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Sb-precipitation-induced injection of Si self-interstitials in Si
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The issue of point-defect injection during antimony precipitation in silicon is addressed in the present
investigation. By studying the effect of Sb precipitation in an Sb-box distribution on the diffusion of B or Sh
in deeper-lying spikes it is unambiguously concluded that Si self-interstitials are injected during the precipi-
tation process. Possible causes of the self-interstitial injection are disc{IS663-18209)09411-4

The formation of thin layers of high concentrations of injection during Sbh precipitation in Si have been reported in
electrically active dopants in Si is both a challenging andthe literature either in the form of a slightly retarded Sb
technologically important task. It involves, among otherdiffusivity in isoconcentration experiments when the Sb con-
things, impurity-defect interactions at nonequilibrium point- centration exceeds the solubility liior as an enhanced B
defect concentrations, impurity diffusion at extreme impurity diffusion in a boron-doped base layer of a bipolar transistor
concentrations, and deactivation processes in the form ofiith an Sb doped emitter layer exceeding the solubility
precipitation and formation of impurity-defect complexes. limit.*°
Studies of the formation and stability of these layers there- To discriminate between self-interstitial and vacancy in-
fore involve critical tests of models of the kinetics of jection the observation of an enhancement or retardation in
impurity-defect interactions. Moreover, such layers are frethe diffusion of B or Sb in Si is most useful since B and Sbh
guently of interest in micro-electronic components, e.g., agre known to diffuse almost entirely via a self-interstitial
emitter layers in bipolar transistors or source and drain conassisted mechanism and a vacancy assisted mechanism,
tacts in field-effect transistofs. respectively:!

The layers are typically produced by ion implantation In the present investigation, this last mentioned experi-
combined with a suitable anneal treatnasttby an epitaxial mental fact will be applied to study point-defect injections
growth proceduré.They are often metastable in as much asresulting from the precipitation process of Sb in Si. Advan-
their electrically active dopant concentrations exceed a crititage will be taken of the great possibilities offered by the
cal temperature-dependent concentration above which thepitaxial growth procedures, in the present case, molecular-
dopants will be electrically inactive in equilibrium. This beam epitax(MBE), with which very well defined, tailor-
critical concentration can be, e.g., the solid-solubility limit or made structures for such studies can be produced.
the critical concentration for the formation of dopant- The samples were grown by MBE df01)-oriented Si
vacancy complexes. A subsequent high-temperature treat" substrates, and the total thickness of each epitaxial layer
ment, which is usually an unavoidable step in the fabricatiorwas 10 000 A. Samples were grown with and without a high
process of an integrated circuit, will result in a deactivationconcentration Sb-box distribution. This Sb-box distribution
of a certain number of electrically active dopants; these inwas situated from a depth 61000 to ~3000 A [see Fig.
active dopants will then be contained in precipitates orl(a)], and different maximum concentrations were chosen
dopant-defect clusters. between 610" and 1.6<10?°cm ™2 as determined by Ru-

The question is now as to whether the process of precipitherford backscattering spectrometRBS) using 2-MeV «
tate or dopant-defect cluster formation results in supersatiparticles. At depths of~7000 A either a narrow B or Sb
rated concentrations of point defe¢self-interstitials and va-  distribution was placed having peak concentrations between
cancie$ that might diffuse away from the regions of 1x10% and 5x 10'¥cm™2 and full widths at half-maximum
deactivation. Such an injection of point defects can influencef ~300 A. The peak concentrations were chosen as com-
other dopant distributions in the component and thereby beromises between values as small as possible relative to the
harmful to its structure or, if a diffusion process is underintrinsic  carrier concentration n; [n;(800 °C)=5
investigation, can affect this process in an unwanted way. x 10 cm™3] in order to minimize the extrinsic-diffusivity

In the case of As in Si, a system in which precipitates arecomponent and values large enough to facilitate the
only formed at very high As concentrations=( secondary-ion mass spectromet8iMS) analysis. The dop-

x 10% em™3),% it has been demonstrated that de-activation ofant spike is followed by a-3000 A-thick undoped Si layer.
metastable electrically active concentrations belewl  The samples were heat treated in a furnace in aribiance

x 10°*cm ™2 proceeds via the formation of As-vacancy clus- at temperatures between 800 and 1000 °C and for times be-
ters with a resulting injection of high concentrations oftween 5 and 30 min. Care was taken that at least two
self-interstitials’ Antimony in Si is, on the other hand, a samples, with and without the Sh-box distribution, were al-
system with a relatively low solid solubility linfitand for ~ ways heat treated together in order to eliminate any possible
metastable Sb concentrations exceeding about 6—#mperature and time errors when estimating the effect of Sb
% 10%cm™? precipitates form during a heat treatment of ap-precipitation on the diffusion of the dopants in the spikes. All
proximately 800 °C for 30 min. Indications of self-interstitial samples were characterized by transmission-electron micros-
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FIG. 2. Time-averaged diffusion coefficien{i,®,A) and
equilibrium-diffusion coefficients((1,0) for B, extracted from
SIMS profiles after 30 min. diffusion with Sb-box concentrations of
1.6X10°° (W), 1.1x 10°° (@), and 6x 10°cm 3 (A). For each tem-
perature, samples with and without an Sb box were annealed to-
gether.

7N

rium and, as will be apparent in the following, transient con-
ditions we have determined what might be called a “time-
averaged diffusion coefficient.” It is determined from the
experimental SIMS profiles in the same way as equilibrium-
diffusion coefficients are normally determined by a minimi-
- zation procedure, in which the difference between a numeri-
cally diffused profile, using the as-grown profile as input,
and the diffused profile is minimized, with the time-averaged
diffusion coefficient as a free parameter. It should be noted,
however, that under these transient and nonequilibrium con-
ditions an effective-diffusion coefficient is not definkdEx-
' ] tracted time-averaged diffusion coefficients for B as a func-
.. tion of diffusion temperature for a constant diffusion time of
vl 30 min. are shown in Fig. 2. It appears, that the diffusion at
- . ’1 a temperature of 800 °C is enhanced by approximately a fac-
SR R R tor of 50 for the highest Sb-box concentration (1.6
000 | 4000 | 6000 | 8000 ><102°cm %); the enhancement is reduced to about a factor
DEPTH (A) of 10 if the Sh-box concentration is reduced to 1.1
x 107%°cm™3, and there is no detectable enhancement if the
FIG. 1. SIMS profiles of structures with B spikes, with Sb-box Sb-box concentration is reduced tx@0'°cm™3. For higher
profiles (a) and without(b). As grown(@®), after heat treatment at temperatures the enhancement is reduced and it disappears at
800 °C/30 min(+) and 1000 °C/30 miriH). about 1000 °C. The enhancement is transient in time as dem-
onstrated in Fig. 3 for the case of diffusion at 1000 °C; this
copy (TEM), before and after heat treatment, in plane view,was also observed in the case of diffusion at 800 °C.
and for selected samples in cross-section view. The impurity The diffusion of Sb, in samples in which the B spike has
profiles were measured by SIMS using an Atomika instrubeen replaced by an Sb spike, is retarded as demonstrated in
ment with a 2.5-keV @ beam. The depth calibration was Fig. 4. In the case of Sb, the diffusion was only studied for
obtained by measuring the total crater depth and assumingmperatures higher than 950°C as the slow diffusion at
constant sputtering rate. lower temperatures made it difficult to characterize the dif-
The effect of the presence of a high-concentration Sh-bofusion in a reliable way. It can be appreciated from Fig. 4,
distribution on the diffusion of B in the spike at different however, that the Sb diffusion at 950 °C is retarded by ap-
temperatures is illustrated in Fig. 1. It is immediately appre-proximately the same factor as the B diffusion is enhanced
ciated that the presence of the Sb-box distribution enhance&ig. 2). Also in this case the effect almost disappears at
the redistribution of the B spike; this is, in particular, evident 1000 °C.
in the case of the 800 °C heat treatment. When the maximum Thus, the results strongly support the hypothesis that Si
concentration of the Sh-box profile is reduced to a value neaself-interstitials are injected from the Sb-box distributions
the solubility limit the B redistribution is similar to that ob- during high-temperature heat treatments. From a vast num-
tained without an Sb-box profileot shown. ber of TEM investigations of samples heat treated differently
In order to have a parameter which characterizes the rewith respect to temperature and tigme of the results are
distribution of the impurity spikes under these nonequilib-shown in Fig. 3 we can conclude that the B-diffusion en-
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FIG. 3. Time-averaged diffusion coefficientslosed symbols
and equilibrium-diffusion coefficient§open symbols for B ex-
tracted from SIMS profiles after 1000 °C diffusion with an Sbh-box
concentration of 1.8 107%cm 3,

hancement is correlated with the appearance of Sb precipi-
tates in the Sb-box distributions. The observation of no en-
hancement or retardation at 1000°C for B and Sb,
respectively, indicates that the supersaturation of self inter-
stitials is similar in concentration to the equilibrium concen-
tration of self interstitials at 1000 °C~1x 10*2cm™3 (Ref.
1)].

We may note that the equilibrium-diffusion coefficients of
B at low temperatures are slightly higher than reported lit-
erature valu€s (approximately a factor of 4 at 800 YOWNe
speculate that this can be a result of self-interstitial injection
during precipitation of the relatively high C concentration in
MBE-grown Si (C]<1x10%cm™3 determined by SIMS
in similar samples grown in our MBE systéras discussed
by Cowernt* However, the Sb equilibrium diffusion coeffi-
cients displayed in Fig. 4 do not differ measurably from lit-
erature value$® The fact that such self-interstitial injection
then affects B diffusion more strongly than Sb diffusion,
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FIG. 5. TEM images in plane view after diffusion at 900 °C for

indicates, as suggested by Tan ands@e!® that the
interstitial/'vacancy recombination times in the investigateo0
temperature range are much longer than the employed diff
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30 min of structures containing B spikes and Sb-box concentrations
f 610 (a), 1.1x10% (b), and 1.6<107%°cm 3 (c). Sb precipi-

J@tes(dark dot$ are observed irfb) and (c) and interstitial loops

only in (c).

sion times(5—30 min. On the other hand, the much stronger
interstitial injection related to Sb precipitation does cause a
decrease in the vacancy-assisted Sb diffusion at 950 °C.
Therefore, under this injection condition, a significant num-
ber of vacancies have recombined with interstitials, on a time
scale that is less than 30 min.

The question should be addressed as to whether the injec-
tion of self-interstitials happens when the Sb precipitates
form or when the vacancies, necessary for the transportation
of Sb atoms to the precipitates, are produced. The observa-
tion that no detectable injection takes place from an Sb-box
distribution of maximum concentration >610°cm ™3 but
does take place from one of X1L0?°cm™3 demonstrates
that it is not a result of the diffusion process as the vacancy-
assisted diffusion of Sb at the two concentrations is expected
to be very similatt® Thus, the self-interstitial injection seems

FIG. 4. Time-averaged diffusion coefficientslosed symbols
and equilibrium-diffusion coefficientéopen symbolsfor Sb ex-
tracted from SIMS profiles after 30 min. diffusion with an Sb-box tates.

concentrations of 1%102°cm™3, A well-studied precipitation process in Si in which a su-

to be correlated to the formation or growth of the precipi-
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persaturated concentration of Si self-interstitials is alsgrocess similar to the one postulated by Rousssal. as
formed, is the formation of SiQprecipitates in Czochralski being active in the case of As deactivation followed by self-
grown Si. For this system, it has been demonstrated by Hinterstitial injection: AgSi—As,V+I1, where AgSi repre-
(Ref. 12 that the SiQ precipitates produce local strain and, sentsn (integer 1—4 arsenic atoms around a silicon lattice
to reduce this local strain, oxygen precipitation is accompasite, As,V represents a deactivated cluster with a vacancy,
nied by emission of self-interstitials. In the case of Sb pre4nd| represents an interstitidlThe As,Si clusters are as-
cipitation, however, it should be borne in mind that numer-symed to be formed statistically at high As concentration. In
ous experiments indicate that Sb diffuses via vacanciegqgition a process such as,As—As,V,+1 could be envis-

at the tgmnrl)erqtu_res and concentrations of the presenhqoq for some values of'® Similar reactions could be ex-
investigation. This is also in agreement with our observation pected to take place also in the case of Sb in Si. Such reac-

of a retardation of the Sb diffusion in the Sb spikesg. 4, tions would explain the self-interstitial injection; however, it

although this diffusion tqkes place under intrinsic condltlons.iS still left to be demonstrated why the ripening of the pre-
Thus, every Sb atom brings, so to speak, its own vacancy to

the precipitate and local strain is therefore not expected: gipitates does not result in a supersaturated concentration of

supersaturation of released vacancies should rather be gyacancies.

pected. Moreover, indications of self-interstitial injection has " Summary, we have demonstrated that the Sb-
also been observed from Sn-box profiles in Si during srPrecipitation process in Si creates a supersaturated concen-
precipitation!” Sn is also known to diffuse via vacancies tration gf s_elf—!nterstltlals. This has been dong by monitoring
which makes the system somewhat similar to the Sb systenﬁhe redistribution enhancement and retardation of deeper ly-
Tin, however, is electrically neutral in Si which excludes ing spikes of B and Sb, respectively, during the precipitation
electric-field effects affecting the diffusion of the chargedof near-surface, high-concentration Sh-box distributions. The
defects. supersaturated self-interstitial concentration is especially
It is quite possible that the self-interstitial injection takes high at low temperatures. The formation of Sb-vacancy com-
place at the very early stage of the precipitate formation irplexes in the early stage of precipitation is pointed out as a
which an Sb-vacancy cluster might be formed. It has beempossible source of the self-interstitials.
demonstrated that Sh-vacancy clusters are formed in layers
doped to high concentrations of SRef. 18 prior to Sb This work was supported by the Danish Natural Science
precipitation. These clusters could be formed in a kick-outResearch Council.

*Present address: The Institute for Applied Physics Problems, Be®A. Nylandsted Larsen, P. Kringhal. Lundsgaard Hansen, and S.
lorussian State University, Kurchatov Str. 7, 220106 Minsk, Be-  Yu. Shiryaev, J. Appl. Phys81, 2173(1997.

larus. 10E. v. Thomsen, Ph.D. thesis, The Technical University of Den-
TCorresponding author. Electronic address: anl@dfi.aau.dk mark, 1998.
1p. M. Fahey, P. B. Griffin, and J. D. Plummer, Rev. Mod. Phys.“W. Frank inCrucial Issues in Semiconductor Materials and Pro-
61, 289(1989. cessing Technologiegdited by S. Coffa, F. Priolo, E. Rimini,

2See, e.g., P. van Mieghem and R. P. Merten&dmanced Silicon and J. M. Paote, Vol. 222 dIATO Advanced Study Institute
and Semiconducting Silicon-Alloy Based Materials and Deyices  Series E: Applied Sciencékluwer, Dordrecht, 1992 p. 383.

edited by J. F. A. NijSIOP, London, 199% p. 3. 125, M. Hu, Mater. Sci. EngR13, 105 (1994.

3See, e.g., R. B. Fair ifRapid Thermal Processing, Science and 3See e.g.Quick Reference Manual for Silicon Integrated Circuit
Technologyedited by R. B. Fai({Academic, San Diego, 1993 Technology edited by W. E. Beadle, J. C. C. Tsai, and R. D.
p. 169. Plummer(Wiley, New York, 1985.

4See, e.g., E. Kasper and C. M. Falco,Advanced Silicon and *N. E. B. Cowern, Appl. Phys. Let64, 2646 (1994).
Semiconducting Silicon-Alloy Based Materials and Devices'®T. Y. Tan and U. Geele, Appl. Phys. A: Solids Surf37, 1

(Ref. 2, p. 103. (1985.

5D. Nobili, S. Solmi, A. Parasini, M. Derdour, A. Armigliato, and N Nylandsted Larsen, K. Kyllesbech Larsen, P. E. Andersen, and
L. Moro, Phys. Rev. B49, 2477 (1994). B. G. Svensson, J. Appl. Phy&3, 691 (1993.

5D. W. Lawther, U. Myler, P. J. Simpson, P. M. Rousseau, P. B.}7J. Fage-Pedersen, A. Nylandsted Larsen, P. Gaiduk, J. Lunds-
Griffin, and J. D. Plummer, Appl. Phys. Le@7, 3575(1995. gaard Hansen, and M. Linnarsson, Phys. Rev. L&lf.5856

7P. M. Rousseau, P. B. Griffin, W. T. Fang, and J. D. Plummer, J. (1998.
Appl. Phys.84, 3593(1998. 184, Nylandsted Larsen, F. T. Pedersen, G. Weyer, R. Galloni, R.

8D. Nobili in Properties of SiliconEMIS Datareviews Series No. Rizzoli, and A. Armigliato, J. Appl. Phy$9, 1908(1986.
4 (INSPEL, The Institution of Electrical Engineers, London, 9\, Ramamoorthy and S. T. Pantelides, Phys. Rev. [&t4753
1988, p. 401. (1996.



