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Strains in Si-on-8i0, structures formed by oxygen implantation: Raman
scatiering characterization

D. J. Olego and H. Baumgan®
Philips Laboratories, North American Philips Corporation, Briarcliff Manor, New York 10510

G. K. Celier
AT&T Bell Laboraiories, Murray Hill, New Jersey 07974

(Received 22 Gctober 1987; accepted for publication 2 December 1987)

Low-temperature Raman scattering measurements were carried out to characterize Si-on-SiQ,
structures formed by oxvgen implantation and subseguent furnace or lamp annealing. The
experiments were conducted with 413.1 nes laser light to probe only the thin 8i layers at the
top of the structures. The Raman spectra of the furnace-annealed samples are red shifted and
broadened when compared with a virgin Si surface. The shifts and broadenings decrease with
increasing annealing temperatures but they are still present in samples annealed above 1250 °C
for 3 h. No shifts or broadenings affect the Raman peaks of the layers, which were lamp
annealed at 1405 °C for half an hour. The red shifts indicate that the recrystallized 8i layers are
under tensile strains, whose origin is atiributed to oxide precipitates. Quantitative estimates of

the strains and associated stresses are obtained from the measured Raman shifts.

Great efforts are being devoted to the development of
silicon-on-insulator (SCI} techuoclogies for high-speed and
radiation-hardened devices. Among the potential technolo-
gies, the process of creating a buried insulator by ion implan-
tation into the Si wafer is attracting considerable attention
because of the promising device results obtained so far. Typi-
cal structures consist of a2 Si substrate, a2 200-400-nun-thick
buried insulator under a 100-300-nm-thick Si layer at the
top. The direct synthesis of a buried 510, layer by the im-
piantation process is known by the acronym SIMOX (for
separation by implanted oxygen).' Implantation of N to
form Si, N, has also been studied.” In these methods a dose
of ions, usually in excess of 1 X 10" cm ~? and with energies
in the range of 100-200 keV, is implanted deep into the Si
wafer, which is kept during the implantation at a tempera-
ture above 450 °C to minimize damage in the bombarded 5i
fayer. After implantation a thermal treatment above 1100 °C
is required to improve the stoichiometry of the buried insula-
tor, to sharpen the interfaces between the insulator and the Si
below and above it, and to fully restore the crystallinity of
the top Si layer. Conventional furnace annealing and a novel
approach utilizing high-intensity lamps for radiant heating
have been investigated.’

Characterization of the properties and guality of the top
Si layer above the buried insulator becomes important, be-
cause the active devices are fabricated in it. Many diagnostic
technigues, such as transmission electron microscopy
{TEM), Rutherford backscatiering (RBS), secondary ion
mass spectrometry (SIMS), and x-ray photoelectron spec-
troscopy (XPS8}, have yielded important information about
structural and chemical characteristics of the top Si films,
and elucidated the relationship between the film properties
and the thermal history of the sample.”* Optical characteri-
zation techniques have been applied only recently to the

*) Present address: Philips Research Laboratortes, P.O. Box 80000, 560C
JA, Eindhoven, The Netherlands.
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study of SIMOX,>® in spite of the fact that they are nondes-
tructive and provide fast analysis. In this letter we present a
Raman scattering characterization of the top 5i layers of
SIMOX samples. By a careful selection of the incoming laser
wavelength, one can achieve the spatial resolation reguired
to probe only the top layers of the structures. Under these
conditions the Raman data can be related to the guality and
intrinsic properties of the recrystallized layers. We have de-
tected the presence of strains in the top Si films of SEIMOX
structures and followed them as a function of the annealing
procedures. We present results for samples that have been
annezled by the conventional furnace method and with the
novel lamp furnace system.

The SIMOX samples were obtained by implanting 160
keV O " ionsatadoseof 1.8 X 10% em ~ ?into (100) surfaces
of 8i wafers, which were maintained at 560 °C during the
implantation. Before annealing, the implanted surfaces were
coated for protection purposes with a 550-nm-thick cap of
810, deposited by low-pressure chemical vapor deposition.
Conventional furnace heat treatments were then performed
ina N, atmosphere for 3 b at temperatures covering the span
between 1100 and 1300 °C in increments of 50 °C. Structures
were alsg annealed at 1405 °C for 30 min by using the special
lamp arrangement described in Ref. 3. In this case the wafers
were suspended between a bank of high-intensity lamps and
a water cooled base with the back side of each sample heid at
the melting temperature of §i (1412 °C) by means of a natu-
ral feedback based on the optical properties of 8i. The im-
planted side of the wafers was then about 7 °C cooler because
of the temperature gradient imposed by one-sided radiant
heating. After the annealing procedures, selected samples
were checked by TEM in order to gain insight into the evolu-
tiop of the thickness dy; of the top Si layer and dy,,, of the
buried oxide. It was found that d i is 184 nm for the as-im-
planted sample, 170 em for the samples annealed at 1150
and 1200 °C, and 142.5 nm for the lamp-annealed surfaces.
Conversely, d;, increases from 248 nm for the as-impiant-
ed sample to 300 nm for the sample annealed at 1150°C, to
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330 nm for the 1200 °C case, and finally to 365 nm for the
lamp-anneaied sample. The trends in thickness variations
with annealing temperatures are in agreement with similar
observations reported by others.>* The structural properties
of the Si layers also follow patterns established previcusly.
The as-implanted Si surface is highly defective with a consid-
erable amount of disorder, particularly in regions close to
the interface with the buried oxide. The annealed layers are
crystaliine, and the dominant defects are oxide precipitates
and threading dislocations. The number of precipitates de-
creases with increasing annealing temperature, and they are
almost nonexistent in the lamp-annealed sample. The dislo-
cation density is on the order of 3 X 10° cm ™ * for the 1150 °C
annealed sample. This value decreases with annealing tem-
perature, but reaches a saturation value of about 3 X 10°
e 2 for samples annezaled at or above 1250°C.’

The Raman scattering measurements were performed
in backscattering configuration with near ultraviciet incom-
ing laser photons generated by a Kr* -ion laser operating at
413.1 nm. These photons are absorbed within a skin depth of
~ 150 nm,” which is comparable 1o dg;. The Raman light
originates only in the top Si layer, and therefore one can
probe this part of the sample without interference from the
underlying Si substrate or the buried 8iG, layer. The Raman
scattered light was analyzed in frequency with a double-
monochromator and detected with photon-counting elec-
tronics. Fhe position of the Raman peaks was measured with
an accuracy of + 0.1 e~ and the linewidihs with a spec-
tral resolution betier than 0.6 cm ', To improve on the abi-
lity to establish frequency shifts and line broadenings, we
performed the Raman experiments at a low temperature
with the samples mounted in a cold finger of a closed cycle
cryostat and kept at ~ 12 XK.

Figure ! shows typical first-order Stokes-Raman spec-
tra for several of the investigated SIMOX sampiles, including
zlso for comparison data taken from a virgin {not implanted,

SIMOX
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A - 4131 nm

1100°C
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FIG. 1. First-order Raman spectra of the top Si layers of SEMOX structures
for different annealing treatments. The temperature in the lamp-annealing
case was 1045 °C. For comparison, data are included for an as-implanted
(not annealed ) and virgin Si surface (not implanted, not annealed).
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not anneaied) Si (100) surface. The spectra arise from scat-
tering by long-wavelength transverse optica! phonons.® For
clarity, the Raman peaks have been displaced vertically with
the horizontal! solid lines representing the background levels
in each case. The following experimental conclusions are
apparent from the resuit in Fig. 1: The position and
linewidth of the Raman peak corresponding to the lamp-
annealed sample are within the experimental uncertainties
the same as those of the virgin Si surface. On the other ex-
treme, the implanted and not-annealed sample shows a Ra-
man band with a pronounced shift to lower frequencies (red
shift) and a clear asymmetrical broadening compared to the
reference Si surface. The low-frequency wing rises above the
background level faster than the high-frequency one. The
spectra of the furnace-annealed samples are alsc red shifted
and broadened with respect to the virgin case. However, the
red shifts and broadenings decrease with increasing anneal-
ing temperature T,. Important to point out is the fact that
these broadenings are symmetrical, as opposed to the as-
implanted case. The measured peak positions & and
linewidths I (correcied for instrumental widths), as well as
the shifts Aw and broadenings AT with respect to the control
Si sample, are summarized in Table I for all the investigated
samples. The values of w and T for the virgin Si surface are in
excellent agreement with those reported in the literature.’
We also scanned the spectral region at arcund 480 cm "' to
fook for the typical Raman signal of amorphous 8i. No scat-
tering intensity readily identifiable as due to amorphous Si
was observed at these frequencies in the Raman spectra of
the SIMOX samples.

In what follows we discuss the results of Fig. 1, particu-
iarly the fact that the Raman lines of the annealed samples
are symmetrical, but nevertheless red shifted. The symmetri-
cal Raman line shapes confirm the crystalline nature of the
top Si layer. If a high degree of disorder were present in the
network because of microcrystalline grains, then wave vec-
tor nonconservation will dominate the scattering process.?
The Raman specira would then be asymmetricaily broad-
ened, which is indeed the case for the as-implanted layer.
Ruling out the effects of structural disorder in the Raman
data of the annealed layers is important, because it excludes
phonon confinement as the origin of the phonon shifts.>'
We atiribute Aw to the presence of strain in the crystalline
layers, and we wikl show that the strains are of tensile nature.

TABLE 1. Measured parameters of the Raman lines at 12 K of SIMOX
sasmiples: peak positions w, linewidths I', and shifts Ae and broadenings AT
with respect to the virgin sample. Ali these parameters are in units of em .
Also included are the determined values of the strain € and stress X. The
latter are in kbars.

Sample @ Aw T AT € X
Virgin 524.2 0 13 0 0 4]
As-implanted 518.9 —53 62 49

1100 °C furp. ann. 5219 —23 41 28 0007 115
1150 °C furn. ann. 522.3 ~19 37 24 0005 8.3
1200 °C furn. ann. 523.5 ~07 24 11 0002 33
1250 °C furn. anmn. 523.8 -04 14 01 0001 1.7
1300 °C furn. ann. 5239 -03 13 © 0.0009 .5
1405 °C lamp ann. 5242 0 1.3 0 0 ]
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Softening of the lattice modes has been observed in other
semiconductor systems implanted at very high doses and
attributed to large volume expansions in the bombarded re-
gions along directions perpendicular to the surfaces of the
layers.}®!!

We can obtain quantitative estimates of the maximum

strzins expected in the top Si layers from the measured Aw,
and theoretical expressions ang parameters of Ref. 12. If we
assume that the layers are allowed to relax only in the z
direction,'® then the relationships Aw = — 323¢
= —0.195X hold between Aw (in cm~ '), the strain €,
= ¢, and the associated stress X = o,, = C, ;€ (in kbar).
C,; is the corresponding elastic stiffness constant of Si. The
convention adopted is that € is positive for tension, z is per-
perdicular to the implanted surface, and x and p lie in the
plane of the layer. Replacing Aw by the measured quantities
in the expressions above yield the values of € and X given in
Table I. The strains are of tensile nature, and their magni-
tude decreases with increasing annealing temperature 7.
However, even the highest furnace-annealing temperatures
are not effective in removing all traces of strain. Within the
accuracy of the Raman determination, sirain-free material is
obtained only in the lamp-annealed specimens. We have not
attempted io estimate the strain in the as-implanted layer,
because the contribution of phonon confinement has to be
elucidated first.’® The task implies a detailed fitting of the
line shape which is beyond the scope of the present work.
However, we point out that Aw for this sample is larger than
the shifts measured in polycrystalline Si with comparable
AT, and therefore sorme strain is also built in the as-implant-
ed layer.”?

We ascribe the origin of the strain in the annealed layers
to the presence of the oxide precipitates. Their inclusion in
the $i matrix occurs at the expense of creating a velume
expansion of the layers along the z direction. The decrease of
e with T, certainly tracks the reduction of the density of
precipitates until they are almost eliminated in the Jamp-
annealed sample for which € = 0. The magnitude and sign of
the straing in Table I are comparable to those reported in
other SOI structures, such as recrystallized Si directly on
quartz (Si(, )."¥ In these systems the strains are atiributed
to the mismatch in thermal expansion between Si and SiG,.
In the SIMOX case this effect cannot be invoked, because
dyo, and the thermal mismatch increase, and dg; decreases
with increasing 7, , and therefore larger vaiues of e should be
expected for the samples annealed at the highest tempera-
tures. This is in contradiction with the experimental find-
ings. The broadening AT of the Raman peaks can be under-
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stood in terms of inhomogeneities in €. In the interpretation
of the results, we have not involved the threading disloca-
tions. We estimate that they do not affect the positions or
widths of the Raman peaks, because their separation is much
larger than any expected correlation lengths for the phon-
ons.®

in summary, we have shown how Raman spectroscopy
can be applied to the characterization of SEIMOX structures.
We established that the recrystallized Si layers are under
tensile strains, which are attributed to the oxide precipitates
in the Si matrix. Strain measurements by Raman scattering
can be used to gauge rapidly and nondestructively the quali-
ty and uniformity of SIMOX wafers. Such determinations
by means of the conventionally used structural characteriza-
tion technigues are cumbersome and destructive. The real-
ization that strains can be present is relevant for the analysis
of the transport properties of devices built in the recrystal-
lized layers or for the subseguent growth of epitaxial Sion Si.
Since the implantation parameters and annealing tempera-
ture and time settings selected in this study are quite stan-
dard, we expect that our findings can be extended to SIMOX
structures fabricated in other laboratories.

We would like to acknowledge J. Petrpzzello for the
transnzission electron microscopy measurements and S. Lu-
kasik for the help with the furnace annealings.
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