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Abstract—This paper provides a historical review of the liter-
ature on the effects of radiation-induced displacement damage in
semiconductor materials and devices. Emphasis is placed on effects
in technologically important bulk silicon and silicon devices. The
primary goals are to provide a guide to displacement damage lit-
erature, to offer critical comments regarding that literature in an
attempt to identify key findings, to describe how the understanding
of displacement damage mechanisms and effects has evolved, and
to note current trends. Selected tutorial elements are included as an
aid to presenting the review information more clearly and to pro-
vide a frame of reference for the terminology used. The primary
approach employed is to present information qualitatively while
leaving quantitative details to the cited references. A bibliography
of key displacement-damage information sources is also provided.

Index Terms—Annealing, damage correlation, defects, displace-
ment damage, nonionizing energy loss, radiation effects, semicon-
ductors, silicon, silicon devices.

I. INTRODUCTION AND OVERVIEW

T HIS PAPER provides a historical review of the literature
on the effects of radiation-induced displacement damage

in semiconductor materials and devices. Emphasis is placed on
effects in technologically important bulk silicon and silicon de-
vices. Displacement damage effects in other materials and de-
vices are noted briefly. Emphasis is also placed on papers that
were presented at the annual IEEE Nuclear and Space Radia-
tion Effects Conference (NSREC), and subsequently published
in the IEEE TRANSACTIONS ON NUCLEAR SCIENCE, since the
present article appears in a Special Issue commemorating the
40th anniversary of that conference. Further, this article focuses
on the specific technical literature with which the authors are
familiar.

The primary goals of this paper are the following: 1) provide
readers with a guide to the rich displacement damage litera-
ture; 2) provide critical comments regarding that literature in
an attempt to identify key findings; 3) describe how our under-
standing of displacement damage mechanisms and effects has
evolved; and 4) note current trends. Selected tutorial elements
are also included as an aid to presenting the review information
more clearly and to provide a frame of reference for the ter-
minology used in the displacement damage field. The primary
approach employed here is to present information qualitatively
while leaving quantitative details to the cited references.
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Following a brief summary of the history of displacement
damage studies in semiconductors, key displacement damage
mechanisms and effects are described qualitatively. The effects
of uniform displacement damage in bulk material and Si de-
vices are then considered, followed by a brief consideration of
nonuniform displacement damage effects. Damage annealing
is then treated, including short-term and long-term thermal
annealing and injection annealing. Nonionizing energy loss
concepts and damage correlations are then reviewed. This paper
concludes with comments on the evolution of displacement
damage understanding and on current research and engineering
trends. A bibliography of key displacement-damage informa-
tion sources is also provided in addition to the cited references.

II. BACKGROUND INFORMATION

A. Early Displacement Damage History

Wigner and collaborators performed theoretical and experi-
mental studies of displacement damage in irradiated materials
in the early 1940s [1]. Their work initiated considerable in-
terest in radiation effects on materials of technological impor-
tance. Lark-Horovitz [2], Seitz [3], and Slater [4] reviewed the
investigations of radiation effects in solids conducted in that
era. (It is interesting to note that displacement damage work
was also performed in the 1800s and early 1900s, as summa-
rized by Billington and Crawford [5].) Scientists at Purdue Uni-
versity and Oak Ridge National Laboratory performed the first
studies of radiation-induced displacement damage in semicon-
ducting germanium materials and devices [6]–[8], followed by
related Ge work at Bell Telephone Laboratories [9]. Johnson
and Lark-Horovitz [8] evidently performed the first study of dis-
placement damage effects in silicon materials and devices. That
subject continues to be of interest more than 50 years later.

B. Qualitative Overview of Displacement Damage
Mechanisms and Effects

1) Defect Production:Energetic particles incident on a solid
lose their energy to ionizing and nonionizing processes as they
travel through a given material. The result of this energy loss is
the production of electron-hole pairs (ionization) and displaced
atoms (displacement damage), with the latter effect being the
focus here. The primary lattice defects initially created are va-
cancies and interstitials. A vacancy is the absence of an atom
from its normal lattice position. If that displaced atom moves
into a nonlattice position, the resulting defect is called an in-
terstitial. The combination of a vacancy and an adjacent inter-
stitial is known as a close pair or a Frenkel pair. Two adjacent
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vacancies form a defect referred to as the divacancy. In irradi-
ated silicon, larger local groupings of vacancies may also occur.
Additional types of defects can form when vacancies and in-
terstitials are adjacent to impurity atoms. The resulting defects
are called defect-impurity complexes, with one example being
the vacancy-phosphorus pair. This defect is referred to as the E
center in irradiated Si.

Now consider the density of defects produced in irradiated
materials. At one extreme, radiation-induced defects are rela-
tively far apart and are referred to as point defects or isolated
defects. For example, incident electrons and photons with en-
ergy on the order of 1 MeV produce such defects. At the other
extreme, defects may be produced relatively close together and
form a local region of disorder (referred to in the literature as
a defect cluster or disordered region). For example, a single in-
cident neutron with energy on the order of 1 MeV gives rise
to many defects. The mechanism involved is the initial transfer
of a significant amount of energy from that neutron to a single
Si atom. The dislodged primary knock-on atom then displaces
many other Si atoms locally, thereby creating a disordered re-
gion. The defect density in portions of that local damaged re-
gion will be much higher than in the example of 1-MeV electron
damage. That high-defect-density portion is often referred to as
a terminal subcluster or subcascade (discussed in Sections III
and VI). In general, incident energetic particles produce a mix-
ture of isolated and clustered defects.

2) Defect Reordering:Once defects are formed by incident
radiation, those defects will reorder to form more stable con-
figurations. For example, the vacancy in silicon is an unstable
defect and is quite mobile at room temperature. After vacancies
are introduced, they move through the lattice and form more
stable defects such as divacancies and vacancy-impurity com-
plexes. The effectiveness of defects in altering the properties of
bulk semiconductor material and devices (discussed below) de-
pends on the nature of the specific defects and on the time after
defect creation at a given temperature. Defect reordering is also
temperature dependent (thermal annealing) and dependent on
the excess carrier concentration present (injection annealing).

Defect reordering is usually calledannealing, which typi-
cally implies that the amount of damage and its effectiveness
are reduced. In general, the reordering of defects with time or
increased temperature to more stable configurations can also re-
sult inmoreeffective defects. This process is often referred to in
the literature asreverse annealingin contrast to the more typical
process offorward annealing(i.e., “annealing”).

Two examples are given to describe damage reordering fur-
ther. A short intense burst (i.e., milliseconds or less in duration)
of identical incident energetic particles is considered first. The
temperature of the bombarded material or device is assumed to
be constant at room temperature300 K . Depending on par-
ticle type and energy, each particle in this burst may produce
several relatively widely spaced defects or a number of more
closely spaced defects, as noted above. It is assumed that defects
are introduced instantaneously (i.e., in a time comparable to the
duration of the burst). Following their creation, defects will mi-
grate and reorder to more stable configurations. If the effective-
ness of those locally created defects is monitored as a function
of time following creation by, for example, measuring an elec-

trical property such as minority-carrier lifetime in bulk material
or dark current in a charge-coupled device (CCD), one generally
would observe forward annealing, i.e., a decrease in damage ef-
fectiveness. There is a significant short-term thermal annealing
process that is essentially complete in seconds to minutes fol-
lowing defect creation, depending on the type and energy of the
incident particle. Long-term annealing follows and can continue
for years at room temperature. Increasing the temperature will,
of course, enhance these annealing processes as will increasing
the injection level.

Next, consider steady-state irradiation either of bulk semi-
conductor material or of a device, which is similar to the en-
vironment experienced in space. In this example, defects are
introduced continually but defect reordering also proceeds si-
multaneously. If one were to follow the history of the damage
introduced by asingle particlein this steady-state flux, then the
description given above for a burst of radiation applies. That is,
short-term and long-term thermal annealing will occur for the
damage introduced by that particle. If the rate of steady-state
bombardment, i.e., the defect introduction rate, is much lower
than the short-term annealing rate for introduced defects, then
the effectiveness of the damage produced after a given steady-
state irradiation time will be relatively stable. In this situation,
when irradiation is stopped one can then observe the relatively
slow long-term annealing process.

3) Displacement Damage Effects:The defect reordering
discussion given above makes the point that the effectiveness of
radiation-induced displacement damage depends on the bom-
bardment conditions and on the time after irradiation. More
generally, damage effectiveness depends on many factors,
including particle type, particle energy, irradiation temperature,
measurement temperature, time after irradiation, thermal
history after irradiation, injection level, material type (i.e., n-
or p-type), and impurity type and concentration. References to
the literature that describe those functional dependences are
provided herein. The primary effects of displacement damage
that lead to the degradation of material and device properties
are now discussed.

In general, any disturbance of lattice periodicity may give
rise to energy levels in the bandgap. Radiation-induced defects
have such levels associated with them, and it is these defect
states, or centers, that have a major impact on the electrical and
optical behavior of semiconductor materials and devices. The
basic phenomena that cause materials and devices to degrade
in a radiation environment that produces displacement damage
are: 1) incident particles displace atoms; 2) the resulting defects
give rise to new energy levels; and 3) those levels alter material
and device electrical and optical properties.

The fundamental effects of defect centers on electrical prop-
erties are now described. The first effect is the thermal gener-
ation of electron-hole pairs through a level near midgap. This
process can be viewed as the thermal excitation of a bound va-
lence-band electron to the defect center and the subsequent ex-
citation of that electron to the conduction band, thereby gener-
ating a free electron-hole pair. Alternatively, it can be viewed
as hole emission from the center followed by electron emission.
Only those centers with energy levels near midgap make a sig-
nificant contribution to carrier generation; an exponential de-
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crease in generation rate occurs as the energy-level position is
moved from midgap. In addition, emission processes dominate
over capture processes at a defect level only when the free-car-
rier concentrations are significantly less than their thermal equi-
librium values. Thus, thermal generation of electron-hole pairs
through radiation-induced defect centers near midgap is impor-
tant in device depletion regions. Introduction of such centers in-
creases the thermal generation rate, which is the mechanism for
leakage current increases in silicon devices.

The second effect is the recombination of electron-hole pairs.
In this process, a free carrier of one sign is first captured at the
defect center, followed by capture of a carrier of the opposite
sign. Recombination removes electron-hole pairs as opposed to
the generation process. In general, the recombination rate de-
pends on the defect-center (or recombination-center) density,
the free carrier concentration, the electron and hole capture cross
sections, and the energy level position. The mean time a mi-
nority carrier spends in its band before recombining is referred
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.

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-
fect center and is later emitted to its band, with no recombination
event taking place. In general, trapping of both majority and mi-
nority carriers can occur (at separate levels). Radiation-induced
traps are responsible for increasing the transfer inefficiency in
charge-coupled devices.

The fourth effect is the compensation of donors or acceptors
by radiation-induced centers. For example, in n-type material
deep-lying radiation-induced acceptors compensate some of the
free electrons available from the donor level. The result is a re-
duction in the equilibrium majority-carrier concentration. This
“carrier removal” process will cause an alteration in any device
or circuit property that depends on carrier concentration. For ex-
ample, the resistance of the collector in bipolar transistors will
increase due to carrier removal.

A fifth process is the tunneling of carriers through a poten-
tial barrier by means of defect levels. This defect-assisted (also
called trap-assisted) tunneling process can cause device currents
to increase in certain situations. For example, there may be a
defect-assisted tunneling component of the reverse current in a
pn-junction diode.

In the sixth effect, radiation-induced defects act as scattering
centers and cause the carrier mobility to decrease. The mobility
decreases with increasing ionized impurity concentration. In a
similar manner, the introduction of charged radiation-induced
defects also causes the mobility to decrease. This effect should
be stronger at temperatures considerably less than 300 K be-
cause ionized impurity scattering dominates over lattice scat-
tering in that regime.

A seventh effect is type conversion due to displace-
ment-damage-induced carrier removal. In bulk Ge, introduction
of acceptors causes the resistivity of n-type material to increase,
which leads to the eventual conversion to p-type material. Type
conversion does not occur in bulk Si. Irradiated Si simply be-
comes compensated intrinsic. However, in Si devices, notably

pn-junction devices used for detection of high-energy particles,
type conversion does occur in depletion regions. (For example,
see [10] and references therein.)

An eighth effect of radiation-induced defects in the bandgap
is enhanced effectiveness for thermal generation of carriers.
This effect occurs when defects are located in a device region
containing a high electric field. One mechanism thought to be
responsible for this process is a reduced potential barrier for
thermal generation (Poole-Frenkel effect). (For example, see
[11]).

In summary, radiation-induced levels in the bandgap can give
rise to several processes, including generation, recombination,
trapping, compensation, tunneling, scattering, type conversion,
and field enhancement of carrier generation effectiveness. In
principle, any combination, or all, of these processes can occur
through the same level. The role a particular level plays depends
on variables such as carrier concentration, temperature, and the
device region in which it resides (e.g., in a depletion region).

III. U NIFORM DISPLACEMENTDAMAGE EFFECTS

The typical situation encountered in practical applications
and in simulation experiments is the introduction of relatively
uniform displacement damage by energetic particles. This sec-
tion reviews relevant concepts and notes key studies of uniform
damage effects. Emphasis is placed on effects in bulk material
and in discrete devices, such as solar cells, diodes, and bipolar
transistors.

Early studies of displacement damage focused on effects in
irradiated Ge and Si bulk material and bipolar transistors. Typ-
ically, a specific parameter, such as minority-carrier lifetime or
current gain, is measured as a function of particle fluence, and
the rate of parameter degradation is determined for specific mea-
surement conditions. That degradation rate has been referred to
in the literature alternatively as the damage constant, the damage
coefficient, and the damage factor. The first term seems inap-
propriate since the degradation rate is not a constant; its value
depends on the conditions under which it is determined, such as
irradiation and measurement temperature, time after irradiation,
and particle type and energy. Damage coefficient and damage
factor are both more appropriate terms to use for the degrada-
tion rate. The termdamage factoris favored here since it is more
concise.

Emphasis was placed in early displacement damage studies
on identifying and characterizing the defects responsible for ma-
terial and device degradation. A key part of that characteriza-
tion was identifying energy level positions in the bandgap and
other defect properties, such as capture cross sections. Curtis re-
viewed the early work along those lines for isolated defects in
irradiated semiconductors [12]. Although workers still pursue
the determination of such fundamental information for defects
today, measurement and analysis of damage factors for irradi-
ated devices is now a more frequent goal since those factors are
directly applicable in practice when designing radiation-tolerant
hardware. Using fundamental information to derive more prac-
tical information is a very difficult task at best. Consider the
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seemingly simple example of calculating post-irradiation mi-
nority-carrier lifetime based on knowledge of energy levels in-
troduced by radiation. To perform that calculation accurately,
one would need to know information such as all the energy
levels introduced in the bandgap, the defect concentrations asso-
ciated with each level, the capture and emission probabilities for
electrons and holes for each level, and the temperature depen-
dences of those probabilities. Further, one would need to know
all the levels associated with the various charge states for each
specific defect.

A key theme that emerged from studies by various early
workers is the similarities and differences between the effects
on electrical properties of semiconductor materials irradiated
with different particles. The primary early example is the
comparison of effects produced by fission or 14-MeV neutrons
with those produced by 1-MeV electrons orCo gamma rays.
Until the late 1950s, all radiation effects on semiconductors
were interpreted as being due to isolated, or Frenkel, defects. In
1959, several papers demonstrated the importance of impurity
type and concentration on observed radiation effects [13]–[15].
These and other studies led to the recognition of the role
of defects involving impurities, such as the oxygen-vacancy
complex and the phosphorus-vacancy complex. At that same
time, Gossicket al. [16]–[18] proposed a model to account
for differences between effects produced by relatively isolated
defects and those produced by more closely spaced, or clus-
tered, defects. Their description is commonly referred to as the
Gossick model.

Curtis [19] summarized the differences between the effects
of 1-MeV electrons or Co gamma rays (i.e., isolated defects)
and, for example, fission neutrons (i.e., more closely spaced de-
fects) on recombination lifetime in silicon and germanium. One
of those differences is the relative lack of a dependence of the
lifetime damage factor on impurity type and oxygen concentra-
tion in neutron-irradiated n- and p-type Si [20], but a significant
dependence of that damage factor on those parameters inCo
gamma-irradiated Si [21]–[24]. Another notable difference is
the much greater effectiveness, in terms of reducing the recom-
bination lifetime, of a specific number of closely spaced, or clus-
tered, defects as compared to the same number of defects dis-
tributed uniformly throughout the lattice structure. Further dif-
ferences are evident in thermal and injection annealing behavior,
as discussed in Section V. Several other early workers observed
notable differences between the effects of 1-MeV electrons (or

Co gamma rays) and neutrons on the electrical properties of
silicon. (For example, see [25]–[29].) Curtis [30], [31], and Gre-
gory [32] extended the Gossick model analytically to account
for experimental observations on neutron-irradiated silicon.

The qualitative view adopted by many radiation effects
workers in the late 1950s through the mid-1980s was the
following, which was based on a wide variety of experimental
observations and accompanying modeling efforts. Electrons
with energy less than about 2 MeV, which includes Compton
electrons generated by incidentCo photons, produce rela-
tively isolated defects. Higher energy electrons (e.g.,5 MeV)
and neutrons in the MeV range produce a mixture of isolated
defects and clustered defects. The number of defects in a
localized cluster may be relatively small. For example, when

a single energetic neutron interacts with the lattice and pro-
duces a primary knock-on atom (PKA), the resulting damage
produced by that PKA may take the form of several subclusters
containing relatively few defects, as discussed in more detail
in Section VI and in the citations provided therein. Modeling
indicates that those terminal subclusters would have a relatively
small barrier height associated with them within a modified
Gossick interpretation [31].

Clustered defects were invoked to account for the enhanced
recombination effectiveness in neutron-irradiated material com-
pared to the situation for isolated defects. In that model, a cluster
presents a potential well or sink for minority carriers, which then
recombine within the cluster. That recombination enhancement
is not present for isolated defects. Another feature of cluster
models accounts for the lack of a dependence on impurity type
or oxygen concentration noted above for neutron-irradiated Si.
In subclusters, the defect density is much greater than the im-
purity concentration, so the nonimpurity-related defects, such
as divacancies, dominate recombination. In the isolated defect
case, the radiation-induced defect density and the impurity con-
centration can be comparable, which leads to the importance
of impurity-defect complexes for this situation as compared to
closely spaced defects.

The main point is that various experimental observations and
comparisons led many early workers to seek a model to account
for the differences between effects produced by1-MeV elec-
trons and fission neutrons in Si and Ge. The Gossick model and
its extensions appeared to be successful in accounting for those
differences, at least qualitatively. However, that success does not
mean that Gossick-type models provide an accurate description
of physical reality. The important point is that any successful
model must be able to account for all of the experimental obser-
vations. Cluster models appeared attractive in that regard, which
was why many early researchers embraced them. It was also
noted that it is not necessary to invoke the relatively large clus-
ters originally proposed by Gossick to account for observations.
Relatively small terminal subclusters appeared to be sufficient
for neutron-irradiated Si [31].

Additional views on displacement damage modeling and on
the existence of defect clusters are discussed in [133, Ch. 5].
Also, see [133, Ch. 14] for discussion of hardness assurance
considerations for displacement damage effects in devices.

To summarize the above, a successful displacement damage
model must account for various experimental observations,
some of which are: 1) short-term, thermal, and injection
annealing effects and differences, as discussed in Section V;
2) impurity effects, including the lack thereof, on degradation
rates; 3) enhanced recombination-lifetime damage effectiveness
of particles such as energetic neutrons as compared to 1-MeV
electrons, for example; and 4) scaling of degraded parameters
with the nonionizing energy loss observed in numerous cases.
This aspect of displacement damage phenomena is discussed
in some detail in Section VI.

Early displacement damage studies performed on bipolar
transistor are summarized briefly here. Many studies of dis-
placement damage mechanisms in bipolar transistors have
been conducted, with emphasis placed on examining and
predicting neutron effects. For example, see [33]–[41]. A key
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paper published in 1958 is that by Messenger and Spratt [33] in
which an equation is presented for describing gain degradation
in transistors. Gain degrades due to the introduction, via
displacements, of recombination centers throughout the device.
Gregory and Gwyn examined the effects of recombination in
various device regions on current gain in irradiated bipolar
transistors [38], [40].

Surface recombination can also play an important role in
degrading the gain in irradiated bipolar transistors due to the
effects of ionizing radiation. One mechanism is the change
in surface potential produced by charge buildup in surface
oxide passivation layers. Alteration of the surface potential can
cause the surface recombination velocity to increase, thereby
decreasing the gain. Another mechanism is the production of
interface traps, which also enhances surface recombination and
causes gain degradation.

Displacement damage also gives rise to generation centers,
and such centers can play an important role in the reverse-bi-
ased base-collector junction. The reverse leakage current at that
junction will increase due to the thermal generation of elec-
tron-hole pairs at radiation-induced centers. Leakage current
can also increase due to generation centers produced at the sur-
face by ionizing radiation. In addition, radiation-induced carrier
removal can alter the properties of bipolar transistors. For ex-
ample, the width of the reverse-biased base-collector junction
depletion region will increase, resulting in a decreased punch-
through voltage, assuming that the base width is reduced due to
carrier removal in the base. Further, carrier removal in the neu-
tral collector will increase the collector resistance.

IV. NONUNIFORM DISPLACEMENTDAMAGE EFFECTS

A very low particle fluence incident on a silicon device can
result in nonuniformly distributed displacement damage. Such
effects are especially evident in a visible imaging array, such
as a CCD, that may contain millions of individual pixels. For
that important example, radiation-induced dark current can vary
significantly from pixel to pixel. In the extreme case of a single
incident particle that produces damage, only one pixel in a dense
array will exhibit an increased dark current.

Gerethet al. [42] in 1965 evidently made the first report of
the effects of displacement damage produced by single particles
incident on silicon devices. They explored those effects by irra-
diating avalanche diodes with fission neutrons and with 2-MeV
electrons. Notable differences in device behavior were observed
between these two cases. Two decades later, numerous studies of
single-particle-induced displacement damage effects were con-
ducted [11], [43]–[49], nearly all of which used visible imaging
arrays as test devices. (Researchers during that period were not
aware of the earlier work by Gerethet al. [42].) Pickel et al.
[50] review the work conducted during that later era. A review
paper by Hopkinsonet al. [51] provides further information re-
garding nonuniform displacement damage effects for the inter-
ested reader.

V. DISPLACEMENT DAMAGE ANNEALING

The literature on thermal and injection annealing of radia-
tion-induced displacement damage is now discussed. First, the

topic of injection annealing is addressed since it is occasionally
an integral part of thermal annealing studies. Next, short-term
annealing following a short burst of radiation is considered,
with emphasis placed on room-temperature studies. Long-term
thermal annealing is then discussed.

A. Injection Annealing

Injection annealing is the enhancement of defect reordering
by the presence of free charge carriers. That charge may be
introduced in several ways, including electrical injection into
devices and excitation using ionizing radiation. Note that the
same radiation source that introduces displacement damage will
also excite electron-hole pairs, which can then enhance the re-
ordering of that damage.

Gregory published the key early paper on injection annealing
in irradiated silicon [52]. He demonstrated that point defects
produced in p-type Si by Co gamma irradiation anneal when
electrons are injected into the material. Gregory explained his
results in terms of enhanced vacancy motion as a result of al-
tering their charge state from neutral to negative via electron
injection. A similar study was also performed for gamma-irra-
diated n-type Si [53]. Stein [54], [55] and Barnes [56], [57] con-
ducted early studies of injection annealing in neutron-irradiated
Si. Gregory and Sander explored the effects of injected carriers
on short-term annealing, as described in Section V-B.

Kimerling and co-workers explored the mechanisms respon-
sible for injection annealing [58]–[61]. For specific cases in sil-
icon, a change in defect charge state appears to be the dominant
mechanism, with a resulting increase in defect mobility. In other
cases, especially in GaAs, the responsible mechanism is recom-
bination enhancement. In this mechanism, nonradiative recom-
bination of electron-hole pairs occurs at a specific defect level,
and this local deposition of vibrational energy enhances the an-
nealing rate.

B. Short-Term Annealing

Short-term annealing is the defect reordering process that
takes place shortly after a burst of radiation that introduces dis-
placement damage, such as a neutron burst from a pulsed re-
actor. The manifestation of that process is a time-dependent ma-
terial or device property, such as current gain in a bipolar tran-
sistor. (Short-term annealing is also referred to astransientan-
nealing andrapid annealing in the literature.)

It is important to distinguish between the time-dependent
displacement damage effects occurring after a radiation burst
and the permanent effects of such bombardment. Fig. 1 illus-
trates the events following a neutron burst for bulk silicon and
silicon devices at room temperature. The change in carrier
lifetime or transistor gain that occurs is shown. Following an
abrupt decrease coincident with the radiation pulse, lifetime
or gain then exhibits a recovery due to the recombination (i.e.,
annihilation) and rearrangement of defects. The effectiveness
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
burst. The damage remaining at that time is often referred to
as “permanent damage.” However, a relatively slow annealing
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Fig. 1. Conceptual illustration of short-term and long-term thermal annealing
at room temperature of displacement damage in bulk silicon and silicon devices
following an incident neutron burst.

process, or long-term anneal, will continue after the short-term
anneal is completed. For example, recovery by roughly an
additional factor-of-two has been observed over a one-year
annealing period at room temperature [62], as indicated in
Fig. 1.

A short-term annealing factor is commonly used in
the literature as a measure of the amount of recovery that has
occurred at a given time following a burst. For example, the
annealing factor for minority-carrier recombination lifetime
is defined as

(1)

The annealing factor is the ratio of the amount of radiation-in-
duced damage at timeto that present at some long time after
bombardment (stable damage). Thus, the minimumis unity.
The amount ofunstabledamage present is then proportional to

. Note that for transistors the definition is the same
as for lifetime and is obtained by substituting current gain for

in (1).
Early studies of short-term annealing included measurements

on Ge and Si devices [63] and bulk Ge material [64] following
a neutron burst. Sander evidently made the first detailed report
of short-term annealing in silicon devices [65]. Sander and his
colleague Gregory subsequently performed significant experi-
ments and analyses on that subject, which are documented in
several key publications [66]–[69]. That outstanding body of
work by Gregory and Sander constitutes the foundation of our
understanding of short-term annealing phenomena in irradiated
silicon devices. Other workers also explored various aspects of
short-term annealing experimentally and analytically [70]–[87].

Several material and device properties have been measured
as a function of time in short-term annealing studies, including
minority-carrier lifetime in bulk material [73], [74], [78], [81],
[83], conductivity in bulk material [64], [78], diffusion length

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-
ious pulsed radiation sources that provided several types of par-
ticles were used in those short-term annealing studies, including
fission neutrons [63]–[71], [73], [79], [80], [82]–[85], 14-MeV
neutrons [73], [82], [83], 1.4-MeV electrons [66], [68], [74],
10-MeV electrons [72], and 30-MeV electrons [78]. In addition
to using pulsed radiation sources, steady-stateCo gamma ir-
radiations have also been employed to obtain insight regarding
short-term annealing mechanisms and phenomena [66], [68].

Key aspects of short-term annealing are summarized below,
including irradiation temperature effects, injection-level effects,
effects of particle type and energy, and practical application of
the results obtained by the various workers. This discussion is
based on the body of short-term annealing literature cited above
[65]–[87]. The primary references within that group are cited
below where appropriate.

Gregory and Sander [67] found that the short-term annealing
rate is very sensitive to the carrier injection level present in a
device. They also found that the measured annealing factor at a
given time correlates well with the electron density present in
the active region of a device. This electron density can be ei-
ther injected or an equilibrium carrier concentration. The injec-
tion-level dependence of short-term annealing is an important
example of the ionization-enhanced annealing process. Charge
state effects, discussed above, appear to play a role in this case.
If carrier lifetime in p-type silicon is monitored at a very low
minority-carrier injection level (i.e., electron density), then the
work of Gregory and Sander [67] suggested that very large an-
nealing factors would be observed. Annealing factors as high as
25–50 indeed were measured later in low-injection-level exper-
iments on such material [75], [82].

The vacancy is quite mobile in silicon at room temperature
and hence is referred to as an unstable defect. After vacancy in-
troduction by irradiation, vacancies move through the lattice and
form more stable defects, such as divacancies and vacancy-im-
purity complexes. If electrical properties are monitored during
this defect rearrangement (or annealing) process, a decrease in
the effectiveness of the damage with increasing time is typically
observed. Examples of this are shown in Fig. 2 where the relative
amount of damage present in p-type silicon following bombard-
ment with a 40-ns burst of electrons (average energy1.4 MeV)
and a burst of fission neutrons are plotted versus time following
those bursts [74], [82], [83]. To obtain these data, carrier life-
time (which depends on the amount of damage present) was
measured as a function of time. For the electron irradiation case,
a pronounced recovery stage (i.e., a decrease in the amount of
damage present) is observed. A characteristic recovery time can
be extracted from the data, since they exhibit a simple exponen-
tial decrease in the amount of damage present (i.e., first-order
kinetics is followed). Temperature dependence measurements
[74] yielded an activation energy (0.32 eV) associated with de-
fect motion. If the data are extrapolated to low temperatures,
good agreement with the electron spin resonance data (ESR) of
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Fig. 2. Annealing factor comparison for p-type Si bombarded with bursts of
1.4-MeV electrons and with fission neutrons [74], [82], [83].

Fig. 3. Comparison of injection annealing at 76 K for solar cells previously
irradiated with Co gamma rays and with fission neutrons [66].

Watkins [88] was obtained. He attributed his ESR observations
to the motion of neutral vacancies. Thus, the transient process
exhibited in Fig. 2 for the electron case is consistent with the
reordering of radiation-induced isolated vacancies in a neutral
charge state. Near room temperature, those findings indicate that
stable defects are formed within a few seconds after the radia-
tion burst. In contrast to the electron results, the neutron data in
Fig. 2 exhibit relatively complex annealing behavior over sev-
eral decades in time following the burst.

A related example is shown in Fig. 3 where injection an-
nealing of solar cells at 76 K is shown following bombardment
with Co 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 again
indicates the relative complexity of neutron damage.

Two relevant short-term annealing observations are the fol-
lowing. First, the short-term annealing process for neutron bom-
bardment takes place over several decades in time in contrast to

the relatively abrupt annealing stage observed for1-MeV elec-
tron-irradiated silicon (Fig. 2). This difference may be attribut-
able to the various types of defect interactions that may occur
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.
Second, annealing factors at early times are somewhat larger in
the case of bombardment with 14-MeV neutrons than for fission
neutron bombardment [82], [83]. This difference is possibly due
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-
uation.

Sander and Gregory [69] devised a short-term annealing
nomograph that aids in determining the appropriate AF for a
given situation. That nomograph was developed for reactor
neutron irradiations and assumes, for the case of transistors,
that recombination in the emitter-base space charge region
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
use their nomograph, one must employ the electron density in
the specific region of a device that controls the post-irradiation
behavior. As an example, once a bipolar transistor that is off
during pulsed bombardment is turned on, recovery occurs
rapidly.

C. Long-Term Annealing

Long-term thermal annealing of displacement damage typ-
ically is studied experimentally in two ways: isothermal an-
nealing and isochronal annealing. In the former case, properties
of the test specimen are monitored as a function of time after
irradiationat a fixed temperature. In the isochronal annealing
case, post-irradiation anneals are performedfor a fixed time du-
ration at a series of increasing temperatures, and the specimen
properties of interest are then measured after each anneal.

In 1970, Gregory and Sander [68] summarized the temper-
ature regimes required to anneal various primary defects and
defect complexes in silicon. Consider the vacancy as an ex-
ample. Relatively isolated vacancies introduced at cryogenic
temperatures (e.g., 77 K) by1-MeV electrons or by Co
gamma rays exhibit a characteristic annealing temperature that
depends on the charge state of those defects. Neutral vacancies
exhibit an annealing stage at 150–180 K [52], whereas nega-
tively charged vacancies, which are more mobile, anneal below
100 K [53], [68]. Additional examples: the divacancy anneals in
the 500–550 K range and the E-center anneals at approximately
420 K [58], [68]. For further information regarding long-term
thermal annealing of radiation-induced defects in silicon, see,
for example, [89] and [90].

VI. NONIONIZING ENERGY LOSS CONCEPTS AND

DAMAGE CORRELATIONS

During the last 15 years, it has been shown that the radia-
tion response of many types of devices (e.g., bipolar transistors,
solar cells, focal-plane arrays, and other detectors) can be pre-
dicted reasonably well based on calculations of the amount of
displacement damage energy imparted to the primary knock-on
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atoms [91]–[94]. Also, since it is not possible to use particle ac-
celerators to simulate fully the radiation environments of prac-
tical interest, such as that in space, development of a function
to describe the nonionizing energy loss (NIEL) rate in various
semiconductors versus incident particle energy has been impor-
tant. That development permits the use of monoenergetic par-
ticle testing to predict on-orbit behavior for space and other ap-
plications [95]–[98]. Similarly, simulation testing requirements
would be greatly reduced if one could correlate the damage pro-
duced by one particle with that produced by another in terms
of the impact on device electrical behavior. Thus, considerable
effort has been expended in pursuing the goal of displacement
damage correlation. Three IEEE NSREC short courses [94],
[99], [100] have treated displacement damage effects in semi-
conductors and have discussed the NIEL concept and its limita-
tions. NIEL studies in semiconductors over the past 15 years
are based on early radiation-induced defect studies in which
physical models of radiation damage and its impact on semi-
conductor device behavior were developed. This section reviews
key aspects of nonionizing energy loss and damage correlation.

A. Nonionizing Energy Loss Rate Concept

The physics community was very active in the 1950s and
1960s in investigating both elastic and nonelastic ion-solid
interactions [101]–[104]. Defects in semiconductors had been
studied since the 1940s, as noted in Section II-A, and it was re-
alized that they were key to the operation of solid-state devices.
Interest also emerged in correlating the damage produced by
various types of radiation and in operating devices in radiation
environments, including space, near nuclear power sources,
and that produced by weapons.

The nonionizing energy loss rate can be calculated analyti-
cally from first principles based on differential cross sections
and interaction kinematics. NIEL is that part of the energy in-
troduced via elastic (both Coulombic and nuclear) and nuclear
inelastic interactions that produces the initial vacancy-intersti-
tial pairs and phonons (e.g., vibrational energy). NIEL can be
calculated for electrons, protons, neutrons, etc., using the fol-
lowing analytic expression that sums the elastic and inelastic
contributions:

(2)

where and are total elastic and inelastic cross sections,
respectively, and are elastic and inelastic effective av-
erage recoil energies corrected for ionization loss, respectively,

is Avogadro’s number, and is the gram atomic weight
of the target material. Note that the units for NIEL, typically
MeV-cm g, are the same as those for stopping power or linear
energy transfer (LET) that describe energy transfer by ioniza-
tion and excitation per unit length. Many of the early building
blocks are used in NIEL calculations today. For example, that
fraction of the total energy loss going into ionization is calcu-
lated using the 1963 Lindhard theory [105] that was validated
by 1965 Si data from Sattler [106]. Also, many models of the
nuclear inelastic processes are still followed, such as the Monte
Carlo studies of intranuclear cascades performed in the 1950s
by Metropoliset al. [107].

Analytic calculations of the energy dependence of NIEL
for protons incident on Si and Ge appeared in the 1960s
[108]–[112], and were revisited in the 1980s [95], [113], [114]
once it became clear that experimental damage factors for Si
and GaAs solar cells (e.g., [115]–[117]) were not in agreement
with earlier NIEL calculations. During the 1960s, the energy
dependence of the electron NIEL in silicon was also studied,
again using solar cells, and compared to calculations [118]. The
energy dependence of neutron damage was also investigated
[119], [120]. In each case, NIEL calculations were revisited,
refined, and expanded in later years to include other semi-
conductor materials and to compare with new experimental
damage factors.

B. NIEL Correlations to Device Behavior

During the 1960s and 1970s, much effort was expended in
attempting to correlate semiconductor device damage from var-
ious particle types and energies [119]–[125]. One motive for that
work, is, for example, that the significant nuclear weapons ef-
fects database could be mined to predict a device response to
protons found in a space environment if such a correlation could
be established. In 1980, van Lintet al. [126] summarized the
understanding at that time of displacement damage correlation,
including its limitations. They noted the apparent limitation to
correlation that arises when one considers the cluster interpre-
tation of neutron damage.

The Gossick cluster model [17], discussed in Section III,
essentially involves a disordered volume surrounded by a de-
pletion region. That model appeared to be consistent with many
electrical and optical measurements, as indicated in Section III,
plus agreed with thermal conductivity studies [127]. In the
1960s, the Gossick model derived timely support from electron
microscopy studies [128], which appeared to show evidence of
relatively large clusters. However, it was later found that the
early microscopy work was compromised by faulty etching
techniques [129]. Electrical measurements on irradiated de-
vices performed in the 1980s (e.g., [91], [130]–[132]) appear
to be inconsistent with the Gossick model. In fact, some
solar cell data originally used to provide support for a cluster
model was later employed to support NIEL correlation without
modification by cluster theory. It is worthwhile reviewing the
studies that led many workers away from cluster models in the
1980s. It is interesting that nearly 25 years later the basic NIEL
approach to damage correlation described by van Lintet al.
[126] is still employed with its limitations.

In the 1980s, bipolar transistor gain measurements for a
variety of incident particles (as a function of particle energy)
were performed to determine whether the new calculation
of the NIEL function [95] could be used both to predict the
energy dependence of the device damage factor and to correlate
degradation due to different particles [91], [130]. In that work,
well-characterized transistors from several diffusion lots were
employed for irradiations with neutrons, protons, alpha parti-
cles, deuterons, and electrons over a broad energy range. It was
demonstrated that by comparingratios of measured damage
factor to the calculated NIEL ratios, no scaling parameter is
needed to match data with theory. Measurements were also
made as a function of collector current, and it was shown that
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Fig. 4. Transistor damage-factor ratios for a variety of particles compared with
fission neutrons are shown along with the corresponding calculations of NIEL
ratios. Note that both ordinates are identical (with no fitted parameters), which
indicates a direct proportionality between NIEL and the damage factors over a
wide energy range (after [91]).

the variation with collector current was identical for all particles
tested [91]. In that work, the Messenger-Spratt equation [33]
was used to describe the radiation response of the common
emitter dc current gain of a bipolar transistor:

(3)

where the term is the initial reciprocal gain, is
the particle- and energy-dependent displacement damage factor,
and is the incident particle fluence. (A detailed description of
this equation is given in [133, Ch. 5] and in [33].) The damage
factor is determined experimentally by performing device gain
measurements (for a particular set of device operating condi-
tions) after incremental exposures at a given particle energy.

Fig. 4 shows the measured damage factors for protons,
deuterons, and helium ions normalized to the 1-MeV-equiv-
alent (Si) neutron damage factors as a function of ion energy
for a variety of Si bipolar transistors [91]. The importance of
this result is that the proportionality between the measured
damage factors and calculated NIEL provides the basis for
particle-damage-dependent predictions of device degradation.

Research performed during the last 15 years has shown that,
to first order, the linear relationship between device degradation
from particle-induced displacement damage and NIEL holds for
a variety of electrical parameters, incident particles, and device
materials [91]–[93], [130]–[132], [134]–[137]. This is a sur-
prising result when one considers that NIEL calculations de-
scribe the energy deposited into the formation of Frenkel pairs
(over 90% of which recombine) and do not consider the pro-
cesses by which stable electrically active defects are formed.
Since NIEL is a direct measure of the initial number of va-
cancy-interstitial pairs created, the implications of the NIEL
correlation with device degradation are that: 1) the percentage
of initial vacancy-interstitial pairs that survive recombination

is independent of the primary knock-on atom (PKA) energy,
and 2) the resulting stable defects have the same device ef-
fect regardless of whether they evolved from a vacancy-intersti-
tial pair originating in a subcascade or as a well-separated pair
[130]. This result implies that cluster models are not required
to achieve a reasonable correlation methodology. In addition,
given that various stable defects have quite different electrical
properties, this correlation also implies that the defect inventory
produced is independent of PKA spectrum. Nevertheless, the
degree to which the NIEL correlation holds is qualitatively con-
sistent with the Monte Carlo calculations that were performed
in the 1980s using codes such as MARLOWE that were devel-
oped at Oak Ridge National Laboratory [138]. Those simula-
tions showed that a higher energy PKA produces more overall
damage but that the microscopic nature of the damage is not
drastically different. The branching process simply creates more
and more subcascades or subclusters, each separated by a string
of relatively isolated defects.

The final configuration of electrically active defects formed
by particle irradiation has been a topic of much research but is
still not well understood. That topic is central to understanding
the use, and limitations, of calculated nonionizing NIEL damage
functions to predict the displacement damage response of irra-
diated devices. Fig. 5 shows the spatial distribution of theinitial
vacancy-interstitial pairs calculated using the MARLOWE code
for the example of proton-irradiated Si [140]. As indicated in the
plot of the log of the number of interactions (Log N) versus the
incident proton energy, most events are Coulomb interactions
that produce PKAs with keV and result
in isolated defects. Although there are many fewer of the nuclear
elastic and inelastic reaction events that produce cascades, those
events are far more damaging and can contribute a significant
fraction of the total displacement damage at higher proton en-
ergies. As indicated in the figure, recoils with energies between
about 2–10 keV produce single subcascades, whereas those with
energies in excess of 12–20 keV form a tree-like structure with
branches containing multiple subcascades.

Muelleret al.[141] also investigated the defect structure near
the end of the recoil track in Si and obtained similar results. The
term “terminal subcluster or “subcascade” has been used to de-
scribe the damaged region where the recoil ion loses the last
5–10 keV of energy and has the highest elastic scattering cross
section [140]–[142]. It was found that a single cascade is likely
to have two to three terminal subclusters with a characteristic
dimension of 5 nm and connected to each other by a string of di-
lute displacements. (Note that this size is an upper limit since the
calculation does not include initial vacancy-interstitial recombi-
nation.) This result is consistent with transmission electron mi-
croscopy measurements [143], [144] on 1-MeV, 14-MeV, and
fission-neutron-irradiated Si that found an average size of 4 nm
for the damaged regions. It is clear that the original Gossick
cluster model, which was based on heavily damaged regions ex-
tending for 200 nm (see [126] and references therein), does not
appear to be supported by more recent work. However, as noted
in Section III, experimental studies of neutron-irradiated Si [31]
were accounted for well using a modified Gossick model that
was consistent with relatively small terminal subclusters domi-
nating observed recombination behavior.
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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 number of interactions
(N) versus incident proton energy that most interactions are Coulomb events producing isolated defects. For recoil energies above�2 keV, the overall damage
structure is relatively unchanged due to the formation of cascades and subcascades (after [140]).

It is important to keep in mind that, although defects produced
from isolated vacancy-interstitial pairs (such as those produced
by Co gamma rays and 1-MeV electrons) may have similar
electrical characteristics to those produced by heavier particles
such as protons and neutrons, thereare important differences,
as discussed in Section III. Those differences are not restricted
to short-term annealing effects but also manifest themselves
in the long-term behavior of device properties. For example,
E-centers (vacancy-phosphorus defects) produced by 1-MeV
electrons anneal at a significantly lower temperature than those
produced by protons [145], [146], a relevant (and unfortunate)
fact for charge-coupled device engineers who have considered
on-orbit warm-ups to mitigate charge transfer efficiency degra-
dation in CCDs [147]. Differences in the operation of SiGe tran-
sistors [148] and AlGaAs–GaAs solar cells [149] have been
attributed to differences in the defects produced by neutrons
versus protons. Very well controlled deep-level transient spec-
troscopy studies [150], [151] have unequivocally demonstrated
that, although 1-MeV electrons and protons produce some of
the same defects in n-type GaAs, there are also different de-
fects produced by each particle. For specific practical applica-
tions, the indication is that devices that are highly sensitive to
displacement damage should be radiation tested with those par-
ticles expected to cause the damage.

C. Further Progress in NIEL Calculations

NIEL has also been calculated by other means, including
Monte Carlo programs such as HETC [97], CUPID [152], [153],
and SRIM (formerly TRIM) [154]. A comparison between the
most recent Burke and CUPID calculations of Si NIEL is dis-
cussed in [155]. Although HETC, CUPID, and Burke’s cal-
culations of the recoil distributions as a function of incident
proton energy show similar trends, they differ in the details
[155]. TRIM includes the Coulombic interactions, so it is not
appropriate to use it directly for damage calculations for proton
energies above the Coulomb threshold at8 MeV or so, de-

pending on the target material. It is a very useful code for the
analysis of on-orbit solar-cell displacement damage for which
low-energy particles are of interest [156], [157]. However, one
can also calculate the primary recoil spectrum generated in a
material by a given particle by other means, such as MCNP-x
(e.g., see [158] and references therein) or GEANT [159] and ei-
ther directly calculate the nonionizing energy loss for PKAs or
utilize the treatments found in the TRIM code in order to calcu-
late NIEL for the PKA spectrum.

D. Limitations on NIEL Usage

NIEL calculations are a useful tool for approximating the
expected particle-induced response of a device in a radiation
environment, but it is necessary to appreciate the underlying
assumptions and limitations in order to use them effectively.
Deviations at very low particle energies (approaching the dis-
placement energy thresholds) are expected [100], [130], [160],
but they are not generally of concern forprotonapplications in
space, for example, because they contribute little to the total dis-
placement damage behind typical shielding. However, silicon
solar cell data, while showing a linear correlation with NIEL
for n-type material, exhibit a quadratic dependence on NIEL for
p-type material (e.g., see [118], [126], and [160]).

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
bipolar transistor [130]), and in GaAs measurements (e.g.,
LED’s [161]–[163], a laser diode [164], solar cells [93], etc.).
Depending on how the damage factor measurements were
normalized to NIEL, the deviations have been reported either
as the damage factors being overestimated by NIEL at higher
energies or, equivalently, being underestimated by NIEL at the
lower energies.

The choice of a damage function (i.e., the energy dependence
given either by the calculated NIEL or by experimental damage
factors) has been shown to be significant. For example, one
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Fig. 6. Transistor damage factors and dark-current damage factors for protons
(normalized to fission-neutron damage factors) versus NIEL. Lower line (with
unity slope) indicates a linear relationship between the damage factor ratios and
NIEL. Deviations from linearity are indicated with the upper line [46]. A similar
figure in [130] also shows deviations for transistor damage factors measured for
electrons.

study found a factor-of-two difference in the on-orbit predic-
tions of the degradation in Si CCD performance depending on
which damage function is employed [165]. Deviations from
the linear dependence of Si displacement damage factors with
the NIEL energy dependence are shown in Fig. 6, which shows
proton-to-neutron damage factor ratios for several devices
plotted as a function of NIEL [130]. The damage factors rep-
resent changes in the recombination rate in the various device
regions (minority-carrier lifetime) in the case of the transistor
data and the generation lifetime in the case of the CID and CCD
dark-current damage factors. A unity slope on the log–log plot
indicates a linear relationship, and the observed deviation from
linearity is noted by the top curve. A “damage enhancement
factor” was defined [130] as the ratio of observed damage factor
ratio (upper line) to that expected based on the linearity with
NIEL (lower line). In that work, the PKA spectrum produced
in Si by the various incoming particles was calculated. Note
that the PKA spectrum varies significantly over the range of
proton energies of interest in space. It may come as a surprise
that the PKA spectrum of a 60-MeV electron is more like that
of a 10-MeV proton, than a 10-MeV proton is like a 60-MeV
proton. As shown in Fig. 7, the damage enhancement factor
is found to correlate with that fraction of the total NIEL due
to PKAs with energies less than 1 keV. It is notable that the
results hold across the wide range of PKA spectra produced by

Fig. 7. Correlation between percent NIEL in Si due to recoils in the various
energy ranges and the magnitude of the deviation from the ideal linear
dependence. Particles associated with a given deviation are labeled at the top
of the figure (after [130]).

4.1-MeV electrons up to 1-MeV-equivalent neutrons, which
produce very-high-energy recoils. The observed deviations
from linearity would be expected if there were less recombi-
nation of initial vacancy-interstitial pairs that are formed by
lower energy PKAs (which produce well-separated Frenkel
pairs). This result is consistent with the previously described
Monte Carlo MARLOWE calculation of collision cascades,
which showed that the more dense subcascades do not begin
to form until PKAs have energies greater than2 keV. Later
measurements of the CTE degradation in Si CCDs (from two
manufacturers) over a wide range of proton energies also
revealed enhanced damage at lower proton energies [92].
However, such deviations were not apparent in a study by
Lueraet al. [166].

Lueraet al. [166], [167], Barryet al. [161], and Reedet al.
[162] reported evidence that lower energy protons are more ef-
fective at producing displacement damage in GaAs as compared
to higher energy protons (i.e., more effective than the NIEL
correlation would indicate). The studies by Lueraet al. were
based on measurements of carrier removal in Van der Pauw sam-
ples and minority-carrier lifetime degradation in LEDs. Once
again, the results were explained by variations with PKA en-
ergy in the recombination efficiency of the Frenkel pairs. In
1995, Barryet al. extended measurement of the minority-car-
rier lifetime damage factors in GaAs LEDs to proton energies
as high as 500 MeV [161]. Fig. 8 compares those results with
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the NIEL calculation by Burke [95]. Similar results were ob-
tained by Reedet al. [162] for both double- and single-hetero-
junction AlGaAs LEDs [162], and by Walterset al. [168] for
InGaAs-GaAs quantum-well LEDs. Other results in the litera-
ture also indicate departures of damage factors from the NIEL
energy dependence [163], [164]. Although Summerset al.[160]
demonstrated a general linear correlation between device proton
damage coefficients and NIEL for Si, GaAs, and InP, using solar
cells as examples, it is important to note that the data they pre-
sented do not cover the relevant range of higher proton energies
for most space applications, which are more heavily shielded.
For example, both the GaAs data (from [169]) and the InP data
(from [170]) are for proton energies below 20 MeV and are in-
deed most relevant to lightly shielded solar-cell applications. It
is interesting to note that a paper based on the same solar cell
data set [169] shows damage coefficients falling below the cal-
culated GaAs NIEL at higher proton energies [93], consistent
with Fig. 8. (The authors in [160] did not discuss this trend,
which was not relevant to their solar-cell study.) Clearly, further
efforts are required to better understand the nature of these devi-
ations. Recent work by Messengeret al.[157] notes that damage
efficiency functions, such as those used in the neutron damage
studies by Griffinet al. [167] and in much earlier work as well,
may need to be revisited.

In semiconductor research efforts in the 1950s, it was noticed
that NIEL calculations (which compute that portion of the total
energy deposited via nonionizing interactions) significantly
overestimated defect production. Analytic expressions were
developed withenergy-dependentdamage efficiency coeffi-
cients that represented the likelihood that the initial Frenkel
pairs would survive recombination, and experimental efforts
confirmed this behavior in metals [171], [172]. The implication
is that if one wants to usecalculateddisplacement damage
functions to describe the energy dependence of device response
for more than rough approximations, then one needs to move
beyond NIEL calculations and investigate the time evolution
of the initial damage to a variety of electrically active defects.
It is not presently clear to what degree the physical processes
need to be modeled in order to derive a sufficiently accurate
damage function for practical applications, but it is certainly
a significant challenge to do so. Kuboyamaet al. [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.
One point that appears to be missing thus far is the limits
of the applicability of codes such as MARLOWE, which is
a static code that can only calculate effective recombination
efficiencies (either by use of recombination lengths or an effec-
tive displacement threshold) with errors that are themselves a
function of PKA energy.

As a practical example of the present situation, consider
space applications. Designers must typically make on-orbit
device performance assessments based on laboratory radiation
measurements at one or at most a few proton energies. Thus,
they must make an assumption about the energy dependence
that the measurements will follow. Several possible approaches
are employed, including the use of calculated NIEL curves,
experimental displacement damage curves, or combinations

Fig. 8. Experimental damage factor from several studies normalized to the
GaAs NIEL calculation at 10 MeV. A significant deviation between the observed
damage factors and NIEL is apparent for proton energies above about 40 MeV
(adapted from [161]).

of both. All of these approaches have significant uncertainties
associated with them that must be reflected in the design margin
applied to a given application. Further information concerning
the methodology of on-orbit device performance predictions
may be found in many papers in the December issues of the
IEEE TRANSACTIONS ON NUCLEAR SCIENCE (e.g., see [92],
[137], and [162]) as well as in recent NSREC Short Course
Notes [94].

In the design of space systems, for example, it is very useful
for engineers to be able to predict the end-of-life performance
of key electronic elements without performing detailed time-
consuming calculations and measurements. The NIEL concept,
along with experimentally established damage factors, allows
for simple estimates for the degradation of a variety of devices
to aid design trades and to efficiently plan any necessary simula-
tion radiation testing. The NIEL methodology has found wide-
spread applicability (e.g., see [174]), but it is nevertheless im-
portant to understand its limitations and applicability for spe-
cific applications of interest.

VII. EVOLUTION OF DISPLACEMENT DAMAGE

UNDERSTANDING AND CURRENT TRENDS

The understanding of displacement damage mechanisms and
effects has evolved in several serial and parallel stages during
the last 60 years. A brief overview of those stages is given here,
including references to those sections of the present paper that
provide more detail.

Modern displacement damage studies started in the 1940s
(Section II-A). Changes in semiconductor material and device
properties were observed in those early studies, and in many
others in the 1950s, including effects on conductivity, mobility,
carrier lifetime, and bipolar transistor gain. Those radiation-in-
duced changes were interpreted in terms of Frenkel defects until
the late 1950s when the importance of impurity-related defects
was established (Section III).

During the period from the late 1950s to the early 1970s,
considerable effort was expended in characterizing and mod-
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eling displacement damage effects produced by different par-
ticle types and energies (Section III). Those studies identified
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
development of the Gossick cluster model, which was later ex-
tended by Gregory and by Curtis (Section III). 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 that
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-RD48 collaboration has performed significant
studies of displacement damage mechanisms and effects in
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 are
continuing to study several of the displacement damage areas
where further understanding is needed.

Section III 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 thatsomemodel 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.

VIII. B IBLIOGRAPHY

A selected listing of key sources of displacement damage and
related radiation effects information is provided here as a sup-

plement to the specific literature references made in the text.
Several device physics resources are also included.

A. Books

• F. Seitz and J. S. Koehler, inSolid State Physics, Vol. 2,
edited by F. Seitz and D. Turnbull, New York: Academic
Press, 1956, pp. 307–442.

• G. J. Dienes and G. H. Vineyard,Radiation Effects in
Solids, New York: Interscience Publishers, 1957.

• D. S. Billington and J. H. Crawford, Jr..,Radiation
Damage in Solids, Princeton: Princeton University Press,
1961.

• A. C. Damask and G. J. Dienes,Point Defects in Metals,
New York: Gordon and Breach, 1963 and 1971.

• D. K. Nichols and V. A. J. van Lint, inSolid State Physics,
Vol. 18, edited by F. Seitz and D. Tumbull, New York:
Academic Press, 1966, pp. 1–54.

• J. W. Corbett,Electron Radiation Damage in Semiconduc-
tors and Metals(Solid State Physics, Supplement 7), New
York: Academic Press, 1966.

• F. Larin, Radiation Effects in Semiconductor Devices,
New York: Wiley, 1968.

• J. W. Mayer, L. Eriksson, and J. A. Davies,Ion Implanta-
tion in Semiconductors, New York: Academic Press, 1970.

• L. W. Ricketts,Fundamentals of Nuclear Hardening of
Electronic Equipment, New York: Wiley-InterScience,
1972.

• R. J. Chaffin,Microwave Semiconductor Devices: Fun-
damentals and Radiation Effects, New York: Wiley-Inter-
science, 1973.

• J. H. Crawford and L . M. Slifkin, Eds.,Point Defects in
Solids, Volume 2: Semiconductor and Molecular Crystals,
New York: Plenum Press, 1975.

• V. A. J. van Lint, T. M. Flanagan, R. E. Leadon, J. A.
Naber, and V. C. Rogers,Mechanisms of Radiation Effects
in Electronic Materials, Vol. 1, New York: Wiley-Inter-
science, 1980.

• M. Lannoo and J. Bourgoin,Point Defects in Semiconduc-
tors I: Theoretical Aspects, Springer Series in Solid-State
Sciences, Vol. 22, edited by M. Cardona, P. Fulde, and H.
J. Queisser, New York: Springer-Verlag, 1981.

• J. Bourgoin and M. Lannoo,Point Defects in Semiconduc-
tors II: Experimental Aspects, Springer Series in Solid-
State Sciences, Vol. 35, edited by M. Cardona, P. Fulde,
and H.J. Queisser, New York: Springer-Verlag, 1983.

• J. R. Srour, D. M. Long, D. G. Millward, R. L. Fitzwilson,
and W. L. Chadsey,Radiation Effects on and Dose
Enhancement of Electronic Materials, Ridge, NJ: Noyes
Publications, Ridge, 1984.

• G. C. Messenger and M. S. Ash,The Effects of Radiation
on Electronic Systems, Second Edition, New York: Van
Nostrand Reinhold, 1992.

• A. S. Grove,Physics and Technology of Semiconductor
Devices, New York: Wiley, 1967.

• S. M. Sze,Physics of Semiconductor Devices, Second Edi-
tion, New York: Wiley-InterScience, 1981.
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• E. H. Nicollian and J. R. Brews,MOS (Metal Oxide Semi-
conductor) Physics and Technology, New York: Wiley,
1982.

• A. Holmes-Siedle and L. Adams,Handbook of Radiation
Effects, Second Edition, Oxford and New York: Oxford
University Press, 2002.

• N. J. Rudie,Principles and Techniques of Radiation Hard-
ening, vols. I–X, North Hollywood, CA: Western Period-
icals, 1976.

B. Journals

• IEEE TRANSACTIONS ONNUCLEARSCIENCE—See the fol-
lowing specific issues for papers presented at the annual
IEEE Nuclear and Space Radiation Effects Conference:
November 1963, November 1964, October 1965, and De-
cember 1966–2002.

• PROCEEDINGS OF THEIEEE—Special Issue on the Effects
and Uses of Energetic Radiation in Electronic Materials,
vol. 62, no. 9, September 1974.

• PROCEEDINGS OF THEIEEE—Special Section on Space
Radiation Effects on Microelectronics, vol. 76, no. 11,
November 1988.

• IEEE TRANSACTIONS ON NUCLEAR SCIENCE—Special
Issue on Single-Event Effects and the Space Radiation
Environment, vol. 43, no. 2, April 1996.

• IEEE TRANSACTIONS ONELECTRON DEVICES

• IEEE ELECTRON DEVICE LETTERS

• Journal of Applied Physics
• Applied Physics Letters
• Physical Review
• Physical Review Letters
• Nuclear Instruments and Methods in Physics Research
• Radiation Effects
• Solid-State Electronics.

C. Review Articles

• J. H. Crawford, Jr.., “Radiation effects in diamond lattice
semiconductors,”IEEE Trans. Nucl. Sci., vol. 10, no. 5,
November 1963.

• B. L. Gregory and C. W. Gwyn, “Radiation effects on
semiconductor devices,”Proc. IEEE, vol. 62, no. 9, pp
1264–1273, September 1974.

• J. R. Srour and J. M. McGarrity, “Radiation effects on
microelectronics in space,”Proc. IEEE, vol. 76, no. 11,
pp. 1443–1469, November 1988.

• D. Braunig and F. Wulf., “Atomic displacement and total
ionizing dose damage in semiconductors,”Radiation
Physics and Chemistry, vol. 43, pp. 105–127, 1994.

D. Technical Conferences

• Annual IEEE Nuclear and Space Radiation Effects Con-
ference (NSREC)

• Biannual RADECS Conference
• Annual HEART Conference.

E. Conference Proceedings

• IEEE Radiation Effects Data Workshop Proceedings

• RADECS Conference Proceedings
• IEEE Photovoltaic Specialists Conference Proceedings.

F. Short Courses

• Archive of Radiation Effects Short Course Notebooks,
1980–2002, presented at the annual IEEE Nuclear and
Space Radiation Effects Conference, IEEE CD-ROM,
Product Code EC146, ISBN 0-7803-6844-4.

• J. R. Srour, “Displacement damage effects in electronic
materials, devices, and integrated circuits,” 1988 IEEE
Nuclear and Space Radiation Effects Short Course. (See
the Archive CD-ROM listed directly above for the source
of these short course notes.)

• G. P. Summers, “Displacement damage: mechanisms and
measurements,” 1992 IEEE Nuclear and Space Radiation
Effects Short Course. (See the Archive CD-ROM listed
above for the source of these short course notes.)

• C. J. Marshall and P. W. Marshall, “Proton effects and test
issues for satellite designers, part B: displacement effects,
1999 IEEE Nuclear and Space Radiation Effects Short
Course. (See the Archive CD-ROM listed above for the
source of these short course notes.)

REFERENCES

[1] E. P. Wigner, “Theoretical physics in the metallurgical laboratory of
Chicago,”J. Appl. Phys., vol. 17, no. 11, pp. 857–863, Nov. 1946.

[2] K. Lark-Horovitz, “Nucleon-bombarded semiconductors,” inSemicon-
ductor Materials, H. K. Henisch, Ed. London, Butterworth, U.K.,
1951, pp. 47–69.

[3] F. Seitz, “Radiation effects in solids,”Phys. Today, vol. 5, no. 6, pp. 6–9,
June 1952.

[4] J. C. Slater, “The effects of radiation on materials,”J. Appl. Phys., vol.
22, no. 3, pp. 237–256, Mar. 1951.

[5] D. S. Billington and J. H. Crawford Jr..,Radiation Damage in
Solids. Princeton, NJ: Princeton Univ. Press, 1961, pp. 6–9.

[6] K. Lark-Horovitz, E. Bleuler, R. Davis, and D. Tendam, “Deuteron-bom-
barded semiconductors,”Phys. Rev., vol. 73, p. 1256, 1948.

[7] R. E. Davis, W. E. Johnson, K. Lark-Horovitz, and S. Siegel, “Neutron-
bombarded germanium semiconductors,”Phys. Rev., vol. 74, p. 1255,
1948.

[8] W. E. Johnson and K. Lark-Horovitz, “Neutron irradiated semiconduc-
tors,” Phys. Rev., vol. 76, p. 442, 1949.

[9] W. H. Brattain and G. L. Pearson, “Changes in conductivity of germa-
nium induced by alpha-particle bombardment,”Phys. Rev., vol. 80, no.
5, pp. 846–850, Dec. 1950.

[10] Z. Li, “Experimental comparisons among various models for the reverse
annealing of the effective concentration of ionized space charges of neu-
tron irradiated silicon detectors,”IEEE Trans. Nucl. Sci., vol. 42, pp.
224–234, Aug. 1995.

[11] J. R. Srour and R. A. Hartmann, “Enhanced displacement damage effec-
tiveness in irradiated silicon devices,”IEEE Trans. Nucl. Sci., vol. 36,
pp. 1825–1830, Dec. 1989.

[12] O. L. Curtis Jr., “Effects of point defects on electrical and optical prop-
erties of semiconductors,” inPoint Defects in Solids, J. H. Crawford and
L. Slifkin, Eds. New York: Plenum, 1975, vol. 2, Semiconductor and
Molecular Crystals, pp. 257–332.

[13] W. L. Brown, W. M. Augustyniak, and T. R. Waite, “Annealing of ra-
diation defects in semiconductors,”J. Appl. Phys., vol. 30, no. 8, pp.
1258–1268, Aug. 1959.

[14] G. D. Watkins, J. W. Corbett, and R. M. Walker, “Spin resonance in
electron irradiated silicon,”J. Appl. Phys., vol. 30, no. 8, pp. 1198–1203,
Aug. 1959.

[15] G. Bemski, “Paramagnetic resonance in electron irradiated silicon,”J.
Appl. Phys., vol. 30, no. 8, pp. 1195–1198, Aug. 1959.

[16] B. R. Gossick and J. H. Crawford Jr.., “Disordered regions in n-type
germanium bombarded by fast neutrons,”Bull. Amer. Phys. Soc., vol. 3,
p. 400, 1958.



SROURet al.: REVIEW OF DISPLACEMENT DAMAGE EFFECTS IN SILICON DEVICES 667

[17] B. R. Gossick, “Disordered regions in semiconductors bombarded by
fast neutrons,”J. Appl. Phys., vol. 30, no. 8, pp. 1214–1218, Aug. 1959.

[18] J. H. Crawford Jr.. and J. W. Cleland, “Nature of bombardment damage
and energy levels in semiconductors,”J. Appl. Phys., vol. 30, no. 8, pp.
1204–1213, Aug. 1959.

[19] O. L. Curtis Jr.., “The role of disordered regions in recombination of car-
riers in neutron-irradiated silicon and germanium,” inLattice Defects in
Semiconductors, R. R. Hasiguti, Ed. Tokyo, Japan: Univ. Tokyo Press,
1968, pp. 333–350.

[20] , “Effects of oxygen and dopant on lifetime in neutron-irradiated
silicon,” IEEE Trans. Nucl. Sci., vol. 13, pp. 33–38, Dec. 1966.

[21] Y. Inuishi and K. Matsuura, “Radiation damage and annealing of carrier
lifetime in silicon,” J. Phys. Soc. Japan, vol. 18, no. Supplement III, pp.
240–245, 1963.

[22] M. Hirata, M. Hirata, and H. Saito, “Recombination centers in gamma-
irradiated silicon,”J. Appl. Phys., vol. 37, no. 4, pp. 1867–1872, March
1966.

[23] R. A. Hewes, “Recombination lifetimes in gamma-irradiated silicon,”J.
Appl. Phys., vol. 39, no. 9, pp. 4106–4123, Aug. 1968.

[24] K. Nakashima and Y. Inuishi, “Effect of impurities on radiation defects
of p-type silicon,” inProc. Santa Fe Conf. Radiation Effects in Semicon-
ductors 1967, F. L. Vook, Ed., New York, 1968, pp. 162–171.

[25] H. J. Stein, “Comparison of neutron and gamma-ray damage in n-type
silicon,” J. Appl. Phys., vol. 37, no. 9, pp. 3382–3384, Aug. 1966.

[26] H. J. Stein and F. L. Vook, “Electrical studies of electron-irradiated
n-type Si: Impurity and irradiation-temperature dependence,”Phys.
Rev., vol. 163, no. 3, pp. 790–800, November 1967.

[27] H. J. Stein, “Electrical studies of neutron-irradiated n-type Si: Defect
structure and annealing,”Phys. Rev., vol. 163, no. 3, pp. 801–808, Nov.
1967.

[28] C. E. Barnes, T. E. Zipperian, and L. R. Dawson, “Neutron-induced trap-
ping levels in aluminum gallium arsenide,”J. Electronic Materials, vol.
14, no. 2, pp. 95–118, 1985.

[29] P. Chaudhari, S. V. Bhoraskar, S. Padgavkar, and V. N. Bhoraskar, “Com-
parison of defects produced by 14-MeV neutrons and 1-MeV electrons
in n-type silicon,”J. Appl. Phys., vol. 70, no. 3, pp. 1261–1264, Aug.
1991.

[30] O. L. Curtis Jr., “Statistics of carrier recombination at disordered regions
in semiconductors,”J. Appl. Phys., vol. 39, no. 7, pp. 3109–3113, June
1968.

[31] O. L. Curtis Jr. and J. R. Srour, “Recombination within disordered re-
gions: Influence of barrier height on recombination rate and injection
level effects,”IEEE Trans. Nucl. Sci., vol. 20, pp. 196–203, Dec. 1973.

[32] B. L. Gregory, “Minority carrier recombination in neutron irradiated sil-
icon,” IEEE Trans. Nucl. Sci., vol. 16, pp. 53–62, Dec. 1969.

[33] 1G. C. Messenger and J. P. Spratt, “The effects of neutron irradiation on
silicon and germanium,”Proc. IRE, vol. 46, pp. 1038–1044, June 1958.

[34] J. W. Easley and J. A. Dooley, “On the neutron bombardment reduction
of transistor current gain,”J. Appl. Phys., vol. 31, no. 6, pp. 1024–1028,
June 1960.

[35] G. C. Messenger, “Displacement damage in silicon and germanium tran-
sistors,”IEEE Trans. Nucl. Sci., vol. 12, pp. 53–65, Apr. 1965.

[36] C. A. Goben, “A study of the neutron-induced base current component in
silicon transistors,”IEEE Trans. Nucl. Sci., vol. 12, pp. 134–146, Oct.
1965; C. A. Goben, F. M. Smits, and J. L. Wirth, “Neutron radiation
damage in silicon transistors, vol. 15, p. 1429, Apr. 1968..

[37] M. Frank and C. D. Taulbee, “Factors influencing prediction of transistor
current gain in neutron radiation,”IEEE Trans. Nucl. Sci., vol. 14, pp.
127–133, Dec. 1967.

[38] B. L. Gregory and C. W. Gwyn, “Application of neutron damage models
to semiconductor device studies,”IEEE Trans. Nucl. Sci., vol. 17, pp.
325–334, Dec. 1970.

[39] C. E. Ramsey and P. J. Vail, “Current dependence of the neutron damage
factor,” IEEE Trans. Nucl. Sci., vol. 17, pp. 310–316, Dec. 1970.

[40] C. W. Gwyn and B. L. Gregory, “Designing ultrahard bipolar transis-
tors,” IEEE Trans. Nucl. Sci., vol. 18, pp. 340–349, Dec. 1971.

[41] A. Bahraman, S. Chang, D. Romeo, and K. Schuegraf, “Design approach
to radiation-hardenedI L gate arrays,”IEEE Trans. Nucl. Sci., vol. 25,
pp. 1494–1501, Dec. 1978.

1For extensions of that work, see G. C. Messenger, “Current gain degradation
due to displacement damage for graded base trasistors,”Proc. IEEE, vol. 55, pp.
413–414, Mar. 1967; G. C. Messenger, “A general proof of the beta degradation
equation for bulk displacement damage,”IEEE Trans. Nucl. Sci., vol. 20, pp.
809–810, Feb. 1973; see also [133, Ch. 5].

[42] R. Gereth, R. H. Haitz, and F. M. Smits, “Effects of single neutron-in-
duced displacement clusters in special silicon diodes,”J. Appl. Phys.,
vol. 36, no. 12, pp. 3884–3894, Dec. 1965.

[43] J. R. Srour, Z. Shanfield, R. A. Hartmann, S. Othmer, and D. M. New-
berry, “Permanent damage introduced by single particles incident in sil-
icon devices,”IEEE Trans. Nucl. Sci., vol. 30, pp. 4526–4532, Dec.
1983.

[44] J. R. Srour and R. A. Hartmann, “Effects of single neutron interactions in
silicon integrated circuits,”IEEE Trans. Nucl., vol. 32, pp. 4195–4200,
Dec. 1985.

[45] J. R. Srour, R. A. Hartmann, and K. S. Kitazaki, “Permanent damage
produced by single proton interactions in silicon devices,”IEEE Trans.
Nucl. Sci, vol. 33, pp. 1597–1604, Dec. 1986.

[46] C. J. Dale, P. W. Marshall, E. A. Burke, G. P. Summers, and G. E. Bender,
“The generation lifetime damage factor and its variance in silicon,”IEEE
Trans. Nucl. Sci., vol. 36, pp. 1872–1881, Dec. 1989.

[47] P. W. Marshall, C. J. Dale, E. A. Burke, G. P. Summers, and G. E.
Bender, “Displacement damage extremes in silicon depletion regions,”
IEEE Trans. Nucl. Sci., vol. 36, pp. 1831–1889, Dec. 1989.

[48] C. J. Dale, P. W. Marshall, and E. A. Burke, “Particle-induced spatial
dark current fluctuations in focal plane arrays,”IEEE Trans. Nucl. Sci.,
vol. 37, pp. 1784–1791, Dec. 1990.

[49] P. W. Marshall, C. J. Dale, and E. A. Burke, “Proton-induced displace-
ment damage distributions in silicon microvolumes,”IEEE Trans. Nucl.
Sci., vol. 37, pp. 1776–1783, Dec. 1990.

[50] J. C. Pickel, A. H. Kalma, G. R. Hopkinson, and C. J. Marshall, “Ra-
diation effects on photonic imagers—A historical perspective,” IEEE
Trans. Nucl. Sci., vol. 50, June 2003, to be published.

[51] G. R. Hopkinson, C. J. Dale, and P. W. Marshall, “Proton effects in
charge-coupled devices,”IEEE Trans. Nucl. Sci., vol. 43, pp. 614–627,
Apr. 1996.

[52] B. L. Gregory, “Injection-stimulated vacancy reordering in p-type sil-
icon at 76 K,” J. Appl. Phys., vol. 36, no. 12, pp. 3765–3769, Dec. 1965.

[53] B. L. Gregory and C. E. Barnes, “Defect reordering at low temperatures
in gamma irradiated n-type silicon,” inProc. Santa Fe Conf. Radiation
Effects in Semiconductors 1967, F. L. Vook, Ed., New York, 1968, pp.
124–135.

[54] H. J. Stein, “Electrical studies of neutron-irradiated n-type Si: Defect
structure and annealing,”Phys. Rev., vol. 163, no. 3, pp. 801–808, Nov.
1967.

[55] , “Electrical properties of neutron-irradiated silicon at 76 K: Hall
effect and electrical conductivity,”IEEE Trans. Nucl. Sci., vol. 15, pp.
69–76, Dec. 1968.

[56] C. E. Barnes, “Thermal and injection annealing of neutron-irradiated
p-type silicon between 76 K and 300 K,”IEEE Trans. Nucl. Sci., vol.
16, pp. 28–32, Dec. 1969.

[57] , “Absorption measurements in neutron irradiated silicon,”Radia-
tion Effects, vol. 8, pp. 221–227, 1971.

[58] L. C. Kimerling, H. M. DeAngelis, and J. W. Diebold, “On the role of
defect charge state in the stability of point defects in silicon,”Solid State
Commun., vol. 16, pp. 171–174, 1975.

[59] L. C. Kimerling, “New developments in defect studies in semiconduc-
tors,” IEEE Trans. Nucl. Sci., vol. 23, pp. 1497–1505, Dec. 1976.

[60] , “Recombination enhanced defect reactions,”Solid-State Elec-
tron., vol. 21, pp. 1391–1401, 1978.

[61] M. K. Sheinkman and L. C. Kimerling, “Mechanisms of electronically
enhanced defect reactions in semiconductors,” inProc. Int. Conf. Sci-
ence and Technology of Defect Control in Semiconductors, Amsterdam,
1990, pp. 97–104.

[62] J. R. Srour, “Stable-damage comparisons for neutron-irradiated silicon,”
IEEE Trans. Nucl. Sci., vol. 20, pp. 190–195, Dec. 1973.

[63] W. V. Behrens and J. M. Shaull, “The effects of short duration neutron
irradiation on semiconductor devices,”Proc. IRE, vol. 46, pp. 601–605,
1958.

[64] H. J. Stein, “Transitory electrical properties of n-type germanium after a
neutron pulse,”J. Appl. Phys., vol. 31, no. 8, pp. 1309–1313, Aug. 1960.

[65] H. H. Sander, Room temperature annealing of silicon transistor param-
eters degraded by a burst of neutrons, SC-R-64-192, Albuquerque, NM,
1964.

[66] H. H. Sander and B. L. Gregory, “Transient annealing in semiconductor
devices following pulsed neutron irradiation,”IEEE Trans. Nucl. Sci.,
vol. 13, pp. 53–62, Dec. 1966.

[67] B. L. Gregory and H. H. Sander, “Injection dependence of transient an-
nealing in neutron-irradiated silicon devices,”IEEE Trans. Nucl. Sci.,
vol. 14, pp. 116–126, Dec. 1967.

[68] , “Transient annealing of defects in irradiated silicon devices,”
Proc. IEEE, vol. 58, pp. 1328–1341, Sept. 1970.



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

[69] H. H. Sander and B. L. Gregory, “Circuit applications of transient an-
nealing,”IEEE Trans. Nucl. Sci., vol. 18, pp. 250–257, Dec. 1971.

[70] D. K. Wilson, “Capacitance recovery in neutron-irradiated silicon diodes
by majority and minority carrier trapping,”IEEE Trans. Nucl. Sci., vol.
15, pp. 77–83, Dec. 1968.

[71] D. Binder, D. T. Butcher, J. R. Crepps, and E. L. Hammer, “Rapid an-
nealing in silicon transistors,”IEEE Trans. Nucl. Sci., vol. 15, pp. 84–87,
Dec. 1968.

[72] I. Arimura and R. R. Freeman, “Rapid annealing in n-type silicon fol-
lowing pulsed 10 MeV electron irradiation,”J. Appl. Phys., vol. 40, no.
6, pp. 2570–2577, May 1969.

[73] J. R. Srour and O. L. Curtis Jr., “Short-term annealing in 14-MeV neu-
tron-irradiated silicon,”J. Appl. Phys., vol. 40, no. 10, pp. 4082–4086,
Sept. 1969.

[74] J. R. Srour, “Short-term annealing in electron-irradiated p-type silicon,”
IEEE Trans. Nucl. Sci., vol. 17, pp. 118–122, Dec. 1970.

[75] J. W. Harrity and C. E. Mallon, “Short-term annealing in p-type silicon,”
IEEE Trans. Nucl. Sci., vol. 17, pp. 100–104, Dec. 1970.

[76] O. L. Curtis Jr., “Effects of metastable charge states on short-term an-
nealing in p-type silicon,”IEEE Trans. Nucl. Sci., vol. 17, pp. 105–109,
Dec. 1970.

[77] R. E. Leadon, “Model for short-term annealing of neutron damage in
p-type silicon,”IEEE Trans. Nucl. Sci., vol. 17, pp. 110–117, Dec. 1970.

[78] C. E. Mallon and J. A. Naber, “Short-term anneal of 30-MeV electron
damage in high-purity n-type silicon,”IEEE Trans. Nucl. Sci., vol. 17,
pp. 123–127, Dec. 1970.

[79] I. Arimura, “Effects of circumvention and temperature on neutron-in-
duced rapid annealing,”IEEE Trans. Nucl. Sci., vol. 17, pp. 348–353,
Dec. 1970.

[80] C. E. Mallon and J. W. Harrity, “Short-term annealing in transistors ir-
radiated in the biased-off mode,”IEEE Trans. Nucl. Sci., vol. 18, pp.
45–49, Dec. 1971.

[81] J. R. Srour, “Comment on ’Short-term anneal of 30-MeV electron
damage in high-purity n-type silicon’,”IEEE Trans. Nucl. Sci., vol. 19,
pp. 897–898, Feb. 1972.

[82] J. R. Srour and O. L. Curtis Jr., “Short-term annealing in silicon devices
following pulsed 14-MeV neutron irradiation,”IEEE Trans. Nucl. Sci.,
vol. 19, no. 6, pp. 362–370, December 1972.

[83] , “Transient annealing of 14 MeV neutron damage in silicon,” in
Radiation Damage and Defects in Semiconductors, J. E. Whitehouse,
Ed., London, U.K., 1973, pp. 87–95.

[84] J. R. Srour, S. C. Chen, S. Othmer, and R. A. Hartmann, “Radiation
damage coefficients for silicon depletion regions,”IEEE Trans. Nucl.
Sci., vol. 26, pp. 4784–4791, Dec. 1979.

[85] J. R. Srour, R. A. Hartmann, and S. Othmer, “Transient and permanent
effects of neutron bombardment on a commercially available n-buried-
channel CCD,”IEEE Trans. Nucl. Sci., vol. 27, pp. 1402–1410, Dec.
1980.

[86] L. W. Duncan and C. E. Mallon, “Modeling rapid annealing in digital
integrated circuits,”IEEE Trans. Nucl. Sci., vol. 26, pp. 4750–4757, Dec.
1979.

[87] L. R. McMurray and G. C. Messenger, “Rapid annealing factor for
bipolar silicon devices irradiated by fast neutron pulse,”IEEE Trans.
Nucl. Sci., vol. 28, pp. 4392–4396, Dec. 1981.

[88] G. D. Watkins, “An EPR study of the lattice vacancy in silicon,”J. Phys.
Soc. Japan, vol. 18, no. Supplement II, pp. 22–27, 1963.

[89] A. Holmes-Siedle and L. Adams,Handbook of Radiation Effects,
Second ed. New York: Oxford Univ. Press, 2002, pp. 80–85.

[90] H. J. Stein, “Electrical properties of neutron-irradiated silicon at 76 K:
Hall effect and electrical conductivity,”IEEE Trans. Nucl. Sci., vol. 15,
pp. 69–76, Dec. 1968.

[91] G. P. Summers, C. J. Dale, E. A. Burke, E. A. Wolicki, P. W. Marshall,
and M. A. Gehlhausen, “Correlation of particle-induced displacement
damage in silicon,”IEEE Trans. Nucl. Sci., vol. 34, pp. 1134–1139, Dec.
1987.

[92] C. J. Dale, P. W. Marshall, B. Cummings, L. Shamey, and A. Holland,
“Displacement damage effects in mixed particle environments for
shielded spacecraft CCD’s,”IEEE Trans. Nucl. Sci., vol. 40, pp.
1628–1637, Dec. 1993.

[93] R. J. Walters, M. A. Xapsos, G. P. Summers, and S. R. Messenger, “Anal-
ysis and modeling of the radiation response of space solar cells,” in1999
GOMAC Proc., pp. 434–437.

[94] C. J. Marshall and P. W. Marshall, “Proton effects and test issues for
satellite designers, part B: Displacement effects,” in1999 IEEE Nuclear
and Space Radiation Effects Conf. Short Course Notes, July 1999, pp.
IV-50–IV-110.

[95] E. A. Burke, “Energy dependence of proton-induced displacement
damage in silicon,”IEEE Trans. Nucl. Sci., vol. 33, pp. 1276–1281,
Dec. 1986.

[96] A. Van Ginneken,Non-Ionizing Energy Deposition in Silicon for Radia-
tion Damage Studies. Batavia, IL: Fermi Nat. Accelerator Lab., 1989.

[97] M. Alurralde, M. Victoria, A. Caro, and D. Gavillet, “Nuclear and
damage effects in Si produced by irradiations with medium energy
protons,”IEEE Trans. Nucl. Sci., vol. 38, pp. 1210–1215, Dec. 1991.

[98] A. Akkerman, J. Barak, M. B. Chadwick, J. Levinson, M. Murat, and
Y. Lifshitz, “Updated NIEL calculations for estimating the damage in-
duced by particles and-rays in Si and GaAs,”Radiation Physics and
Chemistry, vol. 62, pp. 301–310, 2001.

[99] J. R. Srour, “Displacement damage effects in electronic materials, de-
vices, and integrated circuits,”1988 IEEE Nuclear and Space Radiation
Effects Conf. Short Course Notes, pp. IV-1–IV-77, July 1988.

[100] G. P. Summers, “Displacement damage: Mechanisms and measure-
ments,” in1992 IEEE Nuclear and Space Radiation Effects Conf. Short
Course Notes, July 1992, pp. IV-1–IV-58.

[101] G. H. Kinchin and R. S. Pease, “The displacement of atoms in solids by
radiation,”Rep. Prog. Phys., vol. 18, pp. 1–51, 1955.

[102] W. Harrison and F. Seitz, “On the theory of radiation damage,”Phys.
Rev., vol. 98, p. 1530, 1955.

[103] F. Seitz and J. S. Kohler, “Displacement of atoms during irradiation,”
in Solid State Physics, F. Seitz and D. Turnbull, Eds. New York: Aca-
demic, 1956, vol. 2, pp. 305–448.

[104] D. K. Holmes, “Current problems in the theory of radiation damage,” in
Radiation Effects, W. F. Sheely, Ed. New York: Gordon and Breach,
1965, vol. 37, Metallurgical Soc. Conf..

[105] J. Lindhard, V. Nielsen, M. Scharff, and P. Thomsen, “Integral equations
governing radiation effects (notes on atomic collisions, III),”Mat. Fys.
Medd. Dan. Vid. Selsk., vol. 33, no. 10, pp. 1–42, 1963.

[106] A. R. Sattler, “Ionization produced by energetic silicon atoms within a
silicon lattice,”Phys. Rev. A, vol. 138, no. 6, pp. 1815–1821, June 1965.

[107] N. Metropolis, R. Bivins, M. Storm, J. M. Miller, G. Friedlander, and
A. Turkevich, “Monte Carlo calculations on intranuclear cascades. II.
High-energy studies and pion processes,”Phys. Rev., vol. 110, no. 1, pp.
204–219, Apr. 1958.

[108] G. W. Simon, J. M. Denny, and R. G. Downing, “Energy dependence of
proton damage in silicon,”Phys. Rev., vol. 129, pp. 2454–2459, 1963.

[109] J. A. Baicker, H. Flicker, and J. Vilms, “Proton-induced lattice displace-
ment in silicon,”Appl. Phys. Lett., vol. 2, pp. 104–106, 1963.

[110] Y. G. de LaFond, “Interactions Proton-Silicium et Proton-Germanium
entre 1 et 3000 MeV,” dissertation, Toulouse Univ., 1969.

[111] J. R. Bilinski, E. H. Brooks, U. Cocca, and R. J. Maier, “Proton-neutron
damage equivalence in Si and Ge semiconductors,”IEEE Trans. Nucl.
Sci., vol. 10, pp. 71–86, Nov. 1963.

[112] Y. V. Bulgakov and M. A. Kumakhov, “Spatial distribution of radiation
effects in materials irradiated with beams of monoenergetic particles,”
Soviet Phys. Semiconduct., vol. 2, p. 1334, 1969.

[113] E. A. Burke, C. J. Dale, A. B. Campbell, G. P. Summers, T. Palmer, and
R. Zuleeg, “Energy dependence of proton-induced displacement damage
in gallium arsenide,”IEEE Trans. Nicl. Sci., vol. 34, pp. 1220–1226,
Dec. 1987.

[114] G. P. Summers, E. A. Burke, M. A. Xapsos, C. J. Dale, P. W. Marshall,
and E. L. Petersen, “Displacement damage in GaAs structures,”IEEE
Trans. Nucl. Sci., vol. 35, pp. 1221–1226, Dec. 1988.

[115] A. S. Azimov, S. M. Gorodetskii, G. M. Grigoreva, L. B. Kreinin, and
A. P. Landsman, “Influence of disordered regions on the recombination
in proton-irradiated p-type silicon,”Soviet Phys. Semiconduct., vol. 7,
pp. 1021–1025, 1974.

[116] P. F. Lugakov and I. M. Filippov, “Radiation defect clusters in electron-
irradiated silicon,”Radiation Effects, vol. 90, pp. 297–305, 1985.

[117] B. E. Anspaugh and R. G. Downing, “Radiation effects in silicon and
gallium arsenide solar cells using isotropic and normally incident radi-
ation,” in Conf. Rec. the IEEE Photovoltaic Specialist Conf., vol. 23,
1984.

[118] J. R. Carter, “Effect of electron energy on defect introduction in silicon,”
J. Phys. Chem. Solids, vol. 27, pp. 913–918, 1966.

[119] H. J. Stein, “Energy dependence of neutron damage in silicon,”J. Appl.
Phys., vol. 38, no. 1, pp. 204–210, Jan. 1967.

[120] W. Rosenzweig, F. M. Smits, and W. L. Brown, “Energy dependence
of proton irradiation damage in silicon,”J. Appl. Phys., vol. 35, pp.
2707–2711, Sept. 1964.

[121] R. R. Brown and W. E. Horne, “Space radiation equivalence for displace-
ment effects on transistors, Final Rep. Contract NAS 5-9578,”, Boeing
Document D2-84 088, 1966.



SROURet al.: REVIEW OF DISPLACEMENT DAMAGE EFFECTS IN SILICON DEVICES 669

[122] G. J. Brucker, “Correlation of radiation damage in silicon transistors
bombarded by electrons, protons and neutrons,” inProc. Colloquium on
the Effect of Radiation on the Structure of Semiconductors, Toulouse,
France, Mar. 1967.

[123] E. C. Smith, D. Binder, P. A. Compton, and R. I. Wilbur, “Theoretical and
experimental determinations of neutron energy deposition in silicon,”
IEEE Trans. Nucl. Sci., vol. 13, pp. 11–17, Dec. 1966.

[124] V. A. J. van Lint, R. E. Leadon, and J. F. Colwell, “Energy dependence
of displacement effects in semiconductors,”IEEE Trans. Nucl. Sci., vol.
19, pp. 181–185, Dec. 1972.

[125] V. A. J. van Lint, G. Gigas, and J. Barengoltz, “Correlation of displace-
ment effects produced by electrons, protons and neutrons in silicon,”
IEEE Trans. Nucl. Sci., vol. 22, pp. 2663–2668, Dec. 1975.

[126] V. A. J. van Lint, T. M. Flanagan, R. E. Leadon, J. A. Naber, and
V. C. Rogers,Mechanisms of Radiation Effects in Electronic Mate-
rials. New York: John Wiley and Sons, 1980, vol. 1, pp. 316–320.

[127] N. van Dong, “Determination of the mean size of disordered regions in-
duced in germanium by fast-neutron bombardment at low temperatures,”
J. Appl. Phys., vol. 36, no. 11, pp. 3450–3452, 1965.

[128] M. Bertolotti, “Experimental observations of damage clusters in semi-
conductors,” inProc. Santa Fe Conf. Radiation Effects in Semiconduc-
tors 1967, F. L. Vook, Ed., New York, 1968, pp. 311–329.

[129] J. Narayan, Private Communication.
[130] C. J. Dale, P. W. Marshall, E. A. Burke, G. P. Summers, and E. A.

Wolicki, “High energy electron induced displacement damage in sil-
icon,” IEEE Trans. Nucl. Sci., vol. 35, pp. 1208–1214, Dec. 1988.

[131] R. L. Pease, E. W. Enlow, G. L. Dinger, and P. W. Marshall, “Comparison
of neutron and proton carrier removal rates,”IEEE Trans. Nucl. Sci., vol.
34, pp. 1140–1146, Dec. 1987.

[132] P. W. Marshall, C. J. Dale, G. P. Summers, E. A. Burke, and E. A.
Wolicki, “Proton, neutron and electron-induced displacement damage
in germanium,”IEEE Trans. Nucl. Sci., vol. 36, pp. 1882–1888, Dec.
1989.

[133] G. C. Messenger and M. S. Ash,The Effect of Radiation on Electronic
Systems. New York: Van Nostrand Reinhold, 1986.

[134] R. J. Walters, S. R. Messenger, G. P. Summers, E. A. Burke, and C. J.
Keavney, “Space radiation effects in InP solar cells,”IEEE Trans. Nucl.
Sci., vol. 38, pp. 1153–1158, Dec. 1991.

[135] P. W. Marshall, C. J. Dale, and E. A. Burke, “Space radiation effects on
optoelectronic materials and components for a 1300 nm fiber optic data
bus,” IEEE Trans. Nucl. Sci., vol. 39, pp. 1982–1989, Dec. 1992.

[136] H. Ohyama, J. Vanhellemont, Y. Takami, K. Hayama, T. Kudo, H.
Sunaga, I. Hironaka, Y. Uwatoko, J. Poortmans, and M. Caymax,
“Degradation and recovery of proton irradiated SiGe devices,”
IEEE Trans. Nucl. Sci., vol. 43, pp. 3089–3096, Dec. 1996.

[137] S. R. Messenger, R. J. Walter, M. A. Xapsos, G. P. Summers, and E. A.
Burke, “Carrier removal in p-type InP,”IEEE Trans. Nucl. Sci., vol. 45,
pp. 2857–2860, Dec. 1998.

[138] I. M. Torrens and M. T. Robinson, “Computer simulation of atomic dis-
placement cascades in solids,” inInteratomic Potentials and Simula-
tion of Lattice Defects, P. C. Gehlen, J. R. Beeler Jr.., and R. I. Jaffee,
Eds. New York: Plenum, 1972, pp. 423–438.

[139] R. M. More and J. A. Spitznagel, “Primary recoil spectra and subcascade
effects in ion bombardment experiments,”Radiation Effects, vol. 60, pp.
27–33, 1982.

[140] S. Wood, N. J. Doyle, J. A. Spitznagel, W. J. Choyke, R. M. More, J. N.
McGruer, and R. B. Irwin, “Simulation of radiation damage in solids,”
IEEE Trans. Nucl. Sci., vol. 28, pp. 4107–4122, Dec. 1981.

[141] G. P. Mueller and C. S. Guenzer, “Simulation of cascade damage in sil-
icon,” IEEE Trans. Nucl. Sci., vol. 27, pp. 1474–1477, Dec. 1980.

[142] G. P. Mueller, N. D. Wilsey, and M. Rosen, “The structure of dis-
placement cascades in silicon,”IEEE Trans. Nucl. Sci., vol. 29, pp.
1293–1297, Dec. 1982.

[143] B. C. Larsen, R. T. Young, and J. Narayan, “Defect annealing studies
in neutron transmutation doped Si,” inNeutron Transmutation Doping
in Semiconductors, J. M. Meese, Ed. New York: Plenum, 1978, pp.
781–290.

[144] J. Narayan and J. Fletcher, “Radiation damage and its annealing in
semiconductors,” inDefects in Semiconductors, J. Narayan and P. Tan,
Eds. London, North Holland, 1981, pp. 191–207.

[145] J. W. Walker and C. T. Sah, “Properties of 1.0 MeV electron-irradiated
defect centers in silicon,”Phys. Rev. B, vol. 7, no. 10, pp. 4587–4605,
1973.

[146] L. C. Kimerling, P. Blood, and W. M. Gibson, “Defect states in proton-
bombarded silicon atT < 300 K,” in Int. Conf. Defects and Radiation
Effects in Semiconductors, 1979, pp. 273–280.

[147] A. D. Holland, “Annealing of proton-induced displacement damage in
CCD’s for space use,” inInst. Phys. Conf. Ser., vol. 121, Sept. 1991, pp.
33–40.

[148] J. M. Roldan, G. Niu, W. E. Ansley, J. D. Cressler, S. D. Clark, and D.
C. Ahlgren, “An investigation of the spatial location of proton-induced
traps in SiGe HBT’s,”IEEE Trans. Nucl. Sci., vol. 45, pp. 2424–2429,
Dec. 1998.

[149] C. E. Barnes and J. J. Wiczer, “Radiation Effects in Optoelectronic De-
vices,” Sandia Nat. Lab., Sandia Rep. SAND-0771, 1984.

[150] F. H. Eisen, K. Bachem, E. Klausman, K. Koehler, and R. Haddad, “Ion
irradiation damage in n-type GaAs in comparison with its electron irra-
diation damage,”J. Appl. Phys., vol. 72, no. 12, pp. 5593–5601, 1992.

[151] H. T. Minden, “Effects of proton bombardment on the properties
of GaAs laser diodes,”J. Appl. Phys., vol. 47, no. 3, pp. 1090–1094,
1976.

[152] P. J. McNulty, G. E. Farrell, and W. P. Tucker, “Proton induced nuclear
reactions in silicon,”IEEE Trans. Nucl. Sci., vol. 28, pp. 4007–4012,
Dec. 1981.

[153] P. J. McNulty, W. G. Abdel-Kader, and G. E. Farrell, “Proton induced
spallation reactions,”Radiation Phys. Chem., vol. 43, no. 1/2, pp.
139–149, 1994.

[154] J. F. Zeigler, J. P. Biersack, and U. Littmark,The Stopping and Range of
Ions in Solids. New York: Pergamon, 1984.

[155] C. J. Dale, L. Chen, P. J. McNulty, P. W. Marshall, and E. A. Burke,
“A comparison of Monte Carlo and analytic treatments of displace-
ment damage in microvolumes,”IEEE Trans. Nucl. Sci., vol. 41, pp.
1974–1983, Dec. 1994.

[156] S. R. Messenger, E. A. Burke, G. P. Summers, M. A. Xapsos, R. J. Wal-
ters, E. M. Jackson, and B. D. Weaver, “Nonionizing energy loss (NIEL)
for heavy ions,”IEEE Trans. Nucl. Sci., vol. 46, pp. 1595–1602, Dec.
1999.

[157] S. R. Messenger, R. J. Walters, E. A. Burke, G. P. Summers, and M. A.
Xapsos, “NIEL and damage correlations for high-energy protons in gal-
lium arsenide devices,”IEEE Trans. Nucl. Sci., vol. 48, pp. 2121–2126,
Dec. 2001.

[158] I. Jun, M. Xapsos, S. Messenger, E. Burke, R. Walters, G. Summers,
and T. Jordan, “Proton nonionizing energy loss (NIEL) for device ap-
plications,” presented at the IEEE Nuclear and Space Radiation Effects
Conf., Monterey, CA, July 2003.

[159] P. Truscott, F. Lei, C. Dyer, C. Ferguson, R. Gurriaran, P. Nieminen,
E. Daly, J. Apostolakis, S. Giani, M. G. Pia, L. Urban, and M. Maire,
“Geant4—A new monte carlo toolkit for simulating space radiation
shielding and effects,” in2000 IEEE Radiation Effects Data Workshop,
Reno, Nevada, July 2000, pp. 147–152.

[160] G. P. Summers, E. A. Burke, P. Shapiro, S. R. Messenger, and R. J.
Walters, “Damage correlations in semiconductors exposed to gamma,
electron and proton radiations,”IEEE Trans. Nucl. Sci., vol. 40, pp.
1372–1379, Dec. 1993.

[161] A. L. Barry, A. J. Houdayer, P. F. Hinrichsen, W. G. Letourneau, and J.
Vincent, “The energy dependence of lifetime damage constants in GaAs
LED’s for 1–500 MeV protons,”IEEE Trans. Nucl. Sci., vol. 42, pp.
2104–2107, 1995.

[162] R. A. Reed, P. W. Marshall, C. J. Marshall, R. L. Ladbury, H. S. Kim, L.
X. Nguyen, J. L. Barth, and K. L. LaBel, “Energy dependence of proton
damage in AlGaAs light-emitting diodes,”IEEE Trans. Nucl. Sci., vol.
47, pp. 2492–2499, Dec. 2000.

[163] P. F. Hinrichsen, A. J. Houdayer, A. L. Barry, and J. Vincent, “Proton
induced damage in SiC light emitting diodes,”IEEE Trans. Nucl. Sci.,
vol. 45, pp. 2808–2812, Dec. 1998.

[164] Y. F. Zhao, A. R. Patwary, R. D. Schrimpf, M. A. Neifeld, and K. F.
Galloway, “200 MeV proton damage effects on multi-quantum well laser
diodes,”IEEE Trans. Nucl. Sci., vol. 44, pp. 1898–1905, Dec. 1997.

[165] C. J. Dale and P. W. Marshall, “Displacement damage in silicon imagers
for space applications,”Proc. SPIE, pp. 70–86, 1991.

[166] T. F. Luera, J. G. Kelly, H. J. Stein, M. S. Lazo, C. E. Lee, and L. R.
Dawson, “Neutron damage equivalence for silicon, silicon dioxide, and
gallium arsenide,”IEEE Trans. Nucl. Sci., vol. 34, pp. 1557–1563, Dec.
1987.

[167] P. J. Griffin, J. G. Kelly, T. F. Luera, A. L. Barry, and M. S. Lazo, “Neu-
tron damage equivalence in GaAs,”IEEE Trans. Nucl. Sci., vol. 38, pp.
1216–1224, Dec. 1991.

[168] R. J. Walters, S. R. Messenger, G. P. Summers, E. A. Burke, S. M.
Khanna, D. Estan, L. S. Erhardt, H. C. Liu, M. Gao, M. Buchanan, A. J.
SpringThorpe, A. Houdayer, and C. Carlone, “Correlation of proton ra-
diation damage in InGaAs-GaAs quantum-well light-emitting diodes,”
IEEE Trans. Nucl. Sci., vol. 48, pp. 1773–1777, Dec. 2001.



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

[169] B. E. Anspaugh, “Proton and electron damage coefficients for GaAs/Ge
solar cells,” inProc. 22nd IEEE Photovoltaic Specialists Conf., 1992,
pp. 1593–1598.

[170] M. Yamaguchi, C. Uemura, and A. Yamamoto, “Radiation damage
in InP single crystals and solar cells,”J. Appl. Phys., vol. 55, pp.
1429–1436, 1984.

[171] R. S. Averbach, R. Benedek, and K. L. Merkle, “Ion-irradiation studies
of the damage function of copper and silver,”Phys. Rev, vol. B18, pp.
4156–4171, 1978.

[172] H. L. Heinisch, “Defect production in simulated cascades: Cascade
quenching and short term annealing,”J. Nucl. Mater., vol. 117, pp.
46–54, 1983.

[173] S. Kuboyama, H. Shindou, T. Hirao, and S. Matsuda, “Consistency of
bulk damage factor and NIEL for electrons, protons, and heavy ions in
Si CCD’s,” IEEE Trans. Nucl. Sci., vol. 49, pp. 2684–2689, Dec. 2002.

[174] J. R. Srour and D. H. Lo, “Universal damage factor for radiation-in-
duced dark current in silicon devices,”IEEE Trans. Nucl. Sci., vol. 48,
pp. 2451–2459, Dec. 2000.

[175] For further information on the CERN-RD48 collaboration, known as
ROSE (Research and Development on Silicon for Future Experiments):.
[Online]. Available: http://rd48.web.cern.ch/rd48

[176] G. Lindstromet al., “Radiation hard silicon detectors—Developments
by the RD48 (ROSE) collaboration,”Nucl. Instrum. Methods Phys. Res.
A, vol. 466, no. 2, pp. 308–326, July 2001.

[177] E. Fretwurst, G. Lindstroem, I. Pintilie, and J. Stahl, “Radiation
damage in silicon detectors caused by hadronic and electromagnetic
irradiation,”, DESY 02-199, physics/0 211 118, 2002.

[178] For further information on the CERN-RD50 collaboration:. [Online].
Available: http://rd50.web.cern.ch/rd50


	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


