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Direct observation of voids in the vacancy excess region
of ion bombarded silicon
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The results reported in this letter indicate that the spatial separation of the vacancy and interstitial
excesses which result from ion bombardment gives rise to stable voids upon anpealing at 850 °C
even for implants where the projected ion range is only of the order of a few thousagsirdm.

Such voids have been observed directly by transmission electron microscopy. Furthermore, in cases
where both voids and interstitial-based defects are present at different depths, it is found that Au has
a strong preference for decorating void surfaces and hence Au can, indeed, be used as a selective
detector of open volume defects in Si. 01 American Institute of Physics.
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Ballistic processes which occur during implantation intothe range & 10'*-6x 10 cm™2. The base pressure during
Si lead directly to a local vacancy excess at depths up tgmplantation was better than 10 Torr. The projected ion
about half the projected ion range and an interstitial excess aéngeR,, for 245 keV Si ions in Si is 3800 A, as obtained
deeper depths close to the ion rarid¢owever, there is con-  from TRiM95 simulations'® Such simulations were also used
siderable interest as to the stability of such defects and thett provide the excess vacancy and interstitial distributions, as
evolution during annealing.> Whereas interstitial-based shown in Fig. 1. It is clear that collisional processes lead to
{311 defects and loops* are easily observed by transmis- an excess of vacancies from the surface up to a depth of
sion electron microscop§TEM), vacancy clusters and voids aboutR,/2, whereas the interstitial exceéshich includes
have been extremely difficult to observe directlijeverthe-  the implanted ions themselVeis located at depths close to
less, voids have been observed by TEM after annealing ok,. Following implantation, samples were annealed at
MeV implants to high dose3 where the separation of the 850 °C for 1 h toallow defect annihilation and/or clustering
vacancy and interstitial excesses is large, and also inferregnhto defects visible by TEM. Selected samples had a 5
from contrast in TEM images following high dose keV im- x 10 cm™2 Au implant at 30 keV prior to annealing
plants. However, as a result of this difficulty of observing(Rp<200 A) to allow Au decoration of defects during sub-
voids, indirect methods have been used to determine vacan@gquent annealing at 850 °C. Samples were analyzed before
excesses such as positron annihildtiamd also labelling and after annealing by Rutherford backscattering and chan-
of vacancy clusters by fast diffusing metdf;** such  neling (RBSQ using 1.8 MeV Hé ions to monitor implan-
as Au. Positron annihilation is sensitive to open volumetation damage and Au distributions. Selected samples were
defects but the vacancy concentration needs to be higanalyzed by cross-sectional TEMTEM) using a CM 300
(~4x10' cm ). instrument operated at 200 keV in order to study the nature

It is well known that fast diffusing metals are efficiently of residual defects.

trapped at nanocavities in silicbh* and these larger open Figure 2 shows RBS profiles of Au for two “Sidoses,
volume defects are easily observable by TEM. Howevergx 10!5 ¢m 2 and 1.4<10' cm 2, after annealing at
there is some debate as to whether metals are selectivefjsg °c. For the lower Si dose case, about 35% of the Au is
gettered to vacancy clusters in the presence of interstitialycated in a broad peak centred at about 900 A. The remain-
based defects. Some authirsuggest, for example, that ger of the Au remains at the surface, presumably where it has
metal decoration at defects which are not observable byrecipitated. Based on the recent report of Kalyanaraman
TEM at around half the projected rangB(2) may not be gt 511 this result would suggest that Au has completely
proof that stable vacancy clusters exist in this region. Howsjjied the residual open volume defects in the sample. Using
ever, the recent Au decoration studies of so caRe de-  thejr calculated value of 1.2 vacancies per Au atom, this
fects for MeV implant§”*!is quite convincing in arguing for oy give the number of vacancies bound up in such clus-
the presence of vacancy clusters. ters as X 10 cm 2 for a dose of & 10% Sicm ? at

In this study we set out to directly observe vacancy-1ngec. The higher Si dose case in Fig. 2 shows that almost
related defects in TEM for keV implantations and to attemply| the Ay has distributed to depths between the surface and
to resolve the issue of open volume defects being preferenti@(plz_ This result would suggest that there is insufficient Au
trapping sites for fast diffusing Au. to saturate the open volume defects. It is interesting that

Czochralski(C2) Si (100 wafers (n-type 5-100¢m)  there is a double peak in the Au profile in this casee
were implanted with 245 keV Siions at 100 °C to doses in second peak at 2400)Aa feature we will return to later. In
addition, there is a zone near the surf&s®00 A) which is
dElectronic mail: jsw109@rsphysse.anu.edu.au denuded of any Au. This region corresponds to a surface
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FIG. 1. Trim simulations using full cascades, illustrating the vacancy and b
interstitial excesses as a function of depth for 245 keV Si ions incident on a ( )

Si sample. The incident ions are included in the interstitial excess. A
156

layer which has been amorphized by the Au implant. Amor-
phization would be expected to destroy any residual defects
emanating from the prior 245 keV Simplant.

In Fig. 3(a), we show a cross-sectional TEM micrograph
corresponding to the higher dose case in Fig. 2. Considerable
residual disorder follows the 850 °C annealing in this case.
However, the visible defects are essentially all interstitial- [ ]
based dislocation loops and tangles. Comparing the depth o .-“.”?"'."-’.“F‘.\'rf?rr?w .L E
distribution of this visible damage with the corresponding 150 200 250 300
Au distribution from Fig. 2, it is clear that most of the Au channel
lies at depths where no visible dislocations are present. 1§ 3 (5 xTEM micrograph of the 1.4 10% cm™2 sample from Fig. 2.
Fig. 3(b) we show RBSC spectra illustrating the residual (b) RBSC spectra of this same sample bef@alid curve and after(dashed
disorder before and after annealing. Before annealing, th@ufve annealing at 850 °C. The dotted curve depicts a spectrum from an
disorder peak in RBSC just reaches the random level but jgnimplanted sample.
not completely_ amorphous at this dost_a, suggested by the na- In order to determine what defects are decorated by the
ture of the residual defects observed in the XTEM after an- . e . X

. ! .~ "Au, higher magnification XTEM was examined. Figure 4
nealing [Fig. 3(@]. The RBSC spectrum after annealing

) , . . shows such a TEM micrograph for the ¥40'® Sicm 2
shows a little residual disorder beginning at about 3500 Adose after annealing, clearly showing the presence of voids.

illustrating the low sensitivity of RBSC to moderate concen-Tpq top of the micrograph is about 460 A from the surface of

trations of extended defects.
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FIG. 2. RBS spectra of Au profiles after annealing at 850 °C for 1 hr of Si

samples previously implanted with 245 keV*Sbns at 100 °C to doses of FIG. 4. XTEM micrograph from a deptt460-1100 A from the surfage

3% 10" cm 2 (open circley and 1.4<10'® cm™2 (X). After Si implanta-  corresponding to the region denuded of interstitial-based defects but con-
tion a 30 keV Au implant to a dose 0f>610'* cm™2 was carried out at  taining Au for the 1.4 10'® cm 2 sample from Fig. 2. The inset shows a

room temperature. precipitate which is presumably Au rich.
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the sample, whereas the bottom of the micrograph corretion, the dose rate, and irradiation temperature. In the region
sponds to a depth of about 1100 A from the surface. Thislenuded of voidg¢and Au decoratiop this fine balance may
region has been shown to be devoid of visible defects in thédave resulted in annihilation rather than coalescence into
lower magnification micrograph in Fig.(8. Figure 4 is voids and interstitial clusters.
taken slightly out of focus to improve imaging of voids. The Finally, the observed Sidose dependence of void for-
voids are well faceted and about 50 A in size. Through-focamation as monitored by Au decoration leads to some inter-
imaging of the voids showed-contrast arising from the Au esting conclusions. For doses below abowt 1®'° cm 2
decoration of the walls of the voids as has been previouslyhere is essentially no Au decoration Bf,/2 defects, sug-
observed for the case of Au gettering to much largergesting that the vacancy excess may be too dilute to form
nanocavities? stable vacancy clusters and voids, or alternatively, such clus-
XTEM analysis of the sample also revealed the presencters do not survive annealing. The results for the 3 and 8
of occasional precipitates which have a similar size to thex 10"® cm 2Si* doses indicate that the number of excess
voids. These precipitates sometimes exhibit well definedracancies per ion that contribute to stable voids on annealing
Moireé fringes(see inset which are indicative of a crystalline is extremely low(~0.01). This number for 245 keV Siions
phase with a different lattice spacing to that of the Si matrix,at 100°C is lower than that for 2 MeV Si at 70-80°C
presumably an Au rich phase. We propose that, as has be¢r0.04 as obtained by Kalyanarama al!
well established for nanocavities in Siwhen the Au con- In conclusion, we have shown direct evidence for the
centration exceeds that required to saturate the void walls drmation of stable voids a&R,/2 for 245 keV Sf irradia-
around a monolayer of coverage, it then begins to fill thetion of Si at 100 °C, followed by annealing at 850 °C. Fur-
open volume of the voids. It would appear that when all thethermore, Au has a strong preference for decoration of voids
open volume is filled by Au, the excess Au prefers to pre-rather than interstitial-based defects, indicating that Au is an
cipitate at the surface rather than decorate interstitial-baseeikcellent selective detector for open volume defects.

defects. Our observations for lower and highet $ioses ) ) )
than the 1.4 1016 cm™2 case, illustrated in Figs. 2, 3, and 4, The authors are grateful to J. FitzGerald for discussion
are consistent with this behavior. related to the TEM analysis. One of the auth@swV.-L.)
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