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Interstitial-type defects away from the projected ion range in high energy
ion implanted and annealed silicon
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Defects in high energy ion implanted silicon have been investigated, especially in the depth range
around half of the projected ion rand®./2 after annealing at temperatures between 700 and
1000 °C. Preferable trapping of metals just in this depth range proves the existence of defects there.
No vacancy-like defects could be detected by variable energy positron annihilation spectroscopy
after annealing at temperatur&s>800 °C. Instead, interstitial-type defects were observed in the
Rp/2 region using cross section transmission electron microscopy of a specimen prepared under
special conditions. The results indicate the presence of small interstitial agglome@i3 which

remain after high temperature annealing. 1®99 American Institute of Physics.
[S0003-695(199)03135-9

lon implantation is a standard process for the precise anthe Rp/2 region has been investigated by variable energy
controlled introduction of dopants and other impurities intopositron annihilation spectrometryPAS), an analysis
Si crystals. However, the necessary annealing of radiatiomethod which is sensitive to vacancy-like defects. Moreover,
damage becomes a problem as the thermal budget is reductie Rp/2 region has been carefully analyzed by XTEM after
in modern device technology. This especially holds for thespecimen preparation using ion milling in a “Gatan Duo
implantation of high energy ions. During a typical MeV ion Mill 600" with 4 keV Ar * ions of 1 mA total current under
implantation more than £0Si atoms are displaced by colli- an incidence angle of 13°. The experiments were performed
sions along the trajectory of each implanted ion. In the se®n n-type (100 CZ-Si and FZ-Si. The substrates were im-
called “+1” model} it is assumed that each implanted atomplanted with 3.5 MeV, 5 10*Si* cm™? (Rp=2.7um) and
finally occupies a substitutional lattice site thus replacing theannealed either at 850 °Crfa h or at 900 °C for 30 s in Ar
host atom and creating a self-interstitial. The radiation damambient. It was determined by XTEM that the"Son im-
age, with the exception of one self-interstitial per implantedPlantation does not amorphize the Si lattice. Before anneal-
ion, is completely annealed by a thermal treatment when th#!9, Cu has been introduced into the rear surface of part of
temperature rises up to about 800 °C. Subsequent processf§ samples by  implantation —with 20 keV,
during annealing at temperaturgs-800 °C, like the evolu- 3*10°°Cu’ cm 2 The Cu depth distribution has been de-
tion of extended secondary defects and the dopant redistriémined after annealing by secondary ion mass spectrometry
bution, are completely controlled only by thel atoms? For (SIMS).

keV ion implantation the+1 model is well established and The ;AS equipment at the Forschungszentrum
widely applied in process simulating programs. Rossendorf has been used to check for the existence of

vacancy-type defects in th&®p/2 region of MeV ion-

On the other hand, after MeV ion implantation and an-. ) ) o
nealing in the temperature range between 700 and 1000 otgnplanted Si samples without Cu contamination after ther-

residual defects have been recently observed by means 8}1 e;ir;]nea[[lFr;g/;th9OObC r]:ort? 0 rsv I;oirf ttuesevfarmplest mrrt]aital
metal gettering in two distinct depth regions: around theJ€Hering atp/s Nas been observe €y were contami-

. . nated with Cu. The results, presented in Fig. 1, clearly indi-

mean projected ion range, and also between the surface . i} S
. 3.7 cate the formation of vacancy-type defects due to ion im
andRp, mainly atRp/2.°~" This defect structure occurs for a lantation as the normalize8 parameter is¥/S,>1 (as-
variety of implants, gettering species, and annealin mplanted state Thermal tregtment alT>850°C. as
ditions® It has been assumed that the defects inRb& ’

con S erformed here, should remove these vacancy-type defects.
region are "%Cj‘{‘ocy agglomerates remaining from an exce Rdeed, the curve measured after annealing at 900 °C for 30 s
of vacancies:”* .Hovyever,_ no structural def_ects have _be_enis almost identical to the curve corresponding to unimplanted
found up to now in this region by cross section transmissio

! X Material ©/Sy=<1) except close to the surface. This finding
electron microscopyXTEM).>® The detailed nature of the is in general agreement with other investigatiRe®dem-

damage aroun®Rp/2, which effectively acts as a gettering ,nqyating the disappearance of vacancy-type defects as the
center for metal impurities, is not yet known. -annealing temperature exceeds 800 °C. The depth distribu-
In the present study the occurrence of vacancy defects iy of the vacancy-type defects for the as-implanted state
can be assumed to be simply box shaped. The best fit to the
dElectronic mail: R.Koegler@fz-rossendorf.de measured(E) data of Fig. 1 has been obtained by the com-
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FIG. 1. PAS results showing the normalizBgharameteiS/S, vs the posi-
tron energyE for Si samples implanted with 3.5 MeV,>X5610°Si* cm™2
(without Cu contaminationin the as-implanted state and after a thermal 10
treatment at 900 °C for 30 s. THex/2 andRp region corresponds t&

~15 and 23 keV, respectively. No vacancy defects are detected after an
nealing §/S,<1).
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puter codeverrIT™ for a simple box profile reaching from
the surface to a depth of 3.3@m. The calculated value of
S/S,=1.037 indicates that the vacancy-type defects detecter I
in the as-implanted sample are larger than monovacancies 44
probably divacancie¥. The ratio /S, depends on the en-
ergy resolution of the Ge detector used. Data about the siz depth ( um)
and concentration of these defects could be achieved b%e 5. Briaht field XTEM mi fto for self-ion-implanted Fz_Si
depit-dependent positon Ifetime measureméh®aygen (19 % SO IS KT eaen br e e S,
precipitates (Sig), which possibly form during annealing at interstitial character are visible in tHep/2 region. In the bottom part the
900 °C in vacancy-rich regiorfsalso can influence th8/S,  associated Cu depth profile measured by SIMS is correlated with the con-
valuel®” However, oxygen precipitates do not appear toce_r_ltration of Si atoms bound in loogisarg that reflects the original inter-
form the dominating gettering centers for metals, becaus&'t@ Stage-
oxygen gettering is a competitive process to metal gettéring
and theRp/2 effect has been found to be stronger for epi-SiWe assume that self-interstitials are ejected during ion mill-
containing much lower oxygen concentrations than CZ-Si.ing. Such an effect has been reported recently for sputter
Finally it can be stated that for the annealed sample the vadepth profiling of a SIMS speciméfi. These preparation-
cancy defect concentration is below the PAS detection limiinduced interstitials may interact with self-interstitials or in-
of 1x10®cm 2.1 This is about two orders of magnitude terstitial agglomerates which remain after MeV ion implan-
lower than the maximum concentration of Cu gettered atation and annealing to form largéobservablg interstitial
Rp/2. For this reason vacancy-like defects cannot explain théoops. The loops are basically related to the original nucle-
gettering of Cu in theRp/2 region. ation sites in the appropriate region. The concentration of Si
By means of XTEM we discovered interstitial-type de- atoms bound in loops &p/2 is shown in Fig. 2 by bars for
fects just in the depth region arouri®b/2 in samples for each depth interval together with the Cu distribution. The
which theRp/2 effect was observed by Cu gettering. Thesedefects visible in Fig. 2 aroun&p/2 are not the gettering
defects are loop-like planar defects @hll) planes. Their centers for Cu atoms because their appearance depends on
interstitial character has been analyzed by diffraction conthe XTEM specimen preparation and their density is almost
trast. Such dislocation loops have been found in both FZ antbo low. However, the formation of interstitial loops can be
CZ material and their density and depth distribution corretaken as evidence for the supersaturation of self-interstitials
lates with the Cu depth distribution measured for the samer the existence of interstitial agglomerates in Reg?2 re-
sample. All TEM investigations have been performed forgion. Because of the presence of interstitial defects and the
such conditions that the creation of extended defects by thabsence of vacancies we assume that the actual gettering
electron beam can be excluded. The sample with the highesenters for Cu atoms d&p/2 consist of self-interstitial ag-
average defect density 06610>cm ™23 is presented in Fig. 2 glomerates which are too small to be directly visible in TEM.
(top) and compared with the corresponding Cu depth profileThese interstitial agglomerates are nucleation sites for the
(bottom). The defects have been found only after thinningformation of larger defects. It is noteworthy that the at-
the XTEM specimens by ion milling under the conditions tributes of the gettering centers B:/2 are very similar to
mentioned above. They never appeared in samples withotihose of B-swirl defects which are known from previous in-
MeV ion implantation. The incidence angle of the’Aions  vestigations on crystal growth. They are assumed to be
is a crucial parameter for the occurrence of visible defects aspherical agglomerates of self-interstitials in a liquid-like
Rp/2. No defects could be found if the incidence angle wasstructureé?! B-swirls form in Si at high temperatures and ex-

below 10°. Detailed results have been published in Ref. 19st in a metastable state. During cooling down the B-swirls
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