PHYSICAL REVIEW B

VOLUME 44, NUMBER 4

15 JULY 1991-11

Defects in oxygen-implanted silicon-on-insulator structures probed with positrons
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Defects in a silicon-on-insulator structure formed by high-energy (200-keV) oxygen implantation
has been studied utilizing a variable-energy positron beam. The positron-based probe is found to be
especially sensitive to the condition of the top Si layer. Open-volume defects (cavities) are detected
in the top 80-nm Si layer in the as-irradiated state. The majority of these defects are removed by
high-temperature annealing ( ~ 1300 °C) after which the positron response correlates with the densi-
ty of dislocations observed by transmission electron microscopy. Variations in dislocation density
across a wafer were probed with positrons, demonstrating the potential of positrons in defect topol-

ogy.

Silicon-on-insulator (SOI) structures have important
microelectronics applications.! A promising way of pro-
ducing SOI is by high-energy implantation of oxygen in
Si and subsequent annealing at high temperature.>® The
presence of defects, especially in the top Si layer, reduces
the electronic performance. The density of these defects
(dislocations and oxide inclusions) depends in a complex
way on implantation and annealing conditions.* ¢ Al-
though schemes have been developed that result in re-
duced defect density, understanding of defect formation
and evolution is still poor. This paper reported the re-
sults of a preliminary study of defects in SOI structures
utilizing a variable-energy positron beam.

Potential advantages of the positron-annihilation tech-
nique are its high sensitivity to open-volume defects, such
as vacancies and voids as well as dislocations, and its
nondestructiveness. Variable-energy positron beams are
now becoming useful for depth profiling of defect struc-
tures. The mean-penetration depth of the positron is
varied simply by tuning the beam energy. After the posi-
tron is implanted and thermalized, it diffuses, possibly
traps at a defect, and subsequently annihilates with an
electron, emitting two annihilation y quanta. These
quanta carry information about the site of annihilation,
which can be extracted in various ways. One is to mea-
sure the Doppler broadening of the 511-keV annihilation
line, caused mainly by the electron momentum. The

variable-energy positron annihilation has already been
applied to the study of defects in ion-implanted metals’-8
and semiconductors®!® as well as defects in molecular-
beam-epitaxy (MBE) -grown Si (Ref. 11) and at the SiO,-
Si interface.'> ¥ For a general review see Ref. 15.
Oxygen was implanted in Si(100) wafers at an energy of
200 keV at elevated temperature ( ~ 600 °C) using an Ea-
ton NV200 oxygen implanter.!® The wafers are scanned
during implantation to achieve uniform dose over the en-
tire wafer. Two sets of samples were subsequently an-
nealed at high temperature (~1300°C) in an atmosphere
of argon plus 0.5 at. % oxygen (~6 hr). The specific pa-
rameters are given in Table I. Cross-section
transmission-electron-microscopy (TEM) samples were
prepared by ion milling. Plain-view samples were
prepared by floating off the top Si layer from the buried
oxide layer in 50% hydrofluoric (HF) acid. Samples were
examined with a Philips 400T at 120 keV. Positron-
annihilation measurements were carried out in an
ultrahigh-vacuum chamber. An energy-sensitive y-ray
detector (Ge detector) was used to measure the broaden-
ing of the 511-keV annihilation line. In each measure-
ment 10° counts were accumulated (in ~200 sec) in the
annihilation spectrum. The shape of the spectrum was
characterized by a single parameter S, the line-shape pa-
rameter, defined as the area of a fixed region in the center
of the annihilation peak, divided by the total area of the

TABLE 1. Specific parameters of oxygen implantation and subsequent annealing for samples studied.

Implantation Implantation Dose Annealing
Sample energy (keV) temperature (°C) (cm™?) temperature (°C)
1 200 600 1.7x10"
2 200 600 1.7x10"7 1300
3 150-200 570 1.4 10" 1300
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peak. Such a spectrum was obtained at each incident en-
ergy E of the implanted positrons, yielding a depth profile
of the sample studied.

The mean-implantation depth z of the positrons follows
a power-law dependence on incident energy E, z = AE",
where A is a material-dependent constant chosen to be
332 ug/cm? and n ~1.6.1° The shape of the implantation
profile can be approximated by the derivative of a Gauss-
ian. If one assumes that the sample consists of homo-
geneous layers each having a characteristic annihilation
line-shape parameter S; and that positron transport be-
tween layers via diffusion is negligible (due to high defect
concentration), then the measured value of S is simply
given by weighing S; in each layer with the fraction F;
stopped in the layer:

S=73 F;S; . (D
ji=1

The summation is over the number of layers, i.e., surface
(S,), top layer (Sg;), buried oxide layer (S,), and bulk
(Sp). Since distinctively different layers have been
identified in the top Si, more layers might be necessary.
The fraction F; at incident energy E is simply obtained
from the positron-implantation profile, given the depth
boundaries X; _; and X; of the layer. The value of S
given by Eq. (1) was fitted to the experimental data of S
versus E by varying S; and X;. A satisfactory description
could generally be obtained by introducing one additional
layer, demonstrating that the relative complex S versus E
spectra can be described by a simple model (shown as
solid curves in the figures).
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FIG. 1. The line-shape parameter S vs incident energy for
Si(100) implanted with 200-keV oxygen ions (1.7 X 10" cm™2)
as irradiated at 600 °C (circles) and after subsequent annealing at
high temperature (1300°C) (squares). The lines are theoretical
fits to the data.

The correlation between the value of the parameter S
and the presence of defects in semiconductors (and met-
als) is as follows: The presence of uncontaminated and
simple open-volume defects always results in a value of S
higher than that characteristic of the perfect material.
For contaminated defects this can be different. For ex-
ample, lower values of S have been observed for oxygen
inclusions in Si.'"!'7 For thermally grown SiO, on Si
values of S higher than (as well as lower than) bulk Si
have been observed,'>!* presumably depending on
growth conditions.

The dependence of the S parameter on the incident en-
ergy (E;) for the as-implanted sample is shown in Fig. 1.
Three regions can be readily observed. One at low ener-
gy, having a maximum at ~2 keV, is characterized by an
S value significantly higher than S,, followed by a wide
region (centered at ~9 keV) having an S parameter
significantly lower than S, and finally a region at higher
energy characterized by the bulk, S,. The high value of §
in the top Si layer is evidently due to the presence of
open-volume defects. Since monovacancies as well as di-
vacancies are mobile during implantation, larger vacancy
clusters are likely to be responsible for this signal, in
agreement with the clearly visible cavities or bubbles in
the top Si layer seen in the cross-sectional TEM micro-
graph in Fig. 2. A fit of Eq. (1) to the experimental data
provided a thickness of the top layer of ~80 nm in excel-
lent agreement with the TEM micrograph in Fig. 2. Cav-
ities or bubbles in this region have been observed ear-
lier.%!® These cavities were interpreted as bubbles filled
with a high pressure of oxygen. These cavities are
formed by agglomeration of displacement damage creat-
ed by nuclear collisions during implantation; however,
little is known concerning the nucleation and early
growth stages of these cavities. The positron technique
should be very useful in this context due to its high sensi-
tivity to small vacancy clusters not yet visible to the elec-

FIG. 2. Cross-sectional TEM overview of Si(100) implanted
with 150-200-keV oxygen ions (1.4 X 10'7 cm™2) at 570°C (sam-
ple 3).
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tron microscope, as has been observed in a recent anneal-
ing study of Si implanted with 5-MeV Si at room temper-
ature.!”

As positrons are implanted beneath the top Si layer, an
S parameter significantly lower than that of S, is ob-
served. This is consistent with positrons annihilating in
the buried oxide. The low value of S in front of the oxide
layer is consistent with the presence of oxide inclusions in
the Si.!%!® The S parameter versus E; (depth) is shown in
Fig. 1 for the oxygen-implanted sample after high-
temperature annealing (~1300°C). The change at low
energy (depth) is significant. This region now exhibits an
S value lower than S;,. Clearly open-volume defects have
been annealed out in agreement with the TEM pictures.

(b)

FIG. 3. Cross-sectional TEM overview of Si(100) implanted
with 150-200-keV oxygen ions (1.4X10'7 cm™2) at 570°C and
subsequently annealed at 1300°C (a) at the center of the wafer
and (b) near the edge of the wafer.
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The positron response now supports that positrons are
trapped at the interface of the oxide inclusions.

A third set of samples was produced with the oxygen-
implantation energy varying in the region 150-200 keV
and at a slightly lower dose (1.4X10'7) O/cm? than for
samples 1 and 2. After high-temperature annealing elec-
tron microscopy was performed at the center, and at the
edges of the wafer shown in Figs. 3(a) and 3(b) the micro-
graph indicates a strong variation in dislocation density.
A low density of dislocations is observed near the edges,
and a high concentration is found at the center of the
wafer. A plain-view TEM taken in the center region (Fig.
4) shows a dislocation density of the order 10'° cm ™2
The other wafer of the set was mounted in the positron
beam on a linear-motion feedthrough by which the sec-
tion of the wafer being probed could be varied in one di-
mension. An S versus E scan taken in the center of the
sample and a scan taken near the edge is shown in Fig.
5(a). The value of S is clearly higher in the high-
dislocation-density region than in the low one. In order
to better resolve the difference of the two regions, we
have subtracted the S versus E spectrum at the edge from
that taken at the center. This difference spectrum is
shown in Fig. 5(b). The solid curve is obtained from Eq.
(1) and the positron implantation profile by assuming that
the difference in this case is confined to the top 150-nm
layer of the Si. The main part of the difference can be ac-
counted for by this simple assumption. The difference be-
tween the center and edge S versus E curves in Fig. 5 at
energies above 2.5 keV thus does not reflect a real
difference at depths larger than 150 nm but is a result of
the smearing caused by the width of the positron-
implantation profile. In general, the value of S even in
the high-dislocation-density regions (center Fig. 5 at en-
ergies less than 2.5 keV) is lower than that of S, (see re-
gion <2.5 keV). Positrons annihilating while trapped at
dislocations as stated result in a value of S slightly higher

FIG. 4. Plain-view TEM micrograph at center of Si(100) im-
planted with 150-200-keV oxygen ions (1.4X10' cm™?) at
570°C and subsequently annealed at 1300°C.
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than the bulk value S,. The observed results, however,
can be understood as caused by competing trapping of
positrons between dislocations and oxide inclusions,
which can be seen in the region below 2.5 keV (Fig. 5).
Positrons were implanted in the center of the top 150-
nm Si layer (incident energy fixed at 2 keV), and the line-
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FIG. 5. The line-shape parameter S vs incident energy for
Si(100) wafer implanted with 150-200-keV oxygen ions
(1.4X 10" cm™2) at 570°C at the center of the wafer (circles)
and near the edge of the wafer (squares), and (b) the difference
spectrum obtained by subtracting the S vs E spectrum taken
near the edge from the spectrum taken at the center. The lines
shown in the curves are theoretical fits to Eq. (1).
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FIG. 6. The line-shape parameter S, taken at a fixed incident
energy 2 keV, as a function of the position across the Si(100)
wafer implanted with 150-200-keV oxygen ions (1.4X10"
cm™?) at 570°C and subsequently annealed at 1300 °C.

shape parameter S was measured at various positrons
across the wafer as shown in Fig. 6. Little variation is
observed in the low-dislocation-density areas, whereas a
large variation is observed within the area of higher dislo-
cation density. If the concentration of oxide inclusions is
constant across the wafer, then the value of S reflects
variation in the dislocation density, and the result in Fig.
6 is a representation of the variation across the wafer
with a few mm resolution. This illustrates a powerful as-
pect of depth profiling using a positron-based probe. The
scan was taken in less than 60 min. It is a nondestructive
and noncontact technique. This indicates the potential of
the positron technique in defect topology, especially with
the recent development of positron microbeams.’

In conclusion, a variable-energy positron beam has
been utilized to probe various defects in oxygen-
implanted Si. The positron technique shows a high sensi-
tivity to the defects in the top Si layer. Open-volume de-
fects (cavities) are observed in the top Si layer in the as-
implanted state. They are removed by high-temperature
annealing, after which the dominating defect in the top
layer is found to be oxide inclusions, in agreement with
TEM measurements. It is also observed that the positron
response correlates with the density of dislocations in the
top layer. The variation in dislocation density across a
wafer can be shown by scanning the beam across the
wafer.
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FIG. 2. Cross-sectional TEM overview of Si(100) implanted
with 150-200-keV oxygen ions (1.4 X 10" ¢cm~?) at 570°C (sam-
ple 3).
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FIG. 3. Cross-sectional TEM overview of Si(100) implanted
with 150-200-keV oxygen ions (1.4X 10" cm~?) at 570°C and
subsequently annealed at 1300°C (a) at the center of the wafer
and (b) near the edge of the wafer.



FIG. 4. Plain-view TEM micrograph at center of Si(100) im-
planted with 150-200-keV oxygen ions (1.4X 10" cm™?) at
570°C and subsequently annealed at 1300°C.



