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Structural, optical and electrical properties of SIPOS passivation layers
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The structure of SIPOS layers depends on the oxygen content and the thermal treatment. As-depos-
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1. INTRODUCTION

SIPOS (semiinsulating polycrystalline silicon) layers [1] have received interest in surface
passivation of silicon high voitage power devices [2] as well as in silicon solar cell technolo-
gy [3]. One of the advantages in comparison to thermal oxide passivation layers is the lower

Adanncitinn tamnaratnra Rut inanite af tha fast that thare avict different aniniance ahont
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structure and conduction mechanism of the layers [4-6] in practical applications a high
temperature annealing treatment is needed to get structural and electrical stability. The effect

of dlfferent annealmg treatments on the properties of SIPOS layers is mvesngated

2. PREPARATION

The SIPOS layers were prepared by LP-CVD at 650°C from the SiH,/N,O system with
thicknesses of 50 to 500 nm on silicon and thermally oxidized silicon substrates. The gas
flow ratio y = [N,O)/[SiH,] was varied from 0.12 to 0.25 producing layers with oxygen
contents of o = 7...30 at% as determined by RBS and AES measurements. Subsequently
conventional annealing treatments in forming gas (FG: 450°C, 15 min) and dry nitrogen
(N,: 450, 800, 850 and 900°C, 15 min) and alternatively rapid thermal annealing treatments
(RTA: 900, 1000, 1100 and 1200°C, 30s) were carried out. For electrical measurements the

SIPOS iayers were structured in circuiar or rectanguiar isiands and aiuminium contacts were
evaporated.

3. TEM INVESTIGATIONS

1AM % o T S

USlﬂg a 100KV iransmission eieciron mlCl’OSCUpC seiecied area diffraciion (DAU 0. UJﬂ.m)
and dark-field image observations (Si <111> reflection) were performed on chemically thinned

samnles. The results chown in f'n 1 indicate a nredominantlv amornhoug structure for the
samp:€s. ing resuils sacy 1CICAC a prégominanuly amorpneus sirudiurg ior Ing

as-deposited layers with a very low density of Si microcrystallites (1 to 2 nm size for layers
with about 20 at% O), whereas the crystalline portion and the mean value of the crystallite
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oxygen content. The progressive development of Sl crystallites with increasing temperature
and decreasing oxygen content can be understood as progressive separation of the metastable
random bonding SiO, network into the two phases Si and SiO, whereby a formation of thin
SiO, shells surrounding the grains is to be assumed as a self-limiting barrier at a given
temperature.

Figure 1. EM dark-field images and SAD patterns of SIPOS samples.
Upper row: 10, 20 and 30 at% O; all annealed at 800°C (conv.).

Lower row: all 20 at% O; as dep051ted, annealed at 800°C, 900°C (conv.), 1200°C (RTA).

Table 1
Grain size values in dependence on annealing temperature
o as deposited  conv. 800°C conv. 900°C  RTA 1200°C
10 at% 5 (1..10) nm
20 at% amorphous 2 (1..6) nm 5 (1..12) nm 20 (8..50) nm
30 at% amorphous
A NADTIMNAT MDTACGCTIDERMIENTC
e \JLD LANCINL WVRAUIANWI VU ANLLAYLAJEN 1D
The results of the TEM observations are supported by spectral reflectance measurements
which give the position of the direct optical transition energies (fig. 2). The critical points
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of the silicon bandstructure cause the typical features of the curve for single crystalline
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silicon shown for comparison. These structures were not found for amorphous silicon due
to the loss of long-range order. For the intermediate cases of annealed SIPOS layers the
memmnbasn wallans tlan Aellnwnnt Aamewnn AL mwientalinlte. £ALLa et mcmtmeccmbes = om d mlmam ol OV ot
dSpiila ICIHCLL LUIC ulliCiciit ucgice vl u_yamuuluy (ULLICICIHL dINOUIILY dllU DIZLCS U1 D1 1HIUCTO-
crystallites) dependant on oxygen content and annealing temperature. One can see that the

higher enerov neaks are more sensitive to the structural disorder and the size of the micro-
lgher energy p nor ! tr tr atl
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crystallites than the low energy gaps. The strongly broadened reflectance maxima (the mean
gap) for as-deposited STPOS and for amorphous silicon are quite comparable.
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Figure 2. Spectral reflectance R(E) for SIPOS samples with 10 and 20 at% oxygen,
as deposited (1), conv. annealed at 800°C (2) and'900°C (3), RT-annealed at 1000°C (4)
and 1200°C (5) and for crystalline (c-Si) and amorphous silicon (a-Si).
5. ELECTRICAL MEASUREMENTS

Lateral current-voltage measurements using concentric circular contacts with distances of
10...100 um show ohmic behaviour for field stengths up to ~2*10° V/cm. The contact
resistance was proved to be negligible in comparison to the resistance of the SIPOS layers.
The temperature dependent resistivity of as-deposited and low temperature annealed layers
shows systematic deviations from exponential law increasing with the oxygen content of
SIPOS (fig. 3) and with storage time in air. The deviations can be reversibly decreased by
thermal treatments at temperatures of at least 200°C and vanish for layers annealed at higher
temperatures (T >800°C). This behaviour, not observed on structures covered by LP-CVD-
SiO, or -Si;N, layers, is regarded to be typical for unprotected SIPOS layers. The time and
temperature dependence of resistivity suggests an incorporation of humidity into the layers

from the open surface, being in tendency opposite to the effect of built-in hydrogen which
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increases ihe l'(.«blb[l\’lly UUC to the saturation of aanglmg bonds.
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Figure 3. Temperature dependent resistivity of SIPOS layers with different oxygen content:
and annealing conditions from measurements 3'2 month after preparation; arrow-markec
points indicate changed resistivity after thermal treatment at 250°C.

6. CONCLUSIONS

The structural, chemical and electrical stability of SIPOS layers depends strongly on the
degree of crystallinity determined by the oxygen content and the annealing temperature. For
middie values of the oxygen content (~20at%) the transition region between dominating
amorphous respectively crystalline phase lies in the range of T==800...900°C.
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Optical properties of semi-insulating polycrystalline silicon (SIPOS) thin films containing
30 at. % oxygen atoms are investigated in the near ultraviolet, visible and infrared

region to improve knowledge on the structure and chemical bonding of these mixtures.
An effective medium approximation model is used for a microscopic investigation of

the oxide species involved as a function of the annealing temperature (600—-1200 °C).
The results are compared with other optical spectroscopies (infrared and Raman) and
with transmission electron microscopy to give a selected picture of the pure and oxide

components.

1. INTRODUCTION

Semi-insulating polycrystalline silicon (SIPOS) is
widely used as a passivation layer and as a resistive field
shield in high voltage Si devices."? Its inhomogeneous
nature gave rise to a large variety of investigations to
establish both the microstructure and the conduction
mechanisms.>® Despite the large number of studies on
SIPOS, there are still basic aspects with respect to
structural and electric transport properties to be clarified.
One reason for this is that the microstructure of CVD-
deposited SIPOS depends sensitively on the preparation
parameters, i.e., the deposition and annealing tempera-
ture. Transmission electron microscopy (TEM) of plan
view samples showed that the as-deposited material at
620 °C consists of an amorphous single phase, while
material deposited at 660 °C shows a crystalline or
amorphous structure, depending on composition.”

Further investigations showed a large variety of
local Si-Si and Si—O bonds whose amounts depend on
the composition and on the post-deposition annealing
temperature.® We would like to focus our investigation
on some samples deposited in such a way as to obtain
~30 at. % O. Two opposite pictures were drawn for the
material -annealed above 900 °C: one describes SIPOS
as a continuous mixture of crystalline and amorphous
silicon containing small clusters of SiO,;, while the
other picture describes it as small silicon grains com-
pletely surrounded by SiO, shells. Recent electrical
measurements suggested that 30 at. % O SIPOS sam-
ples annealed at 900 °C are characterized by a shell
structure in which each Si grain is surrounded by a
SiO; shell approximately two monolayers thick.” At high
annealing temperature the SiO, shell collapsed into small
SiO, clusters, and the material showed a mosaic micro-

J. Mater. Res., Vol. 10, No. 4, Apr 1995

structure, characterized by large Si grains in direct con-
tact and SiO, islands.

Scientific interest in SIPOS is growing rapidly since
it has been shown that this material, doped with Er by
ion implantation, shows strong luminescence at 1.5 um
wavelength even at room temperature when it is pumped
with an Ar™ ion laser (0.514 um).!° For this reason it
became interesting to investigate the optical properties of
SIPOS samples in the visible region and relate them with
a good microscopic picture. Other spectroscopic char-
acterizations can be used to obtain selected information
on the structure of the Si grains and of the SiO, shell
and help interpret absorption data.

Il. EXPERIMENTAL

SIPOS layers 0.7 pm thick were deposited in a low
pressure CVD reactor at 620 °C at a pressure of
390 mTorr. The N,O to SiH4 gas flow ratio was main-
tained at 28% in order to get layers with 30 at. % oxygen.

The samples were deposited both on Si(100) ori-
ented and on fused silica substrates for optical measure-
ments. Rutherford backscattering spectrometry (RBS)
of 2 MeV “He ions confirmed that the oxygen content
coincides within a few percent with the nominal value,
independently of the substrate used for the deposition.

A set of samples were annealed using rapid thermal
annealing equipment (RTA), spanning a temperature
range from 700 to 1200 °C. All these annealings were
performed for 5 min in an N, atmosphere, and RTA
ensures very short heating and cooling steps (1 s) as
compared to the total annealing time (5 min). Prelimi-
nary XPS measurements showed that a thin nitride over-
layer is formed only in the 1200 °C annealed sample.

© 1995 Materials Research Society 885
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However, this overlayer can be neglected in discussing
the present measurements.

Optical measurements in the transmission mode
were made with a Perkin-Elmer double beam spectrom-
eter in the range 400—1100 nm in order to investigate
the fundamental absorption edge of the samples. Optical
constants in the visible and near ultraviolet region were
also obtained by means of spectroscopic ellipsometry in
order to increase the confidence level of results given
by absorption spectroscopy.

The inhomogeneous nature of the deposited films
needs direct microscopic analysis that was made by
transmission electron microscopy on plan view SIPOS
samples, prepared by mechanical thinning and backside
chemical etch. The observations were made using a
JEOL 2010 transmission electron microscope operating
at 200 kV accelerating voltage.

To improve the microscopic picture of the materials
under study, we performed several Raman spectra using
a SPEX triple monochromator and an Ar™ laser beam
(514 nm) as probe. As it will be shown, the penetration
depth of the probe beam was found to be lower than
the film thickness in all the investigated range avoiding
the substrate signal contribution.

Finally, infrared absorption measurements in the
region of Si-O vibrations (400—-2000 cm™') were per-
formed using a Fourier transform infrared spectrometer
(FTIR) with a resolution of about 4 cm™'.

lll. RESULTS AND DISCUSSION
A. Optical measurements: The fundamental edge

In Fig. 1 two typical transmittance spectra are re-
ported, representing samples on fused silica as-deposited
and annealed at 1200 °C. It clearly shows a fundamental
absorption edge in the visible region due to band-to-band
optical transitions, suggesting an energy gap of about
2.5 eV, well above that of crystalline silicon (1.1 eV).
This edge shifts toward lower wavelengths (higher ener-
gies) with increasing the annealing temperature at about
600 nm for the as-deposited sample and about 520 nm
for the 1200 °C annealed one. It should be remarked
that, due to the small thickness of the SIPOS layers, the
absorption caused by a hypothetical indirect gap is not
observable in these spectra.

Below the absorption edge the film is opaque be-
cause of the strong absorption coefficient of the material
(>10° cm™!), while at a wavelength of 600—1000 nm
interference fringes appear, due to the multiple reflection
on the numerous interfaces crossed by light before the
beam detection (air-film, film-substrate). The magnitude
of these fringes is directly related to the impedance
adaptation among all these media and in particular to
the difference between the refractive index of the films
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FIG. 1. Transmission curves in the fundamental absorption region for
as-deposited and 1200 °C samples.

and that of the fused silica substrate (~1.48 over the
entire energy range) at this wavelength.

Using a least squares fit based on well-known dis-
persion relations,'! it is possible to extract the refractive
index (n* = n — ik) of the material under study and the
absorption coefficient (&« = 4ark/A) which is reported in
Fig. 2 in the region 400—800 nm. The optical functions
obtained using standard transmission curves have been
compared with ellipsometric measurements performed in
the same spectral range with a mismatch below 10%.

Comparison between these two methods greatly im-
proves confidence of the final results about the ab-
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FIG. 2. Absorption coefficients as calculated by the data presented in
Fig. 1 compared with those of crystalline (lower dashed curve) and
amorphous (higher dashed curve) silicon.
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the sample annealed at 1200 °C are reported in Fig. 4.
Two restrictions were imposed to avoid meaningless re-
sults: (1) the total concentration of oxygen atoms must be
that found by using Rutherford backscattering spectro-
metry within 10% and (ii) the EMA results must be in
agreement for both the real and imaginary part of the
refractive index.

One major observation concerns the behavior of
the as-deposited and annealed samples at temperatures
below 900 °C. In these cases it is impossible to obtain
any satisfactory agreement with the experimentally ob-
tained optical functions because of the sharp increase of
the absorption coefficient with decreasing wavelength.
The anomalous behavior of the low temperature anneal-
ing samples can be explaired with the presence of small
silicon nanoclusters even in the as-deposited sample.
These nanoclusters are visible by TEM analysis only in
the 900 °C annealed sample because they are crystalline,
but the above-mentioned thesis is confirmed by the
observation that if one of these samples is amorphized
by using an heavy ion beam, the absorption coefficient
decreases consistently in the near ultraviolet region.

The overall trend of the EMA results on the samples
annealed at temperatures above 900 °C is shown in
Fig. 5. A general conclusion is that by increasing the
annealing temperature the concentration of the poorly
oxygen-containing tetrahedra (Si~Sis and Si—SizO) de-
creases, while there is a strong increase in the Si—Si,0,
tetrahedra content. It should be noted that this behavior
is in agreement with the Si—O phase diagram in which,
above 1000 °C, crystalline silicon, silicon dioxide, and
silicon monoxide coexist, while below this temperature
one can obtain only a phase separation between crys-
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FIG. 4. The refractive index spectra as calculated by the transmittance
in the 1200 °C annealed sample (1) compared with the results of the
effective medium approximation calculations (- --).
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FIG. 5. Volume fraction of the involved tetrahedra as a function of
the annealing temperature.

talline silicon and silicon dioxide. The latter, represented
by the Si—Qy tetrahedra, maintains its volume fraction
at about 30% with negligible variation.

EMA and absorption data near the fundamental ab-
sorption edge gave an overall picture of the microscopic
structure of the investigated samples. In the following we
will use some techniques devoted to a selected investi-
gation of the phases thought to be present in the matrix.

B. TEM and optical measurements: A selected
investigation

The variation of the optical properties of SIPOS
for annealing temperatures above 900 °C is related to
structural changes and phase separation as revealed
by TEM observations reported in Fig. 6. For anneal-
ing temperatures below 800 °C, the material retains its
amorphous structure as evidenced by the diffraction
pattern (not shown). By annealing for 5 min at 900 °C,
small crystalline grains ~3 nm in radius are revealed as
randomly distributed bright spots in the TEM micrograph
shown in Fig. 6(a). The picture is taken in dark field by
selecting a portion of the (111) diffraction ring of the
silicon grains. Further annealing at temperatures larger
than or equal to 1100 °C allows the rupture of the SiO,
shell, and evident grain growth occurs [Fig. 6(b)]. The
drastic topological rearrangement of the SiO, phase is
therefore related to the large rearrangement of Si—O
bonds which assumes an IR evident SiO; character
(see below).

Like TEM measurements, Raman spectra are able
to give a selected analysis of the silicon grains giving
information on the degree of order inside each grain.
The usefulness of the method comes from the ability
to simultancously see both the sharp crystalline peak
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FIG. 6. Transmission electron microscopy of 900 and 1200 °C an-
nealed samples showing the increase in the crystalline dimensions.

with a frequency shift of about 520 cm™' as well as

the broad features of the amorphous silicon spectrum
with its broad peak near 480 cm™'. As reported in
Fig. 7, the first sample giving an evident presence of
a 520 cm™! peak is the sample annealed at 900 °C in
agreement with TEM results. Moreover, by increasing
the annealing temperature the transversal optical (TO)
feature of crystalline silicon progressively replaces the
amorphous structure. We have two arguments to explain
such a behavior: first, an increase in the grain dimensions
causes a progressive restoration of the k selection rules
responsible for the appearance of only one sharp peak
in crystalline silicon; second, a real decrease of the
disordered volume can induce the same effect. Moreover,
since there is no observable amount of amorphous phase
in the high temperature treated samples, as evidenced
by TEM diffraction measurements, one can attribute
the “amorphous” feature to scattering from the grain
boundaries, which is probably associated with surface-
like modes similar to those observed in a-Si.l?

While Raman spectra can give interesting informa-
tion about the Si-containing part of the investigated
mixture, it is useful to investigate further the other
portion of the composed material, that is, the Si—O
bonding behavior.

J. Mater. Res., Vol. 10, No. 4, Apr 1995
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FIG. 7. Raman scattering results for the annealed samples in the
region of the Si-Si allowed vibrations.

A useful Raman complementary technique is the
infrared spectroscopy that can be used to investigate
the absorption region around 1000 cm™' where Si-O
bonding vibrations are allowed.?’ In a pure SiO, sample
three major transverse optical {TO) absorption bands can
be detected and characterized in terms of the particular
vibrational mode of the oxygen atoms with respect to
the silicon pairs that they bridge. Rocking (R) of the O
atoms around an axis through the Si atoms characterizes
the vibrational behavior of the lowest frequency TO band
centered at 475 cm™!. Symmetrical stretching (SS) of the
O atom along the line bisecting the axis formed by the
two silicon atoms characterizes the vibrational mode of
the middle TO band centered at 810 cm™', while the
remaining TO band and its high frequency shoulder are
due to the asymmetric stretch (AS) motion in which the
O atoms move back and forth along a line parallel to the
axis through the two Si atoms. The AS motion actually
gives rise to two vibrational modes: (i) an AS; mode
in which the adjacent O atoms execute the AS motion
in phase with each other (1076 cm™ '), and (ii) an AS,
mode in which adjacent O atoms execute the AS motion
180° out of phase with each other (1200 cm™!).

All these features are present in Fig. 8 for the sam-
ples annealed above 900 °C, suggesting the formation
of Si0O, structures below this temperature. In the other
samples only a broad peak centered at 1050 ¢m ™! is
present and the whole infrared spectrum results very
close to that of a random (Si,O) mixture. Recently,
Bruesch ef al.'® obtained nearly the same results by in-
creasing the oxygen content in the as-deposited samples.
We can thus say that the SiO, precipitation can be
induced either by increasing the annealing temperature
(~900 °C) or by increasing the oxygen content in the
as-deposited sample.
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FIG. 8. Infrared absorption data in the region of the Si—-O allowed
vibrations.

IV. FURTHER DISCUSSIONS AND CONCLUSIONS

The investigation performed on both the electronic
and phononic structure of as-deposited and annealed
SIPOS samples together with the direct observation of
the atomic microstructure leads to a unified picture of the
behavior of such mixtures before and after thermal treat-
ments. Two main temperature regions can be recognized
in all the characterizations performed. Assuming that the
as-deposited sample consists of an amorphous covalent
network, by increasing the annealing temperature up to
900 °C some small crystalline grains are formed and a
consistent SiO, fraction of about 30% in volume appears
as detected by IR and visible spectra. These crystalline
grains (~5 nm in radius) are probably responsible for
the anomalous absorption of the annealed samples not
explained with a classical decomposition into differ-
ent constituent microscopic media. Further experiments
showed that ion beam amorphization causes a sharp
decrease of the absorption coefficient even in the as-
deposited sample. The general trend of the results is in
agreement with the data obtained by Catalano et al.?' for
similar samples annealed up to 900 °C for 30 min.

Above ~900-1000 °C a new situation arises. As
suggested by infrared spectra, SiO, growth stops in

890

agreement with both the EMA calculations and the
phase diagram of a (Si, O) mixture. The samples suffer
other structural changes as the growth in dimensions
of crystalline silicon grains is revealed by both TEM
(5-30 nm in radius) and Raman spectra and the growth
of intermediate oxide species is revealed as an increase
of the Si—Si,O, tetrahedra contribution to the refractive
index. This growth is still consistent with the phase
diagram at the oxygen concentration known to be present
in the samples.
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