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Formation, evolution, and annihilation of interstitial clusters in ion-implanted Si
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We review the results of several experiments aimed to elucidate the thermal evolution of the self-interstitial
excess introduced by Si-ion implantation in crystalline Si. Deep-level transient spectroscopy and photolumi-
nescence measurements were used to monitor how those interstitials are stored into stable point-like defect
structures just after implantation, evolve into defect clusters upon annealing at intermediate temperatures, and
are annealed out, releasing the stored self-interstitials upon annealing at larger temperatures. It is shown that
although dopant atoms and impuriti6s and Q are not the main constituents of these clusters, the impurity
content has a large effect on the early stage of cluster formation, at low fluence and low temperatures, and can
affect their dissociation kinetics. A stable residual damage, electrically characterized by two signaRyres at
+0.33 eV ande,+0.52 eV and exhibiting two broad signatures in the photoluminescence spectrum, is present
for doses=10'¥cn? and annealing=600 °C. This residual damage, formed by interstitial clusters, is stable to
temperatures as high as 750 °C and anneals out with an activation ener@y3#V. It is suggested that these
clusters store the interstitials that drive transient enhanced diffusion at low implantation doses and/or low
temperatures, when no extended defects are formed. Finally, {@idhextended defects form the lumines-
cence spectrum is dominated by a sharp signal at 1376 nm, which we correlate with optical transitions
occurring at or close to these defects. Dose and temperature thresholds for the transition from small clusters to
extended defects have been observed and will be discussed.
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[. INTRODUCTION terstitials stored if311} defects are released with an activa-
tion energy of~3.8 eV, in good agreement with the dopant
The supersaturation of Si self-interstitials produced by ioriTED activation energ$.

implantation in crystalline Si is responsible of several ion- However, recent studies have shown much evidence of
beam damage related processes such as the formation of é=D in samples implanted at low fluence in the early stages
tended defectsand the transient enhanced diffusigiiED) of annealing, where extended defects are not forfrielh
of dopant atoms. lon implantation produces interstitial-particular, ultrafast TED occurs at relatively low temperature
vacancy (-V) pairs that are stored into room-temperature(700 °Q and for times from 15 s up to 40 min after low-dose
stable defect complexes. Moreover, the presence of the extimplants (1x 10*—2x 10'3Si/cn?).” The measured activa-
implanted ion results in an imbalance in the two defect contion energy of the process is smaller than that measured dur-
centrations. Upon annealing, room-temperature stable defetig extended defects dissociation, being of the order of 2.3—
complexes dissociate and the defedtandV) released un- 2.7 eV. It has been proposed that small interstitial clusters,
dergo extensive recombination in the bulk until only the in-not detectable with transmission electron micros€opy
terstitial excesgdue to the extra implanted ionss left. This  (TEM), store the excess interstitials: their dissolution pro-
process lies at the heart of the so-callee-1* model,”®  duces the supersaturation that drives TEDThe difficulty
where it is also assumed that the surface does not play t@ obtain information on the source of the TED in this regime
relevant role during annealing in the first stage. Apart fromis due to the small dimensions of the agglomerates that store
being quite a crude approximation, the model does not prothe | supersaturation. While extended defects can be well
vide any hint on how this interstitial excess is stored in themonitored and characterized by TEM analyses, the structure
material. Indeed, due to the high diffusivity and low equilib- and the evolution of the nanometer-sizelusters is unde-
rium concentration, it is expected that the extra-interstitialgectable with this technique. Recently, Cowern and
will coalesce into more complex defect structures rather thaso-workerS have been able to extract information on the
being diluted in the bulk. This behavior has been fully ex-I-cluster dissociation by monitoring its effect on TED. From
plored for implants at elevated doses. In this case the highthe measure® TED they extracted the associateduper-
supersaturation produced from the implant saturation. Using inverse modeling of the supersaturation,
(40keV Si, 5<102cm™?) results, after annealing, in the they found that the growth of small interstitial clusters can be
formation of extended defects such &41} or dislocation described in terms of a rate-limited transition between two
loops that storé and release them when proper thermal bud-groups of cluster sizeéwith a boundary at dimensions of
get is provided. The extended defect dissolution maintains ~10 interstitial$. In the fitting procedure they assume that
anl supersaturation in the material that drives dopant TED irthe I-clusters grow through an Ostwald ripening pro¢&ss
a time scale fixed by their annealiidn particular, the in- (OR) and explain the rate-limited transition in terms of the

0163-1829/2001/639)/19520614)/$20.00 63 195206-1 ©2001 The American Physical Society



SEBANIA LIBERTINO, SALVATORE COFFA, AND JANET L. BENTON PHYSICAL REVIEW B33 195206

large variation in the binding energy of last added intersti-(Cz, [0]=7x10"cm 2 and[ C]<10'%cm 3 with a resistiv-
tials in small clusters. However, no direct information on thejty of 1-4 Qcm, or with [O]=1x10%¥cm™3, [C]
cluster status and evolution was achieved. ~10'cm~2 and a resistivity of~0.4 Q2 cm) Si samples were

In spite of several investigations of defect evolution, an sed. The samples were implanted with either 1.2-MeV or
intriguing question remains unanswered. It is not known if145. ke Si ions to fluences in the rangex 10°-5

the structural unit of the defect remains unchanged during, 1 13c2. Annealing was performed under a He flux at

the growth from small-clusters to{311 defects, or if Sig-  emperatures in the range 400—750 °C for times ranging from
nificant modification in the spatial distribution and binding 10 min to 15 h. After annealing, Schottky barriers piype
energy of thel to the defect structure occurs. This last sce-g; samples were formed by using room-temperature Ti depo-
nario is supported by the results of quantum-mechanical cakiion, Deep-level transient spectroscopy measurements were
culations. Tight-binding calculations d)faggk_)meratm?'l1 ré-  nherformed using a Bio-Rad DL8000 apparatus. Depth con-
vealed that structures of drcluster alternative to thé81l}  centration profiles were obtained by changing the reverse
defect structure may exist when few interstitials agglomeratey;ss from 20 6 3 V and maintaining the difference between
The formation energy pelris lower than that necessary for (eyerse and filling biases constant and equal to 3 V. Capture

the formation of the110) chain, which is the building block  yinetic measurements were performed on a Bio-Rad DL4600
of the {311 defect, when the number of interstitials is lower ;< ment by fixing the reverse bias and filling pulse to 10

than 10. This suggests that smidtlusters may not be the 54 1 v, respectively, and changing the filling time from 10
direct precursors of th¢311} defects and that a structural ms to 700 ns. PL measurements were performed at 17 K
transformation should occur at some stage of the growth Pr9ising the 488-nm line of an argon laser at a pump power of
cess to allow the extended defect formation. 50 mW. Light emitted from the sample was dispersed by a
The aim of this review is to assess the formation of stablg,,,nochromator and detected by a liquid-nitrogen-cooled Ge

damage, able to survive annealing at temperatures aboYRyector. A standard lock-in technique was used to improve
600 °C where dopant diffusion and formation of secondar){he signal-to-noise ratio.

defects occur. It is particularly important to establish the
structure and electrical behavior of this damage, its ability to

store and release_ point defects that can then interact among IIl. RESULTS AND DISCUSSIONS
themselves or with dopant atoms. Moreover, an extensive
study of thel-clusters in a region where extended defects are A. Evolution from point defects to clusters

not formed could provide a link between the point-like de-  The defect evolution from point-like structures into
fects generated IJE)Zy the ion beam and the extended defects, @§|ysters and eventually into extended defects was followed
proposed by Tar. _ for Si implants in a wide dose range, X10°-5

In the last few years we performed a set of experiments ing 1g13cm2 and upon annealing at temperatures of 400—
order to provide information on the structure and evolutionyggec. The residual damage left after annealing was moni-
of I-clusters. We observed experimentally, by using deepgoreq and characterized using both electri@lTS) and op-
level transient spectroscop{DLTS) measurements, that tical (PL) measurements.
|-V recombination during both implantation and annealing  The residual damage left after low-dose implantation and
occurs preferentially in the bulk, leaving an excess$-0fpe  annealing at temperatures below 600 °C is mainly formed by
defects due to the presence of the extra implanteddh. gint.like secondary defects. The DLTS spectrapetype
These results provide a confirmation of thé model in the  gpitaxial Si samples annealed at 400 °C for 30 min are com-
low-dose regime. Moreover, we have recently established a4 in Fig. 1 for 1.2 MeV Si implantation to doses of 1
thatl-clusters introduce deep levels in the band gap that caiy 1 sj/cn? (dashed ling 1x 10 Sien? (solid line), and
be monitored by DLTS?*" In this work, we review our 1,102 Sjjcn? (dot-dashed line The samples were an-
latest results and present new data using both DLTS anfejeq together in the furnace, and the reference sample
photoluminescencéL),* on the formation and dissolution implanted, not shownthat underwent the same thermal

kinetics of I-clusters and the transition {811} defects. To  yaatment does not exhibit trap levels in concentration above
this purpose we studied the structure of defect clusters: the. 10" traps/cmi (DLTS sensitivity limit for these

ion fluence and annealing temperature regime in wh_|ch th_e)éample}; The spectra shown in figure clearly show the pres-
form are stable and anneal out. Furthermore, the impurity, o of two different regimes in the residual damage fea-

role (C and Q on defect formation and dissociation Was yres The residual damage in samples implanted at low dose,
assessed and the dissociation energy value for small clustelgﬁ to 18Lcm™2, is roughly given by the levels identified as
determined. The results are linked to TED activation energ3{_|l at E 40 ’08 eV, H, at E,+0.13eV, H, at E

v " 1 v . 1 U

for low-dose implants €1 10"%cm™?) with no extended 53 eV H, atE,+0.25eV, H, at E, +0.39 eV, andH
d_efect formation. F_mally, PL measurements were extens E,+0.53eV, whereE, indicates the top of the valence
sively used to monitor the transition frofrclusters to ex- band. For low doses<(102cm?) the same signatures
tended defects. within the experimental errofbelow +0.01 eV} are ob-
served. An increase in the ion implantation dose in this re-
gime only produces a linear increase in the defect concentra-
Epitaxial (epi with O and C content[O]~[C] tion (as will be shown in Fig. B These results suggest that at
<10"cm 2 and a resistivity of~2 ) cm) and Czochralski low implantation doses the collision cascades generated by

Il. EXPERIMENT

195206-2



FORMATION, EVOLUTION, AND ANNIHILATION OF ... PHYSICAL REVIEW B 63 195206

15 — I i i i i I i ! i i I i i i ! I 'l ' ' ' ' ' ' ' — 20 T T T L L T 1T L L L
1.2x10 — —1x10° Sifem? X2 i/‘.‘ ] L ‘VV L | 9 .l 2

T — 1x10" Si/em’ i ] . 1x101 1Sl/cm 2
g 10| — = 1x10" SV/em’ i 5 ~ T - - 1x10 Si/em” -
2 i it 1 = r 1x10"Si/em? |
g Hy L 1 g5 * 13 : cmf
2 08F ; ] . r - —- 2x10 " Si/em” 1
< . ] s L ]
£ '- 1 5 _
o 0.6 ] - 1 400 °C 30 min |
g | Ewr -
O 04 5 oL f ]
(et i — F B
é’ 0.2 ] ~ L J
-~ 5 0 B
0.0 ;|\|=|\|‘|—|—1’|’|—|T — == [ 1
50 100 150 200 250 300 r 1
Temperature (K) i 1
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with 1.2-MeV Si to a dose of ¥10°cm 2 (dashed ling 1
X 10" em™2 (solid line), and 1x 10'2cm ™2 (dot-dashed line The
samples were annealed at 400 °C for 30 min.

Wavelength (nm)

FIG. 2. PL spectra of CZ Si samples implanted with 1.2-MeV Si
to doses of X 10° cm 2 (dashed ling 1x 10" cm ™2 (dot-dashed
different ions do not overlap considerably: the final damagedine), 1x10?cm 2 (solid line), and 2<x10™cm 2 (double dot-
configuration depends only on the defect density and théashed ling The samples were annealed at 400 °C 30 min.
defect interactions within the single ion track. This would
explain why the same class of defects is observed regardlesisis sample. After implantation to 1bSi/cn? (dot-dashed
of the dose. This hypothesis is confirmed by the evidencéine), the Si band edge is no longer visible, confirming the
that the DLTS signatures at these dosesl{ 10'cm 2 results already obtained by DLTS: The damage is present in
change only as a function of the annealing temperature in theigher concentration. In this sample most of the radiative
range 400—-600 °C. recombination occurs at the damage. Identification of the PL

The other regime observed in Fig. 1 occurs at intermedifines shows that they belong tetype defects. Th&V line'®
ate dose (k102cm 2-1x10%cm ?). The residual dam- at 1218 nm(1018 eV} is the dominant center for dosesl
age exhibits characteristics totally different from those pre-x 10'*cm™2. This line has been recently associated with
viously observed. The DLTS peaks in the high-temperaturemall I-rich clusters®1° Moreover, the shoulder observed at
part of the spectruntl;—Hg are either not presei¢.g.,Hg) 1279 nm(0.969 eV, is probably theG line, associated with
or totally overwhelmed by new defect signatures. Also thea complex between an interstitial and a substitutional C atom
DLTS signatures in the low-temperature part of the spectruniC;C,).*® The spectra also exhibit a peak at 1570 (hv89
(H, andH,) that increase for doses up toxLO' Si/cn?  eV) that can be associated with carbon interstitial oxygen
decrease for higher doses. These results suggest that at thesenplexes (QO;, the well knownC line).*® It should be
high doses a strong interaction between defects of subseaentioned that the PL is not quantitative; hence is not pos-
quent collision cascades occurs, producing dramatic changasble to extract information on the defect concentration from
in the residual damage features. their PL lines. An increase in the PL signal of these lines is

The residual damage features were also monitored by Pbbserved for X 10'2Si/cn? implantation dosésolid line).
measurements on samples, implanted to doses in the ran@& can be really useful to monitor samples having a high
1X10°-2x10"cm 2 and annealed at 400 °C for 30 min. damage concentration, where the DLTS cannot be used due
PL is sensitive to optically active centers, on which theto the large electrical compensation produced by the damage.
electron-hole recombination occurs, producing photons. Tan fact, it is possible to monitor the residual damage after 2
reduce as much as possible the nonradiative recombinatior 10'3Si/cn? implant (double-dot-dashed lineln this case
paths, all the measurements were carried out at 17 K. Althe W line is the dominant feature of the spectrum, but a
though there are examples in the literature where DLTS an@ronounced shoulder between 1300 and 1400 nm appear,
PL have been used to identify the same defect complex, iprobably due to the high degree of disorder in the lattice.
should be noted that they monitor different centers and it is The damage evolution was followed as a function of both
not always possible to directly link the two techniques. Thethe implantation dose and the annealing temperature using
PL spectra of CZ Si samples implanted with 1.2 MeV Si areDLTS and PL. Between the two techniques, only the DLTS
compared in Fig. 2. After ¥x10° cm 2Si implantation s able to provide quantitative information on the defect con-
(dashed ling the optically active damage is barely visible, centration. In fact, assuming that every complex involves a
although the phonon-assisted Si band-to-band carrier recorgingle point defect, we added the defect concentration ob-
bination is clearly visible at 1121 nifSi band edge Also  tained from the DLTS peaks of various spectsmme of
other features more evident for higher doses are detected ihich are plotted in Fig. YLusing the procedure reported
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measurements that only exhibit the band-edge recombination
w'L i line for those sample&ot shown.
g 1 The data for ion implantation to larger doses X
i X 10'%Si/cn?) reveal a quite different behavior. First, the
(b) DLTS spectra of samples annealed at temperatsi®30 °C
e T O il exhibit a residual damage dramatically different from that
400 . 450 500 550 600 650 700 observed in samples implanted to lower do&e=e Fig. 1
Temperature (°C) Furthermore, the damage is still detectable in DLTS after
annealing at temperatures600 °C, as shown in Fig. 3.
FIG. 3. (a) Total defect concentration artl) number of defect These results strongly suggest that a more stable class of
per ion as a function of isochrongd0-min) annealing at different  defects is formed at this dose. We believe that this difference
temperatures. Data were obtained by DLTS measurements, fofrises from the higher interstitial supersaturation obtained for
p-type ep|t3X|aI Si samples |mpJ?nted with 1.2 Mev Sito doses ofpigher dose implants. This, in fact, allows the formation of
1x10°cm 2 (M), 25<10°cm® (A), 1X10%cm? (@), more complex defects already in the early stages of anneal-
X 10" em 2 (¢), and X 102 cm ™2 (%). ing
Another effect of the modification in the defect structure
elsewheré®!® The results obtained for 1.2 MeV Si implan- is visible in Fig. 3b), where the number of defects per ion is
tation at room temperature on epitaxial Si samples are sunplotted according to the countitty'® procedure. Once again,
marized in Fig. 3. In this figure, the total defect concentratiorfor doses up to 8cm 2 the defect concentration increases
[Fig. 3@] and the number of defects per idfig. 3b), roughly linearly[see Fig. 8)]; hence the number of defects
obtained dividing the defect concentration by the ion dosePer ion remains roughly constant at3 regardless of the
are plotted as a function of the annealing temperature foflose. For implants at’110'?Si/cn? the number of defects
isochronal (30 min) annealing in samples implanted to 1 Per ion obtained with the same method is much lower, sug-
x10°cm2 (W), 2.5x10°cm 2 (A), 1xX10°%cm 2 (@), 1 gesting that the S|mp_le counting procedure used for lower
X101 cem 2 (¢), and 1X102cm 2 (k). The solid and doses cannot be applied.
dashed lines are used as a guide to the eye. An increase in the
ion dose up to X 10" cm 2 produces a roughly linear in-
crease in the total defect concentration as previously men- The defects formed after implants at doses of 1
tioned (see Fig. 1 In fact, the sum of the defect signatures x 10*?Si/cn? or higher are very stable in temperature and
measured by DLTSH;—Hy, for the dose range10°~1  are still present after 750 °C, 30 min annealing. It is therefore
X 10t em™? after 400 °C annealing at 30 min, shows a linearinteresting to characterize the residual damage obtained in
increase. However, increasing the temperature at 600 °C, this dose regime in more details.
dramatic reduction of the defect concentration is produced,
suggesting that the implantation damage is fully recovered.
The lattice recovery for annealing at 600 °C in samples im- The DLTS analysis of samples implanted at doses
planted to doses up to m 2 is confirmed by the PL =10*cm2 and annealed in a wide range of temperatures

Defect / ion

B. Characterization of Si interstitial clusters

1. Electrical and optical properties
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and times showsee Fig. 4 that the same class of defects is T T e T
formed regardless of the annealing conditions. In particular, ¢ | G — p-type Si
in Fig. 4 the DLTS spectrum of a sample implanted with 145 r --- n-type Si
keV Si to a dose of X103 cm 2 on p-type Czochralski- I
grown Si and annealed at 680 °C, 1dolid line) is compared
with a sample implanted with 1.2 MeV Si to a dose of 1
X 10'2cm™2 on p-type epitaxial Si and annealed at 600 °C,
30 min (dashed ling It should be noted that this last spec-
trum has been multiplied by a factor of 10 to allow compari-
son. The residual damage for the two samples is mainl
given by two distinct signatures having activation energies of
E,+0.33eV andE,+0.52eV and labeled in Fig. 4 &,

and B, (B-lines), respectively*>?° Similar defect signatures
have been detected regardless of the ion-implantation en
ergy, dose, and impurity content of the sample. The O and C
contents are, respectively, 3 and 1 order of magnitude highel 0.0
in CZ (~1x10®0/cn?, ~1x 10 C/cn?) than in epi Si
([0]~[C]~1x10"®cm 3). Also the dopant concentration

does not affect the damage signal, since the CZ Si wafers FIG. 5. PL signal fop-type (solid line) andn-type (dashed ling
used have about one order of magnitude more B than the efi implanted with 1.2 MeV Si to a dose 0f<110"3cm ™ and an-
Si.  Moreover, in contrast to the low-dose nealed at 600 °C for 30 min.

(<10* Si/cn?) residual damage, the thermal treatment is not

the dominant factor in determining the final defect character- Several sharp lines in the range 1200—1280 nm are super-
istics. imposed to these broad peaks. All of them have been
These results and more extensive stu@i€sconfirm that  associatef with point-like defect and defect-impurity com-
neither the impurities, O or C, nor the dopant, B, are theplexes formed as a consequence of ion-beam irradiation. In
main constituents of these defects. The same defect signparticular, a lineW’ at 1233 nm(1.0048 eV, which is a
tures are observed regardless of the implantation dose fgerturbed form of th&Vline (1218 nm, 1.018 e)/ has been
doses=1x 10'2Si/cn?. It should be mentioned that DLTS identified*® As previously mentioned, this line is associated
measurements exhibit small differences, withif©.05 eV with small I-rich clusters®® The line at 1279 nn(0.969
(~10%), in the activation energy values for the two lin@(  eV) is theG line due to the @C; complex:® The spectra also
andB,), but they have not been successfully correlated witrexhibit the well-knownC line at 1570 nm(0.789 eV} asso-
any difference in the sample characteristics, implantatiorciated with the @0, complexe&® and two peaks at 1620 nm
conditions, or thermal treatment. Moreover, since the re{0.765 eV} and 1660 nm(0.7466 eV that can be associated
sidual damage features after high-dose implantation do nowith oxygen thermal donors,
depend on the impurity concentration for wide dose, tem- To be sure that after 1.2-MeV Si implantation the signal
perature, and time ranges, it is confirmed that they are padetected is due only tbtype defects or clusters, we mea-
ticularly stable defect structures, probably clusters of intrin-sured the PL spectra of samples implanted with 40 keV Si
sic defects. that underwent the same thermal treatments. The same lines
The PL spectra op-type (solid ling) and n-type (dashed are observed, thus ruling out that some of the PL lines ob-
line) CZ Si samples implanted with 1.2 MeV Si to a fluence served in Fig. 5 are related to vacancy clusters.
of 1x 10 cm™2 and annealed at 600 °C for 30 min are com-  Although the comparison of DLTS and PL measurements
pared in Fig. 5. The same optically active centers are obdoes not allow us to conclude that the optically active centers
served in botm- andp-type Si under the same laser pumping and the electrically active centers belong to the same defect
power (50 mW) and temperaturél7 K) conditions. The op- clusters, both data sets can be easily associated with the re-
tically active residual damage is the same regardless of thgiddual damage, and in both cases, the dopant is not respon-
dopant(P and B, respectively This result shows that the sible for the final defect characteristics. Both measurements
dopant(P or B) does not influence the residual damage feashow the presence of a stable class of damage that does not
tures, as previously observed for the electrically active redepend on the impurity or dopant concentration or type.
sidual damage. We performed PL measurements in wide dose (1
The PL spectra present two main features in the 1100-x 10**-1x 10" cm™2), temperaturé550-750 °Q, and time
1400 nm range, consisting of two broad peaks centered 410 min—15 h ranges and the same optical signatures are
1320 nm(0.94 eV} and 1390 nm(0.89 eV). These two fea- always detected, similar to the electrically active defects al-
tures are broad luminescence bands and do not arise from theady shown in Fig. 4. As an example, the PL spectra of
convolution of narrower peaks.The broadening in the PL n-type CZ Si samples implanted with 1.2-MeV Si to doses of
peak has been associatedith the quantum confinement of 1x10%cm 2 (doty, 1x10“%cm 2 (solid ling, 1
carriers in regions with the high strain surrounding the de-x103cm™2 (dashed ling and 2x<10"cm 2 (dot-dashed
fects. We will comment further on PL peak broadening laterline), annealed at 600 °C, 30 min, are plotted in Fig. 6. Si ion
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FIG. 6. PL spectra of-type Si implanted with 1.2 MeV Si to
doses of X 10"cm 2 (dots multiplied by a factor of 30 1  |-clusters are present. Since we did not observe \&type
X 10'2cm 2 (solid line, multiplied by a factor of 3 1x10*cm™  defect signatures, we believe that thexcess observed is the
(dashed ling and 2<10'cm™? (dot-dashed line annealed at direct consequence of the extra implanted ion, introduced
600 °C for 30 min. during implantation.

Since PL measurements are not quantitative, to get infor-
implantation at low doses does not cause the formation ofation on defect concentrations and introduction rates,
optically active centers after annealing, as the PL spectrurDLTS measurements were used. The defect concentration as
(multiplied in the figure by a factor of 20of the sample a function of the ion-implantation dose fromx10'? to 5
implanted at 10 Si/cn? confirms. For higher doses, X10%cm™2for 145 keV Si implants for both defecB; (O)
=10"%cm2, the intensity of the spectra increases with ionandB, (A) after annealing at 680 °C fd. h isplotted in Fig.
dose but the major features remain unchanged. All the sped- The annealing temperature, 680 °C, allows the formation
tra exhibit the oxygen thermal donor peakyjGt 1620 nm, of extended defects at the highest dose, as will be shown in
already observed in Fig. 5. Note that the intensity of theseSec. IlID. The comparison with a linear trend, the dashed
lines is reduced when the dose is increased. It suggests thite in the figure, clearly shows that the defect formation rate
the centers responsible for these features compete with thoge strongly nonlinear as the implantation dose is increased.
responsible of the 1200-1400 nm features in trapping reFor 1x 10'2Si/cn? implantation, only an upper estimation of
combining excess carriers. Finally, TEM analyses revealethe defect concentration is given, as indicated by the arrow,
that no extended defects are formed in these samples eveince it is below the sensitivity limit of the DLTS. Finally,
after at 2 10'3cm 2 Si ion implantatiorf: the strong reduction in the defect concentration at 5

The two features at 1320 n(.94 e\j and 1390 nn{0.89 X 10'3Si/cn?, about one order of magnitude, can be attrib-
eV) are unchanged as a function of the ion-implantationuted to the formation of extendd811 defects, obtained at
dose. Broad features in PL spectra have been usualffjuences above 2 10'3cm ?, that compete with th8-lines
observe® in samples having extended defects, such as ifin storing the interstitial excess These results confirm tHe
oxygen-precipitated, antimony-precipitated, and hydrogennature of the clusters, since their concentrations reduce when
plasma-treated silicon. The broadening has been associatedype extended defects form.
with the quantum confinement of carriers in regions with the  Another evidence of the complex nature of these defects
high strain surrounding the defects. Since no extended deas provided by their depth-concentration profiles, as deter-
fects are detected in our samples, we believe that these sigitined by DLTS. The depth-concentration profile of a point-
natures are associated with carrier recombination in théke interstitial defect, the ©; (@), and ofB, (M) are shown
strained region surrounding the smiattlusters embedded in in Figs. §a) and 8b), respectively, and are compared with
the Si matrix®® In the next sectionSec. 11O it will be  the Frenkel-pairdashed ling and the extra ior(solid line)
shown that the cluster electrical signatu(Bdines) also ex-  distributions simulated byiARLOWE,?* a Monte Carlo code.
hibit a broadening that could be associated with the sam&he experimental profile of the;O; (obtained after 1.2 MeV
cause: the strain introduced by the defects. Si ion implantation to a fluence ofx110°cm™2) precisely

These PL results suggest that the material confaiish ~ mirrors the simulated Frenkel-pair profile. The extra ion pro-
regions wherd-type point-defect complexesuch as €O file simulation shows a narrower and slightly deeper peak.
and GCy), small I-complexes(the W line), and larger On the other hand, thB, depth profile, obtained after 1.2
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of 1x10°cm™2, (b) B, line (M) in a p-type epitaxial Si sample Temperature (K)

implanted with 1.2-MeV Si to a dose 0#410*?cm ™2 and annealed -
at 600 °C for 30 min. The lines are a depth profile simulation of the FIG. 9. DLTS spectra measured prtype (a) CZ and(b) epi

. . S . taxial Si samples implanted with 1.2 MeV Si to doses of 1
implanted ion(solid line) and of the of Frenkel pairs generated by 0. o ) . 1 .
the beam(dashed ling X 10°cm™? (dot-dashed lines 1x 10 cm™2 (dashed lines and

1x10%cm? (solid lines, divided by a factor of)5All samples

were annealed at 600 °C for 30 min.
MeV Si ion implantation to a fluence of»X102cm 2 and

annealing at 600 °C for 30 min, exhibits a maximum-dt.3  f,ences of X 10°cm 2 (dot dashed ling 1x 10 cm 2
um and precisely mirrors the simulation profile of the eXtra(dashed ling and 1x10%2cm 2 (solid line, both spectra
implanted ion at this dos@ivided by a factor 100 to allow 5ve been divided by a factor of 5 to allow comparjsare
comparison Similar depth profiles have been measured forplotted in figure. All samples underwent annealing at 600 °C
B, (not shown. These considerations and the result that thgq, 30 min. The DLTS spectra on epi Si show that the defect
B-lines defect structures form in the end of range regionconcentration is <2x102cm™3 for doses below 1
which is the region that experiences the maximum supersatuz 12 sijcn? while CZ Si samples show thB, signature
ration of interstitials, support the conclusion that these deggiar implants to X 101°Si/cn? and the cluster signatures
fects are Si interstitial clusters. are already visible at 13" Si/cn?, even if their concentra-
tion is quite low (< 1x 10"3cm™3). The figure clearly shows
that at least one of thB-lines is formed at lower doses in CZ
The next issue to be addressed is the formation kinetics dbi, which has a higher impurity content.
the interstitial clusters. In particular, the existence of a The comparison of these results with those shown in the
threshold dose for their formation and its dependence on thprevious subsection indicates that the impurity presence
impurity content are of great interest. In this section, it isplays a role in thd-cluster formation only for low doses
shown that the presence of impuriti€® and Q in the Si  (<10"cm ?) Si ion implantation. The experimental data
sample modifies the kinetics of defect formation and dissoare explained assuming that only clusters above certain di-
lution, although the cluster defects do not contain large nummension can survive annealing at 600 °C for 30 min. As a
bers of C or O. We monitored the residual damage as @esult, very small clusters, e.g., formed by Si implantation of
function of the implantation dose and of the material impu-1x 10'*cm™2, tend to dissociate at times much shorter than
rity concentration and the results are summarized in Fig. 930 min. This is what is observed in epi Si, where thgen-
The DLTS spectra for both Czochraldktig. Aa)] and epi  erated by the implant can be stored only in small clusters. A
[Fig. 9b)] p-type Si samples implanted with 1.2 MeV Si to different scenario is proposed for the CZ Si case where the

2. Early stages of interstitial cluster formation
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impurity presence favorktrapping. In fact, it is known that
impurities, in particular, C, are efficient traps figf>2° stor- .
ing them in small defects, thus preventing the formation ofa 10
bigger cluste?’ or extended defects. C andmight form

mobile C4 complexe® followed by the nucleation and

growth of C4 agglomerate$? The impurities reduce the $i =
diffusion length by trapping and releasing them, preventing = 10
their annealing to the surface and causing a local high supersj
saturation in the end of range region. As a result the cluster2
structures rapidly grow above the critical size to be stable. o
This effect is visible only at low doses. In fact, as the im- 10
plantation dose exceeds a critical value, which we estimatec

to be 1x10'2Si/cn?, the | supersaturation allows the fast
growth of I-clusters. Our interpretation of the data is con- b
firmed by the evidence that extended defects are kAd%in 10 T T T
to form at a threshold dose that increases with the sample /KT (eV)

impurity content. Moreover, it will be shown that the thermal

stability of clusters strongly depends on the implantation FIG. 10. Arrhenius plot of th&, (CJ) andB, (O) characteristic

doset’30 times. The solid and dashed lines are linear fits of the data.

—[T T[T T[T T[T T[T T[T T[T T[T T[T F

—_—
—
[\

3. Dissolution of interstitial clusters implantation dose shown in figure, the defect concentration
if the interstitials stored into small is below the sensitivity limit of the DLTS system after 1 h
nnealing, as indicated by the arrow in figure. When the ion
luence is increased, up to&L0ecm 2, the time necessary

In order to verify
I-clusters might be responsible for TED phenomena at lo

implantation dose, we studied theluster annealing behav- for cluster di tion i d a hiah defect
ior. In particular, we studied the dissociation energy by mea;Of ClUSIET dissociation Increases and a high defect concen-
ation is present even after 15 h of annealing. This result

suring the residual damage as a function of the annealin h hat tha-cl ble i f
time and temperature by DLTS. The analysis of the DLTS nows that tha-clusters are more stable in temperature for

spectra at different annealing times for a given temperatur !guer Ilmplantattlon t_dose;; Slncelta T?:her 1d10$e Impltleti "f[l
gives the characteristic annealing timgat that temperature. ighert supersaturation, the resufts of Fig. suggest tha

These values were determined by fitting the data obtained f 'gger clusters, more stable in temperature, are formed in

annealing at temperatures ranging from 55030 min—15 this case.
h) to 700 °C(10-40 min) for epitaxial Si implanted with 1.2
MeV Si to a fluence of X 102cm™2. The characteristic time C. Interstitial cluster characterization
(7o) is given by the relation In Sec. IlIB we pointed out that the optical spectra of
I-clusters present broad features peculiarly different from the
C(t)=Cy exp( _ i) , 1) extremely sharp lines observed instead for point-like defects.
. . w1
whereC, is the initial cluster concentration. The concentra- 3 ' E
tion values used for determination ef have been deter- L B, ]
mined from the data according with the procedure explained < . s |
in the next section. g 10 3
The 7y values at the temperatures explored are summa- \8/ C
rized in the Arrhenius plot shown in Fig. 10 for ba®y () g 1014__
andB, (O). The best fits of the data are plotted in the figure & E
as a solid and dashed line fBr andB.,, respectively. The § .
slope of the fits provides an estimation of the activation en- § 1013:
ergy for dissociation. In particular, dissociation energy val- = a
ues of 2.28 and 2.36 eV are obtained ByrandB,, respec- 5 i i 2
tively. These values, equal within the experimental errors = 1021 1x10""Si/cn Al
(~15%), are consistent with the TED characteristic energy in E 3
absence of extended defe8ts. T o e e s

800

200 400 600

In addition, we monitored thé3-line dissociation as a . .
Time (min)

function of the implantation dose. The results 85 are
summarized in Fig. 11. Similar results have been achieved FiG, 11. Defect concentration values, as obtained from DLTS
for B; (not shown. The samples were implanted with 145 measurements, fqu-type epitaxial Si samples implanted with 145
keV Si to a fluence of X 102cm™? (O), 1X10%cm 2 (A),  keV Si to doses of X102cm 2 (O), 1x108%cm 2 (A), 2
2x10%cm 2 (), and 510 cm 2 (¥) and annealed at  x102cm 2 (0), and 5<1023cm 2 (¥). The samples were an-
680 °C for times ranging from 10 min to 15 h. At the lowest nealed at 680 °C.
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FIG. 13. Capture cross section measurement80{®) and
FIG. 12. DLTS spectruni®) of a p-type Si sample implanted {311 (%) electrical markers. The solid line is the expected capture
with 1.2 MeV Si to a dose of & 10'*cm™2 and annealed at 700 °C  ¢ross section for a point-like defect. The two dashed lines are linear
for 20 min. The experimental data have been compared with thét of the data. For the linear fit plotted for tH&, capture cross
simulations obtained assuming that the defect signatures were intr@gction, only part of the points was used. The solid line is the
duced by point defecteashed lingand defect bandésolid line). point-like defect capture cross section.

Now we show that also the DLTS spectralelusters ex-  extended defect exhibits fully logarithmic behavior, as plot-
hibit much broader features than those expected for pointgq i figure. As an example, the capture kinetic of {B&L

“k(.e de_fect;. As an Qxample, the_ DLTS spectrum PBPE  ojectrical marker is plotted as a straight line in graph in Fig.
epitaxial Si sample implanted with 1.2 MeV Si to a dose of13 (%). This last measurement was performed monitoring

1x10%cm™2 and annealed at 700°C for 20 m{®) has . . :
L . . . the {311 electrical signature aE,+0.50eV observed in
been compared, in Fig. 12, with the simulation of a DI‘TSDLTS.15 The straight line in figure is a guide to the eye and

spectrum (dashed ling of simple point-ike defects. The Sshows that the capture kinetic is fully logarithmic in this

simulation was performed assuming two point-like defect ) T :
P 9 P se. This behavior is a direct consequence of the extended

having the same activation energy and capture cross sectiGt S
experimentally determined for thé-line I-clusters. As evi- hature of the defect, which is able to accommodate more

dent from the figure, the point-defect simulation is muchthan one carrier. The capture of a si_ngle carrier by the_defect
narrower than the experimental data, but they are in goo§©€S not produce a net change in its charge state, since the
agreement with the simulation curvsolid line) obtained  carrier is “delocalized” either in defects “surrounding” the
with the procedure described later in the text. One of theextended defect surface or in the extended defectCoke.
possible causes of the observed broadening could be the coaconsequence of the charge storage at the defect, a Coulom-
volution of signatures quite close in the DLTS spectrum. Tobic repulsion significantly reduces the rate at which other
minimize this effect, the annealing temperature of 700 °Ccarriers are trapped on the same defect. The DLTS signal
and time for the sample shown in figure were chosen in ordeincreases logarithmically with the pulse width and does not
to have a good-line signal in DLTS and to reduce as much reach saturation.
as possible the contribution arising from other defect struc- Comparison of the capture cross section of tauster
tures that are less stable in temperature. signature(®) with that of point defects and the extended
Broadening of DLTS peaks may have different explana-defects yields some hints about defect structure. The data
tions. In order to rule out most of them, and to get morerefer to B; and are measured from an epi Si sample im-
insight on thel-cluster nature, different measurements wereplanted with 1.2 MeV Si to a dose ofX110*?cm 2 and
performed. A peak broadening could result from the tem-annealed at 700 °C for 20 min. Similar behaviors have been
perature dependence of the defect carrier capture kinetic, ttietected for all the samples implanted witbx 102 Si/crn?
ability of a defect to trap a carrier as a function of time. A annealed in the range 600—750 °C. The center exhibits a be-
simple point-like defect, such ag@;, exhibits exponential havior that is a combination of exponential and logarithmic
capture kinetics since only one carrier can be trapped at eadrends. For short filling pulses, untilx110” ’ s the measured
level. Therefore, the DLTS signal exponentially approachedrend can be well fitted by an exponential. An increase in the
a saturation valugwhen all traps are filledas the pulse filling pulse duration results in a linear region well fitted by
width increases. An example of exponential capture kinetica straight line(dashed line in figuneand corresponding to a
is shown as a solid line in Fig. 13, where the DLTS signallogarithmic capture kinetic. When the pulse duration is in-
intensity as a function of the logarithm of the filling pulse creased above 10 °s, the saturation in the DLTS signal is
duration is plotted. The carrier capture kinetics related to ambserved.
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FIG. 15. DLTS measurements as a function of the electric field.
FIG. 14. Capture kinetics measurementsBgfas a function of ~ The same broadening is observed when using 7.5+8old line)
the sample temperature: 230(K), 220 K (A), 205 K (+), 190 K~ and 0.5-15 V as filling pulse and reverse bias, respectively. The
(x), for the p-type epitaxial Si sample implanted with 1.2 MeV Si broadening does not depend on the electric field distribution.
to a dose of K 10'2cm2 and annealed at 600 °C for 30 min.
broadening cannot be associated with a temperature depen-
To rule out a temperature dependence of the capture croggnce of trap emissivity.
section that could contribute to the observed peak broaden- \ye pelieve that the broad DLTS signatures are related to
ing, capture kinetics measurements in the temperature ranggyistribution of defect energy states in the Si band gap rather
of 190230 K were performed on both interstitial clustery, 5 field or capture kinetic—related effects on a single
signatures. The results are plotted in Fig. 14Bgrand areé o6 The broadening could be associated with a spread in

similar for B,. The results do not show any temperaturéy,e emission energies from the deep levels. Examples re-
effect on the capture kinetics of the defects. The results CO“'Borted in literature are highly dislocaf8d” Si and the EL2

be explained by assuming that, since the cluster dimension |§,,685 iy GaAs_,P,. Omling, Samuelson, and Grimm&ls
— X' X" ’ 1

larger than that of a point defect, it can accommodate MOrg e analyzed broad DLTS peaks and extracted the concen-
than one carrier during the trapping process, as an extendgglion and the energy spread of the deep levels. The analysis
defect does. However, since the clusters are smaller than 30 ased on the assumption that the deep levels in the gap
extended defect, there is an upper limit to the number of,1 hroduce the broad peaks are not associated to a single
carriers that can be trapped by a single level, and the S'gn%vel with activation energf, but to a narrow band of lev-
eventually saturates. els that form a Gaussian distribution havilg as mean

Another possible cause of peak broadening could be Balue and with a broadening described by @factor. The
field dependence of the trap emissiviiowever, measure- DLTS signal®3 (AC) can be described as

ments of theB-line signals show that the emissivities do not
depend on the electric field, since Poole Frenkel effect was ®

not detected on the two peaks as a function of the applied C(t)=J g(E)Coexd —el(E)t]dE, 2
electric field. Any role of electric field variation was ruled 0
out by performing the following experiment. Two different W
measurements were performed in an epi Si sample implantegq
with 1.2 MeV Si to a dose of % 10'?Si/cn? and annealed at
600 °C for 30 min. The reverse bias and filling pulse of 8 and
7.5V, respectively, were used to monitor a region between g(E)=
1.22 and 1.26um from the surface. In such a thin region V27S
there is only a small variation in the electric field. The re-

sults, plotted as a solid line in Fig. 15 f8; and being the The data are fitted by varying the broadening facor
same forB,, show that the DLTS signatures exhibit the Using this procedure, Ayrest al®® obtained an energy
same broadening observed when sampling a larger regiggpread of~35 meV for the DLTS signature of end-of-range
(dashed ling The two spectra have been normalized to al-extended defects in preamorphized crystalline Si.

low direct comparison. A larger variation in the electric field ~An increase in th&factor both increases the width of the

is produced in this last case, since the reverse bias and fillingneasured DLTS peaks and reduces the intensity of the sig-
pulse were 15 and 0.5 V, respectively. These results wersal. For this reason an equivalent defect concentratiay,
confirmed in several other samples. In addition, as showis defined as the concentration that would be obtained from
later in the paper, we have not detected any temperatuidie DLTS measurements if the broadening facwere
effect on the capture kinetics of the defects: the measuregero. Moreover, it should be noted that the incorporation of a

hereC, is a normalizing factor and(E) is the broadening
nction given by®

exfd — (E—Ey)%/25?]. ©)
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defect complex, larger than a point-like defect, causes a large 30~ ] ' T
reconstruction of the lattice around it. As a result, the num- B1 1x10”Si/ent 700 °C
ber of levels introduced in the gap by each complex can be
much lower than the number of defedise., interstitial$
stored in it. This condition has been verified for extended
defectd!333and it is reasonable to assume that it holds also 20
for defect clusters. Therefore, the measured DLTS concen-
trations are correlated with the number of clusters rather than
with thel stored in these clusters. 9
Finally, the data can be reproduced assuming a symmetric "q
g

25

3)

(Gaussiah broadening of the two energy levels. The results
plotted as a solid line in Fig. 12 have been obtained analyz-
ing thel-cluster DLTS signal using Eq§2) and(3). There is
a good agreement between the simulation and the experi-
mental data except at low temperatures, the difference aris-
ing from a contribution by an additional peak atl50 K
and/or to a nonperfectly Gaussian distribution of the defect 20
states’® An Svalue of 19.5 and 17 meV was obtained By
andB,, respectively, for the sample plotted in Fig. 12. Since 15
the measured peak heights are lowered as a consequence o
the broadening, the fitting procedure also allowed us to ex- ()
tract the correct defect concentratibiy from the spectra. 0, . Ll 10
It is interesting to note that the measured spectra are very 10 10*
similar, both in energy and temperature location to those Time (s)
determined by Ayres and BrothertSrfor the DLTS signa-
ture of end-of-range extended defects in preamorphized crys- FIG. 16. Energy spread fact@® (solid lineg and total defect
talline Si, although the energy spread is much smate8 concentratiorNg (dashed linesas a function of annealing time for
eV versus~35 meV. This difference, observing that tBe (a) B; and(b) B,. Data are plotted fop-type epitaxial Si samples
lines are signatures of small interstitial clusters rather thafmplanted with 1.2 MeV Si, X 10'*cm™2 and annealed at 700 °C
those of extended defects, would suggest thatSiparam-
eter is sensitive to the dimension of the defect, increasing as
the size increases, or to the stress around the defect. annealing, clusters less stable in temperature dissociate re-
The Svariation with defect dimension has been character{easing the interstitials they stored. An average decrease of
ized in the following experimenp-type epitaxial Si samples the number of clustersNg) is expected. At the same time,
were implanted with 145 keV or 1.2 MeV Si to a fluence of the interstitials released by the dissolution of those clusters
1x10'2-2x10%cm 2 and annealed at temperatures rang-will join clusters more stable in temperature, increasing the
ing from 600 to 750 °C. The annealing temperature was chostress around them and the associgfedalue. The other
sen in order to minimize the broadening effects due to theossible scenario is that, as the annealing proceeds, the small
convolution of more peaks. Changes in the thermal budgetlusters that survive dissociation can coalesce and come
produced significant modifications in the DLTS peak broad-closer to each other, as suggested by Monte Carlo simulation
ening and defect concentrations. The same reverse bias aodrried out by La Magna, Coffa, and LibertiitbThe pres-
filling pulse were used for all measurements to eliminate anence of a larger number of clusters in a smaller area produces
electric field effect dependence. The results for a sample ima higher local stress. THgvariation could be due either to a
planted with 1.2 MeV Si to a fluence ofx1102cm 2 and  variation in the local stress around the defect or to the inter-
annealed at 700 °CGk) are summarized in Fig. 16, where the action of carriers trapped at different sites very close to each
S factor (left-hand scalg and the defect concentratiods  other. ThisS dependence from the stress and/or trapped car-
(right hand scalefor signatures3; [Fig. 16@)] andB, [Fig.  rier interactions would be the responsible for the high values
16(b)] are plotted. Annealing for longer times resulted in areported for extended defects.
large increase of th& factor (up to ~25-28 meV and a Measurements on epitaxial Si samples implanted at 145-
strong reduction in the total defect concentratiohk)(by  keV Si to a fluence of X 10**cm™2 and annealed at 680 °C
~2 orders of magnitude. This behavior is similar for b8th  for 4 h offer further insights into the physical meaning of the
andB.,. Svalues. The reduced range of 145-keV Si ions lie within
The data so far reported clearly indicate that similar structhe zero-bias depletion region, and only the tails of the dam-
tures are found in regions having a variable local environ-age distribution can be monitored by DLTS. In the inset of
ment and/or a larger stress. The same structure can exhibitig. 17 the depth concentration profiles Bf(l) and B,
slightly different carrier emission energies either due to thg%) are plotted and are compared to the extra implanted ion
lattice stress surrounding the defect, or as a consequence @épth profile(solid line, divided by a factor of 1Q0simu-
the interaction between carriers trapped on clusters close fated withMARLOWE. The comparison clearly shows that no
each other. Two possible explanations fit our data. Uporong-range migration of interstitials is involved in the defect

11
T
B2 1x10°Si/ent 700 °C

1013

12
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FIG. 18. PL spectra taken at 17 K ontype Si samples im-
planted with 1.2 MeV Si to doses ofx1102cm 2 (dotted ling,
1x10%cm™2 (solid ling), 2x10%¥cm 2 (dashed ling and 5
X 10 cm 2 (dash-dot-dashed lineThe samples have been an-
nealed at 680 °C for 1 h.

FIG. 17. DLTS analyses on p-type epitaxial Si sample im-
planted with 145 keV Si to a dose 052103 cm™2 and annealed at
680 °C for 4 h. Spectra were measured in regiofsolid line, using
Vgev=+t1V and Vg, =0V) and regionB (dashed line, using
Vgev= 17 V andVg = +4 V). The last spectrum is multiplied by
a factor of 900 in order to allow comparison. In the inset the depth-
concentration profiles foB, (l) andB, (%) are plotted. The solid
line is the simulation of the implanted-ion depth distribution ac-  Si ion implantation to doses5x 10 Si/cn? and anneal-
cording toOMARLOWE. ing temperatures=680°C for 1 h isknown to cause the

cluster formation, and regions of the sample at different]cormatlon of extended defects, in particuk811; rod-like

depths experience different interstitial supersaturation. At thgefeCtS.;l’ which have been ng%%/o characterized by TEM
same time a larger stress and a closer spatial defect distrib pa_1ly3|s. ReC(_antIy we have .Sh C t_hat{31]} defects ex-

tion are expected in the higher supersaturation regio8idf _'b't an electrical signature in Si visible bY DLTS, as men-
related to one of the two effects a different peak broadeninglon€d in the previous section. Such a signature has been
in different regions is expected. DLTS measurements wer&lentified as the electrical marker of th@lL defects moni-
performed in two different regions labeled Agsolid lines ~ toring by TEM the{311} evolution and by DLTS the signa-
area in the ins¢tand B (dashed lines area in the ingeRe-  ture evolution as a function of the annealing conditions on

gion A was exp|ored using a reverse bMI%V: +1V and a the same SampleS. In this Work, we used DLTS and PL mea-
filling pulse of Vg =0 V, while regionB was explored using surements to characterize extended defects and to observe

Vier=+7V and Vg, =+4 V. DLTS spectra recorded in the the transition froml-clusters to extended defects. When the
two regions are plotted in Fig. 17 as a solid and a dashed lin@nnealing temperature is increased to 680 °C a new regime is
for A and B, respectively. Once again, the same signaturegntered, characterized by major modifications in the optical
B, andB, are present in both cases, but the DLTS spectrun@nd structural properties dftype defects. The PL spectra for
of regionB has been multiplied by a factor of 900 and sub-the samples implanted with 1.2 MeV Si at doses in the range
jected to a smoothing procedure to allow comparison. Thé X 10"*~5x10"*cm 2 and annealed at 680 °Crfd h are
calculated values fo are ~27 meV in regionA and ~5  plotted in Fig. 18. At the lowest dose K110 Si/cn?, dotted
meV in regionB. Since regiom experienced a higher inter- line) the damage is fully recovered and the spectrum only
stitial supersaturation during implantation than regiBn reveals the 1121 nm signature due to Si band-edge phonon-
both a larger stress and a denser cluster distribution are erssisted recombinatidi.However, at doses=10"cm2 in
pected in this region. Thus ti&dependence may result from samples with a low C concentration-(0'°cm™3) a sharp
both effects. The cluster density varies with depth due to thgpeak at 1376 nn(0.9007 eV dominates the spectra. The
interstitial supersaturation distribution during implant; hencewidth of this peak slightly increases with the ion-
both the stress of the lattice around the defects and the defeigaplantation dose and a broad band centered at 1550 nm is
dimensions are larger in the region that experienced the higtdeveloped at the highest dose X30*cm 2. We per-
estl supersaturation. formed a TEM analysis on all of the samples and those im-
On the basis of these results, tBelata plotted in Fig. 16 planted at doses=1x 103cm 2 revealed the presence of
should be regarded as an average of the cluster distributiof311 planar defecté" A one-to-one correlation exists be-
or of the stress distribution. However, the contribution of thetween the observation of the PL line at 1376 and the pres-
clusters present in the tail of the ion distribution is expectedence of a large concentration {§11} defects in the sample,
to be very small due to their low concentratisee Fig. 17. and this line has been associated to optical transition occur-
In addition, their contribution will decrease at longer anneal-ing at or close t¢311} defects? This result points to the PL
ing times. as a promising technique to fully characterize the extended

D. Extended defect formation
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AR A A understandable, the same is not true for the other samples. In
CD=lx1013cm2 A fact, even at the highest implantation dose<(B)* Si/cnT)

— ©=Ix10"cm only thel-cluster signatures are present in the spectrum. This
—- ®=2x10"cm? -’r\".‘ i result has been confirmed by our high-resolution PL spectra
- ®=5x10"cm? and TEM analysis. These last measurements only reveal the
presence of a region with a high strain centered 4135 um

from the surface, at the end-of-range of 1.2 Me\*'Si.

Finally, PL measurements performed on samples an-
nealed at 600 °C for times of 30 h do not show the presence
of {311 defects, thus confirming the presence of a threshold
temperature. These result are in perfect agreement with the
Monte Carlo simulations on lattice recently carried out by La
Magna, Coffa, and Libertino. They showed that theduster
evolution into extended defects cannot occur through a

—
o
LA B S

(=2 e}

PL intensity (arb. units)
~
e St

e b by e b by ey

R - A T T R R A simple Ostwald ripening mechanism. In fact, theluster

1000 1100 1200 1300 1400 1500 1600 1700 structures most stable for small aggregates, derived by tight-
Wavelength (nm) binding calculations! are different from thé311 structure.
A structural transformation of theclusters has to occur be-
FIG. 19. PL spectra taken at 17 K aontype Si samples im- fore they can grow into extended defects. Only after this
planted with 1.2 MeV Si to doses of ¥&m 2 (dotted ling, 1  transformation occurs the “traditional” OR takes place and
X10¥cm 2 (solid ling), 2x10cm 2 (dashed ling and 5 the extended defect regime is entered. Our results fit also
X 10 cm~? (dash-dot-dashed lineThe samples were annealed at with the explanation proposed by Cowaeznal?® In fact, they
600 °C for 15 h. assume a very stablecluster configuratioriwith about eight
interstitialg and a large potential barrier before the OR can
defect formation. In fact, the presence {811} defects in take place. We believe that the “magic number” they find
DLTS is determined by a level &,+0.50 €V in a spectrum arises from the fact that at a certain size the clusters must
in which are still present thecluster electrical markers that undergo a structural transformation in order to grow larger.
lie very close to thg311} peak in the spectrum. When ex-
tended defects form the optical properties of the sample are
totally modified and their presence is clearly visible by the
presence of the 1376 nm line. This work reviews the main results we found on intersti-
The results shown in Fig. 18 clearly indicate the presencedal cluster formation, dissociation, and evolution into ex-
of a threshold dose for the formation of extend81ll  tended {311} defects. After low-dose implantation,
defects. Previous measureméhtwe performed on CZ Si 10°- 10" Si/cn?, second-order point defects, interstitial re-
with a carbon content=5x10"°cm ™2 showed a threshold lated, form. They dissociate at temperature50 °C.
dose for extended defect formatior2x10*Si/cn?. In  Intermediate-dose implantation, 26 10"Si/cn?, and an-
the Czochralski-grown Si with a low carbon contentnealing at temperatures in the range 550—700 °C produces
(~10%cm™3) we used in this work, the threshold is much interstitial clusters. We widely characterized their properties
lower, certainly lower than X 10"3cm 2 The formation of  and found the following.
{317 extended defects at relatively low dose, 1 (1) I-clusters introduce both electrical signatures with ac-
X 1013 Si/cr?, in these samples is in agreement with the lit- tivation energies of,+0.33 eV andE,+0.52 eV and opti-
erature data, confirming the presence of a lower thresholdal signatures centered at 1320 @94 e\j and 1390 nm
dose in highly pure materials. In fact, it is knolvthat the  (0.89 e\J.
threshold dose fof311} defect formation is reduced when (2) C, O, or dopants influence the clustering process,
the impurity concentration is lower. As previously men- probably acting either as preferential nucleation centers for
tioned, this has been attributed to the fact that C stores intessmall I-clusters or by trapping interstitials and preventing
stitials, thus preventing the formation of big self-interstitial them from annihilation at the surface.
clusters and, eventually, extended defects. If the C concen- (3) I-clusters are present in a dose and temperature regime
tration in the sample is strongly reduced, the threshold dosat which B TED occurs without the formation of extended
for {311} formation is expected to change. defects. Their dissociation energy varies as a function of the
We characterized the extended defect formation as a funémplantation dose, but the measured dissociation energy
tion of the annealing temperature and time. To this purposealue for I-clusters at X 10'2Si/cn?, ~2.3 eV, is in good
samples implanted with 1.2-MeV Si to doses of 1 agreement with those observed for low-fluence TED.
X 10%cm 2 (dotted ling, 1x10%cm 2 (solid line), 2 (4) Broadening of both the electrical and opti¢atluster
X 10 cm™? (dashed ling and 5x103cm 2 (dot-dashed signatures have been observed. It is more pronounced in re-
line) were annealed at 600 °C for times up to 15 h. The PLgions that experience a highlesupersaturation and increases
spectra of the residual damage for these samples are coras a function of the annealing time. The data clearly indicate
pared in Fig. 19. If the presence btluster optical signa- that similar structures are found in regions having a variable
tures for the sample implanted at the lowest dose is perfectliocal environment and/or a larger stress.

IV. CONCLUSIONS
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High-dose implantationz=10Si/cn?, and annealing at from I-clusters to extended defects. These result suggest that
temperatures above 680 °C causes{BL extended defect the defect agglomeration does not undergo a simple Ostwald
formation. The{311 defect presence is detectable by bothripening mechanism at every size.
electrical(with a signature aE,+ 0.50 eV) and opticalwith
a PL signal at 1376 ninmeasurements. PL measurements
allowed us to follow the transition front-clusters to ex- ACKNOWLEDGMENTS
tended defects and to find that a threshold dozel (

X 102cm™?), determined by the impurity content of the ma- ~ The authors acknowledge Aldo Spada and NicBhra-
terial, and a threshold temperatre600 °CQ exists for{311}  sole for the invaluable technical assistance and Dale C. Ja-
extended defect formation. cobson and Antonio Marino for the implants. The work in
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