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ABSTRACT

A survey is presented of the important damage-
producing interactions in semiconduccor detectors and
estimates of defect cumbers are made for MeV protoas,
neutrons and electrons. Damage effects of fast neu-
trons in germanium gamma ray spectromaters are given
in some detail. General effects in silicon detectors
are discussed and damsge conatants and their relation-
ship to leakage current is introduced.

INTRODUCTION

It is difficulc in a short article to deal compre-
heasively with radiation damage in semiconductor detec-
rors. A considerable number of specific, largely
empirical studies have betn reported on several detec-
tor types and radiacions. The iacerpretation of
these results must be based on a familiarity with the
mature field of radiacion effects in semiconductors.

In addition, a large body of literatura’ represents the
experience of a variety of semiconductor devices in the
several radiacion fiwlds of intersst ("radiacion ef-
fects™). The science common to these many facets of
radiation effects is the interactions of radiatica with
matter, specifically silicon and germanium.

Descripcions of the interactions and energy loas
mechanisms are found in early texts °“:* and are seldoem
reviewed fa current articles. It may therefore be
ingstructive to briafly review some concepts of immor-
tant interactions in order to better appreciace the
coxparison of the effects of several different radia-
tions.

0f cthe radiation fields one might consider, rang-
ing in specific ionization, or energy loss, from pho-
tons to fission fragments, the most common, damaging
radiacions night be considered to be heavy,
swift charged particlas such as protons and alpha
particles in the MeV range and fast neutrons. To be
sure, damage problems arise for mors acd leas heavily
ionizing radilationr, but not with the frequency of
these often entountered fluences. Heavy charged par-
ticles are often a primary source and fast neutrons are
a common background. The effects of slower heavy ions
at the low energies and high fluences pertinent to fon
izplantacion constitute an entirely saparate area of
radiation damage which iz not pertinent to detector
damage. Some mention will be made about tha inter-
action and effects of fast electrons which ara aften
encountered but seldom seriously affect radiacion
detectors., Electrons are useful, howsver, to iatroduce

"light" demage (individual isolaced defects) ia damage
studies.

Radiation damsge refers to the effect of a radia-
tion which produces actomic displacemsncs in the crystal
lactice. An {solated, "Freankel defect" consists of a
displaced atom, nowv an interstitisl, and its vacancy.
Further, a vide speccrum of relatively stable defect
structures such as vacaacy-impurity pairs, vscancy-
vacancy pairs, interstitial-impurity actom pairs and
mulriple vacancy "clusters™ are kaown which produce
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anomalous eleccronic states characterized by specific
levels in the band gap. The changes in the electronic
properties of the semiconductor are interpreted by the
defect levels in the lLund gap which are often deep
levels with behavior unlike the more common shallow
dopant levels which are mostly ionized (active) and
contribute to either the proparties of a juncrion on
the degree of compensarion of the device. Deep defect
levels behave as carriar traps, which can reduce the
charge collection efficiency (energy resolution), the
carrier mobility or can change the majority carrier
concentration and affect the apparenr material resis-
tivity. Certainly the great variety of defect struc-
tures will produce a wide range of electronic defect
levels with a wide range of effects on the device.
Because of the extreme variety of irradiation fluences,
energies and effective annealing conditions, the par-
ticular defect levels in band gaps (which are often
still controversial) will not be discussed.

INTERACTIONS

The simplest parameters to be considered in a
collision between an incident particle of mass M] and
energy Eq with a lightly bound atom of mass My is the
maximum energy Ty that can be transferred kinematically.
In this case, the incident partirle is "back scattered"
{n the direction from which it ca :

P
1
Ty Rk o -

If Hl is a gwift electroa, M, = m << M

1 -2

m
T, 2

2

and {f relacivistic (Eo > mcz):
2(E +2nc )
——7— E

Listed below are several maximum energy transfers for
1 MeV particles:

incident Parzicle, M; T_m(Hz-zs 1) I,(M,72,Ge)
(kav) {(%eV?
electrons 0.155 0.121
‘protons
utrons 133 3
16 (oxygen) 926 694

A radiation effect would be expected to have some
proportionalizy to the aumber of defects produced per
laocident parcicle. 1In a single intaraction in which an
enexgy T is cransferred, the aumbur of defects y wmight
be estimated as

-
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where E4 is an average displacement energy per defect.
Eq lies in the range of 15 to 45 eV i3 often taken as
25 eV (3-4 times a lattice binding energy) for semi-~
conductors.

The distributicn of energy transfers T from
Rutherford scattering, the e.astic collisions to be
expected from heavy charged particles is given by

d-=2¢ d'l:l'r2 where E; <I<T and

C is E;T a /('1' Ed)- (g, is a total cross section)

Non-relativistic electrons also undergo essentially
elastle, coulombic scattering with

do = c'dr/ '1‘2

but C' contalns a cross section, %y , which is ~H1c212
less rhan T42 above.

Elastic scattering of fast neutrons, if regarded
as isotropic in the center of mass system, tranafer
.energy uniformly

d- = C"dT where C" = cro"/'l:m-Ed

It is illustrative to coasider the average value
aof the energy transfer, T, to an atom of the lattice,
the "primary knock-on" (often referred to aa PKA) in
order to estimate the denaity of aubsequent dufects
which will result from the PKA:

?-llco_rml'dc .

Eq

Thus, we have

T (Rutherford, protons) = £ FATIE Y

T (Hard sphere-isotropic = T, /2 .
fast neutrons)

The average value of defects per PKA mighr then be
simply T/E4, except that sevaral other effects must be
considered. The first and most obvious ia thar fastc
neutron elastic scattaring is not isotropic, evsa for
energies as low as 2 MeV on light elemants such as
si.13,14 1nelastic eveats also play a role in the
collision process vhich reduca T by tha energy absorbed
within che nucieus; inelastic evants are batter approx-
imated by isotropic scattering, howevar. A comparison
of the snargies of primary racoils is made schematiczlly
in Fig. 1 for an incident particle energy of 1 MeV and
E4 ™ 25 eV. The vary large ensrgy transfer ian hard
sphere (fast neutron) scattaring is evideat and the
zitigating effects of forward-directed, non-isotropic
elastic and inelastic scatteringa are skecched in. The
relative cross sactions of coulombic, Rutherford scat-
teriecg to the hard sphere value as sketched are not
exact but suggests a hard-sphere cross section of 1
barn and a Rutherford cross sectioc for phatons on
silicon which is cut off for scattering angles of less
than ~ 4° which amounes to ~ 5 x 10°b, The electron
cross section samtacta at 2 valua Mjc“/2 less than the
heavy particle vslue.

A third raservation to a simple relationship of
aumber of defects to T and E4 lies in the fact that noc
all the energy given to a recoil or PKA will be used to
produce furcher defects; soma fraction will produce

ionization leaving the lattice undigsturbed. In fact
most of the energy of swift energetic particles goes
into ionization as we measure the full energy of i
charged particles ia semiconductor detectors linearly i
with very little "pulse height defect". RKiachin and !
Peasa’? thoroughly described the energy loss in cascade :
processes (interacticas proceeding from and iacluding

the PKA), by placing a firm upper limit (Eq) to the

energy for which auclear, displacement-producing

collisions could occur, above which all energy loss

was by ionization aad would not be included in defect
production. Additionally, they noted that the inte-

gration of defect production should start from 28B4 and

oot E4 because in the case of identical particles

energy transfers between Eq and 2E4 result in a free t
recoil and bound incident particle indistinguishable

from before the collision. Finally, Kinchin and Pease

showed that for hard-sphers elastic, isotropically-

distributed collisions, the total number of defects >
produced was exactly

I

S .
&y

which has strongly influenced the form of subsequent
calculatigns of V. In more receant calculations the
paramater T above is usually replaced by an effective
energy available to create defects.

The strict upper limit to energy loss by nuclear
collisions suggested by Kinchin and Pease has been
replaced by a variable factor derived from better
understanding of the partition of energy loss between
jonization and nuclear collisions developed in several
papers by Lindhard et al. 17,18 the nuclear (3) and
ionization ztopping (ﬁg powers have proven to be
separately calculablel? and the fractional energy loss
into each as a function of an effective energy param-
eter ¢ is shown in Pig. 2. These values represent the
case for identical particles (Si recoils in Si or Ge
recoils in Ge) and the recoil energies are given along
the lower axis. Thus the number of defects to be ex-
pected might result from

- E Y de
W) 7t _[ LD - B @D

where L(T) is the Lindhard-derived fraction of energy
available for nuclear collisions and the particular
differential cross sections for energy transfer be-
tween T and THdT really may be expanded to contain an
angular distribution and kinematic factor.

The number of defects as a function of fasc
neutron energy has been calculsted at 2, 5 and 16 Mey20
in germanium usiang optical model-based differential
cross sections for elastic scattering and calculated
isotropic inelastic cross sections. The details of
these calculations are found in the reference; the
results are reproduced "1 tables 1 and II belouw.

TABLE I
Neutron Total c.,~E =4 -E E
Energy Cross Section el D Loel D D
(MeV) (barns) (b-keV) (b-keV) (keV)
2 3.5 42.6 31.3 20.9
S 3.96 60.359 106.3 42.14
16 3.05 70.45 337.6 133.6
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TABLE I1

£ £ I/ R (& 3=

Eg E, T_,.ER viNg . ’s ) v /3
vev (kevy £ DefLi ey

n-cm

2 2009 417 66 29.5 222 1.88

s 42.1 843 146 61.3 190 2.16

16 133.6 2672 361  225.6 1160 2.30

*Ranges from Schiott?l

The energy available for defacts is shown for both
elastic and inelastic scattering in Table I which em-
phasizes the importance of inelastic scattering, herea-
tofore neglected, which iz moat probably isotropic.
Elastic scattering in this case iz decidedly not iso-
cropic with greatly reduced energy transfer.

Having given v for these sevaral Sast neutron
energies in Ge, Table II offers two possible interpre-
carions to a radiation effect which may cccur vhrough
eicher the fourth columnr, the number of defects per
neucron per cm, or the last column, which suggeuts the
linear defect density which {s little changed with
geutron energy.

The calculations can be simply made for 2 MeV
neucrons in silicon using the comparacively slighc
variation (compared with Ge) from isotropicity in cross
section found in Ref. 13. The scattering is primarily
elascic and one finds, neglecting inelastic events, a
damage energy of 33 keV resulting in 1320 defects.
Takiog an sverage recoil range of 1360 A at 120 kev.n
a defect depaity of ~ l/a is found, comparable to that
for Ge in Table II.

In order to make some comparison between radistion
types it is convenient to reproduce the calculations of
Bulgakov et al.22 carried out in a similar manner for
MeV protons in silicon. Figure 3 illustrates the cal-
culated number of defects per proton per cm as a
function of proton ranges for 6.3 MeV protons. Because
all protons are idencical when viewed from the end of
their range,<3 Ng is available for incideat proton
energies below this value ss drawn in by the vertical
flags. For 2 MsV protons sa integral of this curve
gives ~ 20 defects per 50 um of range considerably
fewer and of lesser denmsity cthan in the case of 2 Mev
neurrons in silicon or germanium.

For completeness, 2 MeV slectrons should also be
considered. The msximum enarg; transfer T, in silicon
is 155 eV, not much greater than Eq = 25 e¥. 1In fact,
Eq is often measured by a threshold effect in rome .
parameter as a function of incident electron energy’:l3
and the threshold ia often found to be ~ 600 kaV
sugzesting Eq = 25 eV. The average numbar of defects
from - = T/Eq for this value of Ty is thus aboutr 2,
still of the order of that for heavy charged particles
but gjven the range of 2 MeV 21¢c:ronn in S5 (~1
gm/cm®) one gets only S x 10°“ defects/um. It may be
useiul to summarize the defect densities for these
rsdiations of 2 MeV {in silicon:

Protons Neutrons Electrons
Range in Si 50 um l/e~8.5 cm 0.5 em
(or 0.12 incer-
actions/cm)
Defects/intez- 20 1320 2
action
Defects/ca- 4x103 150 4
particle/

This table is misleading, however, in that the
difference in incident particle ranges varies wvidely
over the size of common detector types. Proton damage
would affect a thin surface barrier detector of ~ 100 um
but would not be present at all through the active
volume of a several cm thick gamma ray detector which
could be uniformly irradiated by fast neutrons and much
less affected by electrons (if somehow they were co
penetrate the detector housing, ete.). Moreover, the
defect density per interaction region ~ the range of the
PRA or fncidenc particle is distinctly greatest for
neutrons as has been noted. The linear defect density
influences the microscopic type of ultimate, stable
defect structure that will become electrically active
in the device.

Further, we have listed a linear defect density
which better describes the effects of esch individual
interaction and actually inverts the apparent defect
densicy shown in the preceding table. Neutrons which
cause an energetic recoil havirg a very short range
produce @ dense “"cloud" of defrcts which might be ex-
pected to yield rather differenc electrical effects in
a detector.

It is well known that the vacancy - and to a
lesser extent, the interatitial ion - of a Frenkel pair
sre mobile st che temperatures of irradiation and use
of most semiconductor detectors. Some vacancy mobiliry
exists24 in germanium even at 77°K slthough a higher
mobility can be exoected ar temperatures elevated from
this value. It ic therefore not improbable that
vacancy “clusters” or larfie area disordered regions
have been postulated and obssrved for fast neutron
damage in semiconductors,?’ only modest aggicmeration
of vacancies is necessary at the defect densities de-
scribed above for fast nwutron effects for the produc-
tion of disordered regicns (and ultimatsly "voids"™)
having relatively large extent, hundreds of angstroms,
for which the physical cross section will lie in the
10-12 range. Figure 4 shows an electron micrograph
of a large disordered ragion in silicon with a diameter
of ~ 150 A.26 The elecstrical activity of disordered
reglions of diverse size and density will have a contin-
uous band gap level scructure. The lower defect densi-
ties produced by charged-particle irradiations are less
likely to produce clusters or agglomerations of vacan-
cies (alcthough smallor clusters are to be axpected for
higher energy tranafesrs of high energy heavy particles
or for short-ranged lower energy hesvy ioas) but will
yield sctrucrures baned on isolated single defects.

More stable strucrures that may ba meationcd are di-
vacancies and an array of vacaancy or interacitial im-
purity pairs. Specific defecr structures will be ex-
pected to produce i specific electrical effect, char-
acterized by a particular defect level in the band gap.

The irradiations which produce damage in semi-
conductor detectors occur at deteCtor temperatures
betwee- 77K and 100K which is a temperature range Over
which profound arnealing of initial defects 1’ known to
occur. For example, in germanium, Konoplevnz has
reported greatly reduced material conductivity after
annealing fast nsutron damage from 77 to 120K; pre-
suzably further agglomeration of vacsncies fully estab-
lishes snd sctivates defect clusters. Whan28,2% poces
the appearance 2f a specific single defect as the
annealing tempurature is raised above 200K indicating
the bresakup of clusters first into smaller clusters
and finally less stable {solated defects. Dafect
stabilities are well studied over a wide temperature
range in silizon. “Self-annealing" of various effeccts
may cherefore be expected from detectors, sspacially
from rocm tesperature ussga. The sctudy of defects
An semiconduccors is a large and dectailed field which
is difficult to encapsulace. The conference proceedings



referred in Ref. 6 are recommended and in particular a
review by Stein of damage in silicon.d

EFFECT OF DEFECTS ON SEMICONDUCTOR DETECTOR PERFORMANCE

Defect structures in a semiconductor act as charge
traps and are characterized by discrate levels ia the
band gap. The permanence of the trapping is described
by a level depth. The most direct effect of charge
trapping is the degradation of energy resolution through
loss of a certain fraction of the carriers of either
sign produced by radiation in the device. Trap species
can be such that aither electrons or holes are prefer-
entially trapped for periocds at least as long as the
pulae processiag time, which removes them from the ob-
gervcd signal. Trapping centers can also remove
majority carriers or compensate their ionized ievel
such that a significant change in material resistivicy
is observed.3l Although this effect is often quoted in
the semiconductor literature for higher fluences than
are generally encountered as backgrounds for semi-
conduccor detectors, the comparative purity of detector
materials keeps cthem at risk for this effect. A reduc-
tion of m;ori:y carrier mobility hau also been sug-
gested32,33 ag concributing to observed resiscivity
increages; hovever this effect is studied at somewhat
higher fluences thsn are of interest here.

Trapplag cencers effectively reduce the minority
carrier lifetime - the lifetime of the carriers created
by the radiation. Whereas the charge collection decre-
ment can also be described by a drift length (equal
to a deifc velocity times lifetime) the formulation of
damage in terms of lifetime i{s of interest primarily
through the description of leakage current,35 (uwith
apologies fur a fector of 2):

J = q ng x4/27 ,
which describes a current density caused by generation
of carriers across the bsnd gap through a mid-band
defect level. A3 will be mentioned, a common effect
in silicon particle detectors is an increase in bulk
leakage current which is described in device litera-
cure as a lifetime reductioa.

The degradation of energy resolution in a thick
semiconductor detector is moat easily presented if one
conglders the trapping of one carrier type - for
example, holes - by a concentraction of traps Ny having
a cross seccion o>p. In & planar devica, a varuble
charge loss iQ will occur depending on whether the
inreraction event was near the contact o which the
holes are attracted (little charge loas) or near the
contact from which the holez must traverse the encire
detector thickness, x4. A rectangular discribution of
collected charge will replace the single .ine spectrum
expected with limits betwesn the full energy and a full
charge loss Q. Thus the energy resolution degradacion

AEJE ~ MQ/Q = %

Ip Xy .
It iz easy to discinguish which - or if - single carrier
‘is being trapped by using a collimated beam of radiation
to place the interacrions nesr one contact or the other.
It i3 assumed that radiation deposits its entire energy
in one definite region, aa in a photoelectric event for
x or ) rays. If the energy is discributed throughout
the detector, suitable averaging of tha charge losa
must be made to estimate the resolution degradation.

1f £Q/Q 18 of the order of the resolution of the
detector or its electronic systsm resolucion, the
reccangular effect on energy resolution may be perceived
as the resolution "tail" of an imperfect detector.
Unfortunately, the degradation effect appears as a

product Ny . op within which a distinction between
trapping types and concentration cannot be made.
Specifically, vacancy clusters of large spatial extent
having ar ~ 1071l en? but few in number will have the
saze effect as a latge nucber of uingle defect traps
with op between 10-13 and 10-15 These extremes
represent the differences expec:ed from the several
radiations mentioned previously. The distribucion
betwean traps of esch disparate type may also change
drastically through purposeful annealing - simple
temperature cycles - or in-situ anaesliang at the
operating temperature, and may depend critically on the
temperature at which the irradiation occurred.

The remaining paremeter in the ghove equation, the
detector size, or width, x4, is also imporcaat in de-
fining its sensitivity to radiation damage. Sensitive
volumes constrained by a widech or deplecion depths vary
widely over the range of available detector types. It
is {llustrative to compare the 50 um depletion depths
of gilicon surface barrier detectora with the several
cm thickneases of Ge gamus ray spectrometers, Their
relative sensitivities to charge loss by radiation-
induced ctraps are directly concained in the discance
over which charge must be collected. The effect of
high energy protons on thick Ge(HP) detectors observed
by Pehl136 {llustrates this point.

Other damage effects will be discussed relative to
the particular detector types to be reviewed.

FAST NEUTRON DAMAGE IN GERMANTUW GAMMA RAY DETECTORS

Ge(Li) and Ge(HP) gamma ray spectrometers are
often used in experimental environments having a sub~
stancial background of fast neutrons which ultimately
cause sufficient damage thet requires the detector to
be replaced. These affects have been studied empiri-
cally for mny years, dating nearly to the first intro-
duction of germanium detectors.l-3 This section will
summarize a recent review arcicle devoted principally
to damage in germanium detectors.20

Aspects of the irradiation peculiar co germanium
are the facts that irradiation is carried out at 77K
where some decreased mobility of vacancies exists and
fro= which temperature cycling is possible but not
expected. Germaaium gamma ray spectrometers are large,
thick ~ 1 em devices (moatly coaxial structures) which
suggests that charge trapping and energy resolution
degradation will be a dominant problem. Effects thac
have been observed are:

1. Resolution degradation occurs for large, ~ 1 c¢m
thick devices (coaxial or_planar) at flueaces
between 10% snd 1010 n/cx2,

2. Hole crapping predominaces.

3. The scep-wise temperature cyclirg of an irradiaced
detector is shown in Fig. 4, which have the
following distinct features:

a. Following 1010 ﬂ/t:m2 1.4 Mev fas~ neutrons,

the 50Co gamma ray energy is degraded to 3.0 kev
(from 1 to 2).

b. Two cycles of device temperature to 200K, dry ice,
drastically worsen the resolution to 80 keV FWHM
with a distinct one carrier trapping spectrum (3,4).
This annesl cycle has been observed by Konoplava2?
and may represent the (further) agglomeration of
mulziple and single defects into cluaters with
distinctly grester hole trapping cross sections.
Temperature cycliag of any high purity detector
suspected of neutron exposurs should be defi-
nitely avoided.
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c. Room temperature anneals (6,7) restore some

measure of carrier collection efficiancy wich
perhaps single cartier trapping being less
evident.

4. Extended anneals to only 100K (9,10) largely
restore previous device performance. Initial
performance is realized after S 140K anneals for
periods of several hcurs.

Figure 6 shows the effect at several fluences of
5.5 MeV fast neutrons on the capacity of a planar
high purity germanium detector. The effect of
carrier removal in the base material raises the
resistivity and effectively "unshorts" the unde-
pleted base region capacity. The geometrical
capacity, Co, is the series capacity of Cp and C4.

6gure 7 plots the observed FWHM of the 1.33 MeV
Co peak versus fast neutron fluence for planar
Ge(HP) detectors exposed to l.4, 5.5 and 16 MeV
neutrons. If a 4E ~ X of 3 keV is suggested as a
measure of the onset of severe trapping, we find
roughly a factor of 4 between the fluence required
to produce the same effect (Np) between 1.4 and
16 MeV fast neutrons. This factor bears loose
agreement with the fourth column of Table 1I,
Defects/neutron-cm.

Some varviability in the fluence required for similar
resolution degradation which had been observed and
attributed to a material effect has been largely
explained by Hubbard and Hallerd? who assert the
requirement for strict intercomparison of only the
detector resoluctinon (excluding rhe system) at
identical appiied field srrengths.

No basic differences in fast neutron damage suscep-
tability have been observed between Ge(Li) and
Ce(HP) devices. Altkough Ge(Li) coaxial detectors
were observed to suifer en?rgy resolucion degrada-
tion at fluences in the 10/ to 108 range in an
early study,” this susceptability may be attributed
to the relatively lower fields used in early detec-
tors. Field strengths in coaxiasl structures are
now comparable to planar devices and_ccaxial detec-
zors do sustain fluences into the 10°/em” range.

Somewhat in contradiczion to the preceding state~

ment, charge coilection in coaxial geometry does suf-

fer from an inherently low field anear the large area
outer contact. The field in a p+-1-n+ coaxial
structere (Ge(L{), e.g.) varies az l/r, which is
least near the puter periphery. 1In the usual
electrode configurazion of Ga(Li) and p-typa Ge(HP)
detectors, the ocuter peripheral contact is nt,
biased positively. This forces holes that most
likely originate near the periphery of che cylinder
(where moat of the volume occurs) to mske a longer
travarsal of the detector msterial than electrons
and also requires chat the holes start, and are
accelerated, in a region of lowest electric field.
Morecver, the outer field strength in a p-type base
material Ge(HP) detector depleting from the inner
coaxial electrode is even less than that of a
p-i~n srructure as depletion moves from the inmer

con:act to rhe outer and couples the linearly de-
creasing field of a junction detector with the 1/r
field effect of a coaxial geometry. Most of the
volume of a nt-p-p* (inner to outer) Ge(HP) detec-
tor can have exceedingly low fields in wnich holes
will spend much of their journey to the inner elec-
trode at velocities below saturation velocity and
are thus more subject to trapping. Pehl et sl. 38,2
reulized that this configuration is the least radia-
tion "hard" and sugzgested turning the eiecrrode

configuration around so that holes are collected
in the nearby peripheral contact. Further, i{f o
type high purity germaaium is used, the ianer to
outer structure ig nt-n-p* and depletion proceeds
from the outer to the inmer contact with the high
linear field at the depleting contas: -nposing or
complementing the 1l/r reduction of the :oaxisl
geometry,

Two clogsed-end coaxial detectors were fabricated
from different portions of the same high purity
ingot at positions where the material was respec-
tively p-type and n-type. Radiation susceptability
could therefore by directly compared between dif-
ferent material types without extraneous (or irrel-
event) factors of having different starting mate-
rials. Irradiations up to 101l n/cm? were per-
formed with a PuBa neutron source having a central
energy of 5 MeV and the energy resolution was
obgserved as the irradiation proceeded; the results
are shown in Fig. 8. It can be seen that the
a~type coaxial detector retained usable detector
performance up to a fluence ~ 30 times that at
which the p-type detector was retired. This effect
was expected and has provided powerful motivation
for the commercial preference for n-type high
purity coaxial detectors.

The two detectors described above proved to be much
more interesting than originally expected. Months
after irradiation, having been kept continually

at BOK, bias was reapplied and a transient phenom-
enon in energy resolution™' was observed in each
detector as shown in Fig. 9. These transients were
interpreted in terms of trap-filling and detrapping
according to the following scenario: The p-type
coaxial detector when unbiased provides sufficient
majoricy carriers (holes) to fill the hole traps.
Thus when bissed initially it yields reasonably
good energy resolution which degrades with time as
hole dezrapping in the depleted material occurs and
the hole traps reactivate. On the other hand, the
unbiased n-type detector provides no holes to neu-
cralize the traps which, as they detrap, remain
unfilled and active negatively charged). Thus,
when bias is appliea the energy resolution is at
ics worst, as observad following neutron irradia-
tion. The ionization of test sources serves, how-
ever, to fill the traps and the resolution improves
at a rate that can be influenced by the extarnsl
source strength. Darken, et al.®' interpreted

the n-type resolution transient in terms of hole
trapping by dafect c¢lusters but could best describe
the p-~type transient by the detrapping of isolated,
single defects. Both types of defects could, of
course, occur in an unannealed system; however it
is somewhat unsatisfying not to have a unified
description. In a second paper in which capacitive
cransients were observed and were interpreted by
the type and resistivity changes to be expected
from aciive or neutralized hole traps, Darken,

et al.% escimate a “T or product of 4 x 1072 cm”!
coge:her with §T = 1.7 x 10%/cm?. Thus or must be
2.5 x 1011 co® which is far too large to represent

an isolated defect but is a cross section expected
for a defect cluster. The Np cp product also
accounts for the resolution degradation observed.
The detrapping characteristics of the defect, which
would be requirad to explain the p-type resolution
transient, are however not described.

RADIATION DAMAGE IN SILICON DETECTORS

Radiation damage in silicon detectors was

studied almoat concurrently wich their introduction
in the early 1960's.%3,44

With the single important



exception of Si(Li) x-ray spectrometers which are geldom
aubjected to hazardous backgrounds, silicon detectors
are moat uged for charged particle detection snd their
degradation may be due to either the primary source or
its contaminants, Deernely 5 lisced the following
ngllowable”" fluences of particles of intercst for junc-
tion detectors:

Particle Energy Fluence
a's 5-50 Mev  10'0/ca?
protons 5=-10 MeV l.t')u'/t:m2
electrons 2-5 Mev 10131014/ cn?
fast neutrons 1012-1013/cm2

Tolerable fluences for Li-drifted datectors were sug-
gested ta be on: to_two orders of magnitude lesa.
Coleman, et al. 6,47 o.served incressed leskage currents
as a primacy effect in both junction and drifted decec-
tors at fluences about an order of magnitude greater
than those above. Thia discrepaancy may be explained by
the fact that devices in the latter study were thinner
and operated at higher biases., ‘“double peaking" in
charged psrticle spectra was often reported after damage
in devices with increased leakage current, which could
have been due in part to greacly reduced collecting
fields. The effect of carrier trapping on energy reso-
lution i9 not a prime result of Tadiation damsge (com-
pared tc germsnium detectors) because of relatively
smaller detector dimsensions.

Important radiation damage effects are summarized
below:

1. Increased leskage currents in both jurction and
drifted detectors at proton fluences of ~ 1011l to
1012/ca2,

2. Change of base material resistivity due to msjority
carrier removal-?:“? ac fluences somewhat above
this value.

3. "Self annealing" of some defect structures as irra-
diation is usually carried out at room temperatura.
Alchough defect clusters are sxpected and observed
in silicon as in germanjum for fast neutron bom-
bardment*d soms modifications may occur with time
after irradisation. Smaller, single defect-type
structures such as divacancies have been fouad to
be stable to zanealing “emperstures above 250°C.
For the case of faat neutron bombardment in silicon
at high fluzes, vast experience of ion implantation
is available. Resolution "cransients' gimilar to
those described for germanium hava heen men-
tioned.

In addition to the ion implanctacion literature
which is relevant, the field of radiacion effects in
semiconductor devices offers considersble experience
to the detector community. The carrier lifetime
associated with the "generation-regeneration" leakage
current has bean found co decrease linearly with
fluence 0:

/7= 1/1'0 +k,

vhere k is & damage constant to be associated with a
particular radiacion and effact. The effect of deep
level introduction will reduce carrier lifetime and
cause an increase in leakage current densicy AJ

according to the relationship

M-qnixdkTD/Z

where q is the charge of the electron, 84 the intrin-
sic carrier concentration (1.2 x 1019/cmd in $1 at
300K) and xg the deplecion depth, governing active
volume. The damage constant ky will be uaed as de-
fined;30 it is soratimes cited ss an inverse.

Van Lint50 has summarized the damage constant for
radiations listed below and several measuremsnts of
Srour52 are included; this summary is represented as
Table III.

TABLE 11I
Radiation Damage Conscant Referance
ke (t:mz/uc) Silicon
a-type p-type
Fission neutrons 0.5 x 107> 2.5 x 1078 srourSl
1 MeV neutrons 1x 103 2.5 x 1078 van Line30
14 MeV neutrons 2 x 10~6 0.7 x 1078 Ssrour3!
20 HeV protons 2-10 x 10°5 1.3 x 10-5 van Linc?
3 MeV electrons 2-10 x 1078 3 x 1079 van Linc30
Gev mons L4 x107 - etjne®
Min. Ionizing 3.5x 108 - Menzione*

protons

Thase values are taken for the lowest current
injection levals and highast material rasistivicy
quoted to provide the best snslogy to semiconductor
detectors. Consideration of the effects of macerial
impurities and growth types was taken by Van Lint.30
That the damsge constant differs for n and p-cype
material is a further reminder of the details of the
apecific deep levels in the band gap that are involved
in the "gen-regen” currenc and that the defects them-
selves are type dependent. The somewhat lower values
of k for 14 MeV neutrons compared with 1 MeV neutrons
differs from the cslculated number of defects in Ge
(Table 1I) and that expectad in Ge; however this dif-
ference might be explained by differences in fastc
nsutron interaction cross sections, e.g. a decreased
inelastic contribution in S1i at 14 MeV.

A line separates the device-derived damage coef-
ficients from two other ingluaions from recent reports
of damage in silicon by high energy particles. Boch
Heijne and Menzione have reported leakage current in-
creases in n~-type surface barrier silicon strip detec-
tors exposed to GeV muons and protons respectively.
Although errors are not quoted, large errors should b2
assigned to these results whea suggesting intercompar-
isons due to the secondsry nature of cheir derivacion.
However, from-the leakage current incresses observed,
values of k are derived vhich are more comparable to
the 3 MeV electron values than the more highly ionizing
heavy particle values as is to be expected.

A short study with high ensrgy particle exposure
has been reported?3 which resulted in two scandard
transmission-mounted surface barrier detectors being
subjected t= ~ 1014 fasc neutrons/ca?. Greacly in-
cressed leakage currents were observed vhich can be



reasonably explained using the above formulation with a
representative damage constant. A change in material
type from n to p was alao observed and could have been
expexted. Further recent interest’® in the damage
effects from high energy particles has been stimulated
by the discovery of cosmic ray-induced errors in semi-
conductor memories and devices. Examination of this
lirerature and data>d will add to the undersctanding and
estimaction of lifetimes for silicon detectors in high
energy physics environments.
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Fig. 1.

Fig. 2.

Fig. <.

Fig. 6.

Figure Captions

A comparison of the relative energies of pri-
mary recoil atoms for incident 1 MeV electrons,
protons and neutrons illustrating the differ-
ences in primary iateractions. The effects of
inelastic scattering and non-isotropic, for-
ward-directed elastic scattering in the case
of hard-sphere (neutron) scattaring is sketch-
ed. Relative cross sections are suggested.
The average energy of a primsary recoil, T,

is shown. E,4 is the average energy required
per Jdisplacemant.

The fractional energy loss of the recoil ions
of interest which is partitioned between ion-
izing collisions ( /E) and puclear, displace-
ment-producing collisions (u/E) derived from
Lindhardl? and reproduced £rom Chasman.

The fractional energy losses are plotted as a
function of the dimensionless energy paramater,
€, of Lindhard with recoil energias for both
Si in Si and Ge in Ge added.

The linear defect production for 6.3 MeV pro-
tons in silicoa calculated by Bulgakov?Z as

a function of proton range., The starting
points for portoas of several lesser eanergies
are also shown.

Electron micrograph of disordered regions in
n-type germanium caused by fast neutrons.

The effect of 1.4 MeV neutron irradiation cn a
planar Ge(HP) detector and subsequent thermal
annealing stages.® The 1.33 MeV y-ray peak
from 50Co is used as a represencative response;
only the shape and width of the 1.33 MeV peak
is of importance, the channel position is
ralarive. The features of curves 1-10 are
described:

1) preirradiation

2

2) immediately following 1010 n/cx

3) 50 keV FWHM

following one temperature cycle
of ~ 35 hr.

at 200K

4) 80 keV WHM following a second 200K cycle
of 15 hr.

6) 40 kev FWHM after 14 hr. at 300K
7) 23 eV TWHM after 78 hr. az 300K
9) 4.2 kaV FWHM after 4 hr. at 100C
10) 2.1 keV WHM after 106 hr. at 100C

The effsc: of_5.5 MeV neutrons at 1 and

2 x 101 n/c::2 on the capacitaace of a planar

Ge(HP) detector.”

Fiz. 7.

Fig. 8.

Fig. 9.

The degradation of energy resolution as a
function of fast neutron fluenze on planar
Ge(HP) detectors for nzu:ran energies of
1.4, 5.5 and 16.4 MeV,

The difference in fast neutron radiation hard-
ness between n and p-type coaxial detectors
with different electrode geometries, Datec-
tors reported are from the same ingot which
exhibitad both rn and p-type conductivity in
separate regions.40

Energy resolution transients in the n and
p-type coaxial detec:orz that were irradiated
with € 1010 fast njem2, 1 The energy resolu-
tion of the 1,33 MeV 6°Co Y-ray is observed
as a function of time following application
of hias.
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Fig. 1. General aspeet of damuge regions in I
neutron-ireadiated n-type germanium
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