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Direct observation of two-dimensional diffusion of the self-interstitials in crystalline Si
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The two-dimensional~2D! diffusion of Si self-interstitials~I! from a submicron laterally confined source has
been investigated in detail. High-resolution scanning capacitance microscopy was used for quantitative mea-
surements of theB transient enhanced diffusion induced by theI flux generated by a low-energy Si implanta-
tion through a submicron dimension oxide mask. We show that theI depth penetration strongly depends on the
original lateral size of the source. The 2DI diffusion 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
has been for several decades an important and intrig
field of active research as a consequence of both the cru
role in a large variety of phenomena and of the implicatio
in semiconductor device technology. In fact, a continuo
effort has been dedicated to study the basic action of p
defects as vehicles in the atomic transport properties1–4 and
in impurity clustering.5–8 Moreover, the diffusion of self-
interstitials~I! in Si has been investigated in detail becau
of its implications in defect evolution phenomena, cluster
or damage dissolution after ion implantation, or other defe
related processes, such as the transient enhanced diffu
~TED!.1,7,9–11The interest for these studies increased in
last years with the shrinkage in device dimensions, wh
required an unprecedented understanding and control
defect-related phenomena.

In spite of its importance, the diffusion ofI is far to be
fully understood since it presents several experimental d
culties due to both the low equilibrium concentration,cI

eq ,
and to detection issues. In order to raise theI concentration,
cI , ion implantation could be used inducing, during a sub
quent annealing, anI supersaturation (S5cI /cI

eq) for a tran-
sient time.7 B spikes have been extensively and efficien
used as marker layers in one-dimensional~1D! diffusion ex-
periments for measuring the interstitial supersaturationS, the
B diffusivity, DB , being enhanced by a factorSwith respect
to the equilibrium value,DB

eq . Most studies were performe
by using secondary ions mass spectrometry~SIMS! as a
high-resolution depth profiling method to measure theB con-
centration profiles and, as a consequence, theI diffusion.7

Nonetheless, a quantitative information on the tw
dimensional~2D! I diffusion in Si is not currently available
Even if 2D-doping profiling is an area of current inten
interest, and many experimental techniques have been d
oped in the last few years such as electron holography,
spreading resistance probe, and scanning capacitance m
copy~SCM!,12 in most cases problems related to the requi
nanometer resolution and to quantification have hampe
applications to a detailed study of 2DI diffusion. The under-
standing of 2D self-interstitial diffusion from submicro
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sources is extremely important since size and surface eff
can be evidenced. The presence of such effects will hav
strong impact on real device performances, since cont
ously decreasing submicron features are used.

In this work we will give direct and quantitative exper
mental evidence of the 2DI diffusion from a spatially con-
fined source of excessI produced by Si implantation throug
a patterned oxide mask. SCM was used to this aim. Mo
over, theB marker layer approach, used extensively and
great advantage for 1DI diffusion studies, is employed her
for the determination of the 2D distribution ofI supersatura-
tion. We will show that source size effects are observed
the I diffusion. These data will be well modeled through
2D simulation code with the same physical parameters u
for the 1D diffusion.

Experiments were carried out on a 2mm thick Si structure
grown by molecular beam epitaxy~MBE!. The structure con-
tains three ultranarrowB marker layers in the shallower re
gion (;1 mm), as depicted in the schematic picture of F
1~a!. In the deeper region~not shown in Fig. 1! there are two
B-doped boxes (cB5131017 and 131018 cm3), used for
measurement calibration purposes. A 300 nm thick SiO2 film
was subsequently deposited on the surface at low temp
ture, and a pattern was obtained by lithography, opening
the oxide mask 5 mm long windows of variable widthL
~from 2.7mm to 0.7mm). Finally, 531013 Si ions/cm2

were implanted on the masked sample at an energy o
keV in order to introduce a spatially confined source ofI just
below the surface~projected rangeRp'30 nm). A subse-
quent rapid thermal annealing at 800 °C under N2 atmo-
sphere for 5 min induced theI emission from the source. Th
I supersaturation inside the wafer was monitored by
broadening and the consequent peak concentration lowe
of the B spikes.

The distribution ofB before and after the implantatio
and annealing processes was measured by SCM on the
terned region, using a Digital Dimension 3100 scann
probe microscope equipped with the SCM head. Nowada
this is one of the most powerful 2D carrier profiling tec
niques in Si due to its high spatial resolution a
sensitivity.13 Topography and SCM images were simult
©2002 The American Physical Society10-1
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neously acquired during a single scan. A dc bias of20.5 V
and an ac bias of 0.5 V amplitude were applied to the sam
to carry out the SCM measurements. The sample was
eled with an angle of 5°448 in order to obtain an amplifica
tion by a factor of 10 in the depth direction. The 2D SC
profiles have been accurately converted into carrier conc
tration profiles with the method described in Ref. 14. T
theoretical calibration curve (dC/dV versus carrier concen
tration! was extracted for the measurement parameters~tip
radius, oxide thickness, dc and ac biases! from an extended
database of capacitance-to-voltage curves calculated
simulation of the measurement setup. This theoretical c
bration curve was normalized to the capacitance sensor
calculated for the high-concentrationB box level (1
31018 cm23) and was validated on the lower-concentrati
B box level (131017 cm23). Finally, SIMS analyses were
performed on the unpatterned regions to measureB concen-
tration and to check the 1DI diffusion.

In Figs. 1~b! and 1~c! we report the 1D carrier concentra
tion profiles of theB spikes obtained by SCM analysis pe
formed along the depth axis~z! starting at the center of th
larger window@L52.7 mm, Fig. 1~b!# or the narrower one

FIG. 1. Schematic picture of the experiment~a!. SCM measure-
ments of the carrier concentration in theB spikes vs thez axis at the
center of the 2.7mm and the 0.7mm windows,~b! and~c!, respec-
tively. The dotted lines correspond to the as-grown sample, w
the open circles are the diffused spikes. The continuous lines
respond to the simulation.
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@L50.7 mm, Fig. 1~c!#. The as-grown profiles~dotted lines!
show a full width at half maximum~FWHM! of about 10 nm
for eachB spike, comparable with that measured by SIM
After annealing, the differentB peaks@open circles in Figs.
1~b! and 1~c!# clearly show a broadening greater than th
expected under equilibrium as a result of TED. Moreov
the peak width decreases with increasing the depth. This
typical behavior of theB spikes diffusion into MBE-grown
Si,7,8,15due to the interaction ofI with the intrinsic traps. As
far as the opening dimension is concerned, a clear wind
size effect is observed@Fig. 1~b! and 1~c!# for the larger
window, all the B spikes undergo an enhanced diffusio
while for the 0.7mm window the TED phenomenon interes
prevalently the shallower spike, and in a weaker manner w
respect to the larger window. It is important to note also t
the experimental first peak of Fig. 1~b! has a flat top, prob-
ably due to the formation ofB-I clusters in whichB is not
electrically active and does not contribute to the SCM sign
Formation ofB-I clusters is a well-known phenomenon
presence of highI supersaturation.7 Quite interestingly, no
evidence of such ‘‘activeB lack’’ is detected in the 0.7mm
window sample, confirming a less intenseI penetration for
this sample.

Finally, Figs. 1~b! and 1~c! also contain the simulated dif
fusedB profiles ~continuous lines! obtained by a numerica
code that connects theB concentration in the spikes (cB) to
the I supersaturation~S! through the equation

]cB

]t
5“•~SDB

eq
“cB!, ~1!

while the 2DI diffusion is described by the equations

cI
eq]S~x,z,t !

]t
5“•~DIcI

eq
“S!24patDIcI

eqSct

1Fd~z2Rp!uL~x!2
DIcI

eq

l
Sd~z!,

~2a!

]ct~x,z,t !

]t
524patDIcI

eqSct , ~2b!

wherex andz are spatial coordinates as shown by the a
drawn as dashed lines in Fig. 1~a!. Equations~2! are an ex-
tension to the 2D case, of the 1D formulas that we ha
recently used to reproduce the trap limitedI diffusion in
MBE grown Si.8 The I recombination with intrinsic traps is
described by the term24patDIcI

eqSct ,15 where at is the
trapping radius,DI the interstitial diffusivity, andct the trap
concentration. TheI injection from the spatially confined
source,Fd(z2Rp)uL(x), is modeled with a fluxF local-
ized at the depthRp and laterally limited to the window
width L@uL(x)51 for 2L/2,x,L/2, uL(x)50 elsewhere#.
The last term in Eq.~2a!, 2DIcI

eqSd(z)/l, takes into ac-
count theI recombination at the surface (z50), by tailoring
the recombination length parameterl.16

The 1D B spikes diffusion was measured by SIMS,
order to calibrate independently the surface recombina
length (l5665 nm) and the density of interstitial trappin
sites @ct5(1.760.4)31016 cm3#. Such parameters, onc
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FIG. 2. 2D mapping of diffusedB spikes measured by SCM@~a! and ~c!# or simulated@~b! and ~d!# for the larger window@L
52.7 mm, ~a! and ~b!# and the smaller one@L50.7 mm, ~c! and ~d!#. The maps are reported as a gray scale with six different gradat
defined by the reported levels of electrically activeB concentration,cB . The oxide masks, depicted as black boxes on the surfaces, d
the openings on the two samples.
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given the ratioDIcI
eq/DB

eq ,1,10,17,18allow to extract theI su-
persaturation profile~and then theB diffusion! inside the
MBE-grown sample at the end of the TED process in the
case.8

Finally, the extention to the 2D case is based on the
lowing hypotheses:~i! the I density along the 2D source i
homogeneous at the beginning of the process,~ii ! the I flux
from each portion of the source provides a total amountI
injected equal to the implanted Si atoms, according to
‘‘plus one model.’’7 Under such conditions, the simulatio
was generated by solving Eqs.~1! and ~2! by taking the
as-grown SCM measure as the startingB concentration pro-
file.

The simulation results well reproduce the 1D SCM d
on the diffused spikes for both window openings@continuous
lines in Figs. 1~b! and 1~c!#. As can be noted, all the pea
heights are in good agreement with the experimental m
sure within an average error of6131016 cm3 ~i.e., 2% of
the peak value! and the FWHM of the peaks agree typical
within 66 nm. In the case of the 2.7mm window sample,
the difference in the shallower peak is due to the ‘‘activeB
lack’’ which is clearly not predictable by the simulation.

Figure 2 compares SCM experimental data@~a! and ~c!#
with simulations@~b! and ~d!# of the 2D map ofB concen-
tration,cB , in the diffused spikes for both window opening
@L52.7 mm in Fig. 2~a! and ~b!, L50.7 mm in Figs. 2~c!
and~d!#. Note the difference in scale between the depth a
lateral axes. The 2D maps ofcB are reported as a gray sca
with six different gradations defined by sixcB levels. In Figs.
2~a! and 2~c!, it can be seen, from the SCM data, that theB
peaks are depleted and broadened in the central area b
the window, while they are almost unaffected in regions w
apart from the openings. However, thex extension of this
B-broadened region is larger thanL ~window dimension! for
both the window sizes and it decreases by increasing thB
peak depth. Moreover theB broadening remains still visible
even for the deeper peak of the 2.7mm window @Fig. 2~a!#,
while it almost disappears for the deeper peak of the 0.7mm
window @Fig. 2~c!# as already observed in Fig. 1~c!. The
simulated 2D map@Figs. 2~b! and 2~d!# well reproduces the
features of the experimental map. In particular, the p
16131
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shape parallel to the surface presents the same quantit
features. TheB depletion is less intense and less extended
thex direction, the deeper is the peak. This indicates that
effect of interstitial supersaturation is less intense and l
laterally extended by increasing the depth. Also, for t
smaller window, the reducedI penetration is well simulated

As the experimental data and simulation of 2D effects
I diffusion (B-TED! are in excellent agreement, the 2D in
terstitial supersaturation extracted from the simulation rep
sents a direct observation of the experimental one. Figur
reports the calculated 2DI diffusion as contour plots of the
integrated supersaturation, for both window openings. Suc
quantity represents the total amount of supersaturation
by each position after the complete dissolution of theI
source and has the dimension of the time with the scale
seconds.8 In the contour plot each line is equally spaced
an amount of 33104 s. In such a manner, theI penetration
on the masked-implanted sample can be seen clearly.
mapping of the 2D interstitial diffusion suggests the follow
ing considerations.

~i! The I front is strongly influenced by the window width
Actually, for the larger window no difference has been o
served on theI depth penetration with respect to the case
infinite I source~not shown!, and therefore the penetratio
depth is principally dominated by the trapping and evapo
tion phenomena. Instead, for the thinnest window theI pen-
etration depth is strongly reduced because theI fraction sub-
jected to lateral diffusion becomes a dominant fraction of t
total I amount.

FIG. 3. Contour plot of the time integratedI supersaturation, for
the larger window (L52.7 mm, left! and the smaller one (L50.7
mm, right!. Each line is equally spaced by an amount of
3104 s.
0-3
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~ii ! In spite of the surface recombination of most of theI,
as can be deduced from the strong concentration grad
between the surface and theI source, theI are able to diffuse
even laterally, over a dimension larger than the wind
width: at the depth of about 300 nm, the 33104 s level has
an x extension larger thanL of about 300 nm for both win-
dow dimensions. Note that this integrated supersatura
corresponds to;15% of the maximum level. Such a broa
ening of theI front will become significant in smaller win
dows. This behavior is confirmed by the experimental da
since theB-TED of the shallower peak extends over anx
dimension remarkably larger than the window width, f
both window dimensions.

In conclusion, we have studied the 2D diffusion ofI in Si.
By means of quantitative SCM measurements, we obse
the 2D I emission from anI source laterally confined dow
to submicron dimensions obtained by low energy implan
tion through an oxide mask. A simulation code, based on
rate equations, was developed in order to describe the 2I
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diffusion. A strong dependence of theI depth penetration on
the original source size has been shown and explaine
terms of the three main parameters describing the sys
i.e., the surface evaporation and the trap density as der
from 1D diffusion experiments, plus the window width. Th
effect is not negligible when theI source dimension scale
down to the submicron dimension. Moreover, a lateral dif
sion of I beyond the window dimension, independently
this dimension has been observed. These results represe
first direct observation of 2DI diffusion in Si and they give
both data and modeling support to the design of next gen
tions of Si-based devices processes.
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