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Micromachining of High-Contrast Optical
Waveguides in111) Silicon Wafers

G. Pandraud, G. Veldhuis, J. W. Berenschot, A. J. Nijdam, H. J. W. M. Hoelkdamber, IEEEO. Parriaux,
and P. V. Lambeck

Abstract—A fabrication technique by KOH etching for very
thin free standing plane parallel silicon bridges in a{111} silicon
wafer is presented. The applications of such a stress free slab as an
evanescent optical waveguide sensor of unusually high sensitivity
are discussed.

1. Silicon nitride deposition
Index Terms—Etching, integrated optics, silicon, waveguides,
Sensors.
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. INTRODUCTION _‘\,\—F:

NTEGRATED optical devices are increasingly being used in

(bio-)chemical sensing applications [1]. Usually, a change
of absorption or the change of refractive index caused by an
analysis above the waveguide sensor surface is monitored. The
main design task for each application is to find a structure which
maximizes the sensitivity on the quantity to be measured. It 70.5°
has recently been shown that a symmetrical waveguide with a
large contrast between the waveguide index and the surrounding
medium exhibits an unusually high sensitivity [2]. In the case of
a water or gas cover, a very large contrast is obtained by using
a pure silicon waveguide.

Several authors have reported on various techniques for
making optical waveguides in or on crystalline silicon [3], [4].
Planar and rib waveguides formed from silicon-on-insulator
(SOI) have exhibited losses significantly lower than 1 dB/cm,
in the 1.3-1.55:m wavelength range [5]. Free carrier plasma
dispersion has been demonstrated in silicon waveguides as a
method of modulating the refractive index [6]. The combination
of these attractive features with the ease of device fabrication
using well-established silicon microelectronic processing is
leading to a growing interest in SOI integrated optical circuits
for optical sensor and communication applications. In this
work, an alternative procedure, and different processes have
been developed for producing single crystal silicon waveguides.
These consist of very thin free standing silicon bridges defined
on a standard111) oriented silicon wafer. We show in this
letter that .SUCh bridge Wavegwde. structure (which has mosE% 1. Plane parallel silicon bridges. (a) Preetching step. (b) SEM picture.
been considered so far for photonic band gap research) exhibits

2. Search of the <111> plane

highly sensitive features which can profitably be used in shorter
term sensor applications.
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Fig. 2. Process flow for the fabrication of single crystal silicon bridges.

direction at the atomic scale. In order to fabricate plan parallel
silicon bridges, we start with a KOH pre-etching step to obtain
a wafer surface perfectly parallel to thigl1) crystal orienta-

icon nitride is deposited on th@11) oriented wafer. Then a
photolithography step and a dry etching of the nitride define an '
opening on the silicon surface. Immersing the wafer in 25 wt%
KOH at 70°C, the(111) plane is revealed. The etching rate is
slow and depends on the angle between(tié) plane and the
wafer surface. For standard wafers presenting an anglé of 1
0.5 the etching rate to find th&l11) plane is about 2m/min. -
Once the preetching step is ended and the new wafer surface i
a(111) plane, the silicon nitride layer is removed in 50% HF. (b)

The second phase for the micromachining of plane parallgy 3. (a) AFM scan and (b) microscope picture of the top surface of a bridge.
bridges is described in Fig. 2 and is based on [7]. A first phag-

tolithography step defines the in-plane shape of the structueetgheOI down after thel 1) plane has been found. Light could

that are to be micromachined. Using a thick patterned reS{ﬁ% easily coupled from free space Into one surface grgtmg and
en coupled out of the waveguide from a second grating back

layer, silicon is dry etched to a depth equal to the thickness re;
into free space.

quired for the final bridge waveguide. After stripping off the re- In order to assess the potential use of such bridges as optical

sist layer, a LPCVD silicon nitride layer is deposited uniformly, . )
. . . élements a measurement of the residual roughness, resulting

Then a new photolithography step is performed using a m . .
. ; . ; - rom the etching process, has been made. Fig. 3(a) and (b) shows
with openings smaller than in the previous step. The silicon M AEM scan and a microscope picture of the top of a bridge
tride film and the silicon substrate are then dry etched and the e P P 9

wafer is immersed in KOH after removing the resist layer. Thrg spectively. A surface roughness of 2.4 nm, after the KOH

o . eetching step, was measured. The microscope picture shows
etch rate is orientation dependent, so the etchant removesthe_.
. N a unhiform surface. In order to make a scan of the surface of the
silicon laterally and parallel to thél11) direction and under

- underside of a bridge, an adhesive tape was stuck on the top of a

of the fact that it is 4111 plane and thus etches very slowl inlf_!)eridge. Tearing it away made the bottom side accessible. Fig. 4
P y Y M resents an AFM scan a) and a microscope picture b) of the

KOH [8]-{10]. Finally, the silicon nitride etch stop is removquottom of a bridge. The rms roughness is 2 nm and the surface

using 50% HF. Possible sticking problems during cleaning aBes not show any staircase resemblance. Using Marcuse’s per-
avoided by etching deeper under the bridge. i

turbation analysis, Rickman [12] calculated the scattering loss

for a silicon core/air clad planar waveguide. For ar-thick-

ness and a 20-nm roughness waveguide, the scattering losses at
Performing the preetching step and the procedure sketcHe823,:m for the Tk mode are about 40 dB/cm. However, in-

in Fig. 2, we obtained the device shown in Fig. 1(b). Hergerface induced scattering is proportional to the square of the

a 20uum-wide and 210-nm-thick (limit of the proposed fab+oughness, so, the proposed process, characterized by a rough-

rication scheme) bridge is shown. Such bridges can be usexbss of 2 nm, can be expected to lead to scattering losses signif-

as waveguides, ridge waveguides or gratings [12] that can ibantly lower than 1 dB/cm.

B. Results
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C. Discussion

The rapid development of optical communications and the
development of microsystems toward optoelectronic integratio&o]

technologies open new possibilities to single crystal silicon int
grated optics. A number of groups are active in this domain [1

where industrial interests have started offering products [14]. 5[511

far, most R&D work is based on the SOI technology [13]. Thi
is not a low cost technology yet and the supply of SOl wafe
still relies upon a restricted number of industrial laboratories.

In contrast with the SOI technology, the slab silicon wave-

guide technology presented here uses standard wafers

primarily leads to waveguides of high contrast. Applications
in the communications field have already been proposed such

as large FSR microring resonator dropping filters at 1u5%-

wavelength [15]. It is probably in the field of sensors, where
manufacturing cost is a key factor, that the proposed technologys]
for the fabrication of symmetrical waveguides using a standar

(111) wafer is the most promising. Silicon is transparent i
the wavelength range of the mid-IR where a large number
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gases have strong absorption bands. Long interaction lengths
are possible and the scattering effects of the residual roughness
is dramatically reduced. Such characteristics are attractive for
environmental applications [16].

In addition, a number of other sensors and microsystems can
advantageously use free standing silicon thin films [17].

Il. CONCLUSION

A low-cost process for producing symmetrical single crystal
silicon slab waveguides is described. The resulting structure has
the potential of becoming a building block for a number of op-
tical microsystems such as unusually large sensitivity evanes-
cent sensors as well as modulators, resonators and filters. The
described technology is a complement to the better known SOI
based waveguide technology and can also be a lower cost alter-
native.
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