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Infrared study of oxygen precipitate composition in silicon
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High spatial resolution Fourier transform absorption measurements were performed with polarized
light on oxygen precipitates grown in silicon samples briefly annealed. We demonstrate that the wave-
number position and intensity of the 1230-cm ™! absorption band, directly related to the precipitates,
give information regarding stoichiometry of the oxide constituting such precipitates and their density.
In particular, the precipitates in our samples are made of amorphous suboxides, mainly SiO;. s, with
5 ppm local concentration. Moreover, our conclusions give evidence that disk-shaped precipitates in
silicon have the same optical properties of thermal oxide films with comparable thickness grown on

silicon.

I. INTRODUCTION

It is well known that oxygen is the most important
impurity that is incorporated at interstitial sites in the
crystal lattice of Czochralski (CZ) -grown silicon. Dur-
ing heat treatments oxygen atoms diffuse through the
lattice, forming small microdefects (precipitates), which
have been identified as constituted by some form of SiO,.
The study of the behavior of such silicon dioxide particles
is of interest in both technological and fundamental re-
search. In fact, the presence of precipitates causes lattice
defects that have detrimental effects if they occur in the
active regions of devices. Away from such regions, how-
ever, precipitates have the advantageous effect of acting
as getters for unwanted metallic impurities. Moreover,
silicon with oxygen precipitates is an interesting com-
posite medium since (i) new optical effects, related to
the small dimensions and to the shape of the inclusions,
become evident, and (ii) very particular Si/SiO. inter-
faces, grown without any atmosphere contamination, are
present in this system.

A lot of papers have been published concerning both
fundamental aspects and applications in the subject, but
reported results are often in contrast, leaving many ques-
tions wide open. For example, the connection between
sample thermal history and the particular SiO, form con-
stituting oxygen precipitates is not at all clear. A stoi-
chiometry different from SiO; was suggested, but never
well supported nor studied in detail, due to experimen-
tal difficulties in detecting and clearly resolving the pre-
cipitate contribution from the average sample optical re-
sponse. Density determination of SiO5 particles in silicon
as a function of different heat treatments is usually per-
formed measuring the interstitial oxygen (O;) content,
but this method does not give reliable results.

Several techniques have been used to characterize and
analyze oxygen precipitate behavior in silicon. Among
these, infrared (IR) absorption is one of the most power-
ful, because it permits detection of precipitated oxygen
both indirectly from the decrease of O; content (related
to an absorption band at 1107 cm~1!) and directly from a
band near 1230 cm™!, related to the SiO; particles. This
latter absorption band, which is not present in SiO5 bulk
or film spectra, has been attributed by Hu! to the longi-
tudinal optical mode that is IR active in disk-shaped pre-
cipitates. He applied an effective-medium theory (EMT)
to calculate the absorption coefficient of a system con-
sisting of differently shaped SiO; particles in silicon. In
the case of disks, he found a precipitate-related peak at
1215 cm™!, to be compared with the experimental one
at 1230 cm~!. In our opinion, this disagreement makes
any quantitative conclusion unreliable.

Recently, the authors demonstrated that high-spatial-
resolution Fourier-transform IR (HSRFTIR) spec-
troscopy is able to detect regions containing very high
concentrations of precipitates, also in samples annealed
for a very short time.? The absorption spectra collected
from these regions have a strong band at 1230 cm™?,
not substantially influenced by the 1107-cm~! O; band.
Moreover, they showed that it is possible to avoid any
average effects by using polarized light in order to study
homogeneous aggregations of disk-shaped precipitates all
lying in particular planes. The high intensity of the 1230-
cm™! peak allows a detailed study of line-shape, ampli-
tude, and wave-number position.

In our paper we perform a careful analysis of the 1230-
cm~! band using HSRFTIR with polarized light. As a
result we show for the first time that it is possible to
obtain information about the chemical nature and stoi-
chiometry of the precipitates.
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FIG. 1. Silicon sample as cut from the wafer. (100) wafer

surface was along the zy plane; optical measurements were
performed at normal incidence on the zz sample plane.

II. EXPERIMENT

The samples used in our experiment were n-type (P-
doped, resistivity about 4 € cm) wafers, grown with the
CZ method in the (100) direction, with a diameter of 100
mm and average thickness of about 512 ym. The nominal
oxygen concentration was 8x10'7 atoms/cm?, while the
carbon concentration was lower than 10'° atoms/cm3. A
thermal treatment was performed during the growth of
an intrinsic epitaxial layer by chemical vapor deposition
from trichlorosilane in a pancake-type rf heated reactor
at 1100 °C. Before deposition the wafers received a basic
cleaning, leaving hydrophilic surfaces, and were etched
at 1180°C in HCI atmosphere for 2 min. The etch tem-
perature was reached at a rate of 70°C/min as well as
the room temperature after the deposition.

Stripes with parallel sides about 200 ym wide and 1-2
cm long were cut from the wafers (see Fig. 1) and opti-
cally polished. We performed several IR absorption mea-
surements at normal incidence in different positions on
the zz surface of the stripes. All the spectra were taken
in the wave-number range from 5000 to 500 cm™! with
a Fourier-transform IR spectrometer Bruker IFS 113v
equipped with an A 590 IR microscope and a KRS-5 po-
larizer. The instrumental resolution was 4 cm~! and 2048
spectra were accumulated to improve the signal-to-noise
ratio. The measurements were performed with a nominal
spot diameter of 20 um, using an Ealing x36 objective
with 0.5 numerical aperture. All measurements were per-
formed using incident light linearly polarized, with the
electric field either along z or along z.

III. RESULTS AND DISCUSSION

Some of the spectra collected with the light electric
field along z show a strong absorption band at 1230 cm™1,
like the one reported in Fig. 2 in the wave-number range
from 1000 to 1400 cm™!. The same figure also presents a
spectrum collected at the same sample position, but with
the electric field of the radiation along z: no absorption
band appears. The strong effect of light polarization on
the 1230-cm ™! absorption, as discussed in Ref. 3, is due
to the fact that oxygen precipitate platelets lie in the
(100) plane parallel to the wafer surface (zy plane).

A similar peak has already been found in IR spectra of
thermally treated CZ silicon, and attributed to the pres-
ence of SiOy precipitates.1"¥™® Since the 1230-cm™?! band
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FIG. 2. Absorption coefficient of oxygen precipitates in

silicon, as obtained by the transmission of a sample 200 um
thick. The upper and the lower curves were taken with the
electric field polarized along the z and the = axes, respectively.

is not present in the IR spectra of any SiO; film or bulk,
a novel approach is necessary to interpret it. As already
proposed by Hu,! its appearance can be explained by an
effective-medium theory, considering the system as the
homogeneous dispersion of disk-shaped SiO, particles in
a silicon matrix. Regarding the precipitate shape, this
conclusion is well supported both by thermodynamic and
kinetic considerations” and by transmission electron mi-
croscopy (TEM) studies.” ® Nevertheless, the agreement
between the simulated and the experimental spectra re-
ported by Hu is not very good as far as the peak position
is concerned (1215 cm™! with respect to the experimental
value 1230 cm™1!). We believe that the wave-number po-
sition of the peak holds fundamental information about
the chemical nature of the precipitates.

Looking for the best simulation of the experimental
curves, such as the one reported in Fig. 2, we consid-
ered silicon samples with precipitates made of different
SiO, polymorphs, choosing those previously proposed by
different authors. In particular, precipitates of a-quartz,
cristobalite, amorphous SiO5, thermally grown SiO,, and
B-doped SiO; were examined. Our samples were mod-
eled by an effective-medium approach, i.e., the optical
response of the composite medium (Si matrix plus pre-
cipitates) was quantitatively described by defining an
average dielectric function €,,. Following Genzel and
Martin,'0 the average electric field inside the compos-
ite medium was assumed to be a volume average of the
uniform fields inside the particles, E,, and outside the
particles, E,,. The effective dielectric function, in the
case of disk-shaped precipitates and with light polarized
along z, is given by®

. €m
€av = m» (1)

where f is the volume fraction of the particles in the
matrix, and subscripts m and p refer to silicon matrix
and precipitates, respectively. Starting from Eq. (1), the
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absorption coefficient a,, can be calculated as a function
of the wave number ¥ by

o = Im{€,, }
av — RB{\/ga_v}

Equation (1) refers to disk-shaped particles in a matrix,
i.e., to particles with depolarization factors L,=L,=0
and L,=1. The choice of oblate ellipsoid particles [L, =
L, >0and L, <1 (Ref. 11)], instead of the disk limit
case, leads to a redshift of the EMT absorption band.
Nevertheless, the TEM measurements clearly indicate
that in CZ silicon samples treated at 1100 °C the precipi-
tates are discoidal particles with a substantially constant
thickness. Therefore, the assumption of an ellipsoidal
shape does not represent the real system. Moreover, pre-
cipitates grown upon different heat treatments show a
variety of ratios between length and thickness.®%:12 Con-
sidering oblate ellipsoids with a ratio between the minor
and the major axes similar to experimental ones, a va-
riety of EMT absorption peak positions will result from
Eq. (2), within a 150-cm~!-wide range, passing from the
disk to the sphere. On the contrary, all experimental IR
data indicate positions near 1230 cm™!. All these argu-
ments clearly suggest that the disk shape is the best one
modeling our precipitates.

The o,y calculated from Eq. (2) for different SiO; poly-
morphs are shown in Fig. 3. The values of the corre-
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FIG. 3. Absorption coefficient of precipitates made of dif-
ferent SiO2 forms, as calculated by EMT. The optical func-
tions of a-quartz, cristobalite, amorphous SiO5, thermal SiO2,
and B-doped SiO; were taken from Refs. 13, 14, 15, 16, and
17, respectively.
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sponding &, were taken from the literature.!377 The pre-
cipitate’s volume fraction was taken as 5 ppm. Some con-
clusions can be drawn about our precipitate composition.
(i) We can exclude the fact that cristobalite and quartz
are the SiO; forms constituting oxygen precipitates. In
fact, the corresponding IR spectra show the absorption
maximum at 1264 and 1241 cm™!, respectively. (ii) Re-
garding the case of B-doped SiO; inclusions, the related
absorption peak lies at 1210 cm™!. The calculation was
performed on the basis of the optical functions of Ref. 17.
It is worth noting that they refer to a boron concentra-
tion of about 10%! atoms/cm3. This value seems to be
almost two orders of magnitude higher than the possible
B concentration in our precipitates, such as that roughly
estimated from the dopant content in the CZ wafer, the
B diffusivity at 1100°C, and the annealing time; there-
fore the physical conditions are quite different from the
case under consideration. (iii) On the basis of the peak
positions in Fig. 3, amorphous and thermal SiO5 must
also be excluded.

However, we note that stable amorphous oxide forms
can exist with a stoichiometry richer in silicon, i.e., as
SiOz, 1 < x < 2. We believe that disagreement in the
band position can be related to precipitates made of such
substoichiometric compounds.

To check this hypothesis we calculated the absorption
coefficient by EMT, considering the sample as homoge-
neous dispersion of disk-shaped SiO, particles in sili-
con. To our knowledge, no dielectric function data in
the spectral range of interest are available in the lit-
erature for SiO;. A possible attempt to calculate €
for such compounds is based on the use of a Maxwell-
Garnett approach,!® starting from SiO and SiO, optical
functions. As discussed by Aspnes and Theeten,!® this
would lead to unsatisfactory results because SiO, have
well-defined structural properties, so that their dielectric
function is not merely a linear superposition of those of
SiO and SiO,. Therefore, we considered the experimen-
tal IR transmission spectra of Si-rich oxides?®2! and we
obtained the corresponding dielectric functions by an os-
cillator based model. The oscillator parameters were op-
timized starting from those given in Ref.16 for thermally
oxidized SiO,. In this case, among the four vibration
modes, those at 445, 800, and 1075 cm™~! are related to
the well-known transversal optical resonances and give
rise to strong peaks in the IR transmission spectra, while
the oscillator at 1190 cm~? leads only to a weak shoulder.
As far as the Si-rich oxides are concerned, the redshift of
the stretching mode driven by the decrease of = values
(1075 cm™! for z=2 and 1032 cm™?! for x=1.5) is the
most striking feature of the IR spectra.

Figure 4 reports the calculated absorption coefficients
of disk-shaped SiO, precipitates in silicon, with differ-
ent z values and with f=5 ppm. As a limit case, the
spectrum of Si with SiO precipitates is also shown. The
agreement with the experimental peak position is found
considering SiO; g precipitates. The line shapes of the
experimental and calculated absorption curves are quite
different. The large asymmetry of the experimental peak
shown in Fig. 2 can be explained in terms of the pres-
ence of a wide distribution of substoichiometric oxides
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FIG. 4. Absorption coefficient of precipitates made of Si-

rich oxides, as calculated by EMT. The optical functions of
SiO were taken from Ref. 30.

with £ < 1.8, whose density is much less than 5 ppm
and that decreases by decreasing z. In the same way,
the slightly shifted experimental wave-number peak po-
sition found in the literature for precipitates grown in
different conditions has to be related to a predominant
composition slightly different from SiO; g.

Comparing the intensity of experimental and calcu-
lated peaks, reported in Figs. 2 and 4, respectively, we
can deduce that the volume fraction f occupied by pre-
cipitates in our samples is about 5 ppm. It has to be
noted that such density evaluation is valid only locally
for the particular region investigated during the mea-
surement. This concentration value, therefore, cannot
be considered as the average value over the whole sam-
ple, where only a few regions reveal precipitate presence
by the IR band.

We stress that the SiO; g dielectric function was ob-
tained considering the stretching band at 1050 cm™!.
The position of such a band has been studied as a func-
tion of the thickness in silicon dioxide films grown on
silicon.??724 A shift from 1072 to 1050 cm™! was seen for
thicknesses decreasing from 300 to 28 A. This behavior
was attributed to a significant transition region of Si-rich
oxide, extending up to ~150 A from the SiO, /Si inter-
face. Since our precipitates are expected to be about 50
A thick and completely embedded in Si, it is reasonable
to imagine that they are constituted by an oxide differ-
ent from stoichiometric SiO,. The interpretation of the
1230-cm~1! band on the basis of the SiO; g precipitates
agrees very well with these experimental findings as well.
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An important factor affecting the optical response of
thin SiO, films on silicon is the interface strain,?® as it is
also well known that a shift of the 1075-cm~?! band ap-
pears in compressed SiO, glasses.?672° We then consid-
ered the possibility that one of the spectra in Fig. 3 could
shift and peak at 1230 cm™! due to a strain effect. As
discussed by Tempelhoff et al., the strain related to the
formation of precipitates in silicon induces dislocations,
leaving a possible residual strain lower than 0.5 kbar.
Pressure values lower than 30 kbar cause a blueshift of
the SiO, stretching band,?” while, as we demonstrated,
only a redshift of the stretching band toward 1050 cm ™!
leads to the absorption band at 1230 cm~!. In conclu-
sion, we exclude any stress-related effect on the experi-
mental peak position.

IV. CONCLUSIONS

HSRFTIR measurements performed on briefly an-
nealed silicon samples with polarized light and wave-
number resolution of 4 cm™! allow selection of regions
with high precipitate density. The related absorption
band at 1230 cm™?, clearly resolved from the O; band,
presents high intensity and well-defined line shape and
position. The analysis of the experimental spectra
by EMT permits exclusion of a detectable presence of
quartz, cristobalite, B-doped SiO2 or amorphous SiO,
particles, because they would give rise to IR bands at
1241, 1264, 1210, and 1256 cm ™!, respectively. The 1230-
cm™~! band is well reproduced only if precipitates made
of amorphous SiO; g are considered.

This result is in good agreement with optical proper-
ties of thin thermal oxide films grown on silicon. In fact,
the spectral position of Si-O stretching band in SiO; g is
1050 cm™!, which is the one relative to films of thickness
comparable with that of our precipitate. The redshift
of the stretching band with respect to the stoichiometric
case (1075 cm™!) must be related to the Si-rich compo-
sition of the thin films.

ACKNOWLEDGMENTS

The authors acknowledge Dr. M. Pedrotti who made
available the samples and Professor G. Guizzetti for help-
ful discussions. This work was partially supported by
Progetto Finalizzato “Materiali e Dispositivi per Elet-
tronica a Stato Solido” and by Gruppo Nazionale Strut-
tura della Materia del Consiglio Nazionale delle Ricerche,
Italy.

1S. M. Hu, J. Appl. Phys. 51, 5945 (1981).

2A. Borghesi, M. Geddo, B. Pivac, A. Sassella, and A. Stella,
Appl. Phys. Lett. 58, 2099 (1991).

3A. Borghesi, B. Pivac, and A. Sassella, Appl. Phys. Lett.
60, 871 (1992).

4K. Tempelhoff, F. Spiegelberg, R. Gleichmann, and D.

Wruck, Phys. Status Solidi A 56, 213 (1979).

5F. Shimura, H. Tsuya, and T. Kawamura, Appl. Phys. Lett.
37, 483 (1980).

SP. Gaworzewski, E. Hild, F.G. Kirscht, and L. Vecsernyes,
Phys. Status Solidi A 85, 133 (1984).

"W. A. Tiller, S. Hahn, and F. A. Ponce, J. Appl. Phys. 59,



46 INFRARED STUDY OF OXYGEN PRECIPITATE COMPOSITION . . . 4127

3255 (1986).

8F. Shimura, H. Tsuya, and T. Kawamura, J. Appl. Phys.
51, 269 (1980).

SW. Bergholz, M. J. Binns, G. R. Booker, J. C. Hutchison,
S. H. Kinder, S. Messolaras, R. C. Newman, R. J. Stewart,
and J. G. Wilkes, Philos. Mag. B 59, 499 (1989).

101, Genzel and T. P. Martin, Surf. Sci. 34, 33 (1973).

11C, F. Bohren and D. R. Huffman, Absorption and Scattering
of Light by Small Particles (Wiley Interscience, New York,
1982).

12K. Wada, N. Inoue, and K. Kohra, J. Cryst. Growth 49,
749 (1980).

134, R. Philipp, in Handbook of Optical Constants of Solids,
edited by E. D. Palik (Academic, Orlando, FL, 1985),
p. 719.

41, Simon and H. O. McMahon, J. Chem. Phys. 21, 23
(1953).

15A. Réseler, Infrared Spectroscopic Ellipsometry (Akademie-
Verlag, Berlin, 1990).

16p, Grosse, B. Harbecke, B. Heinz, R. Meyer, and M. Offen-
berg, Appl. Phys. A 39, 257 (1986).

17G. Hoffmann, A. Nagy, and L. Puskas, J. Phys. D 8, 1044
(1975).

183, C. M. Garnett, Philos. Trans. R. Soc. London 203, 385
(1904).

19D, E. Aspnes and J. B. Theeten, J. Appl. Phys. 50, 4928
(1979).

203, S. Chao, Y. Takagi, G. Lucovsky, P. Pai, R. C. Custer, J.
E. Tyler, and J. E. Keem, Appl. Surf. Sci. 26, 575 (1986).

21p,_ G. Pai, S. S. Chao, Y. Takagi, and G. Lucovsky, J. Vac.
Sci. Technol. A 4, 689 (1986).

22R. Brendel, Appl. Phys. A 50, 587 (1990).

23]. W. Boyd and J. I. B. Wilson, J. Appl. Phys. 53, 4166
(1982).

241, W. Boyd and J. I. B. Wilson, Appl. Phys. Lett. 50, 320
(1987).

25J. E. Olsen and F. Shimura, J. Appl. Phys. 66, 1353 (1989).

263, Mochizuki and N. Kawai, Solid State Commun. 11, 763
(1972).

27B. Velde and R. Couty, J. Non-Cryst. Solids 94, 238 (1987).

28R. A. B. Devine, J. Vac. Sci. Technol. A 6, 3154 (1988).

2R. A. Murray and W. Y. Ching, Phys. Rev. B 39, 1320
(1989).

30H. R. Philipp, in Handbook of Optical Constants of Solids,
edited by E. D. Palik (Academic, Orlando, FL, 1985), p.
765.



