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Abstract: In this work, we investigate a pedestal tantalum oxide (TayOs) material platform for
integrated nonlinear optics (NLO). In order to achieve low propagation losses with this material,
pedestal waveguides with Ta;Os cores were designed. The nonlinear refractive index n; of this
new platform was obtained by measuring the amount of spectral broadening due to self-phase
modulation (SPM) of 23 fs optical pulses at 785 nm propagating through the waveguides. In this
manner, a nonlinear index of (5.8 £2.0) x 10712 m2W~! was found for this material, which is in
good agreement with values reported in related works where strip waveguides were used for a
similar purpose. Furthermore, due to the pedestal configuration, propagation losses as low as 1.6
dB-cm™! for narrow waveguides and 0.1 dB-cm™! for large waveguides were obtained. Finite
element method (FEM) mode analysis was performed to calculate the mode characteristics, as
well as the effective areas of the waveguides. The high nonlinear and linear refractive indices,
wide bandgap and low propagation losses make this platform ideal for applications extending
from the visible into the mid-IR regions of the optical spectrum. Due the large gap, Ta,Os should
have low two photon absorption at the near-IR as well.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Integrated nonlinear optics is an exciting area that in the last decade has demonstrated a
breadth of miniaturized devices with potential to have great impact in many fields such as
optical communications and optical interconnects for electronics, to cite a few [1-3]. The
first highly successful integrated platform ever demonstrated was based on silicon on insulator
(SOI). Devices for wide-band optical amplification, wavelength conversion as well as multiple
wavelength coherent optical sources could benefit from integration with electronics and lead the
way to smaller, more efficient devices built for the future networks [4—6]. The most attractive
feature of integrated photonics is that, due to the possibility of having high refractive indices
contrast, smaller modal areas and larger nonlinear parameters can be achieved. This means that
shorter devices could be used with similar efficiencies, which theoretically makes devices such as
optical parametric amplifiers (OPAs) feasible. It is well known that the great lengths needed to
implement OPAs in fibers translate into large stimulated brilloin scattering (SBS), which needs
to be suppressed for proper amplification. Miniaturized devices were potentially the perfect
solution for this problem. Soon other platforms started to be explored because silicon, although
having a very high nonlinear response, suffers from high linear and non-linear losses.

New platforms, such as silicon nitride (Si3Ny4) and hydex, among others, have been proposed
in the recent past, and each has its positive and negative characteristics [7,8]. Most of these
platforms allow for a much wider band of operation than silicon, and have been used in the
fabrication of devices for demonstrating frequency comb generation, wavelength conversion,
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parametric amplification, among others [9-11]. SizN4 requires high temperatures for its LPCVD
deposition. These high temperatures, along with the high compressive mechanical stress, lead
to a cumbersome fabrication process in order to avoid cracking and structural damages to the
devices. Hydex, on the other hand, is a proprietary material and has a somewhat lower refractive
index that translates into lower mode confinement and thus, less pronounced nonlinear effects.

This work is a first step towards developing a new platform for Nonlinear photonics based on
pedestal Ta;O5 waveguides. Its relatively high refractive index (n = 2.07), which is comparable
to that of silicon nitride, leads to waveguides with high mode confinement and a large nonlinear
coeflicient (y). A high refractive index can also translate into more flexibility for dispersion
engineering in these materials. Tantalum oxide films, used here to obtain the core of the pedestal
waveguides, can be made by sputtering at low temperature and are CMOS-compatible. Ta;Os5 has
a bandgap of 4.3 eV and good transparency in the near and mid-infrared, as well as a negligible
two-photon absorption (TPA) coefficient at near-infrared wavelengths.

The development of a waveguide fabrication process requires some engineering with respect
to the lithographic process, as well as etching recipes that are key to obtaining small scattering
losses. If this engineering is not done properly, waveguides with overly high propagation losses
can be obtained. This is specially true for waveguides in which the core is composed of transition
metal oxides. For this reason, we have proposed a new way to access the nonlinear property
of unexplored materials [12]. This method involves using pedestal waveguides, in which the
material is deposited on top of a pedestal that is previously defined in the lower cladding layer. In
this way there is no etching of the material that composes the waveguide’s core. The pedestal
process used in this work has the advantage of leading to waveguides with losses that are much
smaller than that of rib or strip waveguides. Therefore, the use of the pedestal process is an
integral part of the platform proposed here, as opposed to previous works [13,14].

The nonlinear index of Ta;Os was measured through self phase modulation (SPM) induced
pulse broadening at the optical wavelength of 785 nm. In the following section we discuss the
fabrication procedure for the pedestal waveguides. In section three we describe the techniques
used for the measurement of the nonlinear refractive index of tantalum oxide and waveguide
losses. In section four the experimental results are presented and discussed along with the future
perspective for this platform.

2. Pedestal waveguide fabrication

The fabrication of Ta,Os waveguides was done using pedestal waveguides since this process
allows for significantly smaller propagation losses, and it is well suited for materials for which
standard etching processes are not well established [12,15,16]. The process is illustrated in Fig. 1
and it was done on p-type silicon wafers. After standard cleaning, a dry oxide growth process is
performed inside a furnace at 1135 °C for 1 hour, in a H, and O, gaseous mixture, obtaining a
thermal silicon dioxide (SiO;) with 150 nm thickness (blue layer in Fig. 1(a)). Subsequently,
a photolithography process is performed to define the waveguide geometry (Fig. 1(a)). After
developing the photoresist, the oxide is wet etched (Fig. 1(b)) using buffered oxide etch (BOE)
for 2 minutes.

Figure 1(c) illustrates the isotropic etch of the silicon underneath the photoresist and the silicon
dioxide layers. This is achieved with SFg plasma (26 sccm flow), with 100 W of RF power and 68
mTorr of pressure, for 3.5 minutes, leading to an etched structure 3.7 um deep. The photoresist
stayed undamaged during the etch, protecting the SiO; layer. Figure 1(c) shows how the silicon
underneath the thin silica layers is undercut, leaving a silica ‘hat’ which allows a controlled
deposition of the devices’ core, protecting the sidewalls of the pedestal. In addition, this shape
isolates the waveguide from the lateral slab waveguides, avoiding coupling losses.

The subsequent step is a wet oxidation process at 1150 °C performed on the silicon wafer,
creating a thick SiO, layer (1.65 um) underneath the silica ‘hat’ and in the lateral regions of the
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Fig. 1. Fabrication process of pedestal waveguides: (a) SiO; desposition and optical contact
lithography; (b) Wet etch of SiO, layer; (c) Isotropic reactive ion etching of the silicon
substrate; (d) Thermal oxidation; (e) Depostion of the TayO5 core.

pedestal structure (Fig. 1(d)). This oxide is in fact the lower cladding of the waveguides whereas
the upper cladding is air. The refractive index of the thermally grown SiO, was measured using
ellipsometry technique, and its value is 1.46. For this reason, the material used as a core must
have a higher index to allow for total internal reflection (TIR) to take place inside the waveguide.
The measured refractive index of TayOs is 2.07. The core is deposited using the DC reactive
sputtering technique (dark blue layer in Fig. 1(e)). The core is a 430 nm-thick layer of Ta;Os.
The DC voltage used in the deposition process is 1.77 kV and the total process time is 50 min.

3. Nonlinear index and loss measurements methods

Pedestal waveguides with a total length of 3 cm were used for the propagation loss measurement,
which was done using the top view technique. This technique consists on the acquisition of
images with a CCD camera adapted to a microscope with 10x magnification to capture light
scattered by the waveguides. The light scattered from the top surface of the waveguides is
proportional to the intensity of light guided inside the core. This relation is a way to calculate
propagation losses [17]. With digital treatment of the captured images, it is possible to obtain the
intensity of the scattered light as a function of the distance along the propagation direction, which
can be fitted using linear regression in order to obtain the slope and calculate the propagation
losses.

In order to use TayOs as a nonlinear platform based on the pedestal process, it is important to
have low propagation losses as well as as a high nonlinear refractive index. The determination
of n, was done using pulse spectral broadening measurements based on self-phase modulation
(SPM) [13,14], considering that the broadening for a given power Py is related to the n, by [18]:

Wmax _ O.86Leﬁrl’l2P0w0 (1)
Aa)o CAeﬁr ’

where Awy is the original spectral width (FWHM) of the pulse, wyqy is the spectral width after
broadening due to SPM, Py is the peak power, wy is the center angular frequency, c is the speed of
light in vacuum, A,y is the effective area calculated numerically using the finite element method
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(FEM) and the effective length (L) is given by:

1= e—ad

Loy = Y ()

In this last equation « is the attenuation constant and d is the length of the waveguide.

4. Results and discussion

A scanning electron microscope (SEM) micrograph of the cross-section of a pedestal waveguide
with TayOs core is shown in Fig. 2(a). This waveguide has a 5 ym-wide, 430 nm-thick core.
The thickness of the lower cladding silica layer is 1.65 um and the height of the pedestal is
approximately 3.6 um. Since the refractive index of tantalum oxide (n = 2.07) is much larger
than that of the silica lower cladding and air upper cladding, the mode is confined mostly in the
core, as can be seen in Fig. 2(b), which shows the magnitude of the electric field’s x component
associated with the fundamental mode of a 5 ym-wide pedestal waveguide, obtained by FEM
mode analysis. By inspection of Fig. 2(a), it is also possible to conclude that the core is well
isolated from the silicon layer and the tantalum oxide slab waveguide formed on either side of
the pedestal. This isolation is provided by the ‘hat’-shaped structure formed by the core, which
prevents TapOs from being deposited on the region immediately underneath it. All of these
factors contribute to low leakage losses.
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Fig. 2. (a) SEM micrograph of a 5 um-wide pedestal waveguide. (b) Magnitude of the
E-field’s x component associated with the fundamental mode of a 5 ym-wide pedestal
waveguide, obtained by FEM mode analysis.

The losses of the pedestal waveguides were measured via the top-view technique described in
the previous section for waveguides with widths ranging from 5 ym to 100 um. The measured
propagation losses are plotted in Fig. 3(a) as a function of waveguide width. The minimum
propagation loss corresponding to the 100 um-wide waveguide is 0.1 dB-cm~!. Note that all of
the propagation losses measured are below 1.6 dB-cm™!. These small losses are attributed to the
modified pedestal process [12,16]. In fact, these values are significantly smaller than loss values
presented in other works for tantalum oxide strip waveguides that are fabricated with conventional
processes (e.g., 2.4 dB-cm™! measured in [13]). The use of pedestals is a good alternative for
reducing these losses. This is an important feature of the platform proposed in this work.

Figure 3(b) shows the spectra measured with an optical spectrum analyzer (OSA-USB2000+,
from Ocean Optics) at the output of a 1.5 cm-long 80 um-wide waveguide for different waveguide
peak powers, ranging from 0.79 kW to 1.77 kW. For this experiment, we used 23 fs pulses
generated by a Ti:sapphire amplified laser system (Femtopower Compact Pro HR/HP from



Research Article Vol. 27, No. 26/23 December 2019/ Optics Express 37520 |

Optics EXPRESS SN

16 =z Experimental data| —_— P,=177 kw
n £l Linear Fit o107 —— P,=147kW
141 - 2
~ £ —— P,=1.06kW
e 12l = 5 0.08 — P,=0.79kW
3 = <
Y &0 N
£ 10l S =
2 R
@ 89 02 oa 06 o8 10 12 z 0.06
Zosh a o Waveguide Length (cm) ,2
= a —_
£ o6} = 0.04
g 3
g z
%. 04+ 3
& 0.02
0.2
[
00 0.00 :

20 40 60 80 100 740 760 780 800 820 840

8|
Waveguide width (um) Wavelength (nm)
(a) (b)

Fig. 3. (a) Propagation loss results of Ta;Os pedestal waveguides in the 5 -100 pym width
range. The inset shows the slope of the measured light intensity captured by the CCD camera
as a function of the optical waveguide length. (b) Optical intensity spectra at the output of
the waveguides for different peak powers inside the waveguide.

Femtolasers), centered at 785 nm, with 40 nm of bandwidth (FWHM), in a 4 kHz repetition rate
train of pulses.

The pulses energy was attenuated by a series of neutral density filters, and their peak power
was finely controlled using a half-wave plate and a polarizer in the optical path of the laser
beam before it reached the waveguide. The polarizer was configured to transmit the horizontal
polarization and the wave plate was used to control the power injected into the waveguide. A 10x
objective was used to couple light into the integrated waveguides. The light at the waveguide’s
output was collected by an optical fiber leading to the optical spectrum analyzer.

The pulse spectral widths shown in Fig. 3(b) were used in Eq. (1) in order to calculate the
effective ny of the structure. This nonlinear index does not correspond to that of tantalum oxide
because part of the modal field of the pedestal waveguide permeates the air and the silica lower
cladding. We have used mode analysis based on the finite element method (FEM) to find the
fraction of the light intensity in each part of the waveguide. In conjunction with the known n; of
silica as well as the effective n, obtained for the structure, this allowed us to obtain the nonlinear
index of the core material TayOs. The effective or overall n, was considered to be equal to the
average of the nonlinear indexes of the different regions of the waveguide (silica and air claddings
and Ta,Os core) weighed by the fraction of power in each region.

A nonlinear index value of (5.8 + 2.0) x 107?m>W~! was obtained for Ta,Os. This value is
very close to ny values reported in the literature and is more than one order of magnitude larger
than that of silica, which in conjunction with the low propagation losses makes pedestal Ta;Os5 a
great platform for nonlinear optical applications such as supercontinuum generation, frequency
comb generation, wavelength conversion and parametric amplification. The presented n, value is
the average of the n, values measured for waveguides with widths ranging from 7 gym to 100 um.
It is important to mention that the narrower waveguides support only a few modes, which means
that they could be used for most of the nonlinear applications mentioned above.

5. Conclusion

We proposed, fabricated and analyzed a novel pedestal NLO platform based on Sputtered tantalum
oxide, having measured its effective nonlinear refractive index. The value obtained for the n; of
Tay0s is (5.8 +2.0) x 107! m®*W~!, which is more than one order of magnitude greater than
that of silicon dioxide. The propagation losses obtained for Ta;O5 pedestal waveguides are as
low as 0.1 dB-cm™!, and smaller than 1.6 dB-cm™! in all cases. These losses are smaller than
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the ones reported in the literature, which makes this platform of great interest to make low loss
resonators with large quality factors, essential for NLO applications such as frequency comb
generation. The low propagation losses were obtained in spite of the fact that optical contact
lithography was used, and can be improved even further if electron beam lithography is used, as
is done in many of the related works where Ta;Os strip waveguides have been demonstrated. For
these reasons, we believe the tantalum oxide pedestal platform to be a promising candidate for
integrated nonlinear optics devices.
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