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Damage accumulation in Si during high-dose self-ion implantation
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Accumulation and annealing of damage in Si implanted with self-ions to high doses were
investigated using a combination of grazing incidence diffuse x-ray scattering, high-resolution x-ray
diffraction scans, and transmission electron microscopy. During implantation at 100°C, small
vacancy and interstitial clusters formed at low doses, but their concentrations saturated after a dose
of =3%x 10" cm 2 The concentration of Frenkel defects at this stage of the implantation was
~1x 1073, At doses above % 10'® cm?, the concentration of implanted interstitial atoms began to
exceed the Frenkel pair concentration, causing the interstitial clusters to grow, amd3by

X 10 cm™?, these clusters formed dislocation loops. Kinematical analysis of the rocking curves
illustrated that at doses abovex10™® cm™ the “plus one” model was well obeyed, with one
interstitial atom being added to the dislocation loops for every implanted Si atom. Measurements of
Huang scattering during isochronal annealing showed that annealing was substantial below 700°C
for the specimens irradiated to lower doses, but that little annealing occurred in the other samples
owing to the large imbalance between interstitial and vacancy defects. Between 700 and 900°C a
large increase in the size of the interstitial clusters was observed, particularly in the low-dose
samples. Above 900°C, the interstitial clusters anneale@0@ American Institute of Physics
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I. INTRODUCTION croscopy (TEM) to study these defect clusters after high
temperature annealir?gnowever, TEM only becomes useful
lon implantation has evolved over the past 50 years as agfter the defects have condensed into dislocation loops. Deep
important processing step in the fabrication of numerougevel transient spectroscogpLTS) has also been a particu-
semiconductor devices. Since these devices generally requirgrly useful method for studying defects in semiconductors
perfect crystalline structures, the issues of defect creatiognd it has been used to study the evolution of the defect
and defect annealing have always been of great concern. Kructure from point defects to clusters and finally to ex-
recent years these issues have taken on far greater techignded defects. In one study, for example, Si was implanted
logical significance since the reduction in the dimensions ofyith self-ions at energies between 145 keV and 2 MeV, to
the devices has substantially reduced tolerances for diffusiogoses ranging betweenx110®, and 5x 10*3 cm 2, and de-
processes, and hence the allowable annealing temperatur@set reactions were subsequently monitored during annealing
For this reason a great number of investigations on defegh the range 100-680°EDLTS is most useful, however,
mobilities and defect reactions in Si have been Undertakeﬂor Studying small defect clusters where known Spectro-
Indeed, much is now known from a host of spectroscopiGcopic signatures are available. This method, moreover, pro-
techniques and theoretical calculations about the mobilitiegides little information about the concentrations of the clus-
of point defects in Si and their trapping at various ters.
impurities. Despite these advances, it is notable that recon-  The present work complements past defect studies on
ciliation of hlgh temperature diffusion data with defect mo- ion imp|anted Si by examining the high_dose imp|anta’[ion
bilities deduced from low temperature irradiation eXperi-regime, >1x 10" Cm_Z, where the defect popu|ations are
ments remains an unsolved probléri. For most ion  comprised almost entirely of defect clusters. We examine
implantations, however, the mobilities and interactions ofhere the build up of defect clusters during implantation with
isolated defects are less crucial for understanding the damageif-ions at~100°C and subsequently the evolution of the
state during annealing than are the properties and structurgfsters during annealing. In this work we employ Huang
of point defect clusters. This is a consequence of most imgiffuse x-ray scatteringHDS) and high-resolution x-ray dif-
plantations being performed with heavy ions, which producgraction scansHRXRD), in combination with TEM mea-
defects in high concentrations in energetic displacement cagurements, to provide quantitative information about the

cades. In such situations, particularly at high doses wheBstructure of defect clusters and their annealing properties.
cascades overlap, the defects tend to be highly clustered.

Some attempts have been made to investigate the strull: EXPERIMENTAL PROCEDURES
ture and properties of defect clusters in irradiated Si. Most of The measurements were performed ofl$l) wafers
such investigations have employed transmission electron miresistivity of 100} cm) that were chemically cleaned and
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3.0 T T T r salient points of HDS in regards to the present study can be
summarized as follows.

g
o

) Huang scattering refers to the diffuse scattering inten-
sity close to a reciprocal lattice vector, i.e., small val-

: ues of g, whereq=Q-G;Q is the total scattering
vector andG is the nearest reciprocal lattice vector.

(i)  The scattering intensity is proportional tp? in the

- case of point like type defectsluang scatteringand

to g in the case of large clusters and dislocation
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FIG. 1. Si ion distribution in Si, calculated using programm. The dose while it depends Iinearly on this number in the
ratios for the ions with energies of 50 keV, 100 keV, and 150 keV are . . :
1:2:3 asymptotic scattering regime.

(iv) The crossover point between the -2 and -4 behaviors

is determined by the cluster size.
preannealed at 1000°C prior to implantation with Si ions.

The self-ion implantations were carried out using three ion ~HRXRD measurements of the out of plane lattice param-
energies, 50 keV, 100 keV, and 150 keV in the rdti@:3  eter, or strain, were performed using the Philips Xpert triple-
in order to obtain a homogeneous implantation profile over &Xis system in the Center for Materials ResedicMM) at
broad region, as illustrated by the results of simulations)!UC. Measurements of the lattice parameter have long been

shown in Fig. 1. The specimen temperature was maintaine@Mployed to determine defect concentrations in crystalline

at 100 °C during the irradiations to prevent amorphization af"aterials, as they offer great accuracy, nearly one partin 10
Since the relaxation volume of a point defect~+4d atomic

these high dose'’s. -

. . . Yolume,Qo, these measurements are sensitive to defect con-
Since the penetration of x rays is much greater than tha . 6 .

centrations of~107° atom fraction.

of self-ions at the energies employed here, the use of grazing Irradiation of bulk samples with ion beams creates inho-

incidence geometry for HDS was required to minimize themogeneous damage, which complicates the analysis of

background diffuse scattering from undamaged regions Oétrain. Nevertheless, a sufficiently uniform strain is generated

the samplé. The present measurements were performed UShat well-defined features have been observed in HRXRD in
ing the National Synchrotron Light SourceNSLS) at 4 number of previous experiments on(Befs. 15-20 GaAs
Brookhaven National Laborator(BNL), beamline X-16A (Refs. 17 and 21 and Ge- A shifted second peak in the
which was developed for surface sciericBhe x-ray mea- HRXRD scan was detectéd then explained for the GaAs
surements were performed on each sample at room tempergase with a dynamical calculation which gave a reasonably
ture before and after each annealing step. The scans wegeod fit!’ Details of a computer program optimized to carry
chosen along the radial direction of{a11} reflection. The out these calculations were later provided by Pexted ° A
angle of incidence was fixed at1°. The isochronal anneal- much simpler, alternative dynamical approach based on a
ing was performed on each sample in temperature sequenéigle phase parameter was proposed and demonstrated by
from low to h|gh by passing a dc current through the Samp|e:|—3ai et aI.15‘16A more detailed description of the dynamical
with holding times of=~2 min at each temperature. The re- simulation of th2e rocking curves can be found in Bowen and
lation between temperature and applied power was calibratelBNers booK: Our approach differs from all of these in
using an optical pyrometer at high temperatures and a ththat it is purely kinematical, based on the idea of crystal

7 23 : P
mocouple welded to a reference sample at low tempera’[ureH.uncatlon rod4CTR),™ which allows the semi-infinite bulk

For each specimen, the HDS intensity arising from de_and the strained surface layers to be modeled together. The

fects was obtained by point-wise subtraction of the back_k{n.ematlcal approach 1S bound to fail at the exgct Bragg con-
L . . . dition (where a CTR diverggsbut away from this condition
ground contributions arising from thermal diffuse scattering, : . .
c i tteri dthe B tail. This back di the absorption length is about six times smaller than the dy-
ompton scattering and the Bragg tail. This background Ny, ica) extinction length that we consider the method to be

tensity was obtained by measuring the scattering intensity iy The details of our method are described in the Appen-
after complete annealing of the defects at high temperaturég;y pecause the calculation is kinematical, it is a simple
Measurements on samples cleaved from the same wafer bear superposition, which lends itself readily to least-
neither irradiated nor annealed gave similar background INsquares fitting as we show. The ability to fit the rocking
tensities. . . curves and extract parameters, as well as extract an absolute

The theoretical aspects of HDS for defect studies arealue for the totalintegrated strain, is the characteristic of
well described in the literatur€:** Additional information  our method.

about using HDS in grazing incidence geometry and in par-  Finally TEM observations were performed to comple-
ticular for defects in Si can be found elsewh&@* The  ment the DXS and HRXRD measurements. They provided
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FIG. 4. Averagelg? (Ig%y, as a function of ion dose. The average was

in integratingg? over theq ran here HDS is valid.
FIG. 2. Typical DXS measurements: intensity as a function of momentumObtal ed by integratingg® over theq range where HDS is valid

transferqg for samples irradiated at various doses.

present situation, these correlations presumably arise from
information about the defect clusters once they formed disthe precipitation reactions of interstitial and vacancy defects,
locations. This information is valuable for establishing refer-j.e., when clusters nucleate, they drain the immediate vicinity
ence points for the x-ray methods. of mobile defects. At large values of the Huang approxi-
mation also breaks down for large clusters, and the
asymptotic scatteringg™®) dominates, as noted above. The
increase in the size of the clusters with increasing dose is
A. Evolution of the defect structure during noticeable in Fig. 3 by the shift in the transition from
implantation at 100°C asymptotic to Huang scattering at progressively smaller val-

Typical HDS measurements are shown in Fig. 2, wherdl€es ofq.
the measured diffuse scattering intensity is plotted as a func- The Huang scatteringJq?), is plotted as a function of
tion of q for Si doses in the range 0.1-&0.0"° cm™2 The  dose in Fig. 4. It increases slowly, approximately logarithmi-
curves are clearly asymmetric, having a higher intensity agally, with ion dose at low dosegi<1x10" cm™, but then
positiveq. This asymmetry is typical when interstitial rather it increases far more strongly with dose. The value¢igf)
than vacancy defects dominate the scattering, either becausbown at the two high doses, moreover, are likely to under-
the interstitials have higher concentrations or because thegstimate the actual Huang scattering, since the region show-
are in larger cluster®''*The symmetriqHuang diffuse  ing a q 2 dependencésee Fig. 3 has shifted to very small
HDS is shown in Fig. 3 as a function ofin a log-log plot.  values ofqg, where the scattering is reduced by correlation
The behavior is rather complex, however, we obtain theeffects. Nevertheless, a clear transition in the dose depen-
Huang scattering by averagirig? over the region wheré  dence ofig? occurs at=1x 10" cm 2, suggesting a possible
varies agy 2. Deviation fromq 2 behavior at smaltj derives  change in the defect structure and/or concentration at higher
from spatial correlations in the defect concentratitris.the  doses.

The results for the HRXRD measurements are plotted as
discrete points in Fig.®). Clear oscillations are seen on the
low q side of the(333) Bragg peak which develop strongly
with dose. The broadening seen was far greater than the ef-
fects of wafer curvature, which was measured by translating
the sample. Fits to the data using E&2) from the kine-
matical model described in the Appendix are represented in
Fig. 5@) by solid lines. The strain profiles deduced from the
fitting are shown in Fig. &) and the integral strain is shown
in Fig. 5c) as a function of fluence. Similar to the HDS
measurements, the dependence of integrated strain with dose
shows two regimes, one at low doges10'® cm™), regime
I, and one at high dosds=10'° cmi™?), regime Il. The strain
in the high-dose regime increases approximately linearly
with dose.

Lastly we show in Fig. 6 a TEM bright field image ob-
tained from a cross section of the sample irradiated to a dose
of 3x 10" cm™. A clear band of damage is seen in the im-
age. The damage consists of point defects that have collapsed
FIG. 3. Symmetric HDS intensity as a function of momentum, trangier a5 gjsjocations since point defects and small, uncollapsed
log-log plot for samples implanted to various dogas 1x 10*/cn?, (b) . . . .
3x 104/cn?, (¢) 1x 10%/cm?, (d) 3% 10%/cn?, (e) 6x 10%5/cm?. The  defect clusters do not create sufficient strain to be imaged in
solid lines show the relation of slope 2. the TEM under the conditions employed. The surface region,

IIl. EXPERIMENTAL RESULTS

- W 1= O,
r

(Arbitrary Units)

sym

- O) e W
¥

Logl

Downloaded 30 Jul 2004 to 130.126.103.52. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 3, 1 August 2004 Zhong et al. 1331

10*[——Model’ 1
= 10%F ° 3x10"cm? ]
z o 1x10¥cm? g ]
g o', ]
é 102 - o N
< . ;
> 10'} ]
‘@ 10°} .
8
£ 10'f .
10°} .
10°EEEY |, . A ]
2.980 2.985 2.990 2.995 3.000 3.005 3.010 3.015
L(r.L.u)
g 4} . ," "\' (b) 4
g :,' \, 3x10"cm’
g3/ kY - = - 1x10"cm?
g :/ \'. ..... 3x10"°cm?
B 2 ecvel N —e-s Bx10™em®
g . . \, 9
c A \
= 1k \
£ - )
7] . 8r
0 L N WA 1Y
0 1000 2000 3000 4000 5000 7
Depth (A)
12 —— r . . J— 300 6
e <lg> ©)
_ 10} = Strain j250 @ <5
= — Experimental = g
£ 8 —.—Model 200 2 24
© -t LQ <
- ~ g [
n e e {150 <
b - AT 3
2 - o
® 4 7 {100 £ !
9 '/./ v 2 1
E 2 <d 150 1
= J
o . NN P 1 !
(] 1 2 3 4 5 6 |
Dose(X10°cm™®) [Vhe - - . . . ‘ -
0 50 100 150 200 250 300 350

FIG. 5. (a) Strain measurements for samples with various doses. Symbols Depth(nm)

are for the experimental data and the solid lines are from the fitimghe

strain profiles used in the fittings {@). (c) Integrated strairisolid symbo) FIG. 6. Cross-sectional TEM bright field micrograph of a Si sample im-
as a function of dose. Also shown in the figure are the avelagéopen planted to 3 10'%/cn?. The lower figure shows the Si ion distributions of
symbo) of HDS measurements as a function of dose. The solid line is the fitwo doses, X 10*/cn? (dashed ling and 3x 10*%/cn? (solid line) from

to the HDS experiment data, while the dotted-dashed line is based on therim simulations. The dotted line illustrates the region where the visible
model of the linear superposition of strain. threshold takes effect.’Gs the defect concentration at the threshold dose.

although highly damaged by the implantation beam, is nota-

bly denuded of visible defects. Comparison of the visible!™9 1S not o_bserved_, orit S small. Between 400. and 700°C,
damage zone with the implantation profiles in Fig. 6 indi_the annealing continues in the two samples with the lowest

cates that dislocations form when the implanted concentrad©Ses, whereas very little change, or even a small increase, in

tion of interstitials exceeds 1 X 103 atom fraction. the scattering is observed in the specimens implanted to the
highest doses.

B. Evolution of defect structure during isochronal On further annealing te-875°C, all samples, except the

annealing one with the lowest dose, show a marked increase in scatter-

(ipg. For the three samples with the highest dose, the scatter-

ing at this point in the isochronal anneal is, in fact, larger

han the values immediately after implantation at 100°C. On
7(a) and Tb) wherelq? is plotted as a function of tempera- he qther hand, tht_a cha.nge in scattering _intensity at its peak,
ture for the different implanted samples. In Figayall of ~ relative to that at its minimum=700°C, is largest for the
the data are plotted on the same scale to illustrate the relatigMples iradiated to 3 and 3QL0* cni™® and smallest for
magnitudes of the scattering, while in Fighy, the data are the sample irradiated to the highest dose. Unfortunately the
plotted to show the fractional change in the scattering as gensitivity is not sufficient to determine if there is a corre-
function of temperature. A few systematic trends are clearlysponding increase in intensity for the sample irradiated to the
observable in these data. For the samples containing lowektwest dose. Relative to the initial scattering, however, any
three doses, the scattering decreases significantly upon asdch peak in this sample would be small in comparison to the
nealing at=400°C. For the two other samples, such annealother specimens.

HDS measurements were performed on the irradiate
samples discussed in Sec. Il A, following annealing to el-
evated temperatures. The primary results are shown in Fi
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FIG. 7. Averagedq? of HDS measurementélg®),, as a function of anneal- . . R . .
ing temperature(a) The data are plotted on the same scale to illustrate the ~ 1Ne€ integrated strain, plotted in Fig(cy is a direct mea-

relative magnitudegb) The recovery ratio{lg?)/{lg®-100°c as a function  sure of the sum of the relaxation volumes of all defects in the
of annealing temperature. sample ie.

Since we attribute the increase in intensity during an- £2= 2, GFAV,, @
nealing to the clustering of defects, we have also considere@here the sum oni* is over all defect typesg; is the con-
the asymmetry of the scattering. We define the asymmetry asentration of defectit” AV, is the relaxation volume of the
the ratio of scattering asA=({Ig%q=(l0%_)/((Ia®q  defect(in units of atomic volumes and F is a factor related
+<Iq2)_q) and plot it as a function of temperature for four to the elastic constants. Although the dependence of the
samples in Fig. 8. Again, systematic trends are observed. THeéuang scattering on defect concentration is more complex, it
two samples irradiated to lowest doses show a large peak iis plotted in Fig. %c) for comparison. The two sets of data
asymmetry=600°C, whereas the asymmetry in the samplesare qualitatively similar. Extrapolation of both sets of data in
irradiated to the highest show only small changes at thishe low dose regime to zero dose shows that neither goes
temperature. Note, a positive valueAdfepresents scattering through zero. Since both the HDS and strain are zero prior to
predominantly from interstitial defects and a negative valudrradiation, the data simply imply that the damage increases
indicates vacancy defects, so that in all cases, the scatteringry quickly with dose at low doses, belowx110* cm™
is mostly from interstitials. Expected values of the anisotropyand then it tends to saturate at the end of the low-dose
for different types of defects are listed in Table I. Values forregime, before increasing again in the high-dose regime.
interstitials loops derive from the calculations of Nordlthd Saturation behavior is a commonly observed feature in
and Ehrhart! while those for the point defect clusters were irradiated materials and is due to recombination reactions
obtained by calculating the diffuse scattering for the dis-between vacancies and interstitials and their clusters. The
placement fields given in Ref. 25. Our method for calculatingsaturation concentration of defects depends on a number of
the diffuse scattering has been described elsewfiere. factors, including the type of ion used for irradiation and its

TABLE I. Anisotropy for various defect structures from the theoretical calculations. The data of interstitials and
vacancies are from Ref. 25. The datgbfl) loops are from referendd 1] and the data of311) loops are from

Ref. 24.

Type of defect l-interstitial 2-interstitial 4-interstitial 1-vacancy 3-vacancy
Anisotropy 0.74 0.54 0.42 -0.62. -0.57
Type of loop (112) perfect (311 hex (31D IRD

Anisotropy 0.75 0.73 0.54
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energy, the irradiation temperature, and, of course, the target AV
material. For Si irradiated with self-ions at room tempera- 8220-41¢7 (4)
ture, the dose required for saturation exceeds that required
for amorphization, and so its value is not known. At higherwhereg is the ion dose in units of cid. Comparison of the
temperatures the saturation concentration is reduced, and @®lculated strain due to the addition of interstitials with
Si this reduction is clearly sufficient at 100°C to preventthe experimental strains in Fig.(@ shows that at low
amorphization. In metaté and AlAs?® saturation concentra- doses the strain is larger than that expected from simply
tion of defects is<5x 1073, adding interstitials, while at high doses the added intersti-
While the defect concentration at saturation cannot bdials can account for nearly all of the straiwithin uncer-
determined accurately from the present experiment, we cal@inties in the volume per defect, the irradiated volume,
provide a rough estimate by assuming that each Frenkel pagnd the strain measurement$he calculated curve in this
has a relaxation volume o£1(Q,. Thus, using Eq(1) and figure was obtained by superposing the strain arising from
noting that the average strain at the saturation des8 the Frenkel pairs created at low dose with that due to
X 10 cm™?) is ~5x 1074, we obtain a defect concentration implanted Si atoms, Eq4). The strain arising from the
on the order of & 1073, This value is well below that re- implanted Si atoms equals that from the Frenkel pairs at a
quired for amorphization=5x 102, which we have esti- dose of=1x10"cm™. We can conclude therefore, that
mated by the same means using the strain data from Refs. 2he defects state in Si changes during implantation, from
and 29. It is noteworthy that at the dose signaling the onse@ne consisting of small clusters of interstitials and vacan-
of regime I, ¢ ~1x 10" cm2, the concentration of im- Cies below 1x 10*° cm? to one comprised predominantly
planted Si atoms also is;=5x 107, (see Fig. 6. Since the of interstitial loops above it. Moreover, the loops grow in
relaxation volume of the added Si atom, i.e., an interstitial, ighe high-dose regime according to one interstitial per im-
approximately equal to the relaxation volume of the Frenkeplanted ion, i.e., the so-called “plus one” model is well
pair, the concentration of Frenkel pairs after a dose of 30beyed in this regime.
X 10" cm?, i.e. at saturation, must also bes X 107* agree-
ing well with our estimate above. These results thus sugge$t. Dependence of defect structure on annealing
that the creation of strain in region | is due to the creation oft€mperature

Frenkel pairs, and that this process saturates. Eventually, the e measurements of Huang scattering during isochro-
concentration of implanted Si exceeds the Frenkel pair cong, annealing can be largely understood in terms of the de-
centration, marking the beginning of region I, and that strainggt state existing at the end of the implantation at 100°C.
then builds by the simple addition of implanted Si atoms. Eq; the doses falling within region <1x 10* cm2, the
We can make these ideas more quanhtiltlve 2by NOUNYefects are primarily in the form of small interstitial and
from the TEM results that at doses1—3X 10 cm?, the vacancy clusters, with the total concentrations of vacancies
defects collapse into dislocation loops. From the results of g interstitials being nearly equal. Since di-interstitial and
the Huang scattering, and the discussion above concerning\acancies and higher order clusters are not mobile at this
the origin of the strain in region I, we can reasonably as+emperaturé and do not dissociate, the sizes of these clus-
sume that the loops are interstitial in character. The relaXfars must be smaff On annealing to 400 and 700°C, these
ation volume of interstitials atoms in loops must be Verygmg|| vacancy and interstitial clusters either become mobile
nearly 1), and thus the uncertainty in the relaxation volume, gissociate and undergo recombination reactions with their
of defect clusters encountered in the above qualitative disynnihilation partners, although the growth of clusters is also
cussion is now eliminated. The strain arising from implanted,yssiple. Until the clusters reach a size where they become
Si atoms, therefore, can be simply obtained as follows. Nojymgopjle, or stable against dissociation, recombination reac-
tice first, however, that since the near-surface region is coryjons will continue. This leads to substantial recovery in the
strained in the plane of the surface, an interstitial atomy,ang scattering for the specimens irradiated to low doses.
causes dilation in only the direction, and it is given by For the specimen implanted with doses in region I, the con-
» centration of interstitials is far larger than that of vacancies,
£,5 850t E(8X°+ &yo), (2)  thus limiting the amount of recombination possible. In addi-
tion, the interstitial clusters have mostly formed dislocation
configurations in region IlI, at the implantation temperature,
and thus they are stable against dissociation until much
digher temperatures. Thus, little recovery in the Huang scat-
tering is observed on annealing to 700°C.
For annealing above 700°C it has been observed on
1 AV specimens irradiated at room temperature to doses less that
Ex0= Eyo= 820 377\ (3 <5x108cm? that dislocations begin to forfFor these
“low-dose” experiments, this has been explained by the dis-
whereAV is the volume change due to an added atom, andociation of interstitial clusters containing four interstitials
when added to dislocation loop&V={),. Poisson’s ratio is and their subsequent migration and formation of even larger
0.20 for the[111] direction®® Thus, combining these val- clusters and eventually dislocatiotfsThe present experi-
ues in Eq.(2) yields, ments can be understood in similar terms, although the initial

whereg, is the strain on the direction normal to the surface,
z; v is the Poisson’s raticg,g, &yo, ande,g are the strains in
an isotropic unconstrained system when an interstitial i
added and given by
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defect concentration must be taken into account to underx 10 cm?, the defect concentration arising from damage
stand the details. For the sample implanted to the lowegproduction durlng implantation tended to saturate at a con-
dose, for example, Fig.(d) shows that fraction of Huang centration of~1 X 1073, which is far below that required for
scattering remaining is very small above 700°C, althougtamorphization in Si.
there is some indication of a small peak. This peak becomes At a dose of=1x 10 cm™?, the concentration of im-
far more prominent for the sample irradiated to a dose of Jplanted Si atoms became comparable to the saturation con-
X 10" cm2. While the defect concentration cannot be in- centration of Frenkel pairs, causing a profound difference in
creasing during annealing, the scattering from clusters inthe defect state. Since the concentration of Frenkel pairs had
creases with their size, approximately as the square of theaturated, the interstitial clusters began to dominate the de-
number of interstitials in the cluster for three dimensionalfect state. Their growth eventually led to the formation of
defect clusters. Consequently the total scattering increases dislocations with interstitial character. In this implantation
the defects cluster further and not too many defects annihiregime, the “plus-one” model for defect production was well
late. For the sample implanted to a dose of B0'*cm™?,  obeyed.
which is in region I, both reactions take place, but the clus-  The annealing behavior reflected the initial state of dam-
tering reaction prevails between 800 and 900°C when mosige within the implanted Si samples. At low doses, the con-
vacancies have already been annihilated and interstitial clugentrations of interstitials and vacancies were very similar,
ters grow rapidly. and substantial recovery was observed below 600°C. As the
The samples irradiated toX110" and 3x10"®cm?  dose was increased, the imbalance in vacancies and intersti-
represent the onset of region Il, in terms of dose, such thatals grew, restricting the recombination reaction and en-
there is already a large excess of interstitials compared tabling the interstitial clusters to grow to large sizes and even-
vacancies prior to annealing. Recombination of defects, inually form dislocations. At the highest doses, 3
these samples, therefore, is very much limited above 700°Cx 10'° cm™, and above, the imbalance in vacancy and inter-
As a consequence, the peaks in the scattering intensity atitial concentration was very large, and this suppressed the
~850°C are very large as the interstitial clusters grow inamount of recovery arising from recombination. Since the
size without the competing recombination reaction. For theanterstitials clusters were already in the form of dislocations
sample irradiated to the highest dose, increases in scatterirag the implantation temperature, the growth of small clusters
are also observed, but it is less pronounced than that for thwas also suppressed. Finally, abov800°C, the interstitial
specimens irradiated to X10'° and 3x 10 cmi?, even clusters began to shrink, either by recombination with ther-
though the remaining numbers of vacancies above 700°C imal vacancies or by dissolution and loss to sinks.
this sample is negligible. Most of the interstitial defects in
this sample, however, are in the form of dislocations follow-
ing the implantation at 100°C. As a consequence there arBRCKNOWLEDGMENTS
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V. CONCLUSIONS

The development of the defect structure in Si implantedAPPENDIX: KINEMATICAL SIMULATION OF ROCKING
with self-ions to high doses was investigated using x-raycURVES
scattering and TEM, both as a function of dose and during N constructing a scattering model to analyze our results,
Subsequent isochronal annea”ng_ By |mp|ant|ng at 100°C\’Ne assume that the strain follows a Gaussian diStribUtion,
high implantation doses could be employed without causing (z-2,)?
amorphization. Two regimes in the damage production were  &(2) =A ex o2 | (A1)
observed. Below=1Xx 10" cm?, the damage defect state
contained both vacancies and interstitials, and in approxiwheree(z) is the fractional layer expansion of the average
mately equal numbers. The number of implanted interstitial€rystal at depthe increasing inwards from the surface at
was small compared to the number produced by the implan=0. This is a good approximation to the numerical distribu-
tation, even though both vacancies and interstitials were maions found in previous studiéd.The characteristic offset of
bile at the implantation temperature. After a dose3 the distribution from the surface is representedzgy The

Downloaded 30 Jul 2004 to 130.126.103.52. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 3, 1 August 2004 Zhong et al. 1335

fractional amplitudeA provides the total magnitude of the resenting the disorder of the lattice. Whereas the strain pro-
strain. file of Eq. (A1) designates thaverageposition of the crystal
Since closed-form analytical expressions are difficult tolayers, the actual positions of the atoms within those layers
derive, even in the kinematical limit, we used a one-will be redistributed by the damage induced by the local
dimensional numerical expression to calculate the diffractiorstrain associated with the point defects. Within this Debye-
profiles. The structure factdt(q) representing the diffracted Waller picture, the net contribution to the diffraction of each
beam at reciprocal lattice coordinadeis given in this one partly disordered layer is thereby reduced and so can be

dimensional kinematical model by, modeled by a single layer with reduced occupancy at the
N 0 N ¢ average position.
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