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The effect of the buried Si—SiO, interface on the transient enhanced diffusion (TED) of boron in
silicon on insulator (SOI) structures has been investigated. To this purpose, boron marker layers
were grown by chemical vapor deposition on Si and SOI substrates and implanted under
nonamorphizing conditions with 40 keV Si* ions. The experimental results clearly confirm that the
Si—Si0, interface is an efficient trap for the Si interstitial atoms diffusing out of the defect region.
Based on these experiments, existing models for the simulation of B TED in silicon have been
modified to include an additional buried recombination site for silicon interstitials. The simulation
results provide an upper limit of ~5 nm for the recombination length of interstitials at the Si—SiO,

interface. © 2010 American Institute of Physics. [doi:10.1063/1.3369160]

I. INTRODUCTION

The use of silicon on insulator (SOI) substrates provides
significant advantages for the fabrication of future genera-
tions of electronic devices.! Reduced short channel effects,
improved speed, and reduced power consumption in comple-
mentary metal oxide semiconductor devices are all achiev-
able with these substrates.” An additional advantage of SOI
consists of the possibility to reduce the number of silicon
interstitials created during the source/drain implant steps by
recombining them at the buried Si—SiO, interface, which
results in a better control of several deleterious effects, such
as extended defect formation,3’4 dopant deactivation,5 and
transient enhanced diffusion (TED).®

The behavior of the buried Si—SiO, interface with re-
spect to the implant-generated interstitial excess has been a
longstanding subject of research and, with the exception of a
few reports suggesting that the interface has no impact at all
on dopant diffusion’ or acts has a reflective boundary for
interstitials,® the vast majority of previous reports shows that
it behaves as an efficient sink for interstitials.” **~'! Several
physical phenomena have been investigated in these studies
which give a more or less direct evidence of the interstitial
recombination at the Si—SiO, interface. In some cases, a
quantitative estimation of the recombination length for inter-
stitials at the interface L, has also been given. However, one
of these studies was based on the observation of the boron
pileup at the Si—SiO, interface,'’ which is difficult to mea-
sure by secondary ion mass spectroscopy (SIMS) due to the
change in sputtering and ionization rate at the interface. It
does also strongly depend on the SOI fabrication method."?
Others were based on the investigation of boron deactivation
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due to silicon interstitial atoms emitted by end-of-range
defects.”!'" This requires the concomitant use of structural
and electrical measurements [transmission electron micros-
copy (TEM), SIMS, Hall effect], and several strong assump-
tions for their quantitative modeling.

Dopant diffusion studies, especially when based on in
situ grown dopant marker layers, are expected to provide the
most reliable estimation of L;,, as they only rely on SIMS
measurements and dopant diffusion modeling. Indeed, these
have been used in the past to show and quantify the intersti-
tial recombination at the silicon surface (L, )."'® However,
when applied to SOI, this method was mainly used to study
oxidation-enhanced diffusion,’ yielding L;, values (>1 um
above 800 °C) much larger than those proposed in SOI stud-
ies based on different methods (L, <10 nm).>'*"

In this work, we therefore investigate the effect of the
buried Si—Si0, interface on the TED of boron marker layers
grown on SOI substrates following a nonamorphizing im-
plant. We show that this interface acts as an additional sink
for interstitials during thermal anneal and provide a reliable
estimation of the interface recombination length.

Il. EXPERIMENTAL DETAILS

A reference bulk Cz-Si wafer and a Smart-Cut SOI wa-
fer with a Si top layer thickness of 160 nm were used for this
study. A chemical vapor deposition (CVD)-grown layer was
then deposited on top of each wafer, with a thickness of
~1.5 pum and containing three boron marker layers with a
peak concentration of ~1 X 10'® ¢cm™, located at a depth of
0.2, 0.8, and 1.3 um in the Si wafer and a depth of 0.1, 0.6,
and 1.0 um in the SOI wafer. Implantation damage was then
created in both wafers by a nonamorphizing Si* implant at
40 keV to a dose of 6 X 10'* ¢cm™2. The wafers were then cut
into 2X2 cm? pieces and corresponding samples from each
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FIG. 1. (Color online) Boron depth distribution profiles in (a) Si and (b) SOI
structures measured by SIMS following a 40 keV Si* implant to a dose of
610" cm™ and annealing at 740 °C for various time intervals.

one were simultaneously annealed at 740 °C in N, for times
ranging from 1 s to 2 h, using a Mattson 3000 Plus RTP
system equipped with Mattson’s absolute temperature mea-
surement and wafer rotation. In such conditions, an extended
defects layer consisting of {311} defects is formed, with a
defect density peak at a depth of ~100 nm'” and an initial
width of ~150 nm. The presence of a boron marker layer in
the defect region is not expected to affect defect formation,
due to the low boron concentration (<1X 10'® cm™), i.e.,
the extrinsic defects created by the implant consist only of
self-interstitial clusters, as previously reported in Ref. 18.

The boron chemical profiles were measured by SIMS
using a CAMECA IMS 6F system with 1000 eV O, primary
ions and oxygen flooding under non-roughening
conditions." The depth calibration was carried out using a
stylus (Dektak) surface profiler to measure the SIMS crater
depth. Selected samples were analyzed by TEM in a JEOL
2010-HC microscope, following a standard specimen prepa-
ration technique (mechanical and dimple grinding followed
by PIPS ion milling). Weak beam dark field analysis™ was
used to measure defect density, size, and position. Finally,
for the diffusion data analysis, we used a fitting method
based on the interstitial kick-out mechanism®' to extract the
diffusion enhancement, Dg/ DB*, which provides, in turn, a
direct measurement of the silicon point defect supersatura-
tion, Si,=Dg/Dg"=C,;/C,", where Dy is the bc8oron diffu-
sivity, Cj is the interstitial point defects concentration, and
the stars indicate the parameters’ equilibrium values.

lll. RESULTS AND DISCUSSION

Figure 1 shows B depth profiles measured by SIMS in
the bulk Si reference [Fig. 1(a)] and in the SOI wafer [Fig.
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FIG. 2. (Color online) Time evolution of the interstitial supersaturation in
the Si reference structure following a 40 keV Si* implant to a dose of 6
X 103 ¢cm™ and annealing at 740 °C. Filled symbols and solid lines: mea-
sured values from boron marker layers located at a depth of 780 and 1330
nm. Empty symbols and dashed line: simulated values with Sprocess (sur-
face recombination length Ly, 1 nm).

1(b)] after implantation with 40 keV Si*, 6 X 10'* cm™2, and
annealing at 740 °C for different times (1, 300, and 2700 s,
respectively). A significant diffusive broadening is observed
for all the boron marker layers after each time interval. This
broadening largely exceeds what would be expected from an
equilibrium diffusion process, indicating that implantation-
induced enhanced diffusion has occurred, in agreement with
the presence of a defect layer in the implanted region.22 In
addition, it appears that the three boron marker layers in the
Si wafer exhibit similar diffusion behavior independent of
their depth position. In contrast, the broadening of the
marker layers in the SOI wafer, while being systematically
less pronounced than in the Si reference, continuously de-
creases when going from the shallowest to the deepest one.
These results are clearly consistent with an efficient intersti-
tial trapping at the buried Si—SiO, interface, in agreement
with previous reports.(’"o However, a quantitative analysis of
the experimental results can only be done after the TED lev-
els associated to the measured profile broadenings have been
correctly evaluated.

For the TED evaluation, the shallowest marker layer in
both wafers has not been considered, as they lie within the
defect region (at 0.2 and 0.1 wm in the Si and SOI wafers,
respectively); the diffusion of some of the boron atoms they
contain might therefore be strongly affected by the vicinity
of the surface. In contrast, considering the high diffusivity of
silicon interstitials, the interstitial supersaturation measured
from the two deepest marker layers contained in each wafer
will reflect the one existing in the defect region and its depth
variation will only depend on the eventual presence of bulk
traps in the grown structures.

The results obtained for the reference Si wafer at an
annealing temperature of 740 °C are shown in Fig. 2 (filled
symbols and solid lines). The reported time evolution of the
Sint 18 in agreement with the well known evolution of the
implantation-induced defects responsible for the diffusion
enhancement.”>* The almost constant value of supersatura-
tion for annealing times up to 600 s corresponds to the Ost-
wald ripening of the {311} defects, while the final decrease is
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FIG. 3. (Color online) Depth dependence of the average diffusion enhance-
ment (interstitial supersaturation) of boron marker layers grown on a SOI
substrate, over different time intervals during annealing at 740 °C. Damage
implant: 40 keV Si*, 6X10'3 ¢cm™. Symbols: measured values. Color
dashed lines: simulated values with Sprocess (interface recombination
length L;,: 1 nm). Black solid lines: simulated values with increasing values
of L, (5, 10, and 40 nm; see arrows).

due to their dissolution. Such trend in the defect evolution
has also been confirmed by TEM analysis of selected
samples (not shown). More importantly, both boron marker
layers exhibit the same diffusion enhancement, indepen-
dently of their depth. Considering the high diffusivity of sili-
con interstitials and the absence of bulk traps in this wafer,
the measured interstitial supersaturation therefore reflects the
one existing in the defect region.

In Fig. 2, we also report the simulation results (empty
symbols and dashed line) after annealing at 740 °C, obtained
using the commercial software SENTAURUS PROCESS from
Ref. 24. As-implanted interstitial and vacancy profiles are
generated using the built-in implant simulator which is based
on a Monte Carlo binary collision approximation model with
cumulative damage. Boron diffusion is described by a five-
stream diffusion model** already implemented in the process
simulator. The whole defect evolution is described by the
model of Zographos et al.,”” based on the nonconservative
Ostwald ripening mechanism, with the surface being a very
efficient sink for silicon interstitial atoms diffusing out of the
defect region (Lg,s=1 nm). As shown in Fig. 2, after cali-
bration, the time dependence of the interstitial supersatura-
tion is perfectly predicted by the simulations.

The experimental results of boron TED in the SOI wafer
are reported in Fig. 3 (symbols). In this figure, the interstitial
supersaturation is plotted as a function of the depth of the
analyzed marker layers and the various curves correspond to
the different time intervals investigated. The points located at
a depth of 100 nm represent the interstitial supersaturation
value in the region containing the implantation-induced {311}
defects, as extracted from the Si reference wafer, i.e., we
assume that the defect evolution in the two wafers is identi-
cal. This hypothesis has been verified by TEM analysis (not
shown). Indeed, due to the large distance between the defect
region and the buried Si—SiO, interface (~1.5 wm), the de-
fect dissolution in both wafers is entirely controlled by the
proximity of the wafer surface (~100 nm). The experimen-
tal results shown in Fig. 3 clearly indicate that over the entire
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FIG. 4. Schematic representation of the loss of self interstitials toward the
surface sink and the definition of the recombination length at the Si/BOX
interface in SOI in the approximated model used in the simulations.

annealing time range, the interstitial supersaturation continu-
ously decreases when approaching the buried Si—SiO, inter-
face, confirming that excess interstitials diffusing out of the
defect region recombine at the buried Si—SiO, interface, in
agreement with previous studies.

In order to model the effect that the Si/BOX (buried
oxide) interface can be considered as a strong sink for point
defects, we have used the same assumption as for surface
recombination. Indeed, the surface recombination is simu-
lated using the first-order boundary conditions” assuming
that the flux of interstitials is proportional to the excess of
point defects [Fig. 4(a)] and that the annihilation of self-
interstitials at kinks is diffusion limited.?” The flux of inter-
stitials at the surface is thus given by the following equation:

Jint—surf= DICI*S(Zdef)/(Zdef + Lsurf) >

where D,C,* is the interstitial diffusivity, S is the interstitial
supersaturation, zg. is the end of range (EOR) band position,
and L, is the surface recombination length. To adapt this
model to the case of SOI, we modify the equation describing
the flux of interstitial toward the surface (Jip_guf). Assuming
that the BOX interface also acts as a sink of interstitials but
with a different recombination distance L;, we obtain the
new flux toward the BOX

Jine-Box = DiC[ S (2gep)/ (2501 — Zde + Ling)»

where zgop is the SOI thickness. A schematic picture of the
fluxes and concentration variation in SOI structures is pre-
sented in Fig. 4(b).2®

For the simulation of the SOI supersaturation data, the
buried oxide layer is therefore placed below the Si CVD-
grown layer, to account for the presence of an additional
trapping interface, while keeping all other simulation param-
eters fixed to the values obtained from the reference Si wafer.
Simulation results are shown in Fig. 3 (dashed lines). The
recombination length for interstitials at the interface L;, was
initially set at a value of 1 nm (i.e., same trapping efficiency
as the silicon surface). With the exception of the longest
annealing times, when the defects enter the dissolution stage
(pink triangles in Fig. 3), the excellent agreement between
simulations and experiments clearly confirms that the ob-
served phenomenon in SOI wafers can be modeled in terms
of an additional capture of interstitials at the buried Si—SiO,
interface. The discrepancy between simulation and experi-
ments for the 2700-7200 s time interval cannot be ascribed
to a weakness of the defect simulation model, which was
successfully used to simulate the whole defect evolution pro-
cess in the reference Si wafer (cf. Fig. 2), but is probably due

Downloaded 09 Apr 2010 to 140.93.4.48. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



074503-4 Bazizi et al.

to the increased difficulty in extracting a reliable interstitial
supersaturation value in the late stages of TED, when the
small observed profile broadening becomes comparable to
the noise of the SIMS signal. Finally, simulations have been
repeated using different values of L;,, in order to assess the
ability of this approach to provide a reliable estimation of the
recombination efficiency. Results are reported in Fig. 3 for
the time intervals 300-900s and 900-2700s (solid black
lines) for increasing L, values of 5, 10, and 40 nm, respec-
tively, that correspond to progressively weaker recombina-
tion mechanisms. As expected, the simulated interstitial su-
persaturation in the defect region (located more than 1 um
away from the Si—SiO, interface) is insensitive to these
variations in L;. In contrast, in the vicinity of the interface,
the supersaturation increases when increasing L;,. It is found
that starting from a value of 10 nm, at least one of the ex-
perimental points is not correctly simulated. These results
confirm that the Si—SiO, interface acts as a very efficient
sink for silicon interstitials and provide an upper limit of
~5 nm for the interface recombination length.

IV. CONCLUSION

In summary, boron TED measurements were investi-
gated using marker layers grown on Si and SOI wafers fol-
lowing a nonamorphizing implant. The obtained data clearly
confirm that the Si—SiO, interface is an efficient trap for the
Si interstitial atoms diffusing out of the defect region. Based
on these experiments, existing models for the simulation of
B TED in silicon have been modified to include an additional
buried recombination site for silicon interstitials. The simu-
lation results provide an upper limit of ~5 nm for the inter-
face recombination length.
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