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structures obtained by single and multiple oxygen implants
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An analysis of silicon on insulator structures obtained by single and multiple implants by
means of Raman scattering and photoluminescence spectroscopy is reported. The

Raman spectra obtained with different excitation powers and wavelengths indicate the
presence of a tensile strain in the top silicon layer of the structures. The comparison between
the spectra measured in both kinds of samples points out the existence in the multiple
implant material of a lower strain for a penetration depth about 300 nm and a higher strain
for higher penetration depths. These results have been correlated with transmission

electron microscopy observations, which have allowed to associate the higher strain to the
presence of SiO, precipitates in the top silicon layer, close to the buried oxide. The

found lower strain is in agreement with the better quality expected for this material, which is

corroborated by the photoluminescence data.

I. INTRODUCTION

Silicon on insulator (SOI) technology represents one
of the more interesting alternatives to bulk silicon for the
production of the substrate material for very large scale
integration (VLSI) applications.! Between the different
methods of making SOI material, Separation by Implanted
Oxygen (SIMOX) appears to be the leading one. SIMOX
material is prepared by a high dose ( > 10'® cm ~?) oxygen
implantation followed by a high temperature anneal
(HTA) stage (T»1300 °C for several hours). The quality
of the structures produced by this method has allowed the
achievement of high performance small geometry CMOS
devices showing significant improvements over similar cir-
cuits fabricated on bulk silicon."?

Problems related to this technology are basically due
to the presence of a high concentration of defects remain-
ing in both the top silicon and the buried oxide layers after
the anneal.! Defects in the top silicon layer are mainly
dislocations. Although they seem to cause not considerable
degradation of MOS devices and circuit performance, their
presence is highly undesirable as they are a potential cause
of circuit failure and represent a grave limitation for the
application of the material, especially for bipolar devices.
Defects in the buried oxide layer are basically silicon is-
lands located in bands near the upper and the lower
Si-Si0, interfaces of the SiO, layer. The appearance of one
band (close to the lower interface) or two bands of Si
islands depends on the implanted dose.> Once formed,
these islands are stable and difficult to disperse. They do
not seem to affect the device characteristics greatly, al-
though they cause a reduction of the breakdown strength
of the buried oxide and may modify its radiation hardness
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properties. Moreover, previous analysis by Raman spec-
troscopy of these structures has also revealed the existence
of tensile strains in the top silicon layer, which affect device
performance.*

In order to resolve these problems, different alternative
methods of obtaining SIMOX material have been pro-
posed. Between them, a very promising one is sequential
implantation and anneal (SIA) .4 In this method, the struc-
tures are obtained by multiple low dose implantations fol-
lowed by HTA stages. Many authors have already reported
a significant reduction of the defect density in SIMOX
structures obtained by SIA when compared with those ob-
tained by a standard, single implant and anneal (which
will be referred as the SS process).>” However, the mech-
anisms related to the defects present in the structures and
their dependence on the technological parameters are not
well known. This has lead to strong interest in the charac-
terization of this kind of structures for the optimization of
the processing parameters needed to achieve reproducible
low defect density material with strain free silicon layers.

In this work we have analyzed the strain and defects
present in SIMOX structures obtained by sequential im-
plantation and annealing by means of Raman scattering
and photoluminescence (PL) spectroscopy. This has been
done in a comparative way, in relation to equivalent struc-
tures obtained by standard SS processing. Raman scatter-
ing and PL techniques have a special interest due to their
nondestructive character as well as their suitability for the
study of thin layered structures typical of SO materials.®’

Raman spectra have been obtained using different ex-
citation powers and wavelengths, in order to investigate the
dependence of the spectra on-the temperature of the scat-
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TABLE I. Process conditions of the SIMOX samples.

Spec. E (keV) ¢ (em™?) Timp CC) T, (°C) . time (h)
No.

188 200 1.7 10" 640 1300 6

2 SIA 200 3IX (5% 10'7) 640 1300 Ix2

tering region, for different penetration depths. The obser-
vation of the samples by cross section transmission electron
microscopy (XTEM) has allowed us to correlate this data
with their microscopic structure and to determine the con-
tribution of each region of the structures to the spectra.
Their comparison with the spectra corresponding to bulk
silicon indicates how much lattice strain is present in the
different regions, which provides information relevant for
the analysis of the transport properties of the devices built
in these materials. The correlation of this data with that
obtained from XTEM and PL techniques has allowed us to
characterize the different thin films in the structures, ob-
serving the existence of significant differences related to the
technological process (SS or SIA).

Il. EXPERIMENT

SIMOX wafers were produced by Ibis Technology
Corp.!® Two different sets of samples were measured
which, according to their preparation, were labelled SS and
SIA as listed in Table I. The SS samples were made by a
single step oxygen implantation at an energy of 200 keV
and a dose of 1.7X10'® ¢cm ~2 During implantation the
substrate was held at a temperature of 640°C. Subse-
quently, samples were annealed at a temperature of
1300 °C. The SIA samples were obtained by implanting one
third of the total dose at 640 °C after which the wafer was
annealed at 1300 °C for 2 h. This cycle was carried out
three times to give a total dose of 1.5%10'® cm =2 and a
total annealing time of 6 hours at 1300 °C.

Samples have been observed by XTEM with a 200-keV
microscope, a Hitachi NA-800, which has a resolution of
2.7 A. Cross section samples were prepared by gluing, dim-
pling and ion milling of 3 mm X 350 um pieces of the
wafers.!! This observation shows the presence of defects in
the studied structures, basically, Si islands in the SiO, bur-
ied layer of SS samples and SiO, precipitates and disloca-
tions close to the upper Si/buried SiO, interface of SIA
samples. Therefore, SS and SIA samples do not correspond
to optimized structures for the device’s realization. How-
ever, the analysis of such samples by optical techniques
such as Raman scattering and photoluminescence has a
strong interest, as it allows us to determine the role played
by these defects on the physical characteristics of the dif-
ferent layers composing the structure, mainly on the strain
present in the layers.

Raman scattering measurements have been performed
with a DILOR XY spectrometer. The samples were ex-
cited with the 457.9, 488, and 514-nm lines from an
Ar™ laser, with different powers through microscope op-
tics in backscattering configuration. For these lines, the
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FIG. 1. Cross-section image of sample SS. The arrow indicates the upper
surface.

penetration depths for the total scattered light have been
estimated to be of approximately 300, 600, and 800 nm,
respectively.'? Detection has been made using multichan-
nel mode with photon counting electronics. The position of
the Raman peaks has been measured with an accuracy of
0.3 ecm ™! and the linewidths with a spectral resolution
better than 1.5 cm ~'. The system was calibrated before
and after each measurement, in order to correct frequency
shifts. The calibration was made with different lines from a
Ne lamp. '

* Finally, photoluminescence measurements have been
made over the energy range 0.750 to 1.160 eV. Samples
were also excited with the 457.9, 488, and 514 nm-. lines
from the Ar* laser, the power used being 0.5 W/cm?. For
this value of nominal power, the temperature of the sam-
ples has been estimated to be 25 K. Their spectral response
was determined with a grating monochromator (Jobin-
Yvon, model HR2) with a resolution of 13 A/mm, using a
cooled InAs detector and a conventional lock-in amplifier.
The spectra were normalized to compensate for the detec-
tor response.

{ll. RESULTS AND DISCUSSION 7

The cross-section structure of the SS samples is shown
in Fig. 1. It is formed by a top silicon layer free of SiO,
precipitates and a buried oxide layer with silicon islands.
The interfaces between the buried layer and both the top Si
and the substrate are sharp. These layers have thicknesses
between 280 and 310 nm (top Si) and between 290 and 330
nm (buried Si0,), observed along 2 um of the structure.
These differences seem to be partly due to the existence of
oscillations of both interfaces, but mainly of the upper one
(up to 45 nm). Moreover, the oxide layer is characterized
by two bands of Si islands which appear at the upper and
lower half of the oxide, respectively. They are about 20 to
55 nm thick and 25 to 115 nm long, with well developed
facets along the {100} and {111} planes. They appear at an
average distance of about 100 nm and 20 nm from the
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FIG. 2. Cross-section image of sample SIA. The arrow indicates the
upper surface.

respective interfaces. In general, islands at the upper half of
the oxide are smaller.

Figure 2 shows a cross section image of the SIA sam-
ples. In this case, the structure presents three well-defined
regions. The first one is a layer of high quality Si with small
thickness variation (233 to 240 nm) and free of precipi-
tates and dislocations. Afterwards there is a layer of Si with
Si0, precipitates. These precipitates tend to have polihe-
drical shapes, with well defined facets along the {100} and
{111} planes. They are 95 to 180 nm thick, at a distance
between 20 and 70 nm from the SiO, buried layer. This
layer constitutes the third region. It appears free of Si is-
lands, with a very wavy upper interface. This gives a SiO,
thickness between 180 and 270 nm. However, the thickness
of the total structure (Si+ Si0,) shows a very small
spread (644 to 652 nm). The waviness of the upper inter-
face is due to the coalescence of SiO, precipitates in the
buried layer. Moreover, the precipitates region is charac-
terized by a high density of dislocations connecting the
precipitates between them and with the buried oxide layer,
as is shown in Fig. 3. However, we have not observed any
dislocations running towards the upper surface.

As it has been already indicated, SIA method has been
shown to give low defect density, planar SIMOX struc-

FIG. 3. Dark field image of the precipitates region in the SIA. sample,
showing dislocations pinned in this region.

1680 J. Appl. Phys., Vol. 70, No. 3, 1 August 1991

12}

M (cm™)
/

FIG. 4. Broadening of the first-order Raman lines vs Stokes to anti-Stokes
intensity ratio for (a) bulk 8i, (b) SS and (c¢) SIA samples. Excitation
wavelength 514 nm.

tures.* However, the processing conditions for the SIA wa-
fer used in this experiment were not optimized and the
structure shown in Fig. 2 is not typical of SIA material.
The wafers (SS and SIA, Table I) were chosen to show the
high sensitivity and versatility of the optical analysis meth-
ods used in this work.

As the temperature gradient in the samples due to their
heating by the excitation laser can determine both a shift
and a broadening of the Raman lines which depend on the
sample characteristics, Raman scattering measurements
have been made using different excitation powers and
wavelengths. In Fig. 4 we have plotted the linewidth of the
Raman peaks measured in the different samples (SS, SIA
and bulk silicon) versus the Stokes to antistokes intensity
ratios (which depend on the temperature of the scattering
volume) for different excitation powers and an excitation
wavelength of 514 nm (penetration depth about 800 nm).
Always the peaks obtained in SS or SIA samples are
broader than those measured in bulk silicon under the
same temperature conditions. This behavior is found for all
the excitation wavelengths and indicates that the broaden-
ing observed in the Raman peaks are not only due to a
temperature effect, but they are also dependent on the sam=
ple response to such a temperature effect. So, both SIA and
SS samples clearly show a very different behavior than that
of bulk silicon as the temperature of the scattering volume
increases. It has to be noted that at low excitation powers,
similar to those used in previous works, % this behavior is
scarcely observed. The temperature in the laser spot has
been estimated to be lower than 150°C, for the higher
excitation power, which determines a temperature gradient
higher than 100 °C/um.

Figure 5 shows the spectra obtained for the different
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FIG. 5. First-order Raman spectra obtained from the different samples
with an excitation power of 0.5 MW/cm? and wavelength 457.9 nm.

samples with an excitation wavelength of 457.9 nm and a
power of 0.5 MW/cm? For this wavelength the penetra-
tion depth is about 300 nm and so, the scattered light
essentially comes from the top Si layers. In this and the
following figures the intensity of the spectra is normalized
to the maximum value. The spectra obtained in both SI-
MOX samples show a shift towards lower frequencies and
a symmetric broadening in relation to that obtained in bulk
Si. This indicates that these layers are under a tensile
strain. The symmetrical shape of the lines confirms in both
cases the crystalline nature of the top Si layers, and their
broadening indicates the existence of a distribution of
strain. No amorphous-like bands are observed. Moreover,
for all excitation powers the SS sample shows a shift and a
broadening of the Raman peaks bigger than the SIA one,
as can be seen in Table II. According to this, there is a
higher tensile strain in the surface region of the SS struc-
ture in relation to the SIA one.

The results obtained using excitation wavelengths of
488 nm (penetration depth about 600 nm) and 514 nm
(penetration depth about 800 nm) show a different behav-
ior. For these wavelengths the substrate under the buried
oxide is reached by the scattering volume. In Fig. 6 are
plotted the spectra measured for a wavelength of 514 nm
and a power of 1 MW/cm?. In this case, and for both
excitation wavelengths, the higher shifts and broadenings
take place in the SIA structure. The data obtained for the
different powers are listed in Tables III and IV. The in-
crease in the shift and the broadening of the Raman lines
from the SIA samples when the penetration depth in-
creases seem to indicate the existence of a significant strain
located in the second region of the SIA structure, where

TABLE II. Shifts and broadenings of the Raman lines from the SIMOX
samples in relation to bulk Si. Excitation wavelength 457.9 nm. The data
are in units of cm ~ L.
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FIG. 6. First-order Raman spectra obtained from the different samples
with an excitation power of 1 MW/cm? and wavelength 514 nm.

the precipitates appear. So, as the penetration depth in-
creases, the contribution to the spectra of this region with
precipitates and dislocations increases. Moreover, the spec-
tra obtained for this structure show a small contribution to
the higher frequencies side, as can be seen in Fig. 7. This
contribution indicates the presence in the SIA sample of a
compressive ‘stress. In general, the spectra measured in
both samples and for all the excitation wavelengths show
an increase of the shift and the broadening when the exci-
tation power increases, indicating an increase of the strain
effects with the temperature gradient.

Although we have ascribed the origin of the shifts and
broadenings of the Raman peaks to the presence of strain
in the layers, these changes in the spectra could also be due
to other effects, such as finite crystallite size!* or free car-
rier and doping effects.’> However, the spectra obtained at
low laser excitation powers are not consistent with the
presence of small crystallites, which would give rise to a
Raman band in the low frequency side of the first-order .
Raman silicon band. Then, the influence of the crystallite
effect would be rather related to the thermally induced
stresses at the crystallite boundaries. Nevertheless, the
presence of such microcrystals has not been observed by
higher resolution XTEM observations, in agreement with
previous works. 16,17

In relation to the free carrier effects, it is true that a
phonon softening can be produced by high carrier concen-
trations, but the carrier concentrations needed to obtain,
the changes experimentally observed ought to be very high.
Free carrier effects or doping effects do not agree with the
spreading resistance measurements carried out in our spec-
imens, which showed a very high resistivity in the top Si

TABLE IIL Shifts and broadenings of the Raman lines from the SIMOX
samples in relation to bulk Si. Excitation wavelength 488 nm. The data
are in units of cm ™ L.

P (MW/cm?) 0.25 0.5 1 P (MW/cm?) 0.25 0.5
Sample Cw AT w - AT w AT Sample w AT w AT
SsS 04 215 1 4.37 1.7 4.97 ss 0.2 167 - 0.8 177

SIA T 0.8 2.68 .1 - 283

SIA 0.5 228 1.2 3.8
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TABLE IV. Shifts and broadenings of the Raman lines from the SIMOX
samples in relation to bulk Si. Excitation wavelength 514 nm. The data
are in units of cm ~ !,

P (MW/cm?) 0.25 0.5 1

Sample w AT w AT w AT’
Ss 0.4 1.05 0.4 1.71 0.5 3.15
SIA 2.94 0.5 4.41 1.5 6.93

layer (almost in the high resistance limit of our spreading
resistance system, model SSM-130). In addition to this, the
results obtained in bulk silicon clearly rule out the hypoth-
esis of high density generation of carriers by the laser at the
powers used in our measurements. Therefore, the main
changes observed in the Raman spectra have to be essen-
tially due to strain effects, which are very sensitive to the
laser induced temperature gradient in the scattering
volume,'®2°

Different authors*®!* have reported the existence of a
tensile strain in the top silicon layer of as-implanted SS
SIMOX structures, as well as a compressive strain below
the buried oxide, due to the oxidation reaction which takes
place during the implantation. Olego ez al.'® have observed
a recovery of the strain present in the top Si layer with
HTA treatments. They did not find shifts of broadenings of
the Raman peaks of layers lamp annealed at 1405 °C for 30
min. According to their observations, and in agreement
with the observations of Takahashi et al.,'? they ascribed
the origin of the strain in the layers to the presence of oxide
precipitates. In our case, the frequency shifts are similar to
those reported by these authors. However, the correlation
between the Raman measurements and XTEM observa-
tions has allowed us to detect the existence of a higher
strain in the surface region of the SS structure, which is
free of SiO, precipitates, in relation to the SIA sample:
These results indicate the existence of a stress component
not directly related to the precipitates, which depends on
the temperature gradient in the sample. In fact, part of the
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FIG. 7. First-order Raman spectrum obtained from SIA sample, showing
a small contribution in"the higher frequency side (excitation power 1
MW/cm? and wavelength 514 nm). The dashed line in the higher fre-
quency side corresponds to a theoretical symmetric peak. ]
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FIG. 8. PL spectra obtained from samples SS (curve a) and SIA (curve
b). Excitation wavelength 514 nm.

remaining strain observed in the surface region of the SIA
structure would be due to some contribution of the precip-
itates region, partly included in the scattering volume.
Hence, the SIA process would allow to obtain a better
recovery of this strain in the top Si layer free of precipi-
tates, indicating the better quality of this region in relation
to the SS structure, with higher mobility values (closer to
those of bulk silicon) to be expected. However, for higher
penetration depths, the component of the stress due to the
precipitates determines a higher strain in the SIA sample.
The small compressive strain component observed in the
spectra could be due to the existence of a compressive
strain in the silicon below the buried oxide (similar to that
observed in as-implanted structures®) or maybe in the sil-
icon regions below the precipitates.

The higher quality of the surface region from SIA
structures  has been corroborated by photoluminescence
measurements.?! Figure 8 shows the PL spectra obtained
from samples SS (curve a) and SIA (curve b) exciting
with a wavelength of 514 nm. Both curves show a peak
located in the near band-gap region which is due to the
recombination of intrinsic excitons. The intensity of this
peak in the SIA sample is a factor of 2 greater than in the
SS one, indicating a larger number of nonradiative defects
in the single implant material, which is in agreement with
the lower strain observed in the top Si layer of the SIA
material.

Moreover, the spectrum from the SIA sample shows at
lower energies the presence of broad defect related peaks
labelled Dy, D,, D,, and D;,. Their positions fall within the
range of energies previously reported by Duncan ez al.,??
namely, 0.802 to 0.814 eV, 0.862 to 0.875 eV, 0.930 to
0.948 eV and 0.992 to 1.000 eV. The broadest peak, which
appears at the lowest energy, includes the D; and D, bands.
These peaks were first observed in plastically deformed
silicon, and are believed to be related to dislocations.?
They have been observed also in bulk silicon in which
oxygen is known to have precipitated and in SS SIMOX
material.”?*?* In this latter case, the width of the D lines
was found to be much broader than in the plastically: de-
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formed samples. Drozdov et al.** have reported that a high
oxygen concentration can increase considerably the width
of the D lines. Weber ez al.’ have attributed this broadening
of the D lines to inhomogeneous strains in the layers, de-
termined by the presence of oxygen precipitates. According
to this, the broad bands from the SIA samples (curve b)
would be due to excess oxygen in these samples, maybe as
oxygen precipitates. The appearance of the D bands in the
PL spectrum is consistent with the observation by XTEM
of dislocations in the second region of the SIA structure
pinned to the precipitates. ~

This interpretation is supported by the evolution of the
PL spectra with the excitation wavelength, normalized to
the experimental conditions. The main difference expected
between the spectra obtained with the different excitation
wavelengths has to be due to the contribution of recombi-
nation from below the oxide layer. For the lower excitation
wavelength, photoluminescence essentially comes from the
top silicon layer, while for the higher ones it comes from
both above and below the buried oxide. The PL spectra
obtained exciting with the lower wavelength show in both
cases a decrease of the intensity of the intrinsic exciton
peak. This seems to suggest a higher quality of the material
below the buried oxide, when compared to the top silicon
film. Anyway, in all the cases the intensity. of this peak
from the SIA sample is greater than from the SS one.
Moreover, the intensity of the D bands remains almost
constant, when normalized to the photons flux. In this
case, and taking into account the possible diffusion of the
carriers, the contribution to the spectra of recombination
taking place in the top silicon layer has to remain almost
constant. So, this behavior suggests that the origin of these
peaks is effectively located in the top Si layer. -

IV. CONCLUSIONS

Although the samples studied do not correspond to
optimized structures, the analysis carried out has corrob-
orated the potential of the SIA process for obtaining higher
quality material. So, from XTEM observations we have
deduced the existence in both cases of a low defect density
Si surface layer. ‘The characterization of the samples by
Raman scattering and photoluminescence spectroscopy in-
dicates the better quality of this surface region from the
structure obtained by sequential implant and anneal, show-
ing a lower strain and a lower concentration of defects
acting as nonradiative recombination centers, in relation to
the SS structure. Moreover, XTEM images also show the
higher quality of the buried oxide layer from SIA struc-
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tures, which appears free of Si islands. Therefore, all the
experimental results point to the fact that, in spite of the
features related to the interface region between the top Si
and the buried oxide layers, better quality material is ob-
tained by the SIA method in comparison with the SS one.

Also, the analysis performed has confirmed the value
of Raman scattering and photoluminescence spectroscopy
techniques for the characterization of SOI structures. Par-
ticularly in the case of Raman scattering, the spectra ob-
tained with different excitation powers are highly sensitive
to the structural characteristics of the different layers, as
well as to the presence of defects such as dislocations or
precipitates. Measurements performed with different exci-
tation wavelengths (and, so, different penetration depths)
allow us to characterize the different regions of. the struc-
ture.
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