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We report on the dispersion of the third-order nonlinear susceptibility (y® or “Chi 3”) in planar TayO;
waveguides in the telecommunications spectral window. We utilize the observation of third-harmonic gen-
eration under ultrashort pulsed excitation as a reference-free characterization method of x® and obtain a
large nonlinear coefficient, 2 X 10713 esu, at 1550 nm. Our observation of efficient third-harmonic generation
in Tay,O5 waveguides in the telecoms window reveals the potential of this material system in high-speed
integrated nonlinear optical switches. © 2009 Optical Society of America

OCIS codes: 160.4330, 230.7390, 190.2620, 190.4390.

Fast low-power all-optical switches are a key compo-
nent for high-bit-rate communication systems. Silica
optical fibers are currently used owing to their low
loss. However, the small nonlinear refractive index of
silica [1-3] requires high switching powers and very
long interaction lengths. To achieve compact switch-
ing devices, a large nonlinear refractive index (n,) is
required. Although many materials with a higher
nonlinear refractive index than silica have been re-
ported [2,4-6], there is a particular interest in those
compatible with planar processing technologies, with
minimal losses and absorption at a wide range of op-
erating wavelengths, and good thermal and mechani-
cal robustness. Silicon provides one potential candi-
date [7,8] but exhibits strong free carrier and two-
photon absorption limiting device performance.
Chalcogenide (e.g., AsyS3) glass is an alternative that
does not exhibit two-photon absorption [9-12]; how-
ever, it has a relatively low damage threshold
(9 GW/cem? [13]) compared to TayO5 [14]. Both of the
above two examples have large normal material dis-
persion, which can be detrimental to wavelength di-
vision multiplexing applications but can be compen-
sated by adjusting the waveguide geometry
dimensions [7-12]. Here we investigate TayO5 rib
planar waveguides as an alternative for compact op-
tical devices with a small effective area that could en-
able the exploitation of nonlinear effects at low light
intensity in the telecoms window. Ta,O5 has been
widely used as a high dielectric gate material for mi-
croelectronic devices, and multilayer dielectric mir-
rors, and more recently it was shown to possess a
high nonlinear refractive index at 800 nm [1,14].
Silicon dioxide (SiOy) clad TayO5 planar rib
waveguides are grown following the methodology in
[15]. We examine the nonlinear optical properties of
5-mm-long waveguides with 750 nm core thickness
and 2.5 um (sample A) and 18 um (sample B) width.
Figure 1 shows a cross-sectional scanning electron
microscope view of two waveguides. The samples are
optically excited using an optical parametric ampli-
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fier tunable in the near IR (280 fs pulses) with no
laser-induced damage to the waveguides.

We characterize the nonlinear optical properties of
the rib waveguides by spectrally and spatially resolv-
ing the guided optical modes at the end face of the rib
structure in both the near-IR and visible spectrum.
Figure 1 shows the observed spectral broadening for
8 nd pulse energy at 1610 nm. This is primarily at-
tributed to self-phase modulation, in accordance with
previous studies at 800 nm [1]. The dependence of
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Fig. 1. (Color online) Scanning electron microscope im-
ages of the cross-sectional view of the waveguides: (a)
sample A (2.5 um wide), (b) sample B (18 um wide). Spec-
tral broadening of the pump beam at the end facet of
sample A, solid curve. The dotted curve indicates the exci-
tation pump beam with 8 nJ pulse energy centered at
1610 nm. Inset, dependence of the spectral broadening on
excitation wavelength in the telecoms spectral window
(constant excitation pulse energy 8 nd).
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the spectral broadening on the excitation wavelength
for a constant excitation pulse energy (Fig. 1 inset)
suggests a weak dispersion of the nonlinear refrac-
tive index n,. Although earlier estimates of n, at
800 nm assumed negligible group velocity dispersion,
our observation implies that this must be considered
in the telecoms window. The rich structure of the
spectrally broadened pump (Fig. 1) further suggests
concurrence of other nonlinear processes that hin-
ders a fair estimate of the nonlinear coefficient and
its dispersion. Indeed, we clearly observe green light
at the end facet of the waveguide, visible to the eye,
indicating efficient third-harmonic generation (THG).
Interestingly, THG (Fig. 2) is not generated on the
fundamental mode but on a higher-order mode that
changes with waveguide width.

THG is a purely electronic process spectrally sepa-
rated from other nonlinear effects. We utilize analy-
sis of the THG signal to obtain y'® dispersion in the
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Fig. 2. (Color online) Third-harmonic spectra and corre-
sponding pump spectra over a range of telecoms and IR
wavelengths with respective spatial and calculated mode
profiles for waveguide samples A and B. (a) Third-harmonic
spectra and corresponding pump spectra for sample A. (b)
and (c) Spatial mode profiles in the visible and near IR with
the respective calculated modes for sample A. (d) Third-
harmonic spectra and corresponding pump spectra for
sample B. (e) and (f) Spatial mode profiles in visible and
near IR with the respective calculated modes for sample B.

telecoms window. Under optimum phase matching
conditions,

(Cn0)4Ak2802 1/2
; (1)

(3)] = -
Xl [I(3w) 1)
where w=(27mc)/\, Ak=k(3w)-3k(w), and I is the in-
tensity per unit area. We calculate the effective mode
indices and wave vectors (k) for the recorded spatial
mode profiles of the THG signal at the corresponding
wavelengths by finite-element analysis, taking into
account material dispersion [16,17] and with numeri-
cal accuracy set to the tenth digit. Figures 3(a) and
3(b) show the calculated effective index for the THG
signal, fundamental, pump beam, and the resulting
Ak. The simulations show that for the THG signal of
different modes/waveguides, Ak is unchanged. This
indicates a self-selective phase matching optimiza-
tion process inside the waveguides. Experimentally,
THG is optimized by fine tuning the pump wave-
length to maximize its intensity. Whereas an esti-
mate of x® dispersion can be obtained by measuring
the intensity of the THG signal and of the pump
beam coupled in the waveguide, as well as their spa-
tial mode profiles for different pump wavelengths,
the indeterminacy of the coherence length in our
structures prevents an absolute measure of x®.
Hereafter we will obtain a lower estimate of x® dis-
persion as a result of possible deviations from opti-
mum phase matching conditions in the process of
THG.

To remove ambiguities associated with the effi-
ciency of the input coupling we determine the pump
intensity contributing to THG by scaling the mea-
sured intensity of the transmitted pump beam at the
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Fig. 3. (Color online) Phase matching and y'® (Chi 3) dis-
persion in the waveguides. (a) Calculated effective index
for the third-harmonic signal with open circles and solid
circles for sample A and B, respectively. The fundamental
pump beam with open squares and solid squares for sample
A and B, respectively. (b) Resulting Ak with open circles for
sample A and solid circles for sample B. (c) x® (Chi 3) dis-
persion, on wavelength: solid circles for sample A and open
squares for sample B.



Table 1. Calculated Nonlinear Coefficient for Each
Pump Wavelength

Sample Mrae (nm) x® (esu)
A 489 (9.76+2.10) x 10714
500 (8.02+2.31) x 10°14
516 (2.13+5.68) x 10713
538 (4.75+1.59) x 10713
B 497 (1.06+0.21) x 10713
522 (4.23+0.90) x 10713
536 (4.33+1.26) x 10713

output of the waveguide. We account for the wave-
guide losses measured at —8.5 dB/cm using the cut-
back method on identical waveguide samples from
the same wafer. We also correct for the component of
the spectral integral that is present in the transmit-
ted pump beam due to self-phase modulation and ac-
count for the losses of the recorded light intensities
from our optical detection path and detector, thus ob-
taining x® values of Ta,O5 planar waveguides.

Table 1 shows the calculated nonlinear coefficient
for the two waveguides in the telecoms window and
for constant pump beam intensity of 8 nd. Figure 3(c)
shows y'® dispersion in Ta,O5, which increases sig-
nificantly with wavelength. Error bars are calculated
from the propagating error in the measurement of
the waveguide losses, estimated at 10% [14]. The av-
erage value for x® in the frequency range of
1470 to 1610 nm is (3.14+1.62) X 10713 esu in agree-
ment with earlier estimates in the near IR [1]. Thus,
the value of the nonlinear susceptibility of TayOj5 is
estimated to be between the BK7 silica glasses (y®
~2.0x 10" esu) and titanium dioxides (TiOy) (x®
~1.5X 10712 esu).

In conclusion, we observe a third-harmonic signal
in high-quality Tay,O5 planar rib waveguides over
wavelengths in the telecoms window. We experimen-
tally obtained the nonlinear susceptibility x® and
observed a strong dispersion of x® in Ta,05. With
the introduction of photonic crystals further disper-
sion engineering becomes possible, making Ta,O5 a
suitable base material for on-chip planar laser and
signal processing devices such as supercontinuum
generation, optical parametric amplifiers, and non-
linear optical switching. The compatibility with sili-
con processing technologies, the high index, and the
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large value of x® that we obtain render Ta,O;
waveguides a strong candidate, competitive with sili-
con, chalcogenide, or titanium dioxide (TiO,), for all-
optical integrated circuits and switching devices.
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