Optimization of dry etching parameters for fabrication
of polysilicon waveguides with smooth sidewall
using a capacitively coupled plasma reactor
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In this paper, we demonstrate the optimization of a capacitively coupled plasma etching for the
fabrication of a polysilicon waveguide with smooth sidewalls and low optical loss. A detailed experimen-
tal study on the influences of RF plasma power and chamber pressure on the roughness of the sidewalls of
waveguides was conducted and waveguides were characterized using a scanning electron microscope.
It was demonstrated that optimal combination of pressure (30 mTorr) and power (150 W) resulted in
the smoothest sidewalls. The optical losses of the optimized waveguide were 4.1 + 0.6 dB/cm.

© 2014 Optical Society of America
OCIS codes:
http://dx.doi.org/10.1364/A0.53.005745

1. Introduction

Optical waveguides are critical building blocks of
on-chip photonics. Quality of an optical waveguide
is largely defined by its optical loss. For straight
polysilicon waveguides, absorption and scattering
at grain boundaries [1,2], substrate coupling, and ra-
diation loss at etched waveguide sidewalls are the
main sources of optical loss [3-5]. Therefore, thicker
waveguide claddings can be used to minimize sub-
strate coupling loss and fabrication can be optimized
to decrease the surface roughness [1,6,7]. A photoli-
thographic mask used for waveguide patterning has
to be printed with high resolution to reduce line edge
roughness [8,9]. Additionally, postprocessing meth-
ods can be used to make sidewalls smoother. They
include gas phase oxidation [10], wet chemical oxida-
tion [11], hydrogenation [2], resist reflow [12], end
facet polishing [13], and related processes [14]. This
requires the introduction of additional fabrication
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steps, and increases error rates and cost of the
fabrication process. Ideally, fabrication should be
done using a simple process with a small number
of steps. Since etching of the waveguide is frequently
done using one of the dry etching techniques,
and capacitively coupled plasma reactors are still
widely spread, we conducted a study of optimization
of the optical waveguide fabrication using this
equipment.

Traditionally, etching of planar waveguides is done
using either inductively coupled plasma (ICP) with a
passivation gas flow or electron cyclotron resonance
(ECR) plasma [15-17], since they have a high density
of plasma, high directionality, and higher power lev-
els. However, this equipment is very expensive and,
thus, unavailable in many microfabrication facilities,
while capacitively coupled plasma reactors are less
expensive and more readily available, but were not
previously used for this application [18]. Here, we
demonstrate the application of a capacitively coupled
plasma reactor for the fabrication of polysilicon pho-
tonic waveguides with a low loss of 4.1 + 0.6 dB/cm
by the optimization of process parameters, such
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as pressure and power using a careful design of
experiments, and observe a 62% improvement in
sidewall surface roughness of the fabricated wave-
guides for the optimal combination of parameters
relative to nonoptimized parameters. The following
sections describe the specific experimental proce-
dures and the outcomes.

2. Experimental Procedure

The optical waveguides were fabricated on silicon
wafers with SiO, used as a material for bottom clad-
ding and polysilicon as a core material. Approxi-
mately 1 pm of SiOy was grown on two in wafers
in an atmospheric furnace at 1050°C. Next, 1.2 ym
of polysilicon was grown in a low-pressure furnace
at 600°C. AZ4620 photoresist was spin coated using
Laurel Spinner. After spinning, the wafer was soft
baked in the nitrogen furnace for 40 min at 90°C
and rehydrated in the atmosphere for 1 h before
the photolithography was done on a Quintil Q-
2001C mask aligner. Then, the wafer was diced
and etching experiments were conducted on dies
from the same wafer to minimize variations between
experiments.

The photoresist structure was first characterized
using a HITACHI S-70 scanning electron microscope
(SEM) and low surface roughness has been demon-
strated. Initial silicon etching experiments were
conducted at a power of 100 W and pressure of
100 mTorr, with varying ratios of SFg and O, gas
mixtures for optimization of the etch rate [19]. Then,
a set of experiments with different combinations of
pressure and power were conducted in a parallel
plate capacitively coupled 13.56 MHz RF Plasma
Therm plasma reactor (Table 1).

There were 15 types of experiments for each com-
bination of pressure and power. The total flow rate of
the gases was kept constant at 50 SCCM for all of the
experiments.

The fabricated waveguides were characterized
using a SEM and the sidewalls’ roughness values
were then estimated from the images. The optimal
parameters determined based on outcomes of all of
the experiments were 30 mTorr and 150 W for pres-
sure and RF power, respectively. Then, a two-inch
wafer with SiO, cladding and a polysilicon core layer
was processed under optimal conditions. After that,
the wafer was cleaved and transmission losses of the
fabricated waveguide were measured using the cut-
back method [20].

Table 1. Experimental Design for Optimizing the Dry Etching
Recipe for Smooth Waveguide Walls

RF Power (W)

Pressure (mTorr)

15 100 150 200

30 100 150 200

50 100 150 200

100 100 150 200
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3. Results and Discussion

According to [21,22], the radiation losses of a wave-
guide are proportional to the square of the sidewall
roughness. Therefore, the goal of our study was to
minimize the roughness as much as possible with
the capacitively coupled plasma reactor setup taking
into consideration that a 125 nm roughness is the
upper limit for the reasonable quality waveguide
[10]. In order to optimize surface roughness on the
nanometer scale all of the fabrication steps were
characterized using a SEM. After the deposition of
layers of SiOy and polysilicon, the photoresist was
spin coated and patterned. Figure 1 shows a scan-
ning electron micrograph of the photoresist line cross
section with a width of 4.3 pm and smooth walls.

Then, in order to optimize etching parameters, the
first step was to find optimal gas chemistry. While
SFg to O, are gases used in traditional Si etching
recipes [19,23], further characterization was needed
to understand the influence of gas flow ratios on
the etch rate and selectivity of the photoresist.
Figure 2(a) demonstrates the etch rate of the polysi-
licon versus the flow ratio of SFg to Oy. The maxi-
mum rates are observed for SFg concentrations
between 80% and 90%. The low etch rates for lower
concentrations of SFg can be attributed to the lower
effective temperature of electrons in the plasma,
while at higher concentrations it can be due to the
lowering of electron density [24,25], both of which
influence the degree of ionization in the plasma
chamber and the etching of polysilicon. At the same
time, the presence of oxygen can also be important
for the improvement of the etching efficiency by re-
moving the polymer products formed during etching.

Another important parameter of the etching proc-
ess that needs to be monitored for photoresist integ-
rity is the selectivity of the etching of the photoresist
versus polysilicon. Figure 2(b) shows selectivity as a
function of oxygen concentration in plasma and in
the flow. While 100% SFg¢ yields the maximum selec-
tivity, it corresponds to a very slow etch rate due to
the depletion of oxygen; therefore, 90% concentration
was used based on a trade-off between selectivity and
the etch rate.

The next step was to choose a set of parameters for
further optimization. Recently, fabrication processes

Fig. 1. Scanning electron micrograph of an AZ4620 photoresist
waveguide pattern taken after photolithography and before the
etching.



—~
o

N
=
W

I
£ .
é n
Il
z 0.5 !
=
2
=
0 g : ! ; :
50 60 70 80 92 100
% SF,
(b)16
n
12 n
i o
Z s
151
= [ ]
%
4
]
0 : ; ; ; .
50 60 70 80 90 100

% SF,

Fig. 2. (a) Etch rate of polysilicon versus the ratio of SFg-0, and
(b) selectivity of the etching of polysilicon versus the photoresist
conducted at 100 mTorr pressure, 100 W power, and 50 SCCM
of the total flow of gases.

using capacitively coupled plasma reactors have
been studied [25-30], and the main parameters used
in optimization were pressure, power, and their com-
bination. The experimental design of optimization
based on these two parameters is presented in
Table 1. The pressure was varied from 15 to
100 mTorr for three RF plasma powers (100, 150,
and 200 W) and the corresponding surface roughness
was estimated using a SEM [16,31]. All of the wave-
guides were imaged under identical conditions
(Fig. 3). The height variation (Z;;) was determined
from the SEM images at 9 different points of each
waveguide. The estimations were taken at identical
locations across all samples in areas of the image
where it was focused best. The roughness approxima-
tions were done at 3 different heights and 3 different
displacements along the waveguide in a 3 x 3 square
grid labeled Z;;, where i = 1 to 3 was changing along
the waveguide and j = 1 to 3 across the waveguide.
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The estimated roughness values were calculated
using Eq. (1) (m = n = 3) and the summary of these
results is plotted in Fig. 4,
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Further analysis demonstrates that for 100 W power
(Fig. 3-1) and pressure range 15-100 mTorr [(a), (b),
(c), and (d)], at lower pressures the smoothness of the
sidewalls is improved and at higher pressures the
walls are more vertical. The estimated roughness
is reduced from 71 to 35 nm, as the pressure is de-
creased from 100 to 15 mTorr (Fig. 4). Figure 3-I1
demonstrates the SEM images for higher power
(150 W) and the same pressure ranges 15-100 mTorr
[(a), (b), (c), and (d)]. The roughness decreases as the
pressure is reduced. However, it can be noted that for
100 mTorr the sidewalls for 150 W are smoother
(estimated roughness of 45 nm) than for 100 W RF
(71 nm roughness). This may be due to the increase
in the etch rate, plasma density, ionization, and dis-
sociation of species at high powers [16].

For the power of 200 W, a decrease in surface
roughness was also observed when the pressure
was reduced from 100 to 15 mTorr [Fig. 3-III (a),
(b), (¢), and (d)]. However, for the pressure 100 mTorr,
the surface roughness slightly increased (59 nm)
in comparison with the value at 150 W (45 nm)
due to higher acceleration of species in the plasma
reactor.

To summarize, it can be seen from the sidewall
roughness summary in Fig. 4 that for the capaci-
tively coupled plasma reactors the optimal combina-
tion of the pressure and the power that gives the
lowest surface roughness can be determined. For
the constant power level, higher pressures increased
roughness of the sidewalls. This can be explained by
the fact that high pressure would block the products
of etching from escaping. Decrease in pressure at a
constant power increases the mean free path of
reactive species in the plasma [32], thus producing

200 W 30 mTorr

\

\

150 W 100 mTorr Il ¢) + 200 W50 mTorr III.d) 200 W 100 mTorr

X50000 - 200 nm X50000 | 1200 nm

Fig. 3. Scanning electron micrographs of waveguides etched using experimental designs presented in Table 1. (I), (I), and (III) corre-
spond to 100, 150, and 200 W power, respectively, and labels (a), (b), (c), and (d) are shown for pressures 15, 30, 50, and 100 mTorr.
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Fig. 4. Plots of root mean square roughness (RMS) versus the
power of the etch at all pressures in the experiment.

smoother sidewalls. However, further decrease to a
much lower pressure, 15 mTorr, results in increased
roughness possibly caused by enhanced ion bombard-
ment [4]. In all of the experiments with varying
power, the pressures higher than 50 mTorr resulted
in rougher surfaces. The optimal combination of the
pressure and power for the reactor setup was deter-
mined to be 30 mTorr and 150 W, with the estimated
roughness value of 27 nm. The nonoptimized param-
eters resulted in surface roughness as high as 71 nm,
thus proper optimization provides us with a 62%
improvement.

After determining the optimal parameters, the
next step was to calculate the transmission losses
of the fabricated waveguide and compare with the
losses for polysilicon waveguides fabricated using
ICP reactive ion etching.

The measurements were done for the wavelength
of 1550 nm, which has very low absorption loss in
silicon. The overall absorption loss is influenced by
the dimensions of a waveguide [1,33,34]. For exam-
ple, aloss of 6.2 dB/cm was reported for a polysilicon
waveguide width of 120 nm [35] and just 0.56 dB/cm
was reported for a 10 pm width waveguide [36]. Since
the width of our waveguide is 3.6 um, the high qual-
ity waveguide should have a loss between those two
values.

The losses of the waveguide fabricated using opti-
mized conditions of our reactor, 150 W and 30 mTorr,
were studied using the cutback method [20]. All of
the waveguides were fabricated with the same width
of 3.6 pm. Then, they were cleaved at 3 different
lengths, Li, Ly, and L. Coupling of light into the
waveguide was done from an optical fiber using a
high precision XYZ stage while observing it under
a microscope. The output mode was monitored to in-
sure that the measurement was conducted for light
properly coupled into the waveguide. The transmit-
ted output power was measured directly by a power
meter. For each length, six measurements of the
transmitted power were conducted. Additionally, di-
rect measurement of light without any waveguides
was used to determine the base power. Powers mea-
sured for each length, L, Ly, and Ls, were averaged
to P1, Py, and Ps, respectively, and transmission loss
coefficients were calculated for three sets of lengths,
(Ll —L2), (LQ—Lg), (LI_LS) using Eq. (g) from [l],
where m, n are 1, 2, or 3. Finally, an average of those
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Fig. 5. Measured attenuation of light (dB) after propagation in
waveguides of three different lengths.

three values was 4.1 dB/cm with a standard error of
+0.6 dB/cm. Figure 5 demonstrates transmission
losses of Ty, T, and T3 (in dB) corresponding to
the averaged powers of P, Py, and P5 for 3 waveguide
lengths.

dB 10 P,\ (Tn-T,
mn (C_I’I‘l) B (Lm _Ln) log(P_n) B (Lm - Ln) (2)

4. Conclusion

Here, we demonstrated the application of a capaci-
tively coupled plasma reactor for the fabrication of
polysilicon optical waveguides with smooth sidewalls
and described several levels of the optimization of
multiple fabrication parameters. First, the influence
of the flow ratio of SFg to Oy gases was studied and
the optimal ratio was found to be 90%/10%. Next, the
optimal combination of the pressure and power was
determined to be 30 mTorr and 150 W, with a very
low estimated surface roughness value of 27 nm.
Additionally, the fabricated waveguides have a
low propagation loss of 4.1 +0.6 dB/cm. This
demonstration of the use of a capacitively coupled
plasma reactor for polysilicon waveguide fabrication
would potentially enable the use of silicon photonics
in a larger number of universities possessing this
equipment.

We wish to thank the USF Nanotechnology
Research & Education Center and its staff members
for their great help and high professionalism.
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