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Grazing incidence diffuse x-ray scattering investigation of the properties of irradiation-induced
point defects in silicon
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Point-defect properties in ion-irradiated Si were investigated usirgtu grazing incidence diffuse x-ray
scattering. Bombardment with 4.5-keV He at 100 K and 3-MeV electrons at 6 K led to the production of
Frenkel pairs. These defects are characterized by close-pair configurations and by relaxation volumes of
vacancies and interstitials that have nearly the same magnitude, but opposite sign. Thermally activated motion
of interstitial atoms occurs above150 K, while that for vacancies occurs abowd 75 K. The motion of
interstitials below 150 K during electron irradiation is shown to be induced by electronic excitation, and it is
negligible for ion irradiations. Similar results were observed for irradiation with 20-keV Ga and 1.0-MeV Ar,
although the defects were already clustered upon bombardment at 100 K. Correlation distances between
vacancies and interstitials in cascades are obtained.
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[. INTRODUCTION are mobile during MeV electron irradiation at very low tem-
peraturesT<10K.! The introduction rate of these mobile
The properties of implantation-induced defects play a funinterstitial atoms, however, is only 0.03 cifor p-type Si
damental role in the processing of submicron Si-based deand much lower fom-type Si. This contrasts dramatically
vices, and indeed much effort has been directed on this sulwith other work>® which demonstrated that the total intro-
ject over the past 30 yeats® Most recently, attention has duction rate of stable defects is1 cm . This larger rate
focused on the interstitial Si atom and interstitial clusterscorresponds to a reasonable threshold energy of 20—40 eV
owing in large part to the problems of transient enhancedor defect production. Our ion irradiations yield correspond-
diffusion® Despite this enormous past effort, the detailedingly high defect production rates. Hence the fate and the
structure and atomic mobilities of point defects in Si, par-mobility of the majority of defects remain uncertain. Central
ticularly those of the single self-interstitial atom, remain con-to answering these questions is whether the interstitial atoms
troversial, and rationalizing the results derived from low-migrate freely by thermal activation at low temperatures or if
temperature irradiation experiments with  diffusion their motion is stimulated by the extensive electron excita-
measurements at high temperatures has been a difficuibn associated with MeV electron irradiations. Several past
task™’ For example, the activation enthalpies of vacanciesstudies have examined the influence of electron excitation on
vary by factors of 5-10 when deduced from irradiation ver-stimulated defect motion, see, e.g., Palthdrang and
sus diffusion experiments. For interstitials a similar discrepKimerling,}° and Bourgoin and Corbett.There is an indica-
ancy might exist; however, this discrepancy is often not contion of the athermal motion of vacancies; however, the cross
sidered in the discussion of diffusion daw@ue to possible section for this process is small so that many isolated vacan-
contributions of athermal migration during irradiation. Most cies survive irradiation and can be detected by EPRe
information about the properties of intrinsic defects in Si,question of low-temperature interstitial migration in Si is far
and other covalently bonded materials, has come from spedess certain, as no signal of the isolated interstitial has been
troscopic methods that probe electronic states in the bandbserved. If we assume for the moment that the low-
gap. Self-interstitial atoms in Si, however, do not give rise totemperature migration of interstitials is indeed stimulated by
such states, and therefore most of what is known about thiglectronic excitation, as proposédhen there still remains
defect comes from indirect measurements, or theory. X-rayhe questions of the temperature at which interstitials do be-
diffuse scattering offers an alternative, complementarycome thermally mobile, and the structures of defects pro-
means to probe point defect properties, as it is sensitive tduced by various types of irradiation particle. We will an-
the elastic strain fields around the defects rather than to eleswer these questions by comparing diffuse x-ray scattering
tronic states. In the present work, we employ this method tdDXS) measurements on Si following 3-MeV electron irra-
examine the mobility and structure of interstitials in Si. diation with those following 4.5-keV He bombardment, and
It is now well established from electron paramagneticalso by comparing DXS measurements on Si irradiated with
resonancédEPR measurements that some interstitial atomsdifferent ions, 4.5 keV He, 20-keV Ga, or 1.0-MeV Ar.
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Similar to electron irradiation, low-energy He bombard-
ments produce predominantly isolated Frenkel pairs; how-
ever, generally overlooked is the fact that the amount of elec-
tron excitation per displaced atom is diminished from
electron irradiations by more than three orders of magnitude.
He irradiations, therefore, make it possible to study the prop-
erties of single point defects in virtual absence of electron
excitation. Comparison of the defect reactions following
MeV electron and low-energy He irradiation thus provides a
powerful means to assess the influence of electron excitation,
particularly if the same experimental method is employed to
probe the defects produced by the two irradiations. {

The properties of defects produced in high energy recoil (_’0,5 04 02 0.0 0.0 0.4 0.6
events were examined by using 20-keV Ga and 1.0-MeV Ar q (1/A)
irradiations. For these bombardments the electronic excita-
tion is reduced an additional two orders of magnitude rela- FIG. 1. Diffuse x-ray scattering intensities from defects pro-
tive to their defect production cross sections; however, theluced by 4.5-keV He bombardment at 100 K, plottedSag vs
defects are no longer produced in isolation, but rather irscattering vectog. Inset are corresponding data plottedSass g. S
energetic displacement cascade¥’ These irradiations with IS the total scattering intensity.
heavy ions, therefore, made possible an examination of cas-
cade effects on defect reactions and structures. Czochralski (C2)-Si(111), with an electrical resistivity of

~100 Q) cm, while both Cz and float zong&2Z) Si samples
were employed for the electron irradiations. The experimen-
Il. EXPERIMENT tal procedures for low temperature electron irradiations were
described previouslysee, e.g., Ref. 18

— 8.1 x10" jons/em?
........ 27 x10/* ionsiom’
—- 7.8 x10"% ions/cm®]
=29 ><1O13 u)ns/cl'rl2

S {arbitrary units)

S q2 (arbitrary units)

Huang diffuse x-ray scattering is a well-established
method for examining the structure of defects in irradiated
crystals!* however, it has been used almost exclusively with . RESULTS
MeV electron and fast neutron irradiations, for which the
defects are created homogeneously throughout a thick speci-
men. For low-energy ion bombardments, such as the 4.5-keV Typical scattering intensities near €20 in-plane
He or 20-keV Ga bombardments of Si employed here, théeciprocal-lattice poinG, following bombardment at 100 K
average depth of the damag), is ~50 and~30 nm, with 4.5-keV He from doses of 7:810"cn? to 8.1
respectively® These depths are much shallower than thex 10"/cn?, are shown inset in Fig. 1. The defect scattering
penetration depth of x rays. We thus employed a grazingvas obtained by subtracting out the background intensities,
incidence scattering geometfy.For the present studies it which are represented by the curve for zero fluence in the
was necessary to cool the specimens-tiD0 K and perform inset. These scattering data are plotted in the main part of
in situ bombardments. In addition, ultrahigh-vacugoHV) Fig. 1 asS¢f versusqg, whereq is the distance in reciprocal
conditions are required to limit condensation of residualspace between the scattering vectdrandG, and the scan
gases on the sample surface. We emphasize this point owirig in the radial direction. The produ&cf, is plotted here
to the shallow penetration depth of both the low-energy ionssince Huang scattering typically scales inversely vgjt®
and the glancing x rays in these experiments. The average scattering intensit@ @) is plotted as a func-

The current experiments were performed at beamlindgion of dose in Fig. 2, where at 100 K it is seen to increase
X-16A at the National Synchrotron Light Sourtewhere nearly linearly with the fluence. Corresponding data from
facilities are available foin situ bombardments under the electron irradiations are plotted in a similar fashion in Fig. 3,
conditions just described. The He irradiations were perfor comparison. Both sets of data reveal strong deviations
formed using a 4.5-keV ion source. The beam was broadljrom the expected; 2 dependence, with the produstef
rastered to assure a uniform flux over the X0®5-cnt  decreasing markedly at smajl Deviations from aq~? de-
specimen area. The ion flux was measuieditu using a  pendence generally arise when the scattering centers are spa-
Faraday cup that was placed in front of the sample beforéally correlated. Indeed, similar scattering behavior was ob-
and after the irradiations. For the Ga irradiations, a UHVserved for electron irradiated GaA%|nP?° and G€* In
liquid-metal ion source was employed. For both types ofthese studies the deviations were attributed to the spatial cor-
irradiation, the x-ray scattering was measured prior to irrarelation between the vacancy and interstitial comprising each
diation, i.e., the background, and then again following eachFrenkel pair.
of a series of dose increments. Another series of experiments The particularly strong reduction in scattering intensity
was performed using samples that were irradiaggdsitu  that we observe at smailindicates that the locations of the
with 1-MeV Ar" ions. For these experiments, the back-vacancies and interstitials are also correlated in Si, and that
ground scattering was obtained after annealing the sampléke relaxation volumes of the two defects in Si are of nearly
in the scattering chamber to high temperature. The speckequal magnitude but of opposite sign. This interpretation of
mens employed for the ion irradiations were lightly P-dopedthe scattering data is affirmed by Fig. 4 where calculated

A. 4.5-keV He vs 3.0-MeV electron damage
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) ) ] o o FIG. 4. Scattering intensities calculated for various defects using
FIG. 2. Ratio of the integral diffuse scattering intenditwrising computer simulations. See Ref. 22 for detalils.
from defects to the thermal diffuse background, as a function of
dose with 4.5-keV He ions. Results at different reciprocal-latticeperimental data with results of the simulations. From data
vectors and for different irradiation temperatures are shown. like that shown in Figs. 1 and 3, we obtain separation dis-
tances of=~0.8 and~1.2 nm for the electron and He ion
scattering intensities from various defects in Si are plotted agradiations, respectively, when irradiated to low doses.
a function ofg. The calculations were performed by first These values agree well with molecular-dynamics simula-
using computer simulations to obtain the displacement fieldsons of Frenkel pair production in low energy recoil
around the defects, and subsequently performing a discret/ents’*2?° and thus provide an important validation test of
sum for the scattering intensity. The details of our calculatiorour DXS simulations and the interpretations of the data that
procedures are found in Ref. 22. It is noteworthy that thefollow. For example, also shown in Fig. 4 are the scattering
reduced scattering at smajlobserved here for Si and other intensities from both isolated vacancies and isolated intersti-
semiconductors is not found in metals; this is simply a con+ials. Note that since the relaxation volumes have nearly the
sequence of the relaxation volumes of interstitials in metal$ame magnitude but are of opposite sign, the scattering in-
being much greater than those of vacanéfddeasurements tensities have nearly the same magnitude but are far stronger
of the lattice parameter of Si showed no measurable changesm one side of the Bragg peak, or the otligositive q for
(Aa/a=<0.05 per atom fraction of Frenkel pairduring elec- interstitials and negativg for vacancies This qualitative
tron irradiation and thus directly corroborate the relative reresult is also obtained from calculations of Huang scattering
laxation volumes deduced from the DXS measurements. from idealized defect structures based on elasticity thEory.
Since the reduced scattering at smalarises from the Asymmetries in the scattering, therefore, provide specific in-
correlation between the vacancy and interstitial positions, théormation about the structure of each of the two defects.
correlation distance could be obtained by comparing our exScattering intensities from small defect clusters are also
shown in Fig. 4, and it is seen that they are approximately

O — FZ3.50 x10'° elor? giz o rzs 3 proportional to the square of the number of defects in the
PRS- I & cluster. This indicates that the strain fields arising from the
19 2 1. . .
SQ T 20T 0 gk, g2 [y defects in the clusters superpose linearly.
e In comparing our electron and ion irradiation results, we
4r 000 20 a0 40 note that the strong suppression of scattering intensities at

Dose (10" elfcm?)

small q is observed for electron irradiations only for the
_ samples irradiated to low fluences2x10%e /cn? (see
Fig. 3), while it is observed after all He ion irradiatiofsig.
1). Unfortunately we cannot directly compare the defect con-
centrations produced by the two types of irradiations, since
we did not measure the absolute x-ray scattering intensities
for the ion irradiations. Normalization of the two sets of data
to the thermal diffuse background, however, enables an esti-
mation of the relative defect concentrations. This procedure
indicates that the Frenkel pair concentration for the lowest
ion fluence (=0.001 displacements per atom based on a
FIG. 3. Diffuse x-ray scattering intensities from irradiation- Kinchin-Pease mod¥) is approximately equal to that for
induced defects plotted &8¢f vs scattering vectoq due to 3.0- the highest electron fluence. This estimate agrees well with
MeV electron irradiation at 4.6 K. Inset are average values plottediefect production calculations.
as a function of doseX is the magnitude of the reciprocal lattice ~ Since the close-pair correlation vanishes for the electron
vector. irradiation at high dose, we computed the average scattering

S g%/K? (10™ at. units)

1 SSui P FCN,
0.0 0.1 0.2 0.3
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q (1/A) FIG. 6. Diffuse scattering intensities after irradiation with 20-

) o = . . keV Ga at 100 K, and again after annealing to 230 K.
FIG. 5. Diffuse scattering intensities after irradiation with 4.5-

keV He at 100 K, and again after annealing to 170 K. Inset is the L . P
fractional recovery of diffuse scattering from defects produced b annealing interval, an assumption that we justify below. In

—3-MeV electrons as a function of annealing temperature. th|§ case,'the percentage reduction in lntenSIIy at pegqtlve
which derives mostly from the loss of vacancies, is linearly

) ) L proportional to the fractional recovery. The recovery is

(S for the different electron irradiations and plotted them ~35%, which is very similar to that found after the low dose

versus the dose, as shown inset in Fig. 3. It is noteworthye o jrradiations. Noteworthy is that stage-l recovery in
that the dose where the vacancy-interstitial correlation is lostat41s following He bombardment to comparable doses is
during electron irradiation~3.5x10"cn?, the integral ;1o ~350425

scattering intensity begins to deviate from a linear dose de-
pendence, becoming supralinear. This deviation signals that o
interstitials are no longer correlated with their vacancies, but C. Heavy-ion irradiations
rather are clustered. For the ion irradiations, the linear—and Results for 20-keV Gabombardment of Si at 100 K are
finally sublinear—dependence of the average intensity pershown in Fig. 6. For Ga, the ratio of damage energy to elec-
sists to a dose nearly two orders of magnitude higher thagron excitation is reduced an additional factor of10he
after the highest electron dose; see Fig. 2. Some smadlcattering data reveal a similar spatial correlation between
changes in the distribution of scattering intensity are obwvacancy and interstitial defects, despite their being produced
served for the He irradiations at very high doses; these willn energetic displacement cascades. The annealing behavior
be discussed below, along with the data for the’ @ad Ar" s also quite similar, as illustrated in Fig. 6. Again it is ob-
implantations. served that the scattering at positigydecomes significantly
larger than the contribution at negatigeafter annealing at
100 K. For the irradiation represented here, the scattering at
positive q actually increases on annealing, providing con-
We have also examined the annealing of the damage prasincing evidence that this is indeed an interstitial clustering
duced in Si following bombardment at low temperatures.reaction. There are other differences in the scattering for the
Some annealing=20% occurs between 4.6 and 100 K fol- He and Ga ion irradiations as well. Most notable is the dis-
lowing electron irradiation to any dose, as seen inset in Figtribution of scattering intensities for the two irradiations. At
5; we attribute this to close-pair recovery. Above 100 K,|ow doses, the produc8cf, plotted in Figs. 1 and 6, begin
additional annealing was observed between 100 and 200 ko decrease near the Bragg peak at different values
for the samples irradiated to low dose, while essentially nwf g=q*. For the low dose He irradiations)* is ~0.20
additional annealing of the symmetrical part of the scattering —1, decreasing to~0.10 Al at the highest doses.
was observed between 100 and 500 K following the highegr the Ga irradiationsg*~0.05A"1 at low dose (2
dose treatment. The He bombardments were performed 8t102Gaions cm?), and ~0.025 A! at high dose (8.4
100 or 120 K, and consequently any possible close-pair anx 10!2Gaions cm?). These different values af* illustrate

nealing at very low temperatures could not be examined. Ane different correlation distances between vacancies and in-

significant amount of recovery was observed between 10@ystitials and hence quite different defect structures for the
and 170 K, as shown in Fig. 5. Defect annealing is recogtwo types of irradiations.

nized by the decrease in scattering intensity at neggfibet
with correspondingly little or no change at positige The
fractional recovery during this annealing step was nearly in-
dependent of the amount of damage introduced at 100 or 120 Diffuse x-ray scattering measurements were also per-
K. We can estimate the recovery from data like that shown irformed following irradiation at elevated temperatures. For
Fig. 5 by assuming that vacancies are not mobile during thisle, the irradiations were performed at 120, 220, and 300 K,

B. Low-temperature annealing

D. Irradiations at elevated temperatures

235207-4



GRAZING INCIDENCE DIFFUSE X-RAY SCATTERING . .. PHYSICAL REVIEW B4 235207

— 3.6 x10'® ions/em” 400 200
4.5 | 1.8 x10"° ions/em? 4
- 1.0 x10'° ions/cm? 350 F 160 d
4.0 |~~~ 05 x107 ionsicm® _ “ 120
il 0.3 x10"® jons/em® . g
@ 35| 00 x10' fons/em @ 300 Ve
£ S “
3 30 3. 250 i
£ 25 £ 200t :
a 35
2 =
N; 2.0 NS, 150 F -
1.5 3
@ Lol ? 100 | :
) 50 - -
0.5 I-V o ‘_ i S 4
0.0 b h 1 g R AN PN BT L. 0 I I 1 I 1
0.4 -0.2 0.0 0.2 0.4 -0.8 -06 -04 -02 00 02 0.8
q (174) q (1/A)

_ FIG. 7. Diffuse sgatter_ing intensities due to 4.5-keV He irradia-  FIG. 9. Diffuse scattering intensities following 1.0-MeV Ar ir-
tion at 220 K for various ion doses. radiation at specified temperatures followed by warming to room

temperature. Inset are the integral scattering intensities as a function
in addition to 100 K, while for the Ga ions the additional of irradiation temperature.

irradiations were performed at 150, 220, and 300 K. Typical
data sets are illustrated in Fig(Fe at 220 K and Fig. 8Ga  jth either He or Ga, and then warmed to room temperature,
at 150 K. For He bombardments at 220 K, the results areshowed that the reduction in scattering intensity was less
quite different from both the Ga irradiation at 150 K and thethan a factor of~2. The reduction in intensity for specimens
He irradiations at 100 K followed by anneal to 170 K. For jrradiated at 300 K with these same ions, on the other hand,
doses below 0810°cm™? the scattering has become was reduced by two orders of magnitutie Fig. 2 It is
nearly symmetric. Analysis of the data shows, in fact, thafngeed generally found that recovery during irradiation at
the average scatterin@ ) is somewhat stronger at nega- elevated temperatures far exceeds that for annealing to the
tive g at these lower doses. At higher doses, the trend resame temperature following low-temperature irradiation. The
verses and the scattering becomes stronger at posjtise  ratio of this difference, however, depends on the dose, being
seen in Fig. 7. Spatial correlations between vacancies angie |argest at high doses. It is therefore often possible to find
interstitials are again observed for both types of irradiationpe temperature at which defects become mobile by irradiat-
by the reduction ir8¢f at smallq. For the He irradiationg*  ing specimens at various temperatures below room tempera-
decreases te=0.075 A™!, while for the Ga irradiationy*  ture and subsequently analyzing them at room temperature.
remains at~0.05 A", Data obtained using this procedure are shown in Fig. 9. The
Finally, we have performed irradiations with 1-MeV Ar main portion of Fig. 9 shows that the scattering following the
over a wide range of temperatures. These irradiations wergr jrradiation conforms to the same pattern as before, with
performedex situusing a 3.0-MeV Van de Graaff accelera- the scattering being somewhat larger at positivéVe ana-
tor. In this case the specimens were warmed to room temyzed the data for total defect concentrations by obtaining
perature prior to the x-ray measurements at 300 K; thereforgs?); these results are inset in this same figure. Here it is
some annealing takes place prior to examination. Nevertheshserved that the scattering intensity is constant to within the
less, these data allow for some direct conclusions on thgxperimental uncertainty beloW~150K, and then de-

defect mOblllty Our data from SpeCimel’lS irradiated at 100 Kcreases by a factor of2. The Scattering then decreases
slowly as the irradiation temperature is further increased.

— 8.0 x10" ionsfem?
vvvvvvvv 2.6 x10' ions/icm?
=== 1.0 x10'? ions/cm®
5 [--- 0.2 x10™ ions/cm?

7 IV. DISCUSSION
i A. Athermal mobility of interstitials

We begin the discussion of point defect reactions in irra-
diated Si by considering the mobility of interstitials &t
<6 K during MeV electron irradiation. Our comparative
x-ray scattering results from 4.5-keV He and 3-MeV electron
irradiations strongly support the hypothesis that the motion
of interstitial atoms at low temperatures is stimulated by
*i‘t’* ) T electronic excitation. This is indicated, first, by the loss at
90.6 “_‘o“_‘4 02 00 02 04 06 high fluences of the correlation between the vacancy-

q (1/A) interstitial positions observed during electron irradiation at
low fluences. At least one of the defects, presumably the

FIG. 8. Diffuse scattering intensities due to 20-keV Ga irradia-interstitial, migrates during prolonged irradiation and either
tion at 150 K for various ion doses. recombines with its nearby vacancy partner or simply mi-

S q2 (arbitrary units)
w
T
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grates from it. Note that since the concentration of Frenketlamage at 150 K has simple kinetic origins. At low defect
pairs for the largest electron doses is at mest0 3, the  concentrations, mobile interstitialer vacancieshave a high
distance between randomly located interstitials and vacarprobability to find their close pair partner and recombine. If
cies is greater than-3 nm. The value ofy* for this corre- the defecte.g., interstitial avoids annihilation with its part-
lation distance~0.05 A%, was too close to the Bragg peak ner, however, it gains roughly an equal chance of forming a
to observe in these experiments; see Fig. 3. The loss of cotluster with another interstitial as of finding another vacancy
relation cannot be attributed to a higher defect concentratioand recombining. Irradiation above the temperature at which
per se since the close-pair correlation is retained at farone defect becomes mobil€,,, typically leads to this low
higher defect levels when they are introduced during 4.5-ke\toncentration situation, because recovery is occurring during
He" bombardments or even 20-keV Gaombardment. the irradiation. Irradiation at temperatures beldyy, on the

Additional evidence that interstitials have undergoneother hand, allows defect concentrations to build up during
stimulated migration during prolonged electron irradiationirradiation. For the defect concentrations used in the present
derives from the annealing behavior between 100 and 400 KAr irradiation experiments, the distances between defects
Annealing is observed in this temperature regime after elecaere comparable to the distances between close pairs, so that
tron irradiation to low doses, i.e., where the close-pair corredefects gain equal chance of recombining or clustering. Con-
lation still persists, and for both the He and Ga irradiations tasequently, the large amount of correlated recovery observed
any dose. No annealing is observed in this temperature inteat high temperatures is lost for irradiation at low tempera-
val, however, following electron irradiation to high doses.tures to high defect concentrations. The vacancies may also
This implies that interstitial atoms migrate during prolongedbecome mobile during the annealing to 300 K in this experi-
electron irradiation, and form immobile defect clustessch ~ ment, but while this may complicate the kinetics somewhat,
as a di-interstitigl Trapping at impuritiegsuch as oxygen the same basic argument for larger defect retention for irra-
can be neglected owing to the high defect concentrationdiations below 150 K is applicable. With reasonable assump-
This latter conclusion is experimentally supported in thistions on the pre-exponential factors, this migration tempera-
work by the identical behavior of electron irradiated Cz- andture of 150 K corresponds to an activation energy of 0.3 eV.
FZ-grown Si, the recovery at low electron dose, and the relt is noteworthy that this value, which is unquestionably ther-
covery observed for all ion irradiations. mally activated and not ionization induced, is much lower

than the value of 1.4-1.8 eV deduced from diffusion
experiments:?’
B. Thermally activated interstitial mobility

Since the low-temperature migration of Si interstitials can
now be safely attributed to electronic stimulation, we turn to
the question of the onset temperature for thermally activated The onset temperature for vacancy migration is less
migration of the interstitials. For the He ion irradiations, it is clearly defined by these experiments, but it appears to lie
observed that during annealing t8170 K, the scattering between 170 and 210 K. The most direct evidence of va-
intensity at positivey increases relative to that at negatiye cancy motion in these experiments derives from the DXS
This is also observed for the Ga irradiations, although for Gecattering patterns observed following the 4.5-keV He irra-
the first annealing temperature is 230 K. Since the scatterindiations at 210 K. At the lowest few doses, but still high
at positiveq values derives mostly from interstitial defects, relative to the doses at 100 K, the scattering at negafise
the data are interpreted straightforwardly by assuming thatery similar to that at positive (see Fig. 7, indicating that
interstitials become mobile between 120 and 170 K, and thathe degree of clustering for vacancies is similar to that for
they either recombine with vacancies or form immobile di-interstitials. At higher doses, the scattering at positivee-
interstitial clusters. Recombination leads to a reduced numeomes somewhat larger, but at these dosesl
ber of vacancies and a decrease in scattering at negative X 10cm™2, the defect clusters can grow much larger than
while the corresponding decrease in the number of interstijust simple divacancies and di-interstitials, and consequently
tials is nearly compensated for in the scattering at posdive the relaxations around the defects may become complex.
by the increased scattering from defects in the form of clus- Other results are also suggestive of vacancy motion in this
ters, (see Fig. 4. The formation of only small clusters with temperature interval. Note in Fig. 2, for example, that the
an average size containing2 defects implies that the di- defect production rate for the 4.5-keV He irradiations drops
interstitial is immobile below room temperature. If larger by nearly a factor of 100 between 100 and 210 K, but with-
clusters were present, the asymmetry in the scattering wouldut much additional change when irradiated at 300 K. Pre-
be larger than that shown in Fig. 1. The assumption of arsumably the large change at 210 K is a consequence of both
immobile di-interstitial is additionally supported by the attri- the vacancy and interstitial being mobile, while the lack of
bution of the classical P6 EPR spectrum to the di-interstitialan additional reduction at 300 K is a consequence of no
as this defect is stable up to 400°K. additional defect becoming mobile, i.e., both di-interstitials

The Ar irradiations establish the onset temperature for thend divacancies become mobile only at temperatures higher
thermally activated motion of interstitials more precisely. Asthan 300 K. In contrast, the production rate for the 20-keV
seen in Fig. 9, the retained damage after annealing to rooi@a irradiation changes by only a factor of 2 between 100 and
temperature drops by a factor of 2 when the irradiation tem150 K, but then it drops dramatically at 210 K. Again, no
perature increases abowel 50 K. The reason for the reduced significant additional change is observed at 300 K. Our indi-

C. Vacancy mobility
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cations of vacancy motion in this regime, moreover, appeacalculations are the large size of the cascades and the large
to be in agreement with earlier results of Watkins. This worknumber of events required for statistical significance.
yielded migration energies near 0.45 eV to the vacancies

with charge states likely to be relevant in the current V. CONCLUSIONS

experiments. The V=~ charge state of the vacancy with a . ]

migration energy of 0.18 eV can be reasonab'y excluded Our experlments ShOW, fIrSt, that the Vel’y |OW-temperature
located not too far from midgap; see Ref. 1 for details. Simi-driven by electronic excitation, and that such motion is neg-
lar to the condition for the interstitial atom, we note a largeligible during ion irradiation. Our experiments further show
difference in the migration temperature of vacancies foundhat interstitial atoms produced by ion irradiation become
here compared to that deduced from diffusion data. For vainobile near 150 K, which means that the activation energy
cancies, however, this difference was recognized earlier, an@r interstitial migration of~0.3 eV is much less than that

models for the explanation were proposed, although no gerfleduced from thermal diffusion experimentd.4-1.8
eral agreement yet exists. eV)."<"Our findings for the migration of vacancies appear to

be in agreement with the results summarized by Watkins,
viz. vacancies become mobile atl75 K. This result is sig-
nificant in that it confirms, by completely separate means, the
Finally we discuss the structure of the defects. As indi-far higher mobilities of vacancies obtained by spectroscopic
cated above, the distance separating the vacancy and intersgiethods0.32—0.45 eV than from measurements of thermal
tial is ~0.8 nm for electron irradiation, and somewhat largergiffusion (1.8 eV).2” As we have established a similar behav-
for the 4.5-keV He irradiation~1.2 nm. These distances jor of interstitials and vacancies, our combined results indi-
were determined by computer simulation, which show thagate a very general defect behavior in Si, and no longer a
the correlation distance of defects scales withitvrecipro-  peculiarity specific to vacancies. Such a behavior was previ-
cal space, as expected from analytical the8riy.was also  ously considered by Seeger and Chik in an early attempt to
noted that the value C(j* for the He irradiations decreased describe all defect properti@gn terms of an entropy-driven
at the highest dosesy1x10 **cm ™, and that the asym- change of the structure of interstitials and vacancies from a
metry in the scattering increaséahore intensity at positive |ocalized point defect at low temperatures to an extended
). This general behavior is expected since the defects begigonfiguration at high temperature. Additional theoretical
to overlap at high doses resulting in “spontaneous” recom-work seems necessary, however, before the high-temperature
bination and Clustering. Recombination results in the annihi'defects are Comp|ete|y understood. The results on the defect
lation of the original population of close-pair defects, which mobilities have obvious consequences for modeling diffusion
have a small separation, and the creation of an average catharacteristics following ion implantation, since in this situ-
relation distance given approximately by the instantaneousgtion the activation enthalpy for defect migration rather than
concentration. When spontaneous recombination becomege activation energy for diffusion is the relevant quantity.
important,q* should decrease with increasing dose, as ob- Qur combined measurements of diffuse x-ray scattering
served here. Similarly, when the irradiations are performed aind change in lattice parameter reveal that the relaxation
210 K, the defects are mobile and the original close-pailyolumes of isolated vacancies and interstitials are of nearly
correlation is again lost. equal magnitudes, but opposite in sign. This result, which is
The observation of small values qf for the Ga bom-  of direct importance for understanding point-defect reac-
bardments appears to have a similar origin. Ga irradiatiofions, has additional significance as a reference marlalfor
produces energetic displacement cascades, for which the digitio calculations of defect structures in Si. These same re-
fects are produced in high concentrations within a singlesults also show that the separations of vacancy-interstitial
event. Consequently, locally high concentrations of defectpairs produced in low-energy recoil events are predomi-
are produced even before the cascades begin to overlap, andntly ~1 nm, while, for defects produced in cascades, the

close-pair defects are eliminated, as discussed for high dosgerage distances separating interstitial-vacancy pairs is
He irradiation. In addition, defect motion within the cascadegbout twice that distance.

is stimulated by thermal spikes, and this further contributes

to the.annihilation of close pair.defects. A more dt_atailgd_ ACKNOWLEDGMENTS
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