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Plasma enhanced chemical vapor deposition (PECVD) and electron cyclotron resonance (ECR) etching
were used in the development of silica layers for planar waveguide applications. The addition of GeHy to
silica was used to control the refractive index of core layers with core-to-clad index differences in the range
of 0.2%—1.3%. Refractive index uniformity variance of £0.0003 was achieved after annealing for 4-inch Si
(100) wafers. The core layers with thickness up to 6 pm were etched by ECR with optimized recipe and
mask material. Low-loss silica-on-silicon waveguides whose propagation loss is approximately 0.07 dB/cm

at 1550 nm are fabricated.
OCIS codes: 130.3130, 230.7380, 160.6030.

Low insertion loss, efficient fiber pigtails, and high inte-
gration density are highly desirable features of devices for
optical communication. Materials employed in integrated
optics can be classified as either low-contrast type (e.g.,
doped silical'l, LiNbO3) or high-contrast type (e.g., IITT—
V materials). The coupling efficiency of fiber-to-chip is
excellent in low-contrast systems[?!, but relatively large
bend radii are required, leading to a low integration den-
sity. High-contrast systems®], on the other hand, allow
very small bending radii and compact devices, but they
are difficult to get high-efficiency fiber coupling. There-
fore, fabrication of silica waveguide on silicon substrate
is especially attractive, and it can take advantage on the
well-established semiconductor processing technologies
to develop new devices. The silica etching process in
planar lightwave circuits (PLCs) is similar to that for
semiconductor integrated circuits (ICs), but there is a
major difference in the thickness that needs to be etched.
The etching depths required for the fabrication of silica
waveguide normally exceed 5 pm. The major challenge
is to etch patterns on silica layer with clean surface and
vertical profile. In the mean time, mask material has
to be properly selected to minimize the re-deposition of
etching by-products and plasma-induced surface dam-
age.

In this letter, we report the development of low loss
plasma enhanced chemical vapor deposition (PECVD)
films that demonstrate refractive index control to the
uniformity variance of +0.0003, which is essential in
waveguide designs where the calculated tolerances are
extremely stringent. The developed 6-pum core lay-
ers containing germanium doping exhibit optical losses
of approximately 0.07 dB/cm when incorporated into
waveguide design. At the same time, in order to increase
the etching rate and minimize the surface contamina-
tion, high density plasma etching process using electron
cyclotron resonance (ECR) with a 13.56-MHz radio fre-
quency (RF) bias and a 2.45-GHz microwave generator
has been developed for the PLC fabrication. Commonly,
reactive ion etching (RIE) system is used for the waveg-
uide core layer etching, where plasma generated only by
a RF discharge has low etching rate, poor etching profile
verticality, and rough sidewall in result of low plasma
density and severe bombardment with high ion energy.
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For an ECR etching system, the plasma was generated
mainly by microwave generator, and the ion bias volt-
age was controlled by the power source. Separating the
plasma ion density control (microwave) from the plasma
ion energy control (RF bias) results in a highly con-
trollable etching process whereby high plasma density
(1011102 ¢cm—3) and high rate processes at low ion
energy (low electron volts) are achieved. An additional
benefit of using ECR is its low operating pressure. It
results in very high ion mean free paths which ultimately
dictate the angle at which an ion impacts the wafer
surface, hence further enhancing the anisotropy of the
etch and fine sidewall roughness. Operating at such low
pressures in a standard RIE chamber would drastically
reduce the plasma density and greatly increase the ion
energy, totally opposite to the desired effect.

For standard single mode fiber (SMF-28) with 6 x 6
(um) core size, when the refractive index change An =
0.0075, the numerical calculation result of high fiber-
coupling efficiency of 0.4-dB loss can be reached. The
waveguide is fabricated on a standard 4" silicon wafer.
The films are deposited by a parallel plate PECVD re-
actor with a grounded lower electrode and a RF driven
upper electrode. The wafer was placed on to the lower
electrode, which was heated to 350 °C, giving a substrate
temperature of approximately 330 °C. Good ground-
ing contact of the lower electrode is essential for such
properties as uniformity and repeatability of refractive
index and thickness. A buffer layer of 12-um thickness
(n = 1.4508 at 1546 nm) is deposited using 5%SiH4:N»
and N,O as the reactants, followed by the core layer
deposition of 6-pm-thick silicon oxide (n = 1.4618 at
1546 nm) using 10%GeH:Ar, 5%SiH4:N», and N»O.
The refractive index contrast between the core and the
claddings was adjusted by tuning the 10%GeH4:Ar flow
rate. After annealing at 1100 °C in oxygen environment
for four hours, the Ge-doped oxide core layer is struc-
tured in a nickel-masked ECR-process using CHF3 and
O, as the etchant. Thereafter, a top cladding layer of
the thickness > 12 pym is deposited using PECVD under
the same conditions as buffer layer deposition.

In PECVD process, RF-induced plasma activation pro-
vides thin film decomposition at low operating temper-
atures because the transfer energy needed for deposition
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is obtained from plasma to reactant gases. The discharge
ionizes the gases, and creates radicals reacting at wafer
surface. The quality of the PECVD deposition of thin
films depends strongly on reactor parameters such as
RF power, work pressure, temperature, and reactant gas
mixture. 5%SiH4:N»> was used as the silicon source for
safety and uniformity!. Pure silane is highly flammable
in air which is often undesirable, however silane diluted
below its explosion threshold of 4% will not burn in the
event of a leak. Nitrous oxide is the preferred oxygen
source as silane will not react to it at standard pressures.
These ensure the films to have virtually no silica parti-
cles/dust.

The waveguide pattern was defined by a nickel layer
using standard lithography and wet etching process. In
our experiment, an 80-nm nickel masking layer is de-
posited by sputtering on top of the core layer, and using
HF:HNOj3 (1 : 1) mixed wet etchant to define the waveg-
uide pattern on nickel layer after photolithography. Then
the waveguide channels are formed by etching in ECR
system using CHF3 and Os.

The shape of the waveguide and etched surface mor-
phology can be controlled by changing the etch param-
eters. The etched profile depends also on the quality
of the nickel mask, the reason is that sidewall rough-
ness of the mask layer affects the edge of the waveg-
uide during the ECR etching process. Figure 1 is
the scanning electronic microscope (SEM) image of
the etched waveguide, and a vertical profile (> 87°)
of the edge is shown. A cross section micrograph of
the waveguide structures with buffer layer, core layer,
and cladding layer is shown in Fig. 2. The film thick-
ness and refractive index were measured using a Met-
ricon Prism Couplerl®® with a high-resolution stage
at 1546 nm, the preferred telecommunication wave-
lengths. They were based on the 5-point measurement
method (C, N, E, S, W, edge exclusion zone 5 mm for
4" wafer). The uniformity variance of film thickness
was calculated from (max —min) x 100%/(2 x average)
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Fig. 1. SEM picture of the core ridge structure of waveguide.
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Fig. 2. Scheme (a) and micrograph (b) of a cross section of
the waveguide.

and the refractive index from (max — min)/2. Film stress
was measured using an FSM128 intelligent film stress
measurement system to calculate the difference between
pre- and post-process wafer bows.

Figure 3 shows the refractive indices of the buffer layer
and cladding layer for various N»O:SiH, ratios. Results
show that the fabricated silicon oxide film can have re-
fractive index ranging from below 1.450 to 1.465.

The conditions of N5 O:SiH, ratio 85 : 1 was chosen for
the buffer layer and cladding layer deposition, and based
on this we have studied the core layer refractive index
varying with the GeH, flow rate, as shown in Fig. 4. The
graph shows larger refractive index changes after anneal-
ing for more highly Ge-doped films. With 40 ml/min of
10%GeH4:Ar flow, An over the un-doped baseline was
1.5%.

1.462 \

w 1.460 1 \\
% pel
£ 1.458 1
o 1
2 1.456 1
g 1
£ 1.454 1
& 1 N
2 1.452 1 -
] \.
1.450

45 50 b5 60 65 70 75 80 85 90
N,O:SiH,ratio

Fig. 3. Refractive index for various N>QO:SiHy ratios.
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Fig. 4. Refractive index of the film for various GeHy:Ar flow
rates as deposited and after thermal annealing.
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Fig. 5. Refractive index uniformity variance for various
GeHy:Ar flow rates as deposited and after thermal annealing.
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Figure 5 displays the improvements in refractive index
uniformity variance that can be achieved after annealing.
The uniformity variance for all annealed films is less than
+0.0003, and it is further improved upon annealing. This
is unlikely to be due to a reflowing effect as SiOs does
not reflow until 1400 °C (or slightly lower with increased
Ge content).

The stress of the oxide films is always compressive after
annealing. Figure 6 shows how this compressive stress
decreases with increasing GeHy flow.

Normally PECVD oxides are in corporate with hydro-
gen and nitrogen because of the low deposition temper-
ature and the hydrogen-rich precursors silane, nitrogen-
rich precursors nitrous oxide!”). An infrared spectrum
of the unannealed SiO» waveguide is shown in Fig. 7.
The overtones of the O—H and N—H bonds cause the
absorption around 1500 nm.

The removal of O—H and N—H bonds in the anneal-
ing process has reduced optical loss. The insertion loss
of different length of 6 x 6 (um) channel waveguides is
measured with the setup consisting of Anritsu MT9810A
optical test set and Anritsu ML9001L optical power
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Fig. 6. Stress after annealing of Ge-doped SiO» films.
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Fig. 7. Absorption spectrum of the unannealed SiO» waveg-
uide.
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Fig. 8. Fiber-to-fiber optical loss as a function of channel
waveguide length.

meter. The relative fiber-to-fiber optical loss as a func-
tion of the propagation length in the channel is shown in
Fig. 8. From this data, a maximum coupling loss of 0.5
dB/facet and propagation loss of less than 0.07 dB/cm
are determined.

In conclusion, it has been shown that high quality
optical layers that meet the demands of planar waveg-
uides can be produced using PECVD silica doped with
germanium. The refractive index uniformity variance
of £0.0003 enables the layers to be incorporated into
stringent waveguides designs. Annealed films with ECR
anisotropic vertically etching can exhibit optical loss
of approximately 0.07 dB/cm measured on fabricated
An = 0.75% waveguides.
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