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The two-dimensional2D) diffusion of Si self-interstitialgl) from a submicron laterally confined source has
been investigated in detail. High-resolution scanning capacitance microscopy was used for quantitative mea-
surements of th8 transient enhanced diffusion induced by th&ux generated by a low-energy Si implanta-
tion through a submicron dimension oxide mask. We show thalt tlepth penetration strongly depends on the
original lateral size of the source. The 2Dliffusion has been well described by a 2D rate equations model,
using the same physical parameters valid for one-dimensional diffusion.
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The investigation of native point defects in crystalline Sisources is extremely important since size and surface effects
has been for several decades an important and intriguingan be evidenced. The presence of such effects will have a
field of active research as a consequence of both the crucigtrong impact on real device performances, since continu-
role in a large variety of phenomena and of the implicationsously decreasing submicron features are used.
in semiconductor device technology. In fact, a continuous In this work we will give direct and quantitative experi-
effort has been dedicated to study the basic action of poinfiental evidence of the 2Ddiffusion from a spatially con-
defects as vehicles in the atomic transport propértfesnd fined source of_exces'.sproduced by Si |mplantat!on Fhrough
in impurity clustering®® Moreover, the diffusion of self- 2 patterned oxide mask. SCM was used to this aim. More-

interstitials (1) in Si has been investigated in detail because®Ve" thdeB markefr Iayeij_?fpproach, g.sed _extensliveh(/j ar\]nd to
of its implications in defect evolution phenomena, clusteringd"€at advantage for 1Ddiffusion studies, is employed here

or damage dissolution after ion implantation, or other defectf.Or the detgrmlnatlon of the 2D d|_str|but|on bBupersatura- .
n. We will show that source size effects are observed in

related processes, such as the transient enhanced diffusi?hﬂ e s
(TED) >"9-LThe interest for these studies increased in thez e | diffusion. These data will be well modeled through a

last years with the shrinkage in device dimensions, whic 0[r) tsr:renlilgtg;ucs?gﬁ_ with the same physical parameters used
required an unprecedented understanding and control over Experiments were carried out on a thick Si structure
defect-related phenomena. o _ grown by molecular beam epitaxiIBE). The structure con-

In spite of its importance, the diffusion ofis far to be  taing three ultranarrou® marker layers in the shallower re-
fully understood since it presents several experimental dlffl-gion (~1 um), as depicted in the schematic picture of Fig.
culties due to both the low equilibrium Concentratim:ﬁf*, l(a) In the deeper regio(‘not shown in F|g 1there are two
and to detection issues. In order to raise fthiwncentration,  B-doped boxes qg=1x 10" and 1x 10'® cm?), used for
¢, ion implantation could be used inducing, during a subsemeasurement calibration purposes. A 300 nm thick,Siltn
quent annealing, ahsupersaturation (Sc,/c; for atran-  was subsequently deposited on the surface at low tempera-
sient time’ B spikes have been extensively and efficientlyture, and a pattern was obtained by lithography, opening in
used as marker layers in one-dimensiofi®) diffusion ex-  the oxide mask 5 mm long windows of variable width
periments for measuring the interstitial supersaturaidhe  (from 2.7um to 0.7um). Finally, 5x 10" Siions/cn?

B diffusivity, Dy, being enhanced by a fact8with respect were implanted on the masked sample at an energy of 20
to the equilibrium valueDg®. Most studies were performed keV in order to introduce a spatially confined source pfst

by using secondary ions mass spectromd8yMS) as a below the surfacéprojected rangeR,~30 nm). A subse-
high-resolution depth profiling method to measureBeon-  quent rapid thermal annealing at 800 °C under &mo-
centration profiles and, as a consequence,|tdéfusion.”  sphere for 5 min induced tHeemission from the source. The
Nonetheless, a quantitative information on the two-l supersaturation inside the wafer was monitored by the
dimensional2D) | diffusion in Si is not currently available. broadening and the consequent peak concentration lowering
Even if 2D-doping profiling is an area of current intense of the B spikes.

interest, and many experimental techniques have been devel- The distribution ofB before and after the implantation
oped in the last few years such as electron holography, 2@nd annealing processes was measured by SCM on the pat-
spreading resistance probe, and scanning capacitance micrdégrned region, using a Digital Dimension 3100 scanning
copy (SCM),*?in most cases problems related to the requiredorobe microscope equipped with the SCM head. Nowadays,
nanometer resolution and to quantification have hamperethis is one of the most powerful 2D carrier profiling tech-
applications to a detailed study of 2Qiffusion. The under- niques in Si due to its high spatial resolution and
standing of 2D self-interstitial diffusion from submicron sensitivity’®> Topography and SCM images were simulta-
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[L=0.7 um, Fig. 1(c)]. The as-grown profile&otted line$
(@) fB marker layers show a full width at half maximuniFWHM) of about 10 nm
. for eachB spike, comparable with that measured by SIMS.
Slﬁ After annealing, the differer peaks[open circles in Figs.
— Li g_ 4-Fd->- 1(b) and Xc)] clearly show a broadening greater than that
— expected under equilibrium as a result of TED. Moreover,
Si0, the peak width decreases with increasing the depth. This is a
. , . : : typical behavior of theB spikes diffusion into MBE-grown
gl Aswown o m ©) Si,"®1%due to the interaction dfwith the intrinsic traps. As
e far as the opening dimension is concerned, a clear window-
5 size effect is observef@Fig. 1(b) and Xc)] for the larger

window, all the B spikes undergo an enhanced diffusion,
while for the 0.7um window the TED phenomenon interests
1 prevalently the shallower spike, and in a weaker manner with
respect to the larger window. It is important to note also that
the experimental first peak of Fig(d) has a flat top, prob-
ably due to the formation oB-1 clusters in whichB is not
electrically active and does not contribute to the SCM signal.
Formation ofB-I clusters is a well-known phenomenon in
presence of high supersaturatioh.Quite interestingly, no
evidence of such “activé lack” is detected in the 0.um
window sample, confirming a less intens@enetration for

| this sample.

Finally, Figs. 1b) and Xc) also contain the simulated dif-
fusedB profiles (continuous linesobtained by a numerical
code that connects tH& concentration in the spikes{) to
the | supersaturatioS) through the equation
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while the 2DI diffusion is described by the equations
FIG. 1. Schematic picture of the experiméat. SCM measure-

. L . ) dS(X,z,t)
ments of the carrier concentration in tBespikes vs the axis at the cfl———
center of the 2.7«um and the 0.7um windows,(b) and(c), respec- ot
tively. The dotted lines correspond to the as-grown sample, while
the open circles are th_e diffused spikes. The continuous lines cor- +dS5(z— Rp) 6, (x)—
respond to the simulation.
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neously acquired during a single scan. A dc bias-@.5 V (23
and an ac bias of 0.5 V amplitude were applied to the sample d9c(X,z,t) eq
to carry out the SCM measurements. The sample was bev- — - 4maDbicSa, (2b)
eled with an angle of 5°44in order to obtain an amplifica- _ )
tion by a factor of 10 in the depth direction. The 2D SCM wherex andz are spatial coordinates as shown by the axes
profiles have been accurately converted into carrier concerfirawn as dashed lines in Figlal. Equations(2) are an ex-
tration profiles with the method described in Ref. 14. Thetension to the 2D case, of the 1D formulas that we have
theoretical calibration curved(C/dV versus carrier concen- 'ecently used to reproduce the trap limitediiffusion in.
tration) was extracted for the measurement parame(tios MBE grown Si? The | recombination with intrinsic traps is
radius, oxide thickness, dc and ac biasesm an extended described by the term-4ma,D,cf%Sg,™ wherea, is the
database of capacitance-to-voltage curves calculated dyapping radiusD, the interstitial diffusivity, anct, the trap
simulation of the measurement setup. This theoretical caliconcentration. The injection from the spatially confined
bration curve was normalized to the capacitance sensor gaipurce,® 5(z—R;) 6, (x), is modeled with a fluxb local-
calculated for the high-concentratioB box level (1 ized at the depttR, and laterally limited to the window
X 108 cm™3) and was validated on the lower-concentrationwidth L[ 6 (x)=1 for —L/2<x<L/2, 6, (x)=0 elsewherg
B box level (1X10'" cm™%). Finally, SIMS analyses were The last term in Eq(2a), —D,c}%S48(z)/\, takes into ac-
performed on the unpatterned regions to mea8ucencen- count thel recombination at the surface<0), by tailoring
tration and to check the 1Ddiffusion. the recombination length parameter®

In Figs. 1b) and Xc) we report the 1D carrier concentra-  The 1D B spikes diffusion was measured by SIMS, in
tion profiles of theB spikes obtained by SCM analysis per- order to calibrate independently the surface recombination
formed along the depth axig) starting at the center of the length A\ =6=5 nm) and the density of interstitial trapping
larger window[L=2.7 um, Fig. 1(b)] or the narrower one sites [c,=(1.7+0.4)x 10'® cm®]. Such parameters, once
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FIG. 2. 2D mapping of diffused spikes measured by SCMa) and (c)] or simulated[(b) and (d)] for the larger window[L
=2.7 um, (a) and(b)] and the smaller onpL=0.7 um, (c) and(d)]. The maps are reported as a gray scale with six different gradations
defined by the reported levels of electrically act®e&oncentrationcg. The oxide masks, depicted as black boxes on the surfaces, define
the openings on the two samples.

given the ratioD,ctYDE4, 11017 83]low to extract thd su- shape parallel to the surface presents the same quantitative

persaturation profil€and then theB diffusion) inside the features. Thd depletion is less intense and less extended in

MBE-grown sample at the end of the TED process in the lDthex d|re(;t|on, t_h'e deeper is the peak. This |nd|cates that the
case® effect of interstitial supersaturation is less intense and less

Finally, the extention to the 2D case is based on the follaterally extended by increasing the depth. Also, for the

lowing hypothesesti) the | density along the 2D source is smaller window, the reducéddpenetration is well simulated.

h he beginni f th sthe | fi As the experimental data and simulation of 2D effects of
omogeneous at the beginning of the procéssthe | flux | gigysion (B-TED) are in excellent agreement, the 2D in-

from each portion of the source provides a total amount of tegiitial supersaturation extracted from the simulation repre-
Injected equal to the implanted Si atoms, according 10 thgents a direct observation of the experimental one. Figure 3
“plus one model.” Under such conditions, the simulation reports the calculated 2Ddiffusion as contour plots of the
was generated by solving Eqél) and (2) by taking the integrated supersaturation, for both window openings. Such a
as-grown SCM measure as the startigoncentration pro-  guantity represents the total amount of supersaturation felt
file. . . by each position after the complete dissolution of the
The simulation results well reproduce the 1D SCM datasgyrce and has the dimension of the time with the scale in
on the diffused spikes for both window openirigentinuous  gecondg.In the contour plot each line is equally spaced by
lines in Figs. 1b) and Xc)]. As can be noted, all the peak 55 amount of % 10* s. In such a manner, tHepenetration
heights are in good agreement with the experimental megsp the masked-implanted sample can be seen clearly. The
sure within an average error af 110" cnv® (i.e., 2% of  mapping of the 2D interstitial diffusion suggests the follow-
the peak valueand the FWHM of the peaks agree typically ing considerations.
within +6 nm. In the case of the 24m window sample, (i) Thel front is strongly influenced by the window width.
the difference in the shallower peak is due to the “act/e  actyally, for the larger window no difference has been ob-
lack” which is clearly not predictable by the simulation.  served on the depth penetration with respect to the case of
_Figure 2 compares SCM experimental dgt@ and (c)] infinite | source(not shown, and therefore the penetration
with simulations[(b) and (d)] of the 2D map ofB concen-  gepth is principally dominated by the trapping and evapora-
tration, cg, in the diffused spikes for both window openings tion phenomena. Instead, for the thinnest window Itipen-
[L=2.7 um in Fig. A8) and (b), L=0.7 um in Figs. 2¢)  etration depth is strongly reduced becausel tfraction sub-

and(d)]. Note the difference in scale between the depth anected to lateral diffusion becomes a dominant fraction of the
lateral axes. The 2D maps of are reported as a gray scale total | amount.

with six different gradations defined by six levels. In Figs.

2(a) and Zc¢), it can be seen, from the SCM data, that Bie __ 0.0
peaks are depleted and broadened in the central area bel<§
the window, while they are almost unaffected in regions wellZ 95
apart from the openings. However, tleextension of this §1_0
B-broadened region is larger thanwindow dimensio for z
both the window sizes and it decreases by increasingthe =~ 1.5
peak depth. Moreover thR broadening remains still visible

even for the deeper peak of the ZuT window[Fig. 2(@)],

while it almost disappears for the deeper peak of theuhy FIG. 3. Contour plot of the time integratécupersaturation, for
window [Fig. 2(c)] as already observed in Fig(cl. The the larger window (=2.7 um, left) and the smaller onel(=0.7
simulated 2D maFigs. 2b) and 2d)] well reproduces the um, righ. Each line is equally spaced by an amount of 3
features of the experimental map. In particular, the peak<10* s.
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(i) In spite of the surface recombination of most of the diffusion. A strong dependence of thelepth penetration on
as can be deduced from the strong concentration gradietite original source size has been shown and explained in
between the surface and theource, the are able to diffuse terms of the three main parameters describing the system,
even laterally, over a dimension larger than the windowi.e., the surface evaporation and the trap density as derived
width: at the depth of about 300 nm, thex30* s level has  from 1D diffusion experiments, plus the window width. This
anx extension larger thah of about 300 nm for both win-  effect is not negligible when the source dimension scales
dow dimensions. Note that this integrated supersaturatiofown to the submicron dimension. Moreover, a lateral diffu-
corresponds to-15% of the maximum level. Such a broad- gjon of | beyond the window dimension, independently of
ening of thel front will become significant in smaller win-  ihjs dimension has been observed. These results represent the
dows. This behavior is confirmed by the experimental datagj st direct observation of 2D diffusion in Si and they give

since theB—TED of the shallower peak ex'tends over 8N hoth data and modeling support to the design of next genera-
dimension remarkably larger than the window width, forijons of Si-based devices processes.

both window dimensions.

In conclusion, we have studied the 2D diffusionl an Si. The authors wish to acknowledge S. Pulvirenti and S.
By means of quantitative SCM measurements, we observeficalese for their support in the initial stages of this work and
the 2D 1| emission from ar source laterally confined down thank A. Marino and R. Storti for expert technical assistance.
to submicron dimensions obtained by low energy implantaThis work has been partially supported by two MIUR
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rate equations, was developed in order to describe thé 2Dproject funded by EU.
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