Self Phase Modulation measurement of the nonlinear index of HfO2
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1. Abstract
In this work we measure the nonlinear refractive
index n2 of Atomic Layer Deposition (ALD) hafnium
dioxide (HfO2). Silicon slot waveguides were clad with
HfO2 and the nonlinear index was found by measuring
the amount of spectral broadening due to Self Phase
Modulation (SPM) of a 300fs high energy optical pulse
at the wavelength of 1550nm propagating through the
waveguides. An n2 of 5.8 × 10−20m2W−1 was found for
this material. Finite Element Method (FEM) numerical
simulations were realized in order to separate the
contribution to the SPM pulse broadening of silicon
from that of HfO2. This method is interesting due to the
fact that a large fraction of the field is in the hafnium
oxide film because of the high field confinement inside
the slot. The nonlinear index found this way is twice the
value of the n2 for pure silica. Furthermore, hafnium
oxide has interesting properties for nonlinear optics
applications such as a refractive index of 2.08 and a
band gap of 5.7 eV. Due to this large gap, it should have
low Two Photon Absorption at the near infrared (nearIR) and also be transparent over a wide range of
wavelengths and therefore suitable for mid infrared
(mid-IR) NLO applications.

strong light-matter interaction in this region, which is
highly desirable for measuring the nonlinear refractive
index of the Hafnium Oxide films. The strength of the
field, and hence the optical power, in the low index
region of the slot is much larger than in the core of the
silicon waveguide because of the discontinuity of the
electric field which is a consequence of basic
electromagnetic boundary condition at dielectric
interfaces.

2. SLOT waveguide fabrication
The structures fabricated in order to measure the
nonlinear index of HfO2 were slot waveguides [1-3]
fabricated on Silicon On Insulator wafers with 3µmthick buried oxide and 250 nm-thick silicon layers. The
main steps in the fabrication of these waveguides are
illustrated in Figure 1. The core was defined using
Electron Beam Lithography with HSQ electro-resist and
Reactive Ion Etching (RIE) (Figure 1a). Spiral shaped
slot waveguides with gaps of 50, 100 and 150 nm were
fabricated with total lengths of 0.5, 1 and 1.5µm. To
improve coupling efficiency, inverted tappers were used
at each of the waveguide’s extremities [4].
The slot waveguide were clad with 50nm-thick HfO2
films deposited by Atomic Layer Deposition at a
temperature of 400oC (Figure 1b). The refractive index
has a value of 2.08 at the wavelength of 1550 nm. The
waveguide was clad with an additional layer of 3µmthick PECVD silicon dioxide (SiO2) (Figure 1c).
The high confinement factor inside the slot allows

Fig.1. Fabrication process: (a) Definition of the waveguide
sidewalls by e-beam lithography and RIE. (b) Deposition of

the ALD HfO2 film. (c) Deposition of the upper cladding.

3. Nonlinear index measurement by SPM

Slot waveguide with total lengths 0.5, 1 and 1.5µm
were fabricated in order to do the characterization of the
nonlinear index of the HfO2 films, which was done by
using pulse spectral broadening measurements along
with numerical simulations.
The n2 of HfO2 was found by using the spectral
broadening due to Self Phase Modulation. The
broadening of the pulse for a given peak power P0 is
related to the n2 by [5]:
(1)
where ∆ω0 is the original frequency width of the pulse,
ωmax is the frequency width after broadening due to
SPM, P0 is the peak power, ω0 is the center angular
frequency, c is the speed of light in vacuum, Aeff is the
effective area and Leff is the effective length.
Figure 3 shows the spectra measured with and
Optical Spectrum Analyzer (OSA) at the output of a 1.5
cm-long waveguide for different input peak power for
both HfO2 and silica clad slot waveguides.

For this experiment, we used a Ti:Sapphire Optical
Parametric Oscillator (OPO) as a source, generating
00fs pulses. The pulse widths shown in the spectra in
Figure 3 were used in Equation 1 in order to calculate
n2. This nonlinear index does not correspond to that of
hafnium oxide because the waveguide is a silicon slot
filled with HfO2.
Using mode analysis and the known n2 of silicon we
matched the n2 obtained for the structure by varying the
nonlinear index attributed to the material filling the slot.
The overall n2 was calculated using the nonlinear
indexes of the different regions of the waveguide
(silicon waveguide and claddings) weighed by the
fraction of power in each region. In this manner we
were able to back calculate an n2 value of 5.8×10−20
m2W−1 for HfO2. To further corroborate our
measurement, we have also fabricated a reference slot
waveguide clad with 50nm-thick LPCVD silicon
dioxide. The value of n2 calculated using these
measurements for silica is 3.2×10−20 m2W−1, which is
very close to values reported on the literature for this
parameter.

4. Conclusions
By using slot waveguides, due to its high field
confinement in the low index region, we were able to
measure the nonlinear index of HfO2. The value
obtained for the n2 of this material was 5.8×10−20
m2W−1, which is twice that of silicon dioxide. For this
reason, we believe HfO2 to be a promising candidate as
a novel platform for integrated nonlinear optics
experiments. Having new material platforms with
different possibilities in terms of dispersion engineering,
along with the platforms that are already established,
offers much needed diversity that could potentially
benefit the future development of nonlinear devices for
near and mid-infrared applications.
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