1o recoils in the various

unity slope) indicates a linear relationship between the damage factor ratios Rgrgyd range; atr_ldl the ma.grlméde.tﬁf the deénat_lotr_] from Ithg ;dgaltltlﬂee:r
NIEL. Deviations from linearity are indicated with the upper line [46]. A similal ependence. Farticles associated with a given deviation are labeled at the top

figure in [130] also shows deviations for transistor damage factors measured4bfne figure (after [130]).
electrons.

4.1-MeV electrons up to 1-MeV-equivalent neutrons, which
study found a factor-of-two difference in the on-orbit prediceroduce very-high-energy recoils. The observed deviations
tions of the degradation in Si CCD performance depending &em linearity would be expected if there were less recombi-
which damage function is employed [165]. Deviations froration of initial vacancy-interstitial pairs that are formed by
the linear dependence of Si displacement damage factors Witwer energy PKAs (which produce well-separated Frenkel
the NIEL energy dependence are shown in Fig. 6, which showairs). This result is consistent with the previously described
proton-to-neutron damage factor ratios for several devichkonte Carlo MARLOWE calculation of collision cascades,
plotted as a function of NIEL [130]. The damage factors repvhich showed that the more dense subcascades do not begin
resent changes in the recombination rate in the various deviegorm until PKAs have energies greater tha keV. Later
regions (minority-carrier lifetime) in the case of the transistoaneasurements of the CTE degradation in Si CCDs (from two
data and the generation lifetime in the case of the CID and CQianufacturers) over a wide range of proton energies also
dark-current damage factors. A unity slope on the log-log pltgvealed enhanced damage at lower proton energies [92].
indicates a linear relationship, and the observed deviation frdd@wever, such deviations were not apparent in a study by
linearity is noted by the top curve. A “damage enhancemehnteraet al. [166].
factor” was defined [130] as the ratio of observed damage factor_ueraet al. [166], [167], Barryet al.[161], and Reedcbt al.
ratio (upper line) to that expected based on the linearity wifti62] reported evidence that lower energy protons are more ef-
NIEL (lower line). In that work, the PKA spectrum producedective at producing displacement damage in GaAs as compared
in Si by the various incoming particles was calculated. Note higher energy protons (i.e., more effective than the NIEL
that the PKA spectrum varies significantly over the range a@brrelation would indicate). The studies by Luestaal. were
proton energies of interest in space. It may come as a surpfisesed on measurements of carrier removal in Van der Pauw sam-
that the PKA spectrum of a 60-MeV electron is more like thatles and minority-carrier lifetime degradation in LEDs. Once
of a 10-MeV proton, than a 10-MeV proton is like a 60-Me\Vagain, the results were explained by variations with PKA en-
proton. As shown in Fig. 7, the damage enhancement faceygy in the recombination efficiency of the Frenkel pairs. In
is found to correlate with that fraction of the total NIEL duel995, Barryet al. extended measurement of the minority-car-
to PKAs with energies less than 1 keV. It is notable that thvger lifetime damage factors in GaAs LEDs to proton energies
results hold across the wide range of PKA spectra produceddsyhigh as~500 MeV [161]. Fig. 8 compares those results with
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the NIEL calculation by Burke [95]. Similar results were ob- 4o ———Trr———TT—T— 100
tained by Reedt al.[162] for both double- and single-hetero- —o— e Py
junction AlGaAs LEDs [162], and by Waltesst al. [168] for eSummers etal., 1988
InGaAs-GaAs quantum-well LEDs. Other results in the litera OBarry etal., 1995

ture also indicate departures of damage factors from the NIE e s 1
energy dependence [163], [164]. Although Sumneted.[160]

demonstrated a general linear correlation between device prot

damage coefficients and NIEL for Si, GaAs, and InP, using sol¢
cells as examples, it is important to note that the data they pr m *
sented do not cover the relevant range of higher proton energi i &, ]
for most space applications, which are more heavily shielde: 10—3 = ° 'o 11
For example, both the GaAs data (from [169]) and the InP da i 0o ]
(from [170]) are for proton energies below 20 MeV and are in: —
deed most relevant to lightly shielded solar-cell applications. | 10° 10’ 102 10°

is interesting to note that a paper based on the same solar c... PROTON ENERGY (MeV)

data set [169] shows damage coefficients falling below the cal. o oo o) damage factor from several studies normalized to the
culated GaAs NIEL at higher proton energies [93], ConSiSte@gAleEL calculation at 10 MeV. A significant deviation between the observed
with Fig. 8. (The authors in [160] did not discuss this trendiamage factors and NIEL is apparent for proton energies above about 40 MeV
which was not relevant to their solar-cell study.) Clearly, furthdfdapted from [161]).

efforts are required to better understand the nature of these devi-

ations. Recentwork by Messengeal.[157] notes that damage of hoth. All of these approaches have significant uncertainties
efficiency functions, such as those used in the neutron damag@ociated with them that must be reflected in the design margin
studies by Griffinet al. [167] and in much earlier work as well, applied to a given application. Further information concerning
may need to be revisited. the methodology of on-orbit device performance predictions
In semiconductor research efforts in the 1950s, it was noticmhy be found in many papers in the December issues of the
that NIEL calculations (which compute that portion of the totgEEE TRANSACTIONS ON NUCLEAR SCIENCE (e.g., see [92],
energy deposited via nonionizing interactions) significantiy 37], and [162]) as well as in recent NSREC Short Course
overestimated defect production. Analytic expressions wek@tes [94].
developed withenergy-dependendamage efficiency coeffi- | the design of space systems, for example, it is very useful
cients that represented the likelihood that the initial Frenkgy engineers to be able to predict the end-of-life performance
pairs would survive recombination, and experimental efforts ey electronic elements without performing detailed time-
confirmed this behavior in metals [171], [172]. The implicatioRonsuming calculations and measurements. The NIEL concept,
is that if one wants to usealculateddisplacement damagealjong with experimentally established damage factors, allows
functions to describe the energy dependence of device respogg&imple estimates for the degradation of a variety of devices
for more than rough approximations, then one needs to ma¥aid design trades and to efficiently plan any necessary simula-
beyond NIEL calculations and investigate the time evolutiofbn radiation testing. The NIEL methodology has found wide-
of the initial damage to a variety of electrically active defectgpread applicability (e.g., see [174]), but it is nevertheless im-

It is not presently clear to what degree the physical processgfitant to understand its limitations and applicability for spe-
need to be modeled in order to derive a sufficiently accuraggic applications of interest.

damage function for practical applications, but it is certainly
a significant challenge to do so. Kuboyaretal. [173] have
recently made an attempt to explain NIEL deviations from
linearity in silicon by using the MARLOWE code to calculate
the recombination efficiency as a function of PKA energy. The understanding of displacement damage mechanisms and
One point that appears to be missing thus far is the limigdfects has evolved in several serial and parallel stages during
of the applicability of codes such as MARLOWE, which ighe last 60 years. A brief overview of those stages is given here,
a static code that can only calculate effective recombinatiamcluding references to those sections of the present paper that
efficiencies (either by use of recombination lengths or an effegrovide more detail.
tive displacement threshold) with errors that are themselves aModern displacement damage studies started in the 1940s
function of PKA energy. (Section 1I-A). Changes in semiconductor material and device
As a practical example of the present situation, considgroperties were observed in those early studies, and in many
space applications. Designers must typically make on-orbithers in the 1950s, including effects on conductivity, mobility,
device performance assessments based on laboratory radiatemier lifetime, and bipolar transistor gain. Those radiation-in-
measurements at one or at most a few proton energies. Thiigsed changes were interpreted in terms of Frenkel defects until
they must make an assumption about the energy dependetheglate 1950s when the importance of impurity-related defects
that the measurements will follow. Several possible approachess established (Section I11).
are employed, including the use of calculated NIEL curves, During the period from the late 1950s to the early 1970s,
experimental displacement damage curves, or combinati@mwnsiderable effort was expended in characterizing and mod-

NEIL (MeV - cm?2/g)
>
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VII. EVOLUTION OF DISPLACEMENT DAMAGE
UNDERSTANDING AND CURRENT TRENDS
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eling displacement damage effects produced by different patement to the specific literature references made in the text.
ticle types and energies (Section 1ll). Those studies identifi&kveral device physics resources are also included.

the detailed differences between the effects produced by, for ex-
ample, fission neutrons and 1-MeV electrons in bulk silicon and

germanium. Early observations of those differences led to the Books

development of the Gossick cluster model, which was later ex-
tended by Gregory and by Curtis (Section Ill). That model and .
its extensions worked well in accounting, at least qualitatively,
for detailed measurements of displacement damage effects and
related functional dependences. .

Correlation of displacement damage with nonionizing
energy loss was pursued in parallel with the above efforts «
during the 1960s and 1970s, and was revisited during the 1980s
(Section VI). That subject continues to be of interest today
because of its practical importance. A more basic aspect of thate
interest is the apparent disagreement between the predictions
of cluster models and observations of NIEL correlation. .

Current trends include: 1) application of NIEL correlation to
various devices and device properties as an engineering tool for
the prediction of radiation-induced degradation in applications
of interest (e.g., space); 2) further characterization and modeling
of the similarities and differences between the effects of dif-
ferent particle types and energies on device properties; and 3).
exploration of successful and less successful instances of NIEL
correlation. .

The CERN-RDA48 collaboration has performed significant
studies of displacement damage mechanisms and effects ine
irradiated bulk Si and Si devices since 1996 [175]. Their work
has emphasized development of radiation-hardened detectors
for high-energy physics applications, such as for the Large
Hadron Collider (LHC) project at CERN. Recent summaries
of the RD48 work are given in [176], [177]. The RD48 collab-
oration and its successor, RD50 [178], have explored and ares
continuing to study several of the displacement damage areas
where further understanding is needed.

Section Il noted several experimental and analytical findings «
that need to be accounted for in a complete physical model of
displacement damage effects in bulk Si and Si devices. Those
findings include annealing effects and differences, impurity ef-
fects on damage factors, and scaling with nonionizing energy «
loss. It was also noted that modified cluster models were suc-
cessful in accounting for numerous experimental observations,
but that success does not mean those models are physically cor-
rect. What is clear is thatomemodel is needed to explain, for  «
example, short- and long-term annealing differences and impu-
rity effects. We also note that, as discussed in Section VI, NIEL
correlation works well in many, but not all, cases. It appears,
then, that a successful general model of displacement damage
effects must not only account for NIEL correlation but also si-
multaneously explain the various detailed phenomena and com-
parisons previously described within a modified Gossick frame-
work. Development of such a unified model is a step to be taken »
in future work.
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