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Abstract

In view of the integration within Si-based optical devices, LPCVD (low-pressure chemical vapor deposition) thin-film

Si3N4 waveguides have been fabricated on a Si substrate within a CMOS fabrication pilot-line. Different structures

(channel, rib and strip-loaded) were designed, fabricated and characterized both optically and structurally to optimize

waveguide performances. Geometry, sidewall as well as layer roughness of the waveguides have been investigated by

scanning electron microscopy and atomic force microscopy. Optical guided modes have been observed and propagation

loss measurements at 632.8 and 780 nm have been performed by using the cut-back technique, the insertion

loss technique and scattered light collection. The channel waveguides have shown propagation losses of about

0.1–0.2 dB/cm. Differences between geometries and lithographic processes have been discussed. Polarization

dependence of propagation losses has been investigated too.

Optical guided modes have also been measured in the near-infrared range (at 1544 nm), where propagation losses are

about 4.5–5 dB/cm, quite larger with respect to the visible, because of the poorer confinement factor of the optical

modes.

r 2004 Elsevier Ltd. All rights reserved.

Keywords: Complementary metal-oxide-semiconductor (CMOS)-compatible technology; Optical propagation losses; Silicon nitride;

Silicon-integrated photonics; Waveguides
1. Introduction

In recent years some concerns related to fundamental

materials and processing aspects about the evolution of

microelectronics have been raised [1]. For example, as

the integration is progressing the length of the inter-

connects on a single chip is getting longer and more

complex. Nowadays chips have total interconnection
e front matter r 2004 Elsevier Ltd. All rights reserve
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length per unit area of the chip of some 5 km/cm^2 with

a chip area of 450mm2. This results in device limitations

in terms of speed, packaging and power dissipation [2].

A possible solution could be the use of optical

interconnects [3]. Till now, various passive optical

components have been developed for WDM-based

photonic networks [4]; however, most of these are not

compatible with silicon technology. Hybrid technology

makes the system fabrication difficult and costly because

different materials have to be assembled in a unique

device. Silicon microphotonics, which merges photonics

and silicon microelectronic components, might reduce
d.
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the cost of production and improve the integrability of a

device [5,6]. It is predicted that optical interconnects will

be used to connect computer boards in few years, while

the use of optical interconnects within the chip will

possibly be realized in 10–15 years from now [7].

The first component ubiquitous in silicon micropho-

tonics is the optical waveguide, which is used to channel

light signal in the system. A natural choice is to look for

some of the commonly used dielectrics in microelec-

tronics. Thin waveguides with Si3N4 core surrounded by

SiO2 cladding layers represent one of the best solutions

to have large refractive index difference (Dnffi0.55), low

scattering losses, no absorption losses and compatibility

with Si technology. Various low-loss optical waveguides,

produced by different techniques, have been reported in

the last 30 years [8–15], and some applications in optical

devices have been already demonstrated [16–18]. How-

ever, it was shown that Si3N4 waveguides present

remarkable losses due to the vibrational overtones of

Si–H and N–H bonds, thus preventing competitive

waveguides for the third telecom window [10,14].

In this paper, we report on the systematic fabrication

and characterization of low-loss Si3N4/SiO2 waveguides

produced within a CMOS fabrication pilot-line by low-

pressure chemical vapor deposition (LPCVD). The use

of LPCVD reduces interface roughness and conse-

quently the related scattering losses. We investigated

the optical properties of thin-film Si3N4 waveguides

deposited on Si substrate as a function of the waveguide

geometry and fabrication technology by using visible

and infrared light. Three kinds of waveguides were

designed, fabricated and characterized: rib, channel and

strip-loaded.
2. Experimental

In CMOS fabrication, silicon nitride is either depos-

ited by using LPCVD (at 700–800 1C) or by plasma-

enhanced chemical vapor deposition (PECVD, at

200–400 1C). Stoichiometric Si3N4 has negligible absorp-

tion losses and quite large refractive index (2.01 at

780 nm) and is therefore, nearly an ideal material for the

guiding layer. A problem for waveguide fabrication is

the high tensile stress of such LPCVD silicon nitride

films (1.3GPa for the Si3N4 used in this study), which

limits the maximum film thickness to approximately

250 nm—thicker films tend to crack. Propagation losses

are essentially related to scattering losses and to leakage

losses towards the Si substrate. Leakage losses towards

the Si substrate have been avoided by growing a

sufficiently thick layer of SiO2 (2.0 mm). Since the

sidewall roughness and geometry significantly influence

the propagation properties, we tested different etching

processes for waveguide definition (chemical etching

with H3PO4 and two different plasma etching processes).
However, the relatively large width (about 10mm)

reduces scattering losses due to irregularity of lateral

edges of the mesa structures.

The fabrication process is briefly summarized in the

following: a 2.0 mm cladding layer of boron–phosphor–

silicate glass was deposited on the Si substrates. The

silicon nitride guiding layer of 200 nm was deposited by

a LPCVD process and the two-dimensional (2-D)

rectangular waveguides were defined by lithography

and etching. In this way we obtain rib geometry.

Channel waveguides were obtained from rib-waveguides

by covering the rib with a 520 nm layer of a medium-

temperature LPCVD TEOS SiO2 (SiO2 precursor:

tetraethyl orthosilicate) top cladding. In case of the

channel waveguides the rib was defined either with the

silicon nitride plasma etcher (i.e. sample G3) or with an

oxide plasma etcher (i.e. sample G4). For the strip-

loaded waveguides, both chemical (wet) and plasma

(dry) etching were used to define the loading 520 nm

thick layer of SiO2 strip over the Si3N4 layer. Wet-

etching was done with BHF 7:1 (buffered HF); etching

process stops exactly at the SiO2/Si3N4 interface (i.e.

sample G5). Plasma oxide etching was also attempted

using a fixed time (i.e. sample G6). The selectivity

between SiO2/Si3N4 is low. Optical interference and

SEM analysis show that besides removing the SiO2 layer

about 30 nm of Si3N4 was removed also.

To improve the facets of the waveguides, we defined

them by a dry-etching process and then the edges of the

Si substrates were removed by anisotropic wet-etching

with TMAH (tetramethyl-ammonium-hydroxide). This

procedure simplifies the coupling of the light and

reduces insertion losses. A scanning electron microscopy

(SEM) image of a typical facet obtained with this

procedure together with a scheme is given in Fig. 1.

SEM has been employed to check the deposition and

etching processes by investigating geometry, sidewall as

well as layer roughness of the different waveguides

structures.

Atomic force microscopy (AFM) has been used to

characterize the morphologic structure of the wave-

guides. AFM imaging was performed in tapping mode

in the air by using a Si non-contact mode cantilever with

a resonant frequency of 210 kHz. Prior to use, the

piezoelectric scanner was calibrated by using reference

standard grating. As an example (sample G1), a

27.6mm� 27.6mm, 512� 512 pixel, air AFM image of

the surface of channel waveguide is shown in Fig. 2. The

cross section profile taken along the line indicated on the

AFM image allows to appreciate and estimate the lateral

dimension and the height of the waveguide. The lateral

dimension is about 12.8 mm. The large measured height

(about 490 nm) is due to the fact that an over-etching of

the SiO2 bottom cladding occurred because of the non-

perfect calibration of the oxide plasma etching. This

over-etching was documented also by SEM images.
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Fig. 2. Room temperature air AFM image of G1 sample.

Image size is 27.6mm� 27.6mm, 512� 512 pixel. Cross section

line profile taken along the line indicated on the AFM image.

waveguides SiO2 cladding

section of a V-groove
in Si substrate

Fig. 1. Scheme and SEM image of the facets of the silicon-nitride waveguides defined by a combination of plasma etching and

anisotropic etching with TMAH.
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Propagation loss measurements have been performed

by using the cut-back, light scattering (top-view) and

insertion losses technique. In the cut-back technique,

waveguides have been cleaved at different lengths and

the intensity of the transmitted light has been measured.

The top-view technique is based on the assumption that

the scattered light intensity observed from the top of the

waveguide is representative of the attenuation of the

optical mode propagating along the waveguide’s length.

The decrease of the top scattered light can be easily

detected by looking at the surface of the waveguide with
a camera. The insertion loss technique is based on the

measurement of the power transmitted from the

waveguide output facet as a function of the input

power. This technique can be useful to estimate the

propagation loss through the waveguide, once coupling

losses have been estimated and/or calculated. Average of

multiple measurements (from 5 to 30) on different

waveguides are always reported for each technique.

Waveguides have been measured by coupling-in light

from a laser diode (780 nm—10mW or 1544 nm—5mW

of power) through an objective (40� ) or a single-mode

tapered fiber and coupling-out the light with microscope

objective (40� ) matched to a zoom mounted on a high-

performance CCD (or InGaAs) camera. Nano-position-

ing stages are used to efficiently inject the light within

the thin waveguide. A prism beam splitter allows

dividing the transmitted light in two parts: one is

directed to the CCD (or InGaAs) camera, the other is

directed to a calibrated Si photodiode (or Ge detector)

which yields intensity measurements of the transmitted

light. Top-view observation is performed by means of an

optical microscope and a CCD (or InGaAs) camera

mounted on top of the measuring system.
3. Results and discussion

Fig. 3 shows an example of the transmittance

measured by the cut-back technique at 780 nm for the

strip-loaded sample G6. Data (reported in natural

logarithmic scale) show linear behavior. The linear fit

results in a propagation loss coefficient of about

1.570.2 dB/cm. It is worth noting that fitting either

the averaged values or the maximum values results in the

same loss coefficient. Propagation loss coefficients have

been obtained also by the top-view technique. Fig. 4

reports the data for the channel waveguide G3 at

780 nm. Scattered intensity is given in natural logarith-

mic scale. A linear fit of the data yields a propagation

loss coefficient of 0.170.05 dB/cm. Table 1 presents the

propagation loss coefficients of the different samples.

Values obtained by the two different techniques are in
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good agreement. This is quite important in establishing

a good practise. The cut-back technique appears to be

more correct, but it is sample and time consuming
Fig. 3. Transmittance measurements as a function of sample

length (cut-back technique) of a strip-loaded waveguide (sample

G6) at 780 nm. The propagation loss coefficient is 1.570.2 dB/

cm.

Fig. 4. Scattered light intensity (top-view measurements) along

the sample length of a channel waveguide (sample G3) at

780 nm. The propagation loss coefficient is 0.170.05 dB/cm.

Table 1

Propagation losses at 780 nm as a function of geometry and fabricati

Samples Waveguides

Gl Rib (oxide plasma etcher)

G3 Channel (nitride plasma etcher)

G4 Channel (oxide plasma etcher)

G5 Strip-loaded (BHF wet etching)

G6 Strip-loaded (oxide plasma etcher)
because of the needs of reproducible coupling condi-

tions, good waveguide facets and long measurement

times. The top-view method, once validated against the

cut-back method, is very simple and rapid.

From Table 1, significant differences between the

various samples can be observed. Channel waveguides

show low propagation losses, whereas rib and strip-

loaded waveguides present one order of magnitude

larger losses at 780 nm. The quite large loss-value of rib

waveguides (sample G1) is probably due to the fact that

the guiding layer is directly exposed to the air, thus

enhancing scattering losses due to roughness and defects

on the top surface. Propagation losses of strip-loaded

waveguides (G5 and G6) are comparable to the

corresponding planar waveguides (about 1.5–2 dB/cm).

This is in agreement with the fact that the highest optical

modes are not well-confined and extend through the

planar core. Channel waveguides (G3 and G4) present

propagation losses of about 0.2 dB/cm. No significant

variation can be attributed to the different plasma

etching processes used (sample G3 and G4). They cause

a variation in the slope of the lateral edges, which

are not critical because of the good confinement of the

optical modes and the large width of the channel. On the

contrary, the etching depth can play a key role,

differences are observed between the propagation losses

of samples G5 and G6. Sample G6, defined by plasma

etching, results in a structure with a large confinement of

the modes under the loaded area. This is caused by the

removal of about 30 nm of Si3N4 (as shown by SEM)

during the oxide plasma etching process. Hence the

effective refractive index of the lateral cladding is lower

for sample G6 than for sample G5, which in turn causes

a better optical confinement.

In agreement with the simulated dependence of the

modal confinement on the polarization state (not

reported here), a polarization dependence of propaga-

tion losses has been measured by coupling-in polarized

(TE or TM) light from a He–Ne laser (632.8 nm—

5mW). Moreover, propagation losses have been eval-

uated for the different optical modes by means of a

selective excitation achieved by a fine control of the

input angle and verifying the mode profile at the output
on

Propagation loss coefficient (dB/cm)

Cut-back Top-view

271 1.870.2

0.270.2 0.170.05

0.370.2 0.270.2

2.570.6 —

1.570.2 1.470.4
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Fig. 5. Transmittance measurements as a function of the

sample length (cut-back technique) of a channel waveguide

(sample G3) at 1544 nm. The propagation loss coefficient is

4.870.5 dB/cm.
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facet. Results are reported in Table 2 for waveguide G3

taken as representative sample. Similar results have been

obtained also for the strip-loaded waveguide G6. An

increase in the propagation loss coefficient with increas-

ing the optical mode’s order and a dependence on the

polarization state is shown. It is worth noting that the

TM losses are larger than TE ones. This difference is

appreciable only for the higher order modes where

propagation losses are larger. In fact, the increase of

propagation losses as a function of the mode number is

due to the increased scattering of light on the sidewalls

of the channel.

Optical guided modes have also been measured in the

near infrared range at 1544 nm. Fig. 5 shows the

transmittance measured by the cut-back technique for

the channel waveguide G3. From the linear fit results a

propagation loss coefficient of about 4.870.5 dB/cm. In

Fig. 6, an example of a top-view measurement is shown

for the strip-loaded waveguide G6. An exponential

decay fit to the data (presented in linear scale) yields a

propagation loss coefficient of 6.270.5 dB/cm. The

propagation loss coefficients of the different samples

are reported in Table 3. Values obtained by the three

different techniques are in good agreement.

Propagation losses at 1544 nm are quite larger than in

the visible range and do not show substantial differences

between the different waveguide geometries, though

channel waveguides show lower propagation losses

coefficient (about 4.5 dB/cm) than strip-loaded wave-

guides (about 6 dB/cm). The difference with the values

obtained at 780 nm (Table 1) is mainly due to the poorer
Table 2

Propagation losses at 632.8 nm as a function of guided mode

and polarization for sample G3

Mode Propagation

loss coefficient

(dB/cm)

Mode Propagation

loss coefficient

(dB/cm)

TE0 0.270.2 TE10 0.870.2

TM0 0.370.2 TM10 1.270.2

TE1 0.270.2 TE14 1.070.2

TM1 0.370.2 TM14 1.370.2

Table 3

Propagation losses at 1544 nm as a function of geometry and fabrica

Samples Waveguides

G3 Channel (nitride plasma etcher)

G4 Channel (oxide plasma etcher)

G5 Strip-loaded (BHF wet etching)

G6 Strip-loaded (oxide plasma etcher)
confinement factor (20–40% as obtained by simulation

at 1544 nm) of the optical mode and not due to

absorption losses. In fact, the use of LPCVD technique

results in low hydrogen content in the silicon nitride
Fig. 6. Scattered light intensity (top-view measurements) along

the sample length of a strip-loaded waveguide (sample G6) at

1544nm. The propagation loss coefficient is 6.270.5 dB/cm.

tion

Propagation loss coefficient (dB/cm)

Cut-back Top-view Insertion losses

4.870.5 4.370.5 4.871

— 4.970.5 4.471

— 4.170.5 4.371

5.870.6 6.270.5 671



ARTICLE IN PRESS
N. Daldosso et al. / Materials Science in Semiconductor Processing 7 (2004) 453–458458
layer (as shown by IR absorption measurements, not

reported here), reducing the absorption of the vibra-

tional overtones of Si–H and N–H bonds.

The propagation losses values of our waveguides are

within the state of the art of silicon nitride waveguides:

0.1 dB/cm for TE0 mode at 632.8 nm has been reported

in one of the earliest work on silicon nitride wave-

guiding film [9] and in more recent papers [15,16];

whereas higher values, about 0.3 and 0.6 dB/cm, have

been reported at 632.8 nm on silicon nitride planar [13]

and ridge-type waveguides, respectively [14]. It is worth

noting that our results rely on the careful control and

CMOS compatibility of the deposition process, and

the reduced thickness of the silicon nitride core layer.

To overcome the poor optical confinements in the IR

range, mainly due to the thin core thickness, multi-

layered waveguides have been designed and are in

fabrication.
4. Conclusions

In this paper we have presented results on low-loss

silicon-nitride waveguides fabricated within a CMOS

pilot-line. All used processes are standard for micro-

electronics industry, which allow a good transferability

of the reported results. We have fabricated and tested

three different geometries of waveguides and found that

channel waveguides show propagation losses of

0.1–0.2 dB/cm and with TE mode better guided (about

25–30%) with respect to TM mode in the visible range.

In the infrared range, propagation losses are larger

(about 4.5 dB/cm) and essentially due to the poor mode

confinement within the thin core layer.
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