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Abstract: Associated to silicon nanocrystals, slot 
waveguides are promising components for the fabri-

cation of fast optical switches. We report here on the 

fabrication of slot waveguides with industrial micro-

electronic tools, especially DUV lithography. The 

filling of slot waveguides with silicon nanocrystals 

within SiO2 by PECVD and LPCVD deposition re-

sults in almost filled waveguides owing to incorrect 

silicon etching profiles. We also report on slot 

waveguide alternative structure: the sandwiched 

waveguide. This structure eliminates the slot filling 

step and allows slot thickness as thin as desired. The 

association of silicon nanocrystals and slot 

waveguides, if used in a Mach-Zender Interferometer 

structure, will pave the way to the first compact all-

optical XOR logic gate entirely fabricated with 

CMOS tools. 

 

Introduction 
Optical interconnections are one of the alternatives to 
overcome the main limitations (limited bandwidth, 
increasing resistance and dissipated power) encoun-
tered by electrical interconnections for short-distance 
communications. In particular, for CMOS circuits 
2km/cm2 interconnections density and almost 4x106 
A/cm2 current density are expected for 2009 accord-
ing to the ITRS roadmap [1]. 
Using silicon as a photonic material is of great inter-
est since this would allow a coherent continuity be-
tween electrical and optical circuits since its full 
CMOS compatibility. Moreover the Si/SiO2 system is 
very well known chemically, thermally and mechani-
cally. Furthermore it would be possible to develop 
low cost and all-optical communication networks 
without bottlenecks induced by electrical/optical 
converters. 
Unfortunately silicon is a poor light emitter since it is 
an indirect gap semiconductor, which results in a 
great difficulty to obtain a 1.55µm wavelength emit-
ting and electrically-pumped silicon laser. But the 
demonstration of a continuous-wave Raman silicon 
laser [2], despite being optically-pumped and emit-
ting at 1.686µm wavelength, has greatly increased 
the interest in silicon light sources and silicon 
photonics. 
Passive devices (filters, couplers, multiplexers…) 
have already been demonstrated using silicon-based 

waveguides and materials exhibiting nonlinear opti-
cal properties. Contrary to bulk silicon which pre-
sents poor nonlinear properties, silicon nanocrystals 
embedded in SiO2 are considered as a very promising 
material for nonlinear applications as its Kerr coeffi-
cient was reported to be in the range of two and four 
orders of magnitude higher than that of bulk Si and 
SiO2, respectively (n2~10-16m2/W) [3]. Fabricated by 
high temperature annealing of LPCVD or PECVD 
deposition of non-stoechiometric SiOx layers, nonlin-
ear properties can be tuned according to nanocrystal-
lites size and density [4,5]. 
As silicon nanocrystals within SiO2 have a relatively 
low refraction index, their use in conventional strip 
waveguides would result in a large cross-section and 
weak light confinement. So a new waveguide archi-
tecture, using E-field discontinuity at the interfaces 
and where light propagates mostly in the low-index 
medium, has been proposed: the slot waveguide [6]. 
It is based on the fabrication of a 100nm-150nm (Ws) 
wide slot in a monocristalline silicon waveguide with 
a width (W) of approximately 500nm and a height (h) 
of 200-300nm. For nonlinear applications the slot is 
filled with SiOx. After high temperature annealing all 
the structures are finally covered by stoechiometric 
SiO2. A schematic of a slot waveguide without clad-
ding layer is shown on Fig. 1. 
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Fig. 1: View of a slot waveguide (Ws=100-150nm, h=200-
300nm, W=500nm, nH � high index medium : silicon, nS 
� small index medium : silicon nanocrystals within SiO2). 

 
Strong index contrast and geometrical confinement 
enables fabrication of highly scalable optical logic 
gates with reduced optical power and dimensions. 
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Enhancement of the efficiency of nonlinear processes 

by a factor ( )2
Gvc  is also possible by using slow 

wave structures concept [7] reducing the group ve-
locity of the light in resonant structures, like slot 
waveguide-based ring resonators. 
Slot waveguides and slot waveguide-based ring reso-
nators have already been fabricated using electron-
beam lithography [8-10] but, due to low temperature, 
PECVD SiO2 deposition did not fill the slot [10]. 
Furthermore electron-beam lithography is not com-
patible with CMOS mass-manufacturing. 

This paper is divided into three parts. The first 
one deals with the fabrication of slot waveguides 
with almost complete filled slot after e-beam lithog-
raphy. The second part demonstrates the fabrication 
of slot waveguides and ring resonators using CMOS 
compatible 193nm Deep-UV lithography. Slot filling 
with SiOx by low temperature deposition process is 
possible but difficult due to SiOx deposition method 
conformality and silicon etching profiles. Then in the 
last part, we will introduce the fabrication of an al-
ternative slot waveguide structure: the sandwiched 
waveguide. This structure eliminates the slot filling 
step and allows the reduction of the slot dimension. 
 
Slot waveguides defined with e-beam lithography 

E-beam defined slot waveguides were fabricated on 
200mm SOI wafers (400nm Si and 1µm SiO2). A 
110nm thick SiO2 layer was used as hard mask for 
silicon etching. The e-beam lithography equipment is 
a LEICA VB6. After silicon etching a 500nm SiO2 
TEOS cladding layer was deposited. 
 

 

 

Fig. 2: FIB-SEM cross-section view of 520nm wide slot-
waveguides with 110nm wide slots and their associated 
ring resonators. 

 
As 500nm wide slot waveguides with 120nm slot 
were expected, the effective dimensions are a guide 
width of 520nm, a guide thickness of 380nm, and a 
slot width of 110nm. 
As can be seen on Fig. 2, a little air bubble appears 

on the top of each slot whatever its width is. Their 
sizes are estimated as 10-15nm for 120nm slots and 
20-25 for 160 and 200nm slots. The bubbles sizes are 
small compared to slot dimensions; thus conse-
quences on waveguiding properties and propagation 
loss might be not significant. 
Propagation losses were measured on basic blocks 
such as MMI, 90° bends and MZI by coupling in TE 
and TM polarized light. Two micron width guides 
with taper section were fabricated on the chip for 
allowing light injection and collection. Light at 
1550nm from a tunable laser is injected by butt cou-
pling through a single-mode-tapered polarization-
maintaining fiber. The output was monitored by an 
infrared camera and the signal collected by an Ge 
detector. 
Table 1 reports the optical losses of the different de-
vices.  
 

Devices TM TE 
Straight WG 6-8dB/cm 6-8dB/cm 
1→2 MMI  2dB 1dB 

90° bend with 
R=30µm 

0.02dB/bend 0.02dB/bend 

Table 1: Optical losses on basic building blocks measured 
on slot waveguides devices. 

 
As can be observed propagation losses are not so 
high (and quite comparable to losses of SOI with 
similar sizes, which are about 4 dB/cm) although the 
slot is not entirely filled. Propagation losses should 
be further reduced once slot waveguides will be fab-
ricated without air bubble in the slot. 
 
Slot waveguides defined with DUV lithography 

DUV lithography either at 248nm or 193nm on 
ASML equipement were used for the purpose of fu-
ture mass manufacturing. Starting on wafers with 
380nm silicon thickness, 150nm thick SiO2 was de-
posited as hard mask. After definition of the patterns 
and hard mask etching, silicon was etched to the bur-
ied oxide. Finally a non-stoechiometric SiOx layer 
was deposited by LPCVD or PECVD and annealed at 
1100°C in a RTP furnace to induce silicon nanocrys-
tals formation. The fabrication process of these slot 
waveguides was done on a CMOS fabrication line. 
The slots are 120, 140, 160, 180 and 200nm wide 
with different guide widths of 500, 520, 540 and 
560nm. 
Deep-UV 248nm lithography on ASM300 has been 
successfully used to achieve 120nm slot waveguides. 
Slot waveguide definition increases with the exposi-
tion dose but slot definition is insufficient and rough. 
If the dose still increases all patterns disappear. Some 
slots waveguides were successfully defined but the 
process margins were too low for a reliable fabrica-
tion as critical dimensions are above Deep-UV 
248nm lithography limits. 
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For mass manufacturing with acceptable fabrication 
margins, Deep-UV 193nm lithography on ASM1100 
scanner was experimented with different exposition 
doses (Fig 3). 
 

 

Fig. 3: SEM top view of slot waveguides just after 
DUV193nm lithography. Ws=100nm. 

 

Slot waveguides with slots as thin as 120 and 100nm 
were successfully defined with high reproducibility. 
So deep-UV 193nm lithography is the right tool for 
slot waveguides fabrication. 
In order to achieve silicon etching, HBr chemistry 
has been chosen since HBr plasma provides excellent 
anisotropic etching with a very good selectivity to the 
oxide [11]. 
 

 

Fig. 4: SEM cross-section view of a 500nm wide slot 
waveguide (Ws=120nm) just after SiOx cladding deposition 
by LPCVD. 

 
On Fig. 4 is reported a FIB-SEM cross-section view 
of a 500nm wide slot waveguide with a 120nm wide 
slot which has been covered with SiOx LPCVD. It is 
obvious that slot waveguide is not filled even if 
LPCVD deposition shows a better filling ability than 
PECVD deposition (not showed) since it is more 
conformal. But the main reason why air bubble is 

present in the slot comes from the silicon etching 
step: silicon profiles bowing phenomena occurs and a 
significant hard mask layer still remains after etching 
that, in addition, increases the aspect ratio of the slot 
and could induce sidewalls roughness. The combina-
tion of aspect ratio increase and deposition accumula-
tion at the top of the silicon results in air bubble for-
mation especially if the deposition process is not very 
conformal such as PECVD. 
Thus control of the slopes of the silicon waveguide is 
one of the key parameters to a good filling of the slot. 
Further refinements on the etching process and the 
hard mask optimization should lead to slot 
waveguides filled with silicon nanocrystals with 
mass manufacturing process. 
 

Sandwiched waveguides fabrication 

In order to reduce processing difficulties encountered 
above such as defining slot waveguides with lithog-
raphy, silicon edges control, and slot filling with 
SiOx, an alternative process was developed: On 
200mm SOI wafers with 205nm Si and 1µm BOX, 
SiOx deposition was achieved with a thickness be-
tween 50nm and 120nm either by LPCVD or 
PECVD. The silicon nanocrystals we formed after 
1000°C RTP annealing in N2 atmosphere. Then low 
loss hydrogenated amorphous silicon [12] was depos-
ited followed by 300nm TEOS SiO2 deposition act-
ing as hard mask (Fig. 5). 
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Fig. 5: View of a sandwiched waveguide without SiO2 
cladding layer. 

 
After 248nm Deep-UV lithography and hard mask 
etching, the three layers (amorphous silicon, SiOx 
and monocristalline silicon) were etched sequentially 
down to the buried oxide. Finally a SiO2 TEOS clad-
ding layer was deposited by PECVD (Fig. 5). Sand-
wiched waveguides of 300 and 500nm width were 
obtained. 
On Fig. 6 is reported a SEM cross-section of a sand-
wiched waveguide. As can be seen, due to fabrication 
error, almost 300nm amorphous silicon was depos-
ited instead of 200nm. It results in a decrease of the 
confinement of the light and a shift of the propagat-
ing mode towards amorphous silicon. Moreover lat-
eral etching of the amorphous silicon can be ob-
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served just above the SiOx layer. Neverheless, the 
thin SiOx layer, obtained by LPCVD, leads to strong 
confinement of the light. 
 

  

Fig. 6: SEM cross-section of a sandwiched waveguide with 
47nm SiOx. Waveguide width and heigth are respectively 
691nm and 554nm. 

 
Propagation losses of the waveguide reported in Fig. 
6 were extracted: by injecting light at 1550nm in a 
1mm long waveguide, the output of this waveguide 
was monitored for TE and TM polarization. As low 
as 4dB/cm propagation losses were measured for the 
two polarizations. Reduced propagation loss may be 
obtained with 200nm amorphous silicon instead of 
300nm as well as improved etching profiles. 
 
Conclusion 

Different slot waveguides fabrications were pre-
sented in this paper. The first fabrication of almost 
filled slot waveguides with a low temperature SiO2 
TEOS deposition was obtained with ebeam lithogra-
phy. Although a very small air bubble is present in 
the slot, characterization results showed less than 
10dB/cm propagation loss for this kind of 
waveguide. Improvement in the filling of the slot will 
be obtained with a very conformal deposition such as 
LPCVD. Using CMOS compatible 248 & 193nm 
Deep-UV lithography, first demonstration of the fab-
rication of slot waveguides and slot waveguide-based 
ring resonators with mass manufacturing process was 
shown. DUV 193nm lithography and HBr silicon 
etching were used to reliably form the slot 
waveguides. With optimization of the silicon edges 
of the waveguides, perfect filling with silicon 
nanocrystals should be obtained. A new alternative 
process was discussed which leads to the fabrication 
of sandwiched waveguides. With this process, SiOx 
slots as thin as 10nm can be obtained, leading to an 
increase of the light confinement. The fabricated 
sandwiched waveguides show propagation loss as 
low as 4dB/cm which should be reduced with an op-
timized fabrication process. These first results are 

thus the first step toward the low-cost CMOS com-
patible manufacturing of all optical silicon-based 
logic gates. 
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