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ABSTRACT Etching of amorphous Al,O3 and polycrystalline
Y,0s films has been investigated using an inductively coupled
reactive ion etch system. The etch behaviour has been studied
by applying various common process gases and combinations of
these gases, including CF4/0;, BCl3, BCl3/HBr, Clp, Cly/Ar
and Ar. The observed etch rates of Al,O3 films were much
higher than Y,O3 for all process gases except for Ar, indicat-
ing a much stronger chemical etching component for the Al,03
layers. Based on analysis of the film etch rates and an investiga-
tion of the selectivity and patterning feasibility of possible mask
materials, optimized optical channel-waveguide structures were
fabricated in both materials. In Al,O3, channel waveguides
were fabricated with BClz/HBr plasma and using a standard
resist mask, while in Y,O3, channel waveguides were fabri-
cated with Ar and using either a resist or a sputter deposited
Al,O3 mask layer. The etched structures in both materials ex-
hibit straight sidewalls with minimal roughness and sufficient
etch depths (up to 530 nm for Al;O3 and 250 nm for Y,03)
for defining waveguides with strong optical confinement. Using
the developed etch processes, low additional optical propaga-
tion losses (on the order of 0.1 dB/cm) were demonstrated in
single-mode ridge waveguides in both Al,O3 and Y,03 layers
at 1550 nm.

PACS 42.70.-a; 42.82.-m; 42.82.Cr

1 Introduction

Aluminium oxide and yttrium oxide layers are
known to be excellent hosts for rare-earth ions and prospec-
tive materials for active integrated optical applications [1].
Both materials have sufficiently large refractive indices for the
realization of highly compact integrated optical devices and
possess a high transparency, which is a prerequisite for low-
loss optical waveguides. Moreover, they can be deposited on
silicon substrates enabling compatibility with standard sili-
con technology. In particular, amorphous and polycrystalline
Al,O3:Er [2] and polycrystalline Y,Os3:Er [3] layers have
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been studied for laser and amplifier applications operating
in the third telecommunications window (around 1550 nm).
Each material offers different advantages, depending on the
particular application: Al,O3:Er devices offer a broad emis-
sion line width, useful for amplification over a wide wave-
length range and tuneable laser applications, while Y,0O3:Er
has a much narrower line width and higher peak cross sec-
tions, hence lower gain threshold, and higher thermal con-
ductivity, all useful for single-wavelength laser applications.
Due to these well-known advantages, the deposition of high
optical quality rare-earth-ion-doped films of both Al,O3 and
Y03 has recently been the subject of intense study [4-9].
Y,03 films with losses of less than 1 dB/cm at 800 nm [10]
have been demonstrated, and more recently as-deposited films
with losses as low as 0.11 dB/cm at 1522 nm [11] have been
demonstrated in Al,O3, showing the potential for low intrinsic
waveguide losses, which are necessary for sufficient net gain
in the doped layers.

In order to realize high-quality integrated active wave-
guide devices in such low-loss Al,O3 and Y,03 layers, a re-
liable patterning technique is required. For Al,Os:Er, Ar-
ion-beam milling (or sputtering) has previously been used
to define ridge waveguide structures [12], and recently wet
chemical etching has also been employed [13]. Y,O3 ridge
waveguides have also been fabricated using Ar-beam sput-
tering [14] and wet chemical etching [15]. However, both
techniques (physical etching via Ar-ion-beam milling and wet
chemical etching) limit both the overall resolution of the pro-
cess and the steepness of the sidewall profile. Furthermore,
the etch depths were limited to 300 nm in the Ar milling case
and less than 400 nm for wet etching of Al,O3. The structures
obtained using Ar-ion-beam etching in Y,O3; were limited to
2-pwm widths and only very shallow etch depths (< 100 nm)
were reported.

With the aim of achieving sufficient gain in active wave-
guide devices, a fabrication technique is required with high
resolution, sufficient etch depth and low additional losses in-
troduced by the etch process itself. For high resolution, good
selectivity to the mask material and steep (anisotropically
etched) sidewalls are required. Deeply etched channels (as
opposed to shallow-etched ridge-type structures) also may
be required for high confinement to achieve good overlap of
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the pump and signal beams and minimize the bend radius
(without significantly adding to the losses). Finally, for low
additional losses due to channel etching, smooth sidewalls
are required. Reactive ion etching (RIE) is the preferred etch-
ing method to achieve these goals, because it combines both
physical and chemical etching mechanisms, resulting in op-
timized structures with steep, smooth sidewalls. The plasma
etching characteristics of Al,O3 films in various chemistries
have been widely studied [16-21], and recently reports on
the RIE behaviour of Y,0j3 films have also appeared in the
literature [22, 23]. RIE of optical waveguides in Al,Os3 films
has been reported [24], but the process involved a compli-
cated three-level masking procedure and utilized a metallic
Cr mask, which is less desirable than other materials, because
metals can introduce extra losses in the waveguide. In this
paper, the etching behaviour of amorphous Al,O3 films, poly-
crystalline Y,Os3 films, and possible masking materials are
investigated using an inductively coupled plasma (ICP) RIE
system. Based on the etching data, optimized processes have
been developed for fabricating high-quality, low-loss chan-
nel waveguides in both materials. The optical propagation
losses of the obtained channel waveguide structures have been
characterized.

2 Experimental

Amorphous Al,03 and polycrystalline Y,0j3 films
were reactively co-sputtered on thermally oxidized (100)
Si substrates. The sputtering systems applied, deposition
methods and resulting film morphologies and layer proper-
ties for both materials have been detailed elsewhere [3,4, 11].
The refractive indices of the Al,O3 and Y,03 layers were
measured using a spectroscopic ellipsometer, and were found
to be 1.65£0.01 and 1.94 +0.01, respectively, at 633 nm.
The thickness of the deposited films ranged from approxi-
mately 500 to 900 nm. To develop the Al,O3 and Y,0;
channel waveguide fabrication process, various potential
common mask materials were investigated in terms of pat-
terning methods, etch selectivity and possible removal after
etching. Accordingly, 3-wm-thick plasma-enhanced chem-
ical vapour deposited (PECVD) SiO, and Si3Ny films, stan-
dard 1.5-pm photoresist films and 200-nm-thick electron-
beam-evaporated Ni and Cr layers were also prepared on Si
substrates.

The etch experiments were carried out using an Oxford
Plasmalab 100 inductively coupled plasma (ICP) RIE sys-
tem. The system was designed for 100-mm wafers, which
were introduced to the chamber through a load-lock and
fixed on a substrate holder with a water-cooled electrode.
The ICP source was controlled by a 3-kW, 13.56-MHz rf
generator, while substrate bias was controlled separately by
a 600-W, 13.56-MHz rf generator. Various standard process
gases and combinations of these gases were used, including
BCls, BCl3/HBr (50 : 50), CF4/0; (90 : 10), Cl,, Cl, /Ar and
Ar. In preliminary Y,03 etching experiments, the etch rate
was found to be relatively independent of gas flow, and to
increase with decreasing chamber pressure, increasing ICP
power, and increasing rf substrate electrode power and self-
bias. Therefore, in order to compare the etch rate in vari-
ous gas chemistries, the total gas flow was held constant at

50 sccm (measured by mass flow control units), while the pro-
cess pressure (measured by a capacitance manometer gauge)
was maintained as low as possible, varying from 7—12 mTorr.
Unless otherwise stated, the ICP power was held constant at
1500 W and the applied rf electrode power was varied from
100 to 400 W. The etch rates of the films were determined by
measuring the film thickness before and after the etch process
using a spectroscopic ellipsometer, while the etch rates of the
Ni and Cr layers, patterned prior to etching by photolithog-
raphy and wet chemical etching, were measured using a Dek-
tak surface profilometer. Surface morphology was acquired
using a Digital Instruments atomic force microscope (AFM).
The processes developed for the fabrication of channel wave-
guides in Al,O3 and Y, O3 layers are discussed following the
results of the etching experiments.

3 Reactive ion etching

In this section the etching behaviour of the Al,O3
and Y,Oj3 films in the various ICP RIE chemistries and their
selectivity to potential mask materials will be discussed and
compared.

31 AL O3 etching

The etch rate of the Al,O3 films was investigated
as a function of applied rf power for various plasma com-
positions. Figure 1 shows the measured etch rate of Al,O;3
films as a function of rf power for CF4/O, (90% : 10%),
BCl3 (100%), BCl3/HBr (50% : 50%), Cl, (100%) and Ar
(100%) gases. The process pressure (which was the lowest
attainable under each of the plasma conditions) was meas-
ured to be 10—12 mTorr (CF4/05), 9 mTorr (BCl3), 9 mTorr
(BCl3 /HBr), 7-8 mTorr (Cl,) and 8 mTorr (Ar).

The highest etch rate, 257 nm/min, was measured for
CF4/0, at 400 W and the etching in CF4/0, is the most
strongly dependent on rf power, indicating that etching under
these conditions also depends strongly on the energy of ions
directed onto the substrate (it is strongly ion assisted). The
potential F-based etch products are expected to have lower
volatilities (based on higher melting and boiling points) than
Cl-based products, which is consistent with the observed
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FIGURE 1 Etch rate as a function of rf power for Al;O3 films in CF4 : Oy

(90% : 10%), BClz (100%), BCl3 : HBr (50% : 50%), Cl, (100%) and Ar
(100%) at a total flow rate of 50 sccm
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stronger effect of ion energy on removing material from the
surface and assisting the reaction. These data generally agree
with the previous etching results for similar Al,O3 layers in
CF, gases [16]. The etching in Cl-containing gases is shown
to be less dependent on rf power, indicating that chemical
etching, rather than ion-assisted etching, more strongly affects
the etch rate and behaviour. Of the Cl-containing gases, the
etch rate is shown to be significantly higher in BCl3 than Cl,
or BCl3 /HBr (50% : 50%). In the case of all the halogen-based
(Cl, F) processes, the etch rate is almost an order of magni-
tude higher than etching in Ar, which strongly indicates that
an additional chemical component aids the etching process for
Al,O3 in those cases.

3.2 Y,03 etching

The etch rate was also measured as a function of
if power for the Y,O3; films for the same process gases, as
shown in Fig. 2. The process pressures, which varied slightly
compared with those measured for Al,O3 due to drift in the
system performance, were 10—12 mTorr (CF4/0,), 9 mTorr
(BCl3), 9 mTorr (BCl3/HBr), 7-8 mTorr (Cly) and 8 mTorr
(Ar). From these results, it can be seen that with the exception
of Ar, the various etch chemistries do not significantly impact
the etch rate. Ar clearly exhibits the highest overall etch rates,
with a maximum value of 127 nm/min observed at 400 W rf
power.

In comparison to Al,O3, the Y,Oj3 etch rates are all much
lower for the different process gases, except in the case of
Ar (a non-reactive gas). The chemical volatility of the poten-
tial etch products (represented by their melting and boiling
points) gives an indication of the expected etching behaviour.
Table 1 gives the known melting and boiling points of vari-
ous possible etch products of Al;O3 and Y,O3 in the F- and
Cl-containing gases studied. The potential etch products of
Y;,03 (such as YCls, YBr3;, YBg) indeed have much higher
melting points than the corresponding compounds containing
Al (except in the case of AlF; where the sublimation point
is given). Therefore, we expect potential Y,O3 etch products
to be less volatile in general and the etch rates to be much
lower than Al,O3, which is in agreement with the experimen-
tal results.
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FIGURE 2  Etch rate as a function of rf power for Y203 films in CF4 : Oy
(90% : 10%), BCl3 (100%), BCls : HBr (50% : 50%), Cl, (100%) and Ar
(100%) at a total flow rate of 50 sccm

The similar etch rate curves of Y,03, combined with the
lower etch rates in the Cl- and F- based gases than those
observed in Ar, are strong evidence that physical etching
(sputtering) dominates for all the process gases. Ar is a non-
reactive noble gas, which means that Ar ions reaching the
substrate only contribute to the etch process through physi-
cal breaking of the highly stable Y-O bonds. Non-identical
process conditions coupled with the differing atomic weights
and size of the bombarding species between the various pro-
cess gases may explain the higher etch rates observed in Ar.
In particular, the process pressure, which was found to have an
inverse relationship with the etch rate, was 2 to4 mTorr higher
in the case of CF4/O, compared with Ar. However, chlorine
has a similar atomic weight to argon and the process pressure
in the case of Cl, was actually lower than Ar. The lower etch
rates in Cl, can be explained by investigating in more detail
the reactive ion etching mechanisms at the surface for each
process gas.

The surface quality of the etched Y, Oj3 films varied signifi-
cantly depending on the process gas. The variation in surface
quality was indicated by the quality of the ellipsometric fit.
After etching in BCl3, BCl3/HBr and Cl, the quality of the
fit became much poorer (indicated by the mean square error),
while for CF4/0, and Ar the quality remained relatively the

AL O3 Y>03
Etch Melting point  Boiling point Etch Melting point ~ Boiling point
product O [§®)] product (o) [§®)
AlB; > 920 - YBg 2600 -
AlyC3 2100 > 2200 YC, ~ 2400 -
AlBr3 97.5 255 YBr3; 904 -
AlCI3 192.6 180 (s) YClI3 721 -
AlF; ~ 2250 (t) 1276 (s) YF3 ~ 1150 -
AL O3 2053 ~ 3000 Y>03 2438 -
Al 660.32 2519 Y 1522 3345
Al(BHy4)3 —64.5 44.5 -
AlH3 > 150 - -
H,O 0 100
(673 —2184 —182.9

s = sublimation point, t = triple point
TABLE 1

Melting and boiling points of possible etch products of Al,O3 and Y,03 [25]
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Digital Instruments NanoScope

Digital Instruments NanoScope

Digital Instruments NanoScope

Scan size 1.000 pm Scan sise 1.000 pm Scan size 1.000 pm
Scan rate 1.052 He Scan rate 1.489 Hz Scan rate LU0 Hz
Number of samples 512 Number of samples 512 Number of samples 512
Image Data Height Image Data Height Image Data Height
Data scale 40.00 nm Data scale 40.(0 nm Data B 40.00 nm
um um um
0.6 0B
04 "
X 0.2 um/div X 0.2 um/div 0.2 X 0.2 um/div
Z 40 nm/div Z 40 nm/div Z 40 nm/div
a Un-etched b Cl, c Ar

FIGURE 3 AFM 3D surface plots for a Y,O3 film (a) before etching and (b) and (c¢) after etching in Cl, and Ar plasma, respectively, with 400 W rf power

applied

same. It was found that the quality of the fit could be im-
proved by using a so-called effective-medium approximation
(EMA) to approximate an additional thin layer at the sur-
face. The EMA method can be used to measure a film with
a rough surface by approximating the rough portion of the
film with an additional layer composed of a mixture of the
film material itself and a certain percentage of void space in
the film. Including this EMA layer for films etched in Cl,,
BCl; and BCl3 /HBr greatly improved the fit, while it affected
the already good fit of the Ar- and CF,/O;-etched films very
little. In order to verify these results, surface measurements
were obtained using AFM for an un-etched sample, a sample
etched in Cl, and a sample etched in Ar. After etching at an
applied power of 400 W in Cl,, the EMA fit gave a surface
layer thickness on the order of 45 nm. Surface morphology
and particle (or grain) size analysis using AFM are shown
in Fig. 3. In Fig. 3a, the un-etched film shows good unifor-
mity and relatively small particle size, with an average particle
height on the order of 10 nm. In Fig. 3b, the surface unifor-
mity of the Cl-etched film is clearly poorer, and the average
particle height is 47 nm, which agrees with the EMA meas-
urements. In Fig. 3c, the Ar-etched film, although appearing
to have some larger features than the un-etched sample (per-
haps due to micro-masking), has an average particle size of
23 nm, approximately half the size of the Cl-etched film. For
the Al, O3 films, etching in all process gases resulted in a good
ellipsometric fit (similar to the un-etched films), therefore in-
dicating good surface quality.

Thermodynamic equilibrium calculations [26] (which can
only give an indication of etching behaviour under non-
equilibrium plasma conditions) for Cl, and Y,O3 for pres-
sures in the range of 1 to 200 mTorr and temperatures in the
range of —25 to 250 °C predict some formation of YCl; as
well as O,. In [22], measurements also confirmed the forma-
tion of YCI3 during etching. Similar calculations predict the
formation of mainly YCls and B,O3 in BCl3 and HBr, and no
reaction with CF4/O, or Ar. Therefore, the additional layer
observed on the surface of the Y,Os3 films could in fact be
explained by formation of a non-volatile etch product such
as YCl;. To further support the conclusion of YCl; forming
on the surface, the samples were rinsed in deionized wa-
ter, which YCl; is known to be soluble in, and re-measured,
and the fit was greatly improved, indicating that the surface

Etch Rate (nm/min)

20 -

10 1

0 T T T
0 0.2 0.4 0.6 0.8 1
Ar/(Cl, + Ar)

FIGURE 4 Etch rate of Y03 as a function of Ar to Cl, ratio, with a con-
stant total gas flow rate of 50 sccm and a constant applied rf power of 300 W

layer had been partially or entirely removed. During etching,
the formation of YCl3 on the surface could act as an etch-
blocking layer, explaining the lower etch rates observed in
Cl-containing gases (and the much higher etch rate observed
in Ar under similar conditions).

In order to investigate if an increased physical etching
component could help remove blocking non-volatile etch
products from the surface during Cl, etching, a mixture of
Cl, and Ar was used. Figure 4 shows the etch rate as a func-
tion of Cl,/Ar mixing ratio. As the Ar content was increased,
the etch rate in fact decreased, until an abrupt increase was
observed at 100% Ar content. Furthermore, the fitted EMA
surface layer thickness was found to be similarly high in all
cases, except in the case of 100% Ar where it was negligible.
Therefore, increased Ar content in a Cl1/Ar mixture was found
to provide no enhancement to the etch rate, giving further evi-
dence that the non-volatile layer contributes to etch blocking.
At 100% Ar the etch rate increases dramatically and the EMA
surface layer thickness becomes negligible, indicating that the
etch-blocking effect is removed. In addition, the pressure, ICP
power and gas flow were varied over a wide range for 100%
Cly; however, no process window could be found whereby the
blocking layer became volatile and the etch rates significantly
increased. Thus, unlike the case of Al,O3; where chemical re-
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Process gas

CF4/0; BCl3 /HBr

Material (90:10) BCl3 (50 :50) Cl, Ar
Photoresist <0.20 0.67 0.54 0.16 0.57
PECVD SiO, 0.60 0.95 0.80 0.70 0.35
PECVD Si3Ny 0.35 1.35 1.80 0.65 0.45
Silicon 0.39 0.98 2.15 0.30 0.25
Nickel 5.82 - 3.51 1.38 0.27
Chromium - - - <0.94 -
TABLE 2  Maximum selectivities of Al O3 to possible mask materials, for

various process chemistries, at a total gas flow rate of 50 sccm, ICP power of
1500 W, varying 1f electrode power (100 to 400 W) and process pressure in
the range of 6 to 14 mTorr

Process gas

CF4/0; BCl3 /HBr

Material (90:10) BCl3 (50 :50) Cl, Ar
Photoresist <0.03 0.05 0.03 0.03 0.81
PECVD SiO, 0.15 0.20 0.25 0.25 0.65
PECVD Si3Ny 0.10 0.20 0.25 0.15 0.90
Silicon 0.09 0.06 0.44 0.11 0.43
Al,O3 0.30 0.25 0.35 0.45 2.05
Nickel 1.31 - 0.59 0.50 0.46
Chromium - - - < 0.30 -
TABLE 3  Maximum selectivities of Y203 to possible mask materials, for

various process chemistries, at a total gas flow rate of 50 sccm, ICP power of
1500 W, varying rf electrode power (100 to 400 W) and process pressure in
the range of 6 to 14 mTorr

activity and volatile etch products in F- and Cl-based process
gases significantly enhance the etch rate (compared to purely
physical etching), the observed reactivity of Y,Oj3 in Cl, can-
not be used to enhance the overall etch rate.

3.3 Etching of mask materials

The etch rates of several common mask materials,
chosen for structuring Al,O3 and Y,03 mainly because these
mask materials can be easily deposited and patterned in our
laboratory, were also measured. The principal requirements
for a good mask material are that it can be easily patterned,
it has a high selectivity compared to the material to be etched
(for good pattern transfer and high resolution) and it must be
possible to selectively remove the mask material from the sub-
strate after etching. Generally, selectivities much greater than
1 are preferred; however, for the more highly stable dielec-
tric materials Al;O3 and Y,03 we expect lower selectivities.
Tables 2 and 3 show the maximum selectivities measured
for Al,03 and Y,0Os to the various prospective mask materi-
als, respectively. The process window used to determine the
mask material etch rates was essentially the same as that used
for the Al,O3 and Y,03; etching experiments (ICP power =
1500 W, rf electrode power = 100 to 400 W, pressure = 6 to
14 mTorr, total gas flow = 50 sccm). The selectivity in gen-
eral was found to be two times lower for patterned as opposed
to un-patterned mask layers.

Overall, the selectivities were much higher for Al;O3 than
Y,03, as follows from the higher etch rates of Al,O;3. For all
mask materials except Ni, the selectivity versus Al,O3 was
generally higher in BCl3 and BCl3 /HBr. The selectivities for
SisN4 were > 1 for these gases; however, selective removal

of SizNy from the Al,O3 layer after etching was found to be
a problem. The selectivities to Ni are also quite high in com-
parison to other materials, as we would expect for a harder
metal mask; however, if possible it is better to avoid metal
masks for optical applications, as any residual metal remain-
ing after etching and the mask removal can introduce addi-
tional optical losses. For Cr, significant data is missing be-
cause it was realized early in the experiments that patterning
mask layers with smooth sidewalls was difficult — perhaps due
to the layer deposition process or quality of the Cr films. Fur-
thermore, the etch rates were generally higher for Cr than for
Ni, so Cr was ruled out as a possible mask material. Therefore,
for reasons of simplicity, it was decided to use photoresist
as a mask, varying the parameters to improve the selectivity
and using the BCl; /HBr system because this gave the highest
overall selectivities.

For Y;,03, the selectivities were much poorer because of
the lower etch rates. Apart from a value of 1.31 for Ni in
CF,4/0,, the only selectivities close to or greater than 1 were
in Ar, where values of 0.81, 0.90 and 2.05 were measured for
photoresist, SisN4 and Al,Os, respectively. Ni had the addi-
tional problem that the wet etching solution used to remove
the Ni layer after etching also strongly etched the Y,0O3 layer
itself. Both metal layers (Ni and Cr) were found to react with
the Cl-containing gases (also predicted by thermodynamic
equilibrium calculations), leaving residue on the surface. Al-
though some chemical etching is preferred, due to the poor
selectivities, the blocking layer in Cl,, BCl3 and BCl; /HBr,
and primarily overall physical etching of Y,03, it was de-
cided to use Ar as a process gas, with either standard resist as
a mask due to its straightforwardness, or Al;O3 as the mask
material due to its superior selectivity compared to the other
materials.

4 Channel waveguide fabrication

4.1 Al O3 channel waveguides

Al,O3 channel waveguides ranging from 1.2 to
8.0 wm in width were fabricated using a BCl3/HBr gas mix-
ture and a 1.5-pum photoresist mask layer patterned by stan-
dard lithography. These process gases have previously been
demonstrated as a suitable gas mixture for etching straight,
vertical ridge structures with smooth sidewalls in sapphire
(crystalline Al,O3) [27,28], with channel waveguides be-
ing demonstrated in Ti:sapphire layers using a BCl;/Cl,
mixture [29] (similar structures were also obtained by Ar-
ion-beam milling [30] and have later been demonstrated
to lase [31]). The optimized gas ratio in terms of selec-
tivity for the amorphous Al,O; films was found to be
5:2 (BCI3:HBr) and optimized process parameters were
ICP power = 1750 W, 1felectrode power = 25 W, pressure
= 12 mTorr and a total gas flow of 35 sccm. Figure 5 shows
a side profile and a cross section of the resulting Al,O3 chan-
nel waveguide, demonstrating a width down to 1.3 pm. The
etch depth was determined to be 530 nm (the thickness of
the Al,Os layer), while the etch rate was 59 nm/min and
the selectivity to the resist mask was 0.76 (which is higher
than the 0.54 in Table 2 because of lower applied rf elec-
trode power). This film thickness and etch depth in such an
Al,O3 layer are sufficient for single-mode channel wave-
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FIGURE 5 SEM micrograph of (a) profile and (b) cross section of
a 1.3-um-wide and 530-nm-deep channel waveguide in Al;O3

guides up to 3-pm wide at wavelengths around 1550 nm. The
channel sidewall angle ranged from 56° to 68° depending
on the waveguide width and a slight trench was observed
beside the waveguide, typical of RIE processes. The side-
wall roughness in the picture can be attributed to pattern
transfer from the mask layer itself. Such roughness could
be decreased with the use of an E-beam (as opposed to
a laser-lithography written) mask for the lithographic mask-
patterning step.

4.2 Y,03 channel waveguides

For Y,03; channel waveguides, photoresist was
used as a mask layer as well and the layers were etched
in Ar at varying rf powers. For shallow etch depths the re-
sults were found to be sufficient (see optical measurements
discussed further in this section). However, for larger etch
depths, it was found that degradation of the mask layer due
to the high rf powers and the long etching times required led
to increased roughness of the sidewalls and deep trenches be-
side the Y,03; waveguides, which would significantly add to
the optical propagation losses. Therefore, as discussed above,
due to its higher selectivity (selectivity ~ 2) in Ar, it was de-

18kuU

1aky

[

FIGURE 6 SEM micrographs of (a) a photoresist-patterned Al,O3 mask on
Y,03, (b) the resulting approximately 2.4-pum-wide, 250-nm-deep Ar-etched
Y03 channel waveguide and (c) the cross section of a 3.4-pum-wide, 250-
nm-deep Y,0O3 waveguide on the same sample

cided to use Al,O3 as a mask layer for Y,O3 as an alternative.
A ~ 460-nm-thick Al,O3 layer was sputtered at 200 °C on
a Si wafer containing a Y,03 film. The Al,O3 layer was then
patterned using the same lithography and BCl3 /HBr etch pro-
cess discussed above and the results are shown in the cross
section in Fig. 6a. The sample was then etched in Ar at an ap-
plied rf power of 100 W to a depth of 250 nm at a Y,03 etch
rate of 29 nm/min and a selectivity of 1.55, and the Al,O;
mask layer was removed, as shown in Fig. 6b and c. The side-
wall profile and angle matched those of the Al,O3 mask layer,
and the sidewall quality was not strongly influenced by the
columnar polycrystalline structure of the Y,0O3 layer, which
is visible in the cross section scanning electron microscope
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(SEM) images shown in Fig. 6. Waveguides ranging from
1.4-pm to 8.0-um wide were successfully patterned in the
Y,03 layer. Due to the small influence of the polycrystalline
structure on the sidewall profile, it is proposed that the etch
process described here could also be applied to purely crys-
talline Y,Oj3 films, which offer the advantage of even higher
absorption and emission cross sections when doped with rare-
earth ions [32].

4.3 Optical waveguide characterization

In order to test the additional losses introduced
by channel etching, single-mode ridge waveguide structures
were patterned in low-loss Al,O3 and Y, O3 layers. For Al,Os,
waveguides were defined using the optimized recipe, to an
etch depth of 220nm in a 740-nm-thick film. The etch-
depth uniformity over the substrate was found to be +10%.
Prior to etching, the optical losses of the film were measured
to be 0.12+£0.02dB/cm at a wavelength of 1523 nm using
the prism coupling method. The optical losses of 2.5-pum-
wide ridge waveguides, designed to be single mode at wave-
lengths around 1550 nm, were investigated using a fibre butt-
coupling setup and a broadband erbium-doped fibre ampli-
fier (1520-1580 nm) source. Using the cut-back method, with
waveguide lengths of 5.65, 4.0, and 1.65 cm, a propagation
loss of 0.21 +0.05 dB/cm was measured. This indicates that
only small additional losses on the order of 0.1 dB/cm, such
as scattering losses caused by sidewall roughness, are intro-
duced by the dry-etching process.

Single-mode ridge waveguides were also fabricated in
a 850-nm-thick Y,Os3 layer with initial slab losses of 1.11 £
0.17dB/cm at 1523 nm, to an etch depth of 45 nm using Ar
etching and a resist mask. The same setup as the one de-
scribed above and the cut-back method, with varying wave-
guide lengths of 2.88, 1.85 and 1.00 cm, were also applied to
measure the propagation losses in the Y,03; waveguides. For
four different waveguide widths ranging from 1.4-2.0 pm,
average propagation losses of 1.14 £ 0.09 dB/cm were meas-
ured, demonstrating that the etching introduces very little ad-
ditional loss. The results of such shallow-etched channels are
promising, and further optical measurements will character-
ize the losses of higher-confinement, deeply etched channel
waveguides in both materials.

5 Summary

The etch behaviour of amorphous Al,O3 and
polycrystalline Y,0O3 films has been investigated and com-
pared. The Al,O3 films have much higher etch rates in all
chemistries, except Ar, indicating a much stronger chemical
component to the etching process. Sputter etching due to ion
bombardment was determined to be the dominant etch mech-
anism for the Y,O; films, although in chlorine-containing
plasmas (Cl,, BCl3), chemical reactions at the surface appear
to result in a non-volatile etch-blocking layer.

The etching results were used to fabricate channel wave-
guides in Al,O3 and Y;,03. In Al,O3, waveguides were fabri-
cated using BCl;—-HBr plasma, resulting in sufficiently steep
sidewalls with good surface quality. In Y,0O3, due to the lack
of strong chemical etching, Ar sputtering was used (also be-
cause Ar gave the highest etch rates) and resist and Al,O3

were used as mask layers. For shallow etch depths, a resist
mask was found to be sufficient, while, for larger etch depths,
an Al,O3 mask resulted in much improved sidewalls and lit-
tle degradation of the mask material, allowing good resolution
and etch depths of > 250 nm, much higher than previously
shown in Y,O3. The optical loss at 1550 nm was measured for
single-mode ridge waveguide structures in each material and
it was found that both channel fabrication techniques intro-
duce only small additional losses. Negligible additional losses
were measured in shallow-etched Y,03 waveguides and very
low additional losses on the order of 0.1 dB/cm were meas-
ured in more deeply etched Al,O3 waveguides. The processes
developed in this work will be used in the fabrication of active
integrated optical devices in rare-earth-ion-doped Y,03; and
Al,O3 layers.
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