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Preferential Amorphization at Extended Defects of Self-lon-Irradiated Silicon

R.D. Goldberg,* J. S. William$,and R. G. Elliman

Department of Electronic Materials Engineering, Australian National University, Canberra, 0200, Australia
(Received 23 July 1998

Nucleation of an amorphous Si layer is shown to occur preferentially at a thin band of dislocations
during self-ion-irradiation of silicon at elevated temperatures. This process occurs even when the
defect band is well separated from the peak of the ion damage distribution. Without such a nucleation
site, amorphization does not occur under identical bombardment conditions. These results suggest
that amorphization can be nucleation limited under conditions where significant defect annealing
occurs during irradiation. This process can be understood if mobile, implantation-induced defects
are trapped at preexisting damage and raise the local free energy above that of the amorphous phase.
[S0031-9007(98)08308-2]

PACS numbers: 61.72.—y, 64.70.Kb

The disordering and amorphization of silicon under iondistribution [6]. Indeed, such a band has been shown
irradiation has been under investigation for over 30 yearso provide a favored site for the initiation of amorphiza-
Early models of the amorphization process [1,2] and morgion at higher fluences [7]. These situations, where amor-
recent refinements [3,4] have generally been successful phization is mediated by secondary defects built up in
explaining the accumulation of disorder with fluence andthe early stages of bombardment, suggest that amorphiza-
the ultimate formation of continuous amorphous layers irtion is nucleation limited in these cases. Indeed, recently
cases where the damage produced after quenching of tiee reported amorphization results [11] which suggested
collision cascades is relatively stable. The critical denthat preexisting crystalline defects could provide favor-
sity models [2,3] are particularly applicable to dilute col- able nucleation sites for amorphization. In this Letter, we
lision cascades (e.g., light ion irradiation), where defectprovide conclusive evidence for nucleation of amorphous
accumulate homogeneously with increasing fluence untisilicon on a preexisting band of extended defects dur-
a critical density is reached and the lattice collapses to aimg elevated temperature bombardment. This process is
amorphous phase. For low energy heavy ions, amorphizahown to involve substantial diffusion and gettering of
tion occurs heterogeneously via damage accumulatiomobile, irradiation-induced defects.
dominated by the overlap of individual collision cascades A single (100) Si wafer was irradiated with 80-keV
[1,4] and, in come cases, directly amorphized zones [5]. Si ions at various elevated temperatures between 50 and

In higher irradiation temperature regimes, where thed0°C, using the 1.7 MV NEC 5SDH tandem accelerator
point defects remaining (following quenching of the col- at the Australian National University. Each irradiation
lision cascades) are mobile, significant dynamic annealingvas carried out in separate 0.5-cm-diameter regions of
can occur, and the nature and extent of residual damaghe wafer to a fluence of x 10" ionscnm? at a con-
can change dramatically. When the rate of dynamic anstant flux of 1.3 X 10'? ionscm?s™! (0.2 uAcm™2).
nealing balances or exceeds the rate of damage produSamples were tilted by“#elative to the incident ion beam
tion, perfect annihilation of point defects rarely occurs ando avoid channeling. The irradiation temperature was
secondary defects can accumulate with fluence and ultmonitored using a chromel-alumel thermocouple mounted
mately lead to amorphization [6]. Such an amorphizatiorin the target block and is estimated to be accurate to
process is not accounted for by previous models whicht2 °C. The highest temperature irradiation was carried
did not adequately consider defect migration and agglomeut first and the temperature lowered for subsequent ir-
eration on the time scale of several seconds following casadiations. These samples were routinely analyzed by
cade quenching. Rutherford backscattering and channeling (RBS-C) us-

In such an irradiation regime, the residual damage anéhg 2 MeV He" ions. RBS-C results of the typical resid-
the onset of amorphization depend critically on the ion flu-ual damage structures, observed in samples maintained
ence, flux, and substrate temperature [6,7]. Furthermorat 60 and 70C, are shown in Fig. 1. From the spectra
amorphization can take place preferentially at preexistit is clear that the lower temperature irradiation has pro-
ing amorphous-crystalline interfaces [8,9], surfaces [10]duced a buried amorphous layer, centered around a depth
and within bands of secondary defects which form dur-of ~95 nm. Elevating the temperature by only D,
ing implantation [7]. For example, for Si self-irradiated to 70°C, results in only moderate levels of (preamor-
at elevated temperatures, a band of interstitially baseghous) disorder. Such disorder can be characterized by
complexes and loops can form at depths substantially exan aligned yield in RBS-C spectra which only reaches a
ceeding the maximum in the nuclear energy depositiopeak of about 10% of the random value at a depth close
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FIG. 1. RBS-C spectra of the damage structures in (100)
Si after bombardment withl X 105 80-keV Si ions per
cn?, delivered atl.3 X 10'? ionscn?s™!'. The samples were
maintained at 60C (@) and 70°C (A) during the irradiation.

A random spectruntl) is shown for comparison and indicates
that a buried amorphous layer has formed at a depthQf nm

in the low temperature sample. The end of range defects (eor)
are indicated.

to the maximum in the energy deposition distribution for
80-keV Si ions. This dramatic change in residual damage

with implantation temperature is indicative of a critical (©)
regime in which small changes in temperature can result

in substantial changes in defect mobility and enhanced dy-
namic annealing. Under these conditions, the rate of dy-
namic annealing closely balances or exceeds the damage
production rate, and small changes in implant tempera-

ture, fluence, and flux can dramatically alter the level and
nature of residual disorder. It is worth mentioning that,

even for the 60C case in Fig. 1, significant dynamic an- ‘ Al
nealing has reduced the observed level of disorder. For A A A =

example, a similar irradiation at liquid nitrogen tempera- S A D 50 nm

tures would have resulted in an amorphous layer continug|g. 2. (a) RBS-C spectra showing the predamage created by
ous to the surface for a fluence of4 X 10'* ionscn? a1 x 10 33-keV B ions per crirradiation at—180 °C and
[12]. Furthermore, the amorphous layer formed at@0 a subsequent anneal at 6@for 35 min(@). On subsequent
(Fig. 1) is found to nucleate much deeper than the pea|{rad|at|on at 70C with a 80-keV Si beam, under conditions

: - c ._similar to Fig. 1, an amorphous layer is observed to nucleate
in the nuclear energy deposition distribution (shown ing "o defectdA). A random spectrum(l) is shown

Fig. 3 below), at a band of interstitial-based complexegor comparison. XTEM micrographs show (b) the predamage
and loops, as indicated earlier [6]. and (c) the amorphous layer that appears during a subsequent
Preexisting defect structures were introduced into an6.2 X 10'* ionscm*s™! Si irradiation at 88C. The surface is
other (100) Si wafer by irradiating it with 33-keV B ?gg‘;g %39(ba)mgntdhﬁhgfgggggfsefge&ﬁnggelopggseﬁﬁ“&g e
ions to a fluence of X 10 ionscnt?. The |rr§d|at|on labeled agh. End of range (eo,r) defects are iﬁdicated.
was performed at-180 °C. Subsequent annealing of the
sample, in a nitrogen atmosphere at 6CG0for 35 min,
resulted in the formation of a thin band of residual de-ing of a buried amorphous layer produced by the B im-
fects within the material as shown by the RBS-C specplant. The resultant “clam shell” defects can form when
trum in Fig. 2(a). Cross-sectional transmission electroriwo advancing amorphous-crystalline interfaces meet dur-
microscopy (XTEM) on the same material, taken using dng annealing [13]. When the boron implanted and an-
Joel 2000 FX microscope, is displayed in Fig. 2(b) andnealed sample is reirradiated at @@ under identical
indicates the existence of a thin defect band consistingonditions to those of Fig. 1, a buried amorphous layer
mainly of long interstitial loops, centered a5 nm, sur-  is observed at the location of the preexisting defect struc-
rounded by otherwise good crystal. The formation ofture [see Fig. 2(a)]. Cross-sectional transmission electron
these secondary defects resulted from imperfect anneamicroscopy micrographs confirm this result for a sample
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irradiated under similar conditions to those in Fig. 2(a).profiles, extracted from the RBS-C spectra of Figs. 1
In Fig. 2(c) we show the XTEM micrograph of a sample and 2 using theV, code [15], were normalized so that
irradiated at a slightly higher flux and temperature, whichamorphous material corresponds to a damage level of 1.
clearly illustrates preferential amorphization at a preexistDespite displacing each atom more than 10 times at the
ing dislocation band. The B concentration is estimategpeak of the nuclear energy distribution X 10> Si ions

to be ~0.2 at.% at the peak of the distribution. Such per cnt do not produce amorphization in the virgin ma-
concentrations are not expected to cause metallurgical steerial. Residual defects accumulate at the surface and
bilization of the amorphous phase, as observed for mesignificantly beyond the maximum in the nuclear energy
als with impurity concentrations of 10—20 at. %. Indeed,deposition distribution. Irradiation of the predamaged
heavily boron-doped Si without a dislocation band hassample results in a completely different distribution of
previously been shown to be harder to amorphize due tdamage. Despite the buried amorphous layer, which
the increased fraction of highly mobile charged defectdhas nucleated around the preexisting dislocation band,
[9]. Together, the data in Fig. 2 show that a preexistinghe level of deep disorder is much lower than for the
defect band is a suitable nucleation site for amorphizaeorresponding irradiation of virgin material. This result
tion over a range of implant conditions. These resultstrongly suggests that the preexisting dislocation band not
indicate the difficulty in nucleating an amorphous phaseonly provides local trapping sites for defects generated
when the rate of dynamic annealing dominates the defeatlose to the maximum in the nuclear energy deposition
production rate. However, if irradiation-induced defectsdistribution but also constitutes a favored gettering site
can be trapped at preexisting defects then an amorphotisr mobile interstitial-based defects which normally coa-
phase can be nucleated, presumably when the local frdesce deeper in the material. It is interesting to note that
energy of this defective crystalline region exceeds that othe degree of defect accumulation at the surface is simi-
the amorphous phase. In this sense, amorphization cdar in both cases. At much higher doges10'°® Sicm2)

be viewed as being nucleation limited in situations whereghan used in this study, a continuous amorphous layer is
dynamic annealing is dominant. If a suitable nucleatiorobtained [7,9]. In this case, as well as nucleation of the
site exists, such as a preexisting amorphous-crystalline irmmorphous layer at the defect band, nucleation also even-
terface [8,9], a surface [10], or a band of dislocations asually occurs at the surface and these amorphous layers
in the current study, an amorphous phase can form in extend and overlap as the dose increases.

region well separated from the peak of the ion energy de- Several studies have attempted to identify the de-
position distribution. fects responsible for annealing, damage accumulation, and

Figure 3 displays the distribution of residual displace-eventual amorphization in the temperature range of inter-
ments in both the virgin and predamaged wafers follow-est. For temperatures abovel50 °C, the Si divacancy
ing irradiation at 70C. Also shown is the preexisting has previously been suggested to be the controlling defect
boron-induced damage prior to the silicon irradiation andor amorphization [8]. However, the measured activation
the nuclear energy deposition distribution of the implantedenergy for defect-mediated processes which control amor-
Si ions, as calculated byriMos [14]. The displacement phization appears to vary with ion mass [9]. This suggests
that several defect-mediated processes may contribute to
defect accumulation and amorphization, depending on the
temperature of irradiation.

In conclusion, we have demonstrated an intriguing
nucleation-limited amorphization process in self-ion-
irradiated Si at elevated temperature. Under conditions
where the rate of dynamic annealing of mobile,
irradiation-induced defects balances or exceeds the dam-
age production rate, amorphization is mediated by the
accumulation of (interstitial-based) secondary defects at
the tail of the ion damage distribution. Such a defect
band and the surface appear to provide gettering sites
for mobile defects generated elsewhere in the cascade.

Depth (nm) Indeed, under favorable irradiation conditions, preexisting
FIG. 3. Displacement profiles extracted from the RBS-C datalefects, such as a dislocation band, can also getter defects
in Figs. 1 and 2 fol X 10' 80-keV ions per cthSi irradiation  and ultimately lead to local amorphization. Once the
at 70°C of both virgin Si(A) and a sample containing a |ocal free energy of the defective region of the crystal ex-
preexisting dislocation bant®). Also shown is the disorder ~aads that of the amorphous phase, amorphization occurs.

distribution of the preexisting defectdll) and the nuclear - - .
energy deposition distribution (dashed line) for 80-keV ionsSUCh @n amorphization process is not well described by

obtained fromtrimes [14]. The projected range of an 80-keVv traditional models but is controlled by defect mobility and
Siion is 120 nm. the accumulation of secondary defects.
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