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ABSTRACT
We report the design and numerical analysis of a tellurium oxide rib waveguide pumped with femtosecond laser pulses at 1550 nm for near
and mid-infrared wavelength conversion at 0.96 and 4.05 μm, respectively. The wavelength conversion principle is based on the degener-
ate four-wave mixing in the designed tellurium oxide rib waveguide device. The corresponding detuning in the frequencies is as large as
∼120 THz at both sides of the pump frequency. This is the largest detuning of the frequencies obtained using a TeO2 rib waveguide via
a four-wave mixing process to the best of our knowledge. Such waveguide-based light sources are required for various potential applica-
tions, including chemical sensing, absorption spectroscopy, and generation of quantum correlated photons on future nonlinear photonic
integrated circuits.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0049865

I. INTRODUCTION

The mid-infrared (Mid-IR) region of the electromagnetic spec-
trum spreading from 2–25 μm has been considered a significant
domain due to its possible numerous applications such as molec-
ular spectroscopy and nonlinear microscopy, non-destructive test-
ing, optical coherence tomography, and bio-photonic diagnostics.1–5

Most of the bio-molecules possess their absorption spectra in the
mid-IR region.6 Therefore, this particular region is generally known
as the molecular “fingerprint region.” Furthermore, the mid-IR
spectrum includes two indispensable optical windows, 3–5 and
8–13 μm, which are transparent to the atmosphere and, therefore,
very suitable for free space communication and remote sensing
applications.

Undeniably, presently available mid-IR laser sources based on
optical parametric oscillators (OPOs) that are being operated at
wavelengths longer than 1.8 μm are not proficient at providing
the combination of the narrow linewidth and the extensive tun-
able range. Moreover, such OPO-based mid-IR laser sources can-
not be modulated to support the innovative applications in LIDAR
systems.7,8 Mid-IR quantum cascade lasers (QCLs) can be tuned

broadly although the operation at room temperature still imposes
the challenge for the 3–5 μm spectral range because of the mate-
rial limitations.9,10 One of the favorable schemes for generating
mid-IR light sources is the generation of a supercontinuum in
the specialty optical fibers and waveguides.11–17 Another promis-
ing scheme is the parametric wavelength conversion based on the
four-wave mixing (FWM) process.18–21 Signal amplification and
wavelength conversion are necessary for a fully integrated wave-
length division multiplexed optical network. FWM is the paramet-
ric process proficient of both converting and amplifying a signal.
The frequency conversion and the broadband amplification were
reported in the spectral range of 1.511–1.591 μm by employing
an all-silicon photonic chip.19 Near-IR wavelength conversion at
2.388 μm was demonstrated in a silicon waveguide device pumped
at 1.589 μm along with a probe at 1.3 μm.20 FWM has also been
demonstrated on-chip in silicon wire waveguides.22,23 Nonetheless,
the free carrier absorption and two-photon absorption introduce
nonlinear losses, which limit the efficiency of the wavelength con-
version. The far-detuned parametric wavelength conversion at 2
and 3.5 μm was demonstrated using a hybrid polymer–chalcogenide
optical micro-wire pumped with a femtosecond OPO operating at
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2.6 μm.24 A dispersion-engineered As2S5 microstructured optical
fiber was fabricated for parametric wavelength conversion at 4.5 μm
in an atmospheric-transparent window using an OPO providing
200 fs laser pulses at 2 μm.25 Nagasaka et al. demonstrated far-
detuned frequency conversion over 80 THz using a 21 cm long As2S5
chalcogenide microstructured optical fiber pumped with picosec-
ond pulse laser pumping at ∼2 μm.26 In these chalcogenide fiber
geometries, the optical fibers’ dispersion profiles were such that they
required the OPO-based pumping at the longer wavelengths (2 and
2.6 μm) on which the conventional compact laser sources are not
available.

Silicon nitride, a CMOS compatible deposited film, does not
suffer from nonlinear loss mechanisms and is still a viable mate-
rial for on-chip FWM due its large Kerr response compared to glass
materials.27 Agha et al. demonstrated frequency up and down con-
version between the 980 and 1550 nm wavelength regions using
FWM Bragg scattering in the silicon nitride waveguides.28 Kowligy
et al. reported a dispersion-engineered nanophotonic geometry of
the silicon nitride waveguide device for near-IR to mid-IR tun-
able light generation extending from 2.6 to 3.6 μm on a single chip
pumped by Er-fiber lasers.29 However, no waveguide devices compa-
rable to those in the mid-IR regime more than 3.6 μm have reported
to date. The main difficulty in generating mid-IR light at the wave-
lengths longer than 3.6 μm is the silica substrate, which offers high
absorption losses at longer wavelengths. To eliminate this difficulty,
sapphire has been supposed to be the better candidate as a sub-
strate. The sapphire as a substrate provides a number of advan-
tages including visible-to-mid-IR optical transparency, high speed,
low power, and radiation hardness.30 Recently, a silicon-on-sapphire
(SOS) platform was reported for the mid-IR region.31 Subsequently,
two types of bright quantum emitters at room temperature emit-
ting in the orange visible spectrum, integrated in a scalable AlN-
on-sapphire photonic integrated circuit platform, were reported.32

It has been found that tellurium oxide (TeO2) is a highly promising
nonlinear material for integrated photonic devices.29,33–35 TeO2 is
transparent within the spectrum ranging from visible to the mid-IR
region with low losses of 0.1 dB/cm at 1500 nm.36–38

In this work, we have designed and numerically analyzed a
TeO2 rib waveguide on the sapphire substrate for far-detuned wave-
length conversion based on a four-wave mixing. The far-detuned
wavelength conversion at 0.96 μm (signal) and 4.05 μm (idler) using
a 1 cm long TeO2 rib waveguide pumped with a femtosecond laser
pulse at 1.55 μm is reported. The detuning in frequency is obtained
as large as ∼120 THz. Simulated results indicate that a TeO2 rib
waveguide with the dimension reported in Table I can provide
mid-IR light at 4.05 μm, which lies in the first atmospheric trans-
parent window (i.e., 3–5 μm). The numerical results illustrate the
TeO2 rib waveguide device’s potential for far-detuned mid-IR wave-
length conversion with prospective applications, including chem-
ical sensing, absorption spectroscopy, and entangled photon pair
generation.

TABLE I. Geometrical parameters of the designed hybrid waveguide structure.

Parameters h1 (μm) h2 (μm) w (μm)

Value 1 0.5 2.5

II. DESIGN AND PROPOSED FABRICATION METHOD
OF TeO2–Si3N4 HYBRID WAVEGUIDE

The schematic diagram of the TeO2 rib waveguide structure
and the electric field distribution of the fundamental TE mode at
1550 nm is illustrated in Fig. 1. The waveguide structure comprises
a rib waveguide deposited on the sapphire substrate. As illustrated
in Fig. 1, h1, h2, and w represent the height of the core, the trench
depth, and the core width of the rib waveguide, respectively. From
the fabrication point of view, the TeO2 film with a thickness of h1
can be deposited on a sapphire substrate by employing the radio fre-
quency reactive sputtering technique. Finally, the rib waveguide can
be patterned using electron beam lithography and reactive ion etch-
ing (RIE) techniques. The waveguide can be terminated with inverse
tapers to increase coupling and make sure only the first order mode
is excited. The numerical values of the geometrical parameters of the
designed TeO2 rib waveguide are tabulated in Table I.

III. RESULTS AND DISCUSSION
The wavelength-dependent refractive indices of TeO2 and sap-

phire materials have been estimated by employing the following Sell-
meier equation [Eq. (1)], which is plotted in Fig. 2. In addition, the
Sellmeier coefficients for TeO2 and sapphire materials are presented
in Table II,

n2 = A0 +
n

∑
n=1

Anλ2

λ2 − a2
n

. (1)

First of all, to investigate the TeO2 waveguide device, the effec-
tive mode indices of the fundamental TE mode were estimated by the
full-vectorial finite element scheme. In the simulations, the funda-
mental TE mode has been considered. In practice, to avoid excitation
of the higher order modes, one can implement an adiabatic coupling
region.42 The composite waveguide device’s geometrical parameters
were optimized to obtain appropriate zero dispersion wavelengths
(ZDWs) in such a way that the waveguide is suitable for pumping at
1.55 μm. The dispersion profile of the waveguide device plays a very
important role in obeying phase-matching conditions for the FWM
process to happen at a particular pump wavelength. In the process of
the degenerate FWM process, two photons of an identical frequency
ωp interact with each other via the material and annihilate to provide
two new photons, i.e., signal and idler of the frequencies of ωs and
ωi, respectively. In such interaction, the frequency conversion rela-
tion (energy conservation relation) is obeyed, i.e., 2ωp = ωs + ωi, and

FIG. 1. (a) The schematic representation of the cross section of the tellurite rib
waveguide deposited on the sapphire substrate. (b) The electric field distribution
of the fundamental TE mode at 1550 nm confined in the core of the designed rib
waveguide structure.
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FIG. 2. The refractive indices of the TeO2 and sapphire materials.

TABLE II. The Sellmeier coefficients of TeO2 and sapphire materials.

Sellmeier coefficients TeO2 (λ in μm)39 Sapphire (λ in μm)40,41

A0 3.548 303 4 1
A1 0.978 372 6 1.431 349 3
A2 6.651 087 9 0.650 547 13
A3 ⋅ ⋅ ⋅ 5.341 402 1
a1 0.287 522 973 0.072 663 1
a2 15 0.119 324 2
a3 ⋅ ⋅ ⋅ 18.028 251

the corresponding phase-matching condition (momentum conser-
vation relation) Δk = 2γP − (2kp − ks − ki) = 0, where ∆k indicates
the phase mismatch between the propagation constants of the waves;
γ [=2π × n2/(λ×Aeff)] represents the nonlinearity coefficient (for the
calculation of the nonlinear coefficient, we have used the value of
the nonlinear refractive index, n2 = 1.3 × 10−18 m2/W for tellurite
glass43); P represents the peak power of the pump; and k repre-
sents the wave vector. The pictorial representation of the energy and
momentum conservation laws in the case of the degenerate FWM
process is illustrated in Fig. 3.

To inspect the designed TeO2 rib waveguide’s performance, we
considered a commercially available 180 fs laser pulse source as a

FIG. 3. Pictorial representation of (a) energy conservation and (b) momentum
conservation relations.

FIG. 4. The variation of the confinement loss of the propagating fundamental TE
mode with wavelengths in the tellurite rib waveguide structure with h1 = 1 μm,
h2 = 0.5 μm, and w = 2.5 μm.

pump with an average power of 5 mW (corresponding to the peak
power of ∼277 W) and the repetition rate of 100 MHz at 1550 nm.
The wavelength dependence of the confinement loss of the funda-
mental TE mode propagating in the TeO2 rib waveguide is shown
in Fig. 4. We simulated the modal confinement loss (L) of the
waveguide using the imaginary part of the fundamental TE mode’s
effective mode index. The modal confinement loss is interrelated
with the imaginary part of the effective mode index [Im(neff)] as
L = k × [20/ln(10)] × Im(neff) [dB/m], with k = 2π/λ, where λ is

FIG. 5. The material loss of the TeO2 glass.
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in the unit of meter. The confinement loss of the propagating fun-
damental TE mode is very less for the wavelengths up to 4 μm.
The waveguide offers confinement losses of 1.12 × 10−8 and
1.60 dB/mm at 1.55 and 4.05 μm, respectively. Figure 5 illustrates
the intrinsic material loss of TeO2 glass.44 As shown in Fig. 5, TeO2
glass is transparent ranging from 0.5 to 5 μm with a very low mate-
rial loss of <0.01 dB/mm. The variations in the effective mode -area
of the fundamental TE mode with wavelengths are represented in
Fig. 6. The designed TeO2 waveguide offers effective mode areas of
1.84 and 11.60 μm2 for the wavelengths 1.55 and 4.05 μm, respec-
tively. The spectral variations of the nonlinear coefficient (γ) for the
fundamental TE mode are represented in Fig. 7. It is clear from
Fig. 7 that the designed TeO2 rib waveguide offers a nonlinear
coefficient as large as 2.86 and 0.18 m−1 W−1 at 1.55 and 4.05 μm,
respectively.

The dispersion profile of the fundamental TE mode propagat-
ing in the TeO2 waveguide structure for the optimized geometrical
parameters (t1 = 350 nm, t2 = 320 nm, and w = 2 μm) is depicted in
Fig. 8. The designed TeO2 rib waveguide offers a dispersion value
of 61.40 ps/nm/km at 1.55 μm. Within the spectral range from 1 to
4 μm, the TeO2 rib waveguide structure offers two zero-dispersion
wavelengths (ZDWs) at 1.33 and 2.56 μm.

The phase-matching condition for the FWM process is pre-
sented in Fig. 9. The results illustrate that, for 1 cm length of
the TeO2 rib waveguide, the phase-matching condition satisfied at
0.96 μm (signal) and 4.05 μm (idler) far from the pump wavelength
where the value of the phase mismatch (i.e., ∆k) is zero. The far-
detuned wavelength conversion with a 2.50 μm wavelength spac-
ing (corresponding to the frequency shift of ∼120 THz) has been
accomplished toward the mid-IR region using FWM in the TeO2 rib
waveguide device. Such a wavelength shift (i.e., from 1.55 to 4.05 μm
in the mid-IR region) is the largest reported wavelength shift so far
in the TeO2 rib waveguide platform. It is also important to mention

FIG. 6. The effective mode area of the propagating fundamental TE mode in the
tellurite rib waveguide structure with h1 = 1 μm, h2 = 0.5 μm, and w = 2.5 μm.

FIG. 7. The nonlinear coefficient of the propagating fundamental TE mode in the
tellurite rib waveguide structure with h1 = 1 μm, h2 = 0.5 μm, and w = 2.5 μm.

here that the phase mismatch is also zero at 1.36 and 1.80 μm close
to the pump wavelength. However, this is not the objective of this
work. This work aims at obtaining far-detuned wavelengths toward
the mid-IR region in the integrated TeO2 rib waveguide. In prac-
tice, the near detuned wavelengths can be filtered out by employing
a proper optical filter at the waveguide device’s output. In the degen-
erate FWM process, the pump wavelength is considered near the
zero-dispersion wavelength of the waveguide device to avoid the
longitudinal separation of the pump, signal, and idler photon pulses.

To achieve tunable features from the designed waveguide with
a pump wavelength, we have analyzed the waveguide structure for
the wavelength ranging from 1.5 to 1.6 μm. The length of the
waveguide device is considered as 1 cm. The tunable feature of

FIG. 8. The dispersion characteristic of the tellurite rib waveguide structure with h1
= 1 μm, h2 = 0.5 μm, and w = 2.5 μm.
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FIG. 9. The phase-mismatch (Δk) for the 1 cm long composite waveguide when it
is pumped by 180 fs laser pulses for an average power of 5 mW at 1550 nm.

the rib waveguide device is represented in Fig. 10. It is clear from
Fig. 10 that the signal and idler waves can be tuned from 0.93 to 1.0
and 3.9–4.1 μm, respectively, using the pump varying from 1.50 to
1.60 μm. In this way, the signal and idler waves can be tuned by vary-
ing the pump wavelengths. This is a significant feature for photonic
integrated circuits.

Finally, we performed the numerical simulations to validate
the phase-matching conditions by solving the generalized nonlin-
ear Schrodinger equation. The generalized nonlinear Schrodinger
equation is given as follows:45

∂Ã′

∂z
= iγ(ω) exp(−L̂(ω)z)

×F{A(z, T)∫
∞

−∞

R(T′)∣A(z, T − T′)∣2dT′}, (2)

FIG. 10. The tunability analysis of the designed rib waveguide device when it
pumped by 180 fs laser pulses of an average power of 5 mW at a pump wavelength
varying from 1.5 to 1.6 μm.

FIG. 11. Numerical observation of the wavelength conversion in the 1 cm long TeO2
rib waveguide pumped with 180 fs laser pulses of an average power of 5 mW at
1550 nm.

where Ã′ indicates the envelope of an output pulse. γ(ω) represents
the frequency-dependent nonlinear coefficient.

The relation can simulate the Raman response function,

R(t) = (1 − f R)δ(T) + f R
τ2

1 + τ2
2

τ1τ2
2

exp(− T
τ2
) sin( T

τ1
)H(T), (3)

where f R represents the Raman response contribution. τ1 is the
Raman period, τ2 is the damping time, and H(T) indicates the Heav-
iside step function [i.e., H(T) = 0 if T < 0 and H(T) = 1 if T > 0].
For TeO2 glass, the fractional Raman contribution f R = 0.064,
Raman period τ1 = 7.4413 fs, and lifetime τ2 = 46.932 fs were
used in the calculations.46 The total loss spectrum of the TeO2 rib
waveguide was estimated by adding up the confinement loss of the
TeO2 rib waveguide and the intrinsic material loss spectrum of
the TeO2 glass.

Figures 11 and 12 illustrate the simulated spectrum for a 1 cm
long TeO2 rib waveguide pumped with 180 fs laser pulses of an
average power of 5 mW at 1550 nm. As shown in Fig. 11, the sig-
nal and idler waves were obtained at the wavelengths of ∼0.94 μm
(slightly less than 0.96 μm) and ∼4.15 μm (somewhat more than
4.05 μm), respectively. The obtained results demonstrate good agree-
ment between FWM phase-matched wavelengths and the signal and
idler wavelengths obtained by solving the Schrodinger wave equa-
tion. Figure 12 shows that the obtained frequency detuning is as large
as ∼120 THz on either side of the pump frequency. This is the largest
detuning of the frequencies obtained using a TeO2 rib waveguide
platform via the FWM process to the best of our knowledge. The
reported waveguide structure can be used to generate far-detuned
wavelengths at ∼0.96 and ∼4.05 μm using ultrafast laser pumping

FIG. 12. The frequency detuning obtained in a 1 cm long TeO2 rib waveguide
pumped with 180 fs laser pulses of an average power of 5 mW at 1550 nm.
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at 1.55 μm. Such nonlinear rib waveguide devices generating light at
0.96 and 4.05 μm hold significant potential to multiply the integrated
circuits’ functionality for the applications in a wide range of mid-IR
nonlinear integrated photonic devices.

IV. CONCLUSION
In summary, we have designed and numerically analyzed an

integrated TeO2 rib waveguide structure on the sapphire substrate
for mid-IR wavelength generation at 4.05 μm using degenerate
FWM. The wavelength of the generated idler wave lies in one of
the atmospheric transparent windows (i.e., 3–5 μm) in the mid-IR
region. The obtained results demonstrate that using a 1 cm long
TeO2 rib waveguide pumped with ultrafast laser pulses at 1.55 μm,
one can achieve far-detuned wavelength conversion at 0.96 μm (sig-
nal) and 4.05 μm (idler) via the degenerate FWM process. The
obtained signal and idler frequencies are detuned by ∼120 THz from
the pump frequency. Such nonlinear waveguide devices generat-
ing light at 0.96 and 4.05 μm hold significant potential to mul-
tiply the integrated circuits’ functionality. The result shows the
potential of the TeO2 rib waveguide for far-detuned mid-IR wave-
length conversion with prospective applications, including chem-
ical sensing, absorption spectroscopy, and entangled photon pair
generation.
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