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Abgract : Optical waveguidesin slicaornrslicon are one of the key elementsin optical communications. The proces

ses of deep etching slica waveguides using resst and metal masks in RIE plasma are investigated. The etching re-

sponses ,including etching rate and selectivity as functions of variation of parameters,are modeled with a 3D neural

network. A novel resist/ metal combined mask that can overcome the sngle-layer masks limitationsis developed for

enhancing the waveguides deep etching and low-loss optical waveguides are fabricated at last.
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1 Introduction

Optical waveguides in dlicaonrslicon have
rapidly attracted the interest of researchers and in-
dustries due to their intrinsic potential to overcome
speed limitation in future reduced scale of microe
lectronics and optoelectronics devices*? . In addi-
tion ,optical waveguides play a fundamental role in
opto-electronicsintegrated-circuits (OEICs) where
many active and passve components such as array
waveguide grating (AWG) ,nx m splitters,and di-
rectional couplers,require low-loss light transport
lines and interconnects™® . The superiority of slica
the other
waveguides material s is dependent on many factors

on-dlicon optical waveguides to
including the good mode match with standard sin-
glemode optical fiber and the mass fabrication
processes based on those currently available for sl-
icon ICs.But thisintroduces a great challenge since
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in most cases the process consderationsfor OEICs
are very different from those for slicon microelec
tronics. Film thickness for OEICs can be tenths of
microns rather than hundreds of nanometer for
current 1Cs. This makes it important in selectivity
of etching masks and improves sdewall roughness
to reduce scattering loss. Mostly, the slica
waveguides are etched with a high-densty plasma
system ,such asinductively coupled plasma etching
(ICP) , €electron cyclotron resonance etching
(ECR) ,and could be operated at the low neutral
pressure with high plasma densties. Nevertheless,
these apparatuses are expensve and appear in labo-
ratories just in recent years. Most etchers are still
the reactive ion etching system (RIE) ,which has
high ion bombardment commonly resulting in high
physical damage and poor mask res stance. There-
fore,it needs more accurate control of the recipe
parameters and a more effective mask used in the
RIE deep etching process.
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In this paper ,a slica etching processin afluo-
rine RIE plasma is characterized and process pa
rameters varied in the desgn include RF power ,
work pressure ,and gas ratio. We have studied and
optimized a metal-photoresst double layer mask
for deep (up to 1 m) silicaoptical waveguides. Our
process introduces a Cr film as the mask bottom
layer and an epoxy photoresist as the mask upper
layer. At the same time ,the difference of the etch-
ing results between the Cr film mask and epoxy re-
sst mask is studied. This kind of combined layer
mask has substantial advantages over the Cr film
or epoxy resst used only as a snglelayer mask ;
the low physical damage etching result with deep
vertical profile of dlica optical waveguides are
reached with the optimized recipe.

2 Experiment

2.1 Apparatusand experimental design

The process was performed on a Unaxis 860L
RIE plasma etching system. Before each set of the
experiments, the chamber is cleaned by oxygen
plasma® for 30min and then seasoned by the
process conditions in the following experiment for
10min or longer ,until the self-bias voltage has star
bilized.

All experiments are carried out with a diode
laser interferometer for in stu etching rate meas
urements. To reduce the potential influence of non-
uniform temperature and/or nonuniform plasma
conditions, the etching rate measured is always
made at the same location on the wafer. For each
test wafer,two fringes of typical interferometer
to calculate the SO/ S
waveguides (ERsiia) or epoxy resist mask (ERvess)

sgnal are sufficient

etching rate ,s0 that each wafer can be used for sev-
eral etch rate data points for SO/ S waveguides
and the epoxy resst mask. The Cr mask etch rate
(ERcr) was measured by using a Tencor Alpha
Step 500 Surface Profiler with 0. 1nm resolutions
to test the film thickness variations with etching

time. Expressons for the selectivity are given as
below.

Sk = ERsiica/l ERvesst

Sc = ERsiical ERer

The four parameters varied in the desgn are
shown in Table 1 along with their respective ran-
ges.

Table1l Processparameters varied in the experimental

design
Parameter Value
RF power 80 300W
Work pressure 26. 7Pa
O2/ CHFs3 ratio 0.05 1
O2/ CHFs3 tota flux 30 150sccm

2.2 Preparation of etched samples

Test patterns were fabricated on 100mm com-
mercial wafers of slicaonrslicon. Three different
etching masks have been employed for the deep sl-
ica etching experiments. The first mask is Cr film,
which was sputter depostion on the wafer for a
thickness of a 200
photolithography process usng the photoresi st of a

300nm dafter a conventional

Clariant AZ6112. The waveguides layout was
tranderred into metal layer by etchingin a Clz/ Oz/
Ar plasma usng the RIE system. Here,the RF
power and pressure were set to 150W and 2Pa,re-
ectively. The redst was then solvent stripped.
The second mask is an epoxy-based photore-
dst as it has high optical trangparency and high
contrast in the UV waveband ,which makes it ide-
ally suitable for vertical sdewalls and high aspect
ratio features of the lithography pattern. The epoxy
resst of MicroChem™ SU-8 was spun on the sub-
stratefor a thickness of 3000 4000nm. After the
resst has been applied to the substrate ,it was soft
baked to evaporate the solvent and densfy the
film,and then exposed with near UV (350
400nm) mask aligner tools. The optimal exposure
dose dependson thefilm thickness ,the thicker film
requires higher dosage. Following exposure,a post
expose bake (PEB) is performed to selectively
crosslink the exposed portions of the film. After
PEB ,SU-8 coated samples were developed at 20
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in diacetone alcohol and rinsed briefly with isopro-
pyl alcohol (1PA) ,and then hard baked at last.

The third mask is a resst-on-Cr double layer
film. After a nearly 100nm Cr film first depostion
on the wafer ,an SU-8 resist with the same thick-
ness was spun on the Cr film and patterned as in
the second mask preparation process. The Cr film
was etched as the first mask described above. An
SU-8 film will be saved on the wefer after the Cr
filmis etched.

3 Resultsand discussion

3.1 Etchingrate of SO

Figure 1 showsthe neural network of the vari-
ation of the epoxy resst masked slica etch rate
with RF power and work pressure. In varying the
parameters of interest ,the other parameters are set
to be a fixed value. As RF power increases,etch
rate increases monotonically due to an enhanced
concentration of F radicals and an increased ion
density'™ . Etch rate increases at first and then de-
creases with increasng work pressure. In the de
sgn range of work pressure,there is a peak value
of etch rate that is decreased with the RF power
decreasng and disappears finally when the RF
power is below 100W. For afixed RF power ,higher
work pressure must result in alower ion voltage at
the wafer surface'® . The data suggest that ion en-

Etch rate/(nm- min'))

Fg.1

work pressure O/ CHFs ratio is 0. 05 ,etch gasflowis

S0: etch rate as functions of RF power and

80sccm.

ergy plays a significant role when the RF power is
fixed at a low value,while etchant species densty
plays a sgnificant role when the RF power is high-
er ,the etchant species need is more.

Figure 2 showsthe neural network of the vari-
ation of the epoxy resst masked slica etch rate
with O/ CHFs ratio and total gas flow rate. It
shows that ,for a fixed total gas flux ,the increase
of Oz concentration isto scavenge CFx species that
play a role in etching precursors through the reac
tion decarbongenation via both the gas phase and
surface!”’ . These mechanisms tend to lower the sili-
ca etch rate. In the low flux regime, higher flow
rate tends to supply more etchant species and more
species adsorption time that resultsin anincreasing
of etch rate. As total gas flux increases beyond a
critical point for a given set of process conditions,
the balance shifts from an etchant speciesconcen-
tration limitation to a species adsorption-time limi-
tation and the etch rate is decreased with gas flux
increas ng.
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Fg.2 SO:2 etch rate as functions of O/ CHFs ratio
and total flow RF power is 220W ,work pressure is
5 33Pa.

The other types of mask patterned Ge doped
S0: etch rate are a0 studied and they have simi-
lar trends as the epoxy resist masked described a
bove and have a close etch rate at the same etching
conditions.

3.2 SHectivity

Figure 3 displays the variation of dlica selec
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tivity to the Cr film and epoxy resist versus bias
voltage at different O/ CHF;s ratios, respectively.
Sk curves in Fig. 3 demonstrate the existence of
two etching regimes in which either the ion energy
or the etchant character is the dominant factor gov-
erning the selectivity ,and have been observed by
many researchers®® . This stemsfrom thefact that
the epoxy resst etching threshold is much higher
than dlica’ s. When the RF bias is below the bias
voltage threshold for etching of the epoxy resist,
the selectivity dramatically decreases with increas
ing ion energy. As the ion energy continues to in-
crease, it enters the etchant reactive regime in
which the Sk plateaus. In this regime,the etchant
0./ CHFs ratio plays a sgnificant role.
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Fg.3 Etching selectivity varying with RF bias and

02/ CHFs ratio  Work pressure is 2 67Pa,total etch

gas flow is 80sccm.

From Fig. 3 we also can see that the Sc has
very different behaviorsfrom Sk. First ,Cr film ex-
hibits much better resstance in CHFs/ O2 plasma
than the epoxy resst flim;second ,the selectivity is
decreased with increasng ion energy no matter the
ion energy in low region or high region. The etch
rate of Cr film is always senstive to the ion bom-
barding energy in our experience. O, concentration
in etchant has smilar influence to the Sc asto Sk.
Theinfinite selectivities,Sc and Sk ,can be achieved
at alow RF self bias voltage ,however ,the SO: etch
rates are quite low for these conditions.

3.3 SEM analysis of etching sample

From the above analyss,we can see that it

needs high RF power ,low work pressure ,low O:/
CHFs ratio ,and suitable gas total flow ratein order
to get high dlica etch rate and high selectivity at
the same time ,which is desred for deep slica etch-
ing. The samples etching resultsin the process con-
ditions of 260W RF power ,2 67Pa work pressure,
70sccm total gasflux ,and 0. 1 O/ CHFs ratio with
the Cr masked and epoxy resist masked were pres
ented regpectively usng a scanning electron micro-
scope (SEM) in Fig. 4. Figure 4 (a) displays that
there exists huge destruction for the upper Cr mask
layer under the high ion energy bombardment con-
ditions and forms micro- masks on the etched slica
areas as Cr film fragment redepostion isin result
of extremely coarse bottom surface morphology.
This a s0 can be used to explain the reason that the
selectivity Scis decreased with increasng ion ener-
gy even in the high-energy region.

Fig.4 SEM photographs of SO etched sample (&)
Cr masked sample; (b) Epoxy resst masked sample

From Fig. 4 (b) ,the problem of using epoxy
resst film as the etch mask can be found. As the
etching is going on ,the epoxy res st patternfigure
s upper corner will facet more and morein result of
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enduring much more direction ion bombardment in
plasma etch the process. This effect is most notice-
able at high bias voltage conditions!™ . And at last
the edge of the facet propagates from the resst
corner down to the etched slica layer,then the
etching feature a 0 exhibits a taper on the sdewall
that is an expected vertical and smooth to reduce
optical waveguides scattering loss. We can avoid
this destruction of the SO: sdewall when finishing
the dlica etching process before the edge of the ep-
oXxy resst taper facet arrives the slica upper sur-
face and exerts an influence. While this means that
apart of the epoxy resst film can not be used as a
mask ; and the selectivity in actuality is smaller
than the behaviors mentioned as above ,that thicker
epoxy redst filmis needed for a same thickness sl-
ica vertical etched,which will result in higher re-
quirements for the epoxy resst photolithography
process.

Figure 5 shows the SEM micrographs usng
the mask of resst -on-Cr double layer film. In Fig.
5 ,the dlica sdewall is vertical ,no sght of it being

X7, Boa Z i

Fig.5 SEM photographsof SO etched sample of pat-
terned res st-on-Cr mask prior to (a) and ater (b) re-
sdual epoxy resist stripped

destroyed by the upper degenerated epoxy res st
film,and it is also found that the slica etched bot-
tom surface and the sdewall are clean and smooth.
Believed to be due to the upper epoxy resist pre-
venting the physical sputtering of the bottom Cr
film and the high resistance of the underplayed Cr
film can prevent the trander of the epoxy resist de-
generated facet to the etched slica layer. This can
be confirmed from the Fig. 5(b) SEM picture in
which the Cr film on the dlica waveguides upper
surface are undamaged and intact.

The whole process of slica etching utilizing
this new double layer mask is summarized briefly
in Fig. 6. We can get deep ,vertical ,and smooth un-
derlying etching until the upper epoxy resist filmis
consumed completely, depicted as Fig. 6 (d) , it
means that the higher utilization rate isfor the ep-
oxy resist mask ,the thinner epoxy thicknessis nee-
ded for redst film and smoother sde wall etching
can be gotten. Otherwise it has to stop the etching
process where the edge of the epoxy resst taper
facet just arrives at the underlying upper surface as
depicted in Fig.6(c) if thereis not a Cr film under
the epoxy resist mask.

i «—Epoxy resis
Ge-doped Si0O, \Cf

(a) (b)

i i, ¢ f

(©) (@

Fig.6 Proposed process with resst-on-Cr mask (a)
Photolithography ; (b) Cr pattern; (¢) SO, RIE; (d)
SO: RIE continued

3.4 Propagation loss result

One of the most important properties for
waveguides is their optical loss,which can be at-
tributed to absorption and scattering. With recent
advances in material technology, the absorption
losses of SO2/ S waveguides have been dramatical-
ly reduced , 0 that transmisson losses are largely
the result of scattering by surface irregularities of
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the waveguide walls. We have measured the propar
gation loss of the ¢ m x @4 m straight channel
waveguides etched with epoxy res st ,Cr and red st-
on-Cr film masks,respectively. The upper cladding
layer of 1% m of BPSG (B20s-P.0s-S0. dass)
deposited on the waveguides core by several times
of PECVD and the anneal circle process ater the
core layer is etched and the residual masks material
stripped. Figure 7 presents the relationship of fi-
ber-to-fiber insertion loss with the propagation
length of different waveguides at the wavelength of
1550 nm. From the fit lines,the channel propaga
tion loss of - O 07dB/cm can be gotten with the
combined mask ,much better than the - 0. 25dB/
cmand - 0 41dB/cm achieved with the epoxy re-
sst mask and Cr mask ,regectively ,which attrib-
ute to the better sdewall etched result with the
double layers mask.

-lg
E Resist-on-Cr masked
2F »=-0.96-0.07x

Epoxy resist masked
1=-1.15-0.25x

-3?.

-4 3 Cr masked/
E »=1.08-041x

Fiber-to-fiber insertion loss/dB

Propagation length/cm

Fg.7 Linear fit of measured fiber-to-fiber waveguides
insertion losses as a function of channel waveguide
length for different etched waveguides at 1550nm

4 Conclusions

We have investigated the behaviorsof deep si-
ica etching with a metal mask and polymer mask ,
respectively ,in a CHFs/ O2 reactive ion etching
plasma. 3D neural networks of the dlica etch rate
and selectivity to different masks are constructed
asfunctionsof RF power ,work pressure ,CHFs/ O:
ratio ,and total flow rate. Several trade-offs valua-
ble to optimizing the process are identified. The
etch rates exhibit the same behaviors for different
masks; however , selectivity Sz and Sc present dif-

ferent behaviors that the Sk has two different re-
gions overruled by bias voltage and gas ratio,re-
spectively ;the Sc with a very high value always has
the same trend that is decreased with bias voltage
and gas ratio increaseing.

In our optimized parameters of high etch rate
and selectivity reactive ion etching conditions,
rough bottom surface morphology is found in the
Cr masked dlica etch as a result of a micro- mask
formed by Cr fragment. A tapered facet come into
being in the dlica sdewall of the epoxy resst
masked samples when the etching process going on
is attributed to epoxy resst film degeneration in-
duced by ion bombardment effects. A novel red st-
on-Cr double-layer mask is developed for overco-
ming the limitations of Cr film and epoxy resst
used as sngle-layer masks. The upper epoxy resst
film can prevent the physical sputtering of the bot-
tom Cr film by ion bombardment ,and the high re-
sistance underplayed Cr film acts as a stop layer to
prevent the tranger of the epoxy res st degenerated
tapered facet to the etched dlica layer. Experimen-
tal results show that the etched slica roughness of
the sdewall and bottom surface attained in the pro-
posed process using resist-on-Cr mask is very low ,
which is also approved by the measured results of
waveguides insertion loss with different masks. On
the other hand ,the epoxy resst mask utilizationis
improved ,deeper vertical etch dlica can be attained
with aresst-on-Cr mask than the process usng the
same thickness epoxy resist snglelayer as an etch-
ing mask. The Cr film thickness needed in this no-
100nm or less,which is
much thinner than that used in the sngle Cr mask
layer where the thickness is over 200nm. There-
fore ,the newly developed processis easy to imple-

vel mask is only about

ment in the step of a fabrication process where a
smooth and almost vertical slicaprofileis desred,
like the optical waveguides process.
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