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Abstract

Si-rich silicon oxide and SiO, (SRSO)/SiO, multilayer (ML) samples were grown by reactive magnetron sputtering and then
annealed at high temperature to induce the formation of Si-nc with mean size of 3-4nm and density of about 3.5 x 10'® cm ™3 as deduced
from high resolution TEM micrographs. Refractive index and thickness have been determined by m-line measurements, which have
shown a birefringence of about 1.5% due to the ML structure. Rib-loaded waveguides have been fabricated to measure propagation
losses in the visible—infrared range. The analysis of the different contributions to optical losses such as Mie scattering and scattering due
to waveguide roughness has allowed us to isolate the contribution due to the absorption losses and thus to extract the absorption cross-
section at different wavelengths. Values of about 3.5 x 10~ '®cm? have been found at 830nm, increasing with decreasing of the

wavelength.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The absorption cross-section of Si nanoclusters (Si-nc) is
of fundamental interest in determining the optical perfor-
mance of Si-nc-based waveguides in terms of losses and
achievable gain [1]. However, no clear agreement in the
literature has been yet achieved, mainly because very few
direct measurements have been performed [2,3]. In fact, the
absorption cross-section of Si nanostructures is usually
deduced from the effective excitation cross-section mea-
sured by photoluminescence lifetimes often referred to very
short wavelength such as 365 or 488 nm [4—7]. This is not so
interesting from the light propagation point of view: in
fact, light emission in Si-nc cover the range 600-900 nm
depending on the Si-nc size and surface passivation.

In this paper, we present direct measurements of the
absorption cross-section by performing optical transmis-
sion experiments in rib-loaded waveguides containing Si-nc
of different sizes and densities, thus measuring the
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propagation losses and consequently the absorption
cross-sections once the Si-nc density is determined by
high-resolution TEM images.

2. Sample growth and charaterization

Si-rich silicon oxide (SRSO)/SiO, multilayers (MLs)
have been grown by reactive magnetron sputtering of a
pure silica target. The use of pure argon in the plasma leads
to the deposition of a silica sublayer, whereas the injection
of argon and hydrogen mixture allows the growing of a
SRSO sublayer due to the ability of hydrogen to reduce the
oxygen species resulting from the target sputtering. ML
structure is then achieved through the alternation of pure
Ar and Ar/H, plasma. MLs have been deposited on a
(00 1) Si substrate on which a 3 um-thick SiO, buffer layer
was previously deposited. Different samples, consisting of a
sequential alternation of SRSO and SiO, sublayer thick-
nesses, have been produced. In this work, we report on two
specific samples with parameters given in Table 1. More
details about the process can be found elsewhere [8]. After
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Table 1

Deposition parameters, core layer refractive index and thickness by m-line measurements; SiO, layer thickness, Si-nc mean size and density as obtained by

TEM measurements

Sample  Deposition parameters e (TE) at 633nm  Core thickness (um)  SiO, thickness (um)  Si-nc size (nm)  Si-nc density (10" cm™3)
A 60 [SRSO/Si0;] 1.776 1.024+0.01 15.5+0.5 4+0.5 34409
B 50 [SRSO/Si0,] 1.565 1.88+0.01 31.5+0.5 3+0.5 3.5+1.2
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Fig. 1. Sample B: m-line measurements performed at 633 and 543 nm.

deposition, each sample has been annealed for 1h at
1080 °C under a pure nitrogen flux.

To characterize the optical properties of the samples, m-
line measurements have been performed at 633 and 543 nm,
respectively (Fig. 1). The main results about core layer
refractive index (for TE polarization) and thicknesses are
reported in Table 1. The measured modal refractive indices
nte and ny can only be explained by a negative “‘form
birefringence” of about 1.5% originating from the
particular structure of the active core, i.e. a periodical set
of parallel planes of two different materials. Light
polarized parallel to the layers (TE-polarization) experi-
ences the ordinary refractive index n,, which is higher than
the extraordinary refractive index n. experienced by light
polarized perpendicular to the layers (TM-polarization).
Therefore, a negative material birefringence, defined as
(%) = 100(n.—n,)/n,, has been found. The values of
birefringence found here are comparable with other
previous results obtained in similar structures [9].

The SRSO sublayers have been deposited under specific
conditions described elsewhere [8], allowing the highest
incorporation of Si excess. In this context, one can suppose
that the thickness of the SRSO sublayer gives the size of the
Si grain which is assumed to be spherical [§]. In fact, for
sample B the thickness of the SRSO sublayer results, after
the thermal annealing, in Si-nc sizes of 3+0.5nm as
measured from HRTEM (high resolution transmission
electron microscopy) images which have been performed to
determine both the SRSO sublayer, i.e. the Si-nc size,
and the SiO, sublayer thicknesses. Results are shown in

incorporation of a Si excess and the formation of a thick
enough sublayer, i.e. larger than 2 nm, of Si nanocrystals as
evidenced in the HRTEM micrographics. Si-nc densities
of about 3.5x 10" cm™> are obtained (last column in
Table 1).

3. Waveguide fabrication

Optical lithography and reactive ion etching were used to
define rib-loaded waveguides. The photolithographic mask
used for waveguide definition consisted of approximately
500 lines 4cm long and with different rib widths. Samples
were cut and the facets polished to favour light injection:
waveguide length was 0.5cm for sample A and 0.3 cm for
sample B.

Atomic force microscopy (AFM) was performed to
check the resulting waveguide structure and to characterize
the surface roughness: values of about 6.5+0.5nm have
been obtained for both samples. These values are not very
high, suggesting that the fabrication process allows a good
control of the layer deposition and processing. In fact, the
surface roughness values are not very different from those
obtained before the etching process. The rib width as
measured from AFM resulted in about 12um for the
largest waveguides, which are those used for optical
transmission measurements.

4. Optical trasmission measurements

Propagation loss coefficients have been obtained by the
insertion loss (IL) technique. IL measurements have been
performed by using the light of a He—Ne laser (632.8 nm;
10mW), of various diode lasers (655nm, 10 mW; 785 nm,
13mW and 830nm, 15mW) and of a tunable laser
(1260-1630nm; 3mW) coupled into the waveguides
through a single mode tapered fibre. IL technique is based
on the measurement of the power transmitted from the
waveguide output facet as a function of the input
signal power. IL count for coupling losses and propagation
ones. The losses through the optical collection system
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Fig. 2. HRTEM images for sample A (left panels) and sample B (right panels).

(coupling-out losses) have been determined by measuring
the transmitted power of the tapered fibre in front of the
collecting microscope objective. The coupling-in losses
have been calculated by an estimation of several effects.
The reflection on the waveguide facet accounts for about
0.2dB for all wavelengths. Non-perfect coupling between
tapered fibre and input facet accounts for about 1dB
(calculated for 6 um of separation and for 1° of axial
misalignment). By considering a Gaussian input laser
beam, the difference between tapered fibre’s spot size
(5 um in the near-infrared range and about 15-20% smaller
in the visible) and optical waveguide mode size accounts
for around 6-7dB in the visible and 7-8dB in the near-
infrared range. No losses due to the different numerical
aperture (NA) are present (NA of the waveguide is larger
than the one of the input fibre for all the wavelengths we

used). Therefore, a conservative estimate of the coupling-in
losses is not less than 8§ dB in the visible and not less than
9dB in the near-infrared range. Subtracting the estimated
coupling losses from the IL measurements, the propagation
losses can be obtained. Propagation loss coefficients of the
different waveguides at various wavelengths for the largest
rib width (about 12 um) are reported in Table 2. In sample
A, coupling in losses are slightly smaller because of a
smaller fibre spot size but nevertheless no transmitted
signal at 632.8 and 655nm has been measured because of
large losses.

Optical guided modes have also been observed in the
near-infrared range (1260-1630 nm), where the Si-nc are
transparent and thus absorption losses are negligible. Fig. 3
shows the IL measurements of sample B: propagation
losses decrease with increasing wavelength. Propagation
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Table 2
Propagation losses at different wavelengths

Sample Propagation losses (dB/cm)
633 nm 655nm 785 nm 830 nm 1630 nm
A — — — 70+4 1442
B 136+5 12745 7345 57+4 242
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Fig. 3. Insertion loss measurements as a function of the wavelength in
waveguide sample B.

loss coefficients at 1630 nm are also reported in Table 2 for
both samples. It is worth noting here that sample A
presents a quite larger value with respect to sample B. We
will discuss this point in the following.

5. Optical losses discussion

Various mechanisms contribute to optical losses in rib-
loaded waveguides. In general, propagation losses of a
waveguide mainly come from light scattering due to the
inhomogeneous nature of the core layer (Si nanoparti-
cles of nm dimensions embedded in amorphous silica),
waveguide roughness and absorption losses: oprop. =
O‘Mie-scatt.(;“)—i_ Ofroughness()“)—’_aabs(i)' By considering a nano-
crystal of radius @, we can calculate the Mie scattering loss
contribution (dpie-scatt.) by using [10]

OMie-scatt.(4) = OMie-scatt.(A) NV sine

8n 27m5i0, 4 6 mz -1 :
= — i = 1
3NSIHC< Ji )a m>+2)" M

where Ng;.pc is the Si-nc density, ngjo, the SiO, refractive
index and m the ratio of the refractive index between Si
and SiO..

The roughness contribution o;ughness 1S €xpressed as [11]

167°n2,  p>cos’0
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where p is the surface roughness, sin 6 = neg/ncore 1S the
modal propagation angle within the waveguide, #... the
core thickness, n.s; the modal effective index and #n; and n,
are the refractive indicies of the upper and bottom
claddings, respectively. The losses due to sidewall rough-
ness have not been taken into account because of a
negligible interaction between optical mode and sidewalls
due to the large rib width (about 12 um) and the high
modal confinement factor (very close to 1).

Having determined refractive indices and thicknesses by
m-line measurements, surface roughness by AFM, and
Si-nc mean size and density by TEM image analysis, it is
straightforward to calculate losses due to Mie scattering
and surface roughness by means of Egs. (1) and (2),
respectively.

Mie scattering at 633 nm accounts for about 1.5dB/cm
(sample A) and 0.3 dB/cm (sample B) and for less than 0.5
and 0.1dB/cm at 830nm, respectively. Roughness losses
range from about 1 dB/cm for sample B up to 3dB/cm for
sample A.

For sample B the loss coefficients obtained at 1600 nm
(where absorption of Si-nc is absent) well matches the sum
of Mie and roughness scattering losses. Whereas this is not
the case for sample A: we argue that, due to internal
macroscopic defects of the waveguide, another loss
contribution o, can be taken into account. In a first
order approximation we assume o, to be wavelength
independent.

By uSing the Computed XMie-scatt. (Eq (1)) and Xroughness
(Eq. (2)), the absorption loss coefficients o,,s can be
obtained from the measured oy, data (see Fig. 4 where
also the absorption cross-sections are reported: o,ps =
Oabs/Nsi-ncl)- The modal confinement factor I' is about 1
for visible wavelengths as shown by simulations taking into
account the optical thickness and the waveguide geometry.
Absorption cross-sections of about 3.5x 10~ '"¥cm? have
been found at 830 nm for both samples, independent of the
total amount of propagation losses. Small difference due to
different sizes cannot be appreciated here. Very similar
samples with quite different sizes are needed to investigate
a possible trend on o, as a function of Si-nc size.

It is worth noting that ¢, decreases as a function of the
wavelength (sample B) due to a decrease of the Si-nc
absorbance in the range 400-1100nm as expected [12].
Unfortunately, no optical transmission at shorter wave-
lengths (i.e. 514 or 488 nm) has been detected due to the

) (@)

g+



348 N. Daldosso et al. | Journal of Luminescence 121 (2006) 344-348

200
14
@ Oaps
12 =3
O(Xabs - 150 o
< 3
g 10 E
x 17
o 84 F 100 2
Z c
F S
o 6 s
S
8
Al 50 2
2_
0

T T T T T T T T
600 630 660 690 720 750 780 810 840
Wavelength (nm)

Fig. 4. Absorption losses o,,s (empty symbols) and absorption cross-
sections (full symbols) 6G.ps = dtaps/Nsine of sample B at different
wavelengths. Sample A measured at 830 nm reports the same data within
the error bar.

very large losses, thus preventing any direct comparison
with values obtained from lifetime measurements.

The 0., values found in this paper are quite in
agreement with other results. In Ref. [13] values around
107" cm? have been estimated at 785nm for Si-nc slab
waveguides by supposing a Si-nc density of about
2x 10" em™, whereas in Ref. [3], ion-implanted Si-nc
waveguides with measured Si-nc density of 2 x 10"’ cm™?
and Si-nc size of about 4nm showed o,, of about
5x 107" cm? at 780nm. It is worth noting that a factor
of 2 or 4 in the estimation of the Si-nc density could fill the
difference with our data.

6. Conclusion

Rib-loaded waveguides containing Si nanocrystals have
been fabricated and characterized in terms of structural
parameters such as Si-nc size and density and in terms of
optical losses. Thanks to the determination of the rough-
ness, waveguide scattering has been evaluated as well as

Mie scattering, thus allowing the determination of absorp-
tion losses as a function of the wavelength. Absorption
cross-section was thus obtained, resulting in about
3.5x 107" cm? at 830nm and about 8.5 x 10~ '*cm? at
633nm, typical wavelength for optical gain of these
materials. These numbers are of fundamental importance
for the feasibility of a high performance optical amplifier
that makes use of similar optimized structures.
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