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TiO: is emerging as material platform for integrated photonics [1-3]. However, the
propagation losses remain too high for industrial applications. In order to reduce the
waveguide losses, effort is put on the optimization of the lithography and etching process. The
sidewall roughness induced by etching is critical for the waveguide performance. To reduce
sidewall roughness, negative E-beam lithography is used. A negative E-beam resist (ARN
7520.18) followed by the conductive coating (AR-PC 5091) are applied by spin-coating. An
HMDS layer underneath the resist is utilized to improve adhesion to the substrate and therefore
allow structures with high aspect ratio. Reactive ion etching with pure SFs, CHF3, HBr, Cl;
and BCl3 are compared. BCl3 chemistry showed to be most beneficial. The influence of
additional Ar and O: flow and varying the HF power and pressure to etching in BCl; are
reported.

Introduction

TiO> is an emerging material for integrated photonics [1-3]. The high refractive index of around
2.3 allows to scale down integrated photonic circuits and the bandgap of higher than 3 eV [4]
results in a large transparency window. Because of the high non-linearity, four-wave
mixing [2], supercontinuum generation [3] and third harmonic generation [5] have been
demonstrated. Furthermore the negative thermo-optic coefficient [6] (TOC) can be used to
design athermal devices by combining TiO> with a material with a positive TOC such as
Si3N4 [7] or Si [8]. The optical propagation losses remain however relatively high and go down
to 9.7 dB/cm at a wavelength of 633 nm [9] and 4 dB/cm at 1550 nm [10], when using
conventional fabrication techniques, i.e. deposition, lithography and etching. By using a lift-off
process, lower losses of 7.5 and 1.2 dB/cm at 633 nm and 1550 nm respectively can be
obtained [1].

In most cases, etching of TiO: is performed using reactive ion etching (RIE) with fluorine
as chemical component [2,9-11], often with addition of O, and Ar. These processes are
however all performed by using a Cr or Al hard mask, made by E-beam lithography (EBL)
using positive resist, followed by lift-off. Using only negative resist would result in a much
simpler process.

Several studies have been performed to compare the RIE characteristics of TiO; in different
chemicals. These studies include etching with SFs, CH3 and Cl>[12], HBr and Ck
mixtures [13], CF4/Ar/N; [14], CF4/Ar/O:[15], SFe¢/Ar, CF4/O: and CF4/Ar[16] and
BCls/Ar [17]. These studies however do not show the selectivity of TiO> towards resist, which
is a crucial factor for waveguide fabrication. Furthermore, many studies are performed by
different groups, which makes it hard to compare different chemistries quantitatively.

In this work, we show the development of a process recipe for negative EBL resist. The
etch rates of the EBL resist, SiO2 and TiOz are compared for different RIE chemistries. For
BCl; the influence of assisting gasses and different etching parameters are compared to
optimize the etching recipe.

E-beam lithography

For the EBL process a negative resist (ARN 7520.18) is spin coated on top of a 4 inch Si wafer
with an 8 um thermal oxide layer. The spin coating is performed for 3 minutes at 1500 rpm,
followed by a baking step of 1 minute at 85 °C. The E-beam exposure is performed using the
Raith EBPG5150 with an accelaration voltage of 100 kV. Comparing the structures written with



different doses, showed an optimum dose of 1000 uC/cm?. After exposure, the patterns are
developed in undiluted AR 300-47 developer for 1 minute. The resist patterns contain lines with
a width varying between 300 and 1000 nm and gaps between 100 and 1000 nm. The resist
showed bad adhesion to the substrate, causing the resist patterns to release or stick together. An
example is shown in figure 1(a). The electrically insulating substrate causes charge build up
during the exposure. As a result, stitching errors occur between write fields, causing shifts of
up to several micrometers in the patterns, shown in figure 1(b).

Fig. 1. (a) SEM of negative E-beam resist lines showing bad adhesion to the substrate. (b) Microscope image
showing typical stitching errors between write fields during E-beam lithography, as a result of charging of the
substrate.

To improve the adhesion of the resist to the substrate, an HMDS layer is spin coated for
45 seconds at 4000 rpm, prior to the spin coating of the resist. In order to prevent charge build
up, a conductive coating (AR-PC 5091) is applied on top of the resist. This is also performed
by spin coating for 45 seconds at 2000 rpm. The resulting patterns are shown in figure 2. The
height of the resist is around 670 nm, with small variations per process. Stitching errors do not
occur and good adhesion of the resist to the substrate is obtained. Patterns show to be 50 nm
narrower than designed, causing gap sizes to be 50 nm wider. As shown in figure 2b, gaps of
150 nm are well defined and opened during development. Smaller gaps might be possible, but
these are not tested, since 150 nm is sufficient for waveguide design.

Fig. 2. SEM image of 650 nm thick and 250 nm wide negative E-beam resist lines with a gap of 150 nm on top
of a SiO> substrate, (a) sideview (b) cross section.

Etching

The RIE is performed using the Oxford Plasma Pro 100 Cobra. The relevant etch parameters
are shown in table 1. In each case, 25 sccm is used for the reactive gas flow. The etch rates in
the 5 different available chemistries are compared and summarized in table 2. Etch rates of TiO»
are measured by ellipsometry before and after etching using the Woollam M-2000UI. Etch rates



of the negative resist and SiO> are measured by measuring the step height before etching, after
etching and after stripping the resist. This is done with the Veeco Dektak 8.

Pressure Time HF power ICP power Temperature
(mTorr) (mm:ss) W) W) ©0O)

10 | 01:00 | 20 | 1500 | 10

Table 1. Etch parameters
SFs CHF3 HBr CL BCL;

Resist 175 36 20 77 34

SiO: 71 73 10 ~0* 15

TiO2 55 15 ~0* 4 45

Table 2. Etch rates for different reactive gasses with a flow of 25 sccm
*no etching measured within measurement limit

RIE with BCl; shows the second highest etching speed of TiO2, and the best selectivity of
1.29 towards resist and 3 towards SiO». The characteristics of BCls etching are determined as
a function of Ar and O flow, HF Power and pressure. The etching rates are shown in figure 3.
The BCl; flow is kept at 25 sccm and the other parameters are given in table 1, except for
figure 3(c-d) where the HF power and pressure are increased.
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Figure 3. Etching rates of the negative E-beam resist, SiO2 and TiOz for varying
(a) Ar flow, (b) Oz flow, (c) HF power and (d) pressure.

As shown in figure 3(a), the etching speed of TiO; and resist increase, but the selectivity stays
the same. By adding some Ar into the plasma, the physical etching component increases,
which increases the etching rate. Figure 3(b) shows that adding O» into the chamber decreases
the SiO; and TiO> etching rate and increases the etching rate of the resist, resulting in very
low selectivity of TiO2 towards resist of 0.04 for 10 sccm of O2. Applying a higher HF power
increases the etching speeds, but the selectivity reduces as shown in figure 3(c). Finally the



pressure is increased, which results in lower etching rates, caused by the decreased
acceleration of the ions due to the increased number of ions. However the selectivity of TiO»
towards resist goes up to 2.9.

Conclusion

An EBL process has been developed to get resist patterns down to a width of 250 nm with a
gap down to 150 nm by using negative E-beam resist. Stitching errors are prevented by
applying a conductive coating and the adhesion to the substrate is improved with an
interstitial HMDS layer. Etching with BCl3 showed to be most beneficial for etching TiO»,
compared to SFs, CHF3, Cl, and HBr. Selectivities towards the negative resist of 2.9 are
obtained. Further optimization of the etching parameters might increase the selectivity.
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