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Abstract: We report on the experimental generation of an octave-spanning supercontinuum in a 

2.2 cm-long titanium dioxide optical waveguide with two zero dispersion wavelengths. The 

resulting on-chip supercontinuum reaches the visible wavelength range as well as the mid-infrared 

region by using a femtosecond fiber laser pump at 1.64 µm. 
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1. Introduction 

Generation of optical supercontinua (SC) is a fundamental topic that has stimulated a tremendous 

interest since the early works of Alfano et al. in the 70’s [1]. The development of practical 

applications as well as the physical understanding of the various processes involved in this 

nonlinear spectral broadening have strongly benefited from the progress in optical fiber 

technologies. More especially, the emergence of photonic crystal fibers combining tailored 

dispersion properties and enhanced nonlinearity has led to record spectral expansion  [2,3]. 

Moreover, advances in soft-glass materials such as tellurite or chalcogenide fibers have also 

contributed to the extension of SC bandwidth far beyond the silica transmission window and have 

paved the way toward mid-infrared SC sources  [4–7]. The next exciting stage is to reduce the 

footprint of the component and generate octave spanning supercontinua on an optical chip. To this 

aim, various platforms have been successfully investigated : Si [8–10], SiGe [11–13], SiN [14–17], 

diamond-on-insulator  [18], chalcogenide waveguides  [19] or III-V material based waveguides 

(InGaP  [20], AlGaAs  [21]. Each material provides specific advantages but also strong potential 

limitations including two photon absorption (TPA) and associated free carrier absorption, high level 

of losses, limiting transparency window, low refractive index, low handling power as well as high 

cost or complex manufacturing processes. 

In this context, we consider here Titanium dioxide (TiO2) as an alternative platform that 

remained until now relatively unexplored. TiO2 is a promising material thanks to a transparency 

window spanning from the visible to the mid-infrared wavelengths [22], high linear and nonlinear 

refractive indices (respectively > 2.3, 30 times larger than silica  [23,24]) and a wide bandgap (3.4 eV) 

allowing a negligible TPA beyond 800 nm. Its thermo-optic properties can also be of great interest 

for thermal stability [25–27]. Moreover, thin films can be prepared by several techniques such as 

e-beam evaporation, atomic layer deposition (ALD), plasma-enhanced chemical vapor deposition 

(PE-CVD) or sol-gel process [28]. Therefore, it has become increasingly desirable to consider this 

cost-efficient material in different scenarios such as subwavelength optical waveguides [29], 

integrated optical resonators [26,30,31], infrared high speed transmissions [32] or sensing 

applications [33]. Quite recently, several studies aimed at taking advantage of the Kerr nonlinearity 

of TiO2 and have reported the observation of self-phase modulation induced spectral broadening of 

a femtosecond pulse [23], the parametric wavelength conversion of a continuous wave [24] as well 

as the efficient generation of photon triplet [34]. 
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In the present contribution, to the best of our knowledge, we report on the first experimental 

generation of a supercontinuum covering more than an octave in a TiO2-based on-chip waveguide. 

The manuscript is organized as follows. We first describe the properties of the cm-long on-chip 

waveguides in which SC generation is demonstrated. Next, we detail the experimental set-up based 

on a femtosecond fiber laser at 1.64 µm, and finally we analyze the main features of the generated 

supercontinua. 

2. TiO2 waveguide design and fabrication  

The fabrication process starts with the deposition of a 450 nm-thick layer of TiO2 onto a 2’’ thermally 

oxidized Si wafer (SiO2 thickness = 2.0 µm). TiO2 deposition is performed by DC magnetron 

sputtering of a 99.9% pure titanium under an argon oxygen controlled atmosphere. It is well known 

that different TiO2 phases can be obtained: rutile  [35,36], anatase [37,38] or amorphous [24,38]. In 

this case, Raman spectroscopy experiments (not shown) reveal that the layers are dominantly in the 

anatase phase. The 2.2 cm-long waveguides considered in the following are obtained by I-line 

patterning of the UV sensitive resist AZ MiR 701. The patterned resist is then used as a protective 

mask during the subsequent reactive ion etching of the TiO2 layer. After stripping of the residual 

mask, strip waveguides featuring a typical width of 1.5 µm are obtained as shown by scanning 

electron microscope (SEM) image displayed in Fig. 1(a). This image shows that the fabrication 

process leads to asymmetric sidewalls such that the top width (w1 = 1.345 µm) is shorter than the 

base width (w2 = 1.487 µm), so that the waveguide section is close to a right trapezoid. 

 

Figure 1: (a) Scanning Electron Microscope image of the cleaved strip TiO2 waveguide (b1 & b2) 

Corresponding mode profiles at 1640 nm and associated effective index for the first transverse 

electric (TE) and transverse magnetic (TM) respectively.  

The high contrast between the TiO2 (the estimated refractive index for the anatase TiO2 layer at 

1.64 µm is 2.35) and the silica layer (refractive index = 1.44) or the surrounding air is highly beneficial 

for a strong light confinement. The refractive index for anatase phase TiO2 layer reported in Ref. [38] 

appears as a good starting point for the numerical investigation of the optical properties of the 

waveguides. By operating a commercial mode-solver relying on finite element method (COMSOL 

Multiphysics ®), we found that the structure may sustain 4 modes. The modal intensity distributions 

of the two lowest orders modes are displayed for the transverse electric (TE) and transverse 

magnetic (TM) in Fig. 1(b1) and 1(b2), respectively. The TE polarized fundamental mode of interest 

features an effective area [39] of 0.54 µm2 with 85% of the energy carried out by the mode confined 

within the TiO2 core at a wavelength of 1.64 µm. In addition, as detailed in the following, in the 

spectral region around 1.6 µm, the fundamental mode features an anomalous regime of chromatic 

dispersion which is a prerequisite for ultra-broad SC generation [30]. Compared to previous 

works [23,40,41], such an anomalous dispersion is obtained thanks to a thicker layer.  

Due to the field enhancement at the top and lower interface of the waveguide (resulting from 

the continuity of the normal component of the electric displacement vector), the TM0,0 mode exhibits 

a lower confinement and thus an effective area increased by about 30% as compared to the 

fundamental mode.  
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3. Experimental setup 

The experimental setup is sketched in Fig. 2. The pulse pump is generated from an all-fiber 

femtosecond laser source delivering fs pulses at a central wavelength of 1.56 µm and operating at a 

repetition rate of 80 MHz (OneFive GmbH, Origami 15-SP). The maximum available peak power is 

about 16 kW (maximum pulse energy of ~1.5 nJ). Then, the fs-pulses passed through an inline 

polarization controller (Lefevre loops) in order to optimize the energy launched into the 

fundamental TE mode of the waveguide. Indeed, given the noticeable difference in the values of 

effective area between TE and TM modes, the broadest SC can only be achieved for a proper TE 

linearly polarized wave. The total power injected into the waveguide can be adjusted by means of a 

set of calibrated fixed optical attenuators (OA). The injection of light into our TiO2 waveguides is 

ensured by a butt coupling technique through lensed fibers (Fig. 2(b1)) characterized by a 

working-distance of 14 µm. To reduce the insertion losses through such butt-coupling of light, the 

component design includes 1 mm-long tapers (Figure 2(b2)) at both ends of the waveguide. Note 

that the nonlinear propagation of the initial pulse, equivalent to a near fundamental soliton pulse 

(N~1) [42], in the length of standard anomalous dispersion SMF 28 fiber between the fs-laser output 

and the TiO2 waveguide leads through Raman soliton self-frequency shift to the tuning of the central 

wavelength of the 90 fs sech² pulse towards 1.64 µm (see Fig. 2(c)). 

The injecting conditions are optimized thanks to a visible camera (providing a top view of the 

sample) as well as a second infrared camera implemented at the waveguide output in such a way to 

image the far-field modal profile. The typical injection losses are around 11 dB (per facet) while the 

propagation losses are estimated to around 5.5 dB/cm, thus leading to an effective length below 

1 cm, similar to the results available in the literature [24,38]. As a consequence, we believe that for 

the present experiment, the finite length of the device is not the main limiting effect. Note that a 

different process of fabrication avoiding etching could decrease drastically such losses down to 

around 1 dB/cm [43]. 

 

Figure 2: (a) Experimental setup involved for generation of supercontinuum in TiO2 waveguides. 

(b1) sketch of the waveguide with the coupling by lensed fiber and (b2) the corresponding optical 

microscope image of the taper used for the coupling. (c) Spectrum of the input soliton pulse centered 

at 1640 nm compared with the spectrum of a 90 fs sech² pulse (c)  

Once the input conditions are properly adjusted, the output camera is replaced by a second 

single-mode lensed fiber connected to an optical spectrum analyzer operating (OSA) operating in 

the near-infrared range (Anritsu MS9740A). For analysis beyond 1.7 µm, the collecting silica fiber is 

replaced by a fluoride fiber and the OSA is switched to another one operating up to 2.4 µm 

(Yokogawa AQ6375B). 
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4. Supercontinuum Generation 

4.1.Experimental results 

Figure 3 summarizes the typical spectral properties of the SC generated in the 1.5-µm wide TiO2 

waveguide. The input peak power of the fs-pulses injected into the waveguide was estimated to 

almost 1.3 kW (corresponding to a soliton number N=15 [2,42]), but given the experimental difficulty 

to evaluate precisely the energy coupled into the fundamental mode, this value is a rough estimate. 

By means of a careful adjustment of the input polarization aligned to the fundamental TE mode 

which is expected to be in anomalous dispersion regime at the pump wavelength, an 

octave-spanning supercontinuum spectrum is then generated, ranging from 1050 nm up to 2340 nm 

(-20 dB spectral width in Fig. 3(a)). Compared to the pioneer experiments of spectral broadening 

leading to tens of nanometers around 1550 nm reported by Evans et al. [23], the present results 

represent a significant improvement by much more than one order of magnitude. A third harmonic 

signal is also generated into the waveguide [44] so that visible light is also clearly observed by the 

naked eye in the early stage of propagation as can be seen from the photography taken from the top 

of the waveguide (Fig. 3(b) and 3(c)). From these pictures, we can also notice that green light is 

generated first, followed by yellow, orange and then red, which is consistent with the progressive 

frequency shift of the femtosecond pulse during its propagation within the nonlinear waveguide. 

The visible light emitted along the waveguide represents therefore an indirect but practical way to 

track the longitudinal evolution of the central wavelength of the Raman-shifted soliton. However, 

the level of losses of TiO2 in the visible region remains slightly too high and, given the sensitivity of 

our spectral analysis devices, has prevented the detection of the visible part of the generated light at 

the output of the 2-cm-long waveguide. 

 

Figure 3: (a) Optical supercontinuum recorded at the output of the 2.2-cm-long 1.5-µm-wide TiO2 

waveguide (blue solid line) compared to the input pulse spectrum (red solid line). The overall 

spectrum is reconstructed from the overlap of the spectra obtained from both optical spectrum 

analyzers of our setup. (b) Photography of the visible light emitted from the waveguide. (c) Zoom of 

the emitted visible light. 

Figure 4(a) shows the dispersion curve of the waveguide obtained from finite element 

simulations and highlights the significant contribution of the waveguide to the overall dispersion 

that strongly differs from the properties of the TiO2 material. The TE fundamental mode is expected 

to be anomalous around the pumping wavelength, therefore enabling a soliton-driven SC 
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dynamics [3,45]. Moreover, we confirm here that the waveguide presents two zero dispersion 

wavelengths that ultimately limit the spectral expansion of our supercontinuum [46]. Note also that 

the TM mode lies in the normal dispersion regime at the pump wavelength and its considerable 

dispersion value makes that only a negligible broadening can be expected (not presented here 

because similar to the input pulse). This point therefore further explains the high polarization 

sensitivity of the input conditions. 

In order to better describe the SC dynamics, other spectra in the infrared part of the spectrum 

are plotted in Fig. 4(b) as a function of the estimated coupled energy into the waveguide. As 

expected, the input pulse undergoes a strong and rapid self-phase modulation process with 

increased input energy, then followed by the emission of dispersive waves at wavelengths located in 

both normal dispersion regimes. Indeed, short- and long-wavelength SC edges are determined 

through phase-matched dispersive wave generation, namely below 1.3 µm and beyond 2.1 µm. 

Simultaneously, we observe the Raman self-frequency shift of one soliton, emitted from the initial 

pulse breakup, until 1.84 µm for the maximum input energy. It is worth mentioning this behavior is 

also associated to the blue-shift of dispersive waves around 1.2 µm and 2.3 µm. 

 

Figure 4: (a) Dispersion profiles of the fundamental TE0,0 and TM0,0 modes of the 1.5 µm wide 

waveguide. The material dispersion is plotted with solid black line. (b) Optical supercontinua 

measured at the output of the TiO2 waveguide for various coupled energy conditions. For the better 

reading of the figure, the various spectra were vertically offset. 

4.2. Numerical simulations 

In order to gain some qualitative insights into the nonlinear dynamics occurring during the spectral 

broadening process, we have performed simulations based on the generalized nonlinear 

Schrödinger equation (GNLSE) governing the evolution of the complex envelope of the electrical 

field A(z,t) [2,11,47] :  
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where z and t are the distance and the temporal coordinates respectively. α is the linear loss, γ is the 

usual nonlinear coefficient, R(t) is the response function that takes into account both instantaneous 

electronic and delayed Raman contributions defined from the parameters given in Ref. [23]. βk’s are 

the dispersion coefficients associated with the Taylor series expansion of the propagation constant β 
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around the central frequency. Note that we do not include terms based on the two-photon 

absorption (α2) and three photon absorption (α3) since titanium dioxide presents negligible 

nonlinear absorption in the spectral region of interest. The main limitations of the above GNLSE is 

related to the fact that visible light obtained through frequency tripling of the input pulse cannot be 

modelled [48,49] and that it assumes a pure single-mode propagation. However, note that the aim of 

these numerical simulations is to qualitatively reproduce the observed SC generation. Indeed, 

several parameters of the TiO2 waveguide such as its dispersive properties or the exact value of the 

nonlinear coefficient have not been experimentally assessed yet and would deserve a devoted study 

that is well beyond the scope of the present letter. The exact physical features of the optical pulse 

entering into the waveguide are not accurately known but we have considered an initial 90-fs 

transformed-limited hyperbolic-secant pulse centered at 1.64 µm For the qualitative discussion, our 

numerical simulations used a nonlinear index value (n2 = 0.16 x 10-18 m²/W) and a Raman coefficient 

inferred from the literature [23] which lead to a nonlinear parameter about 1.2 W-1.m-1.  

The results of the simulations are summarized in Fig. 5 and have to be compared with spectra 

recorded and depicted in Fig. 4. The main experimental SC features and evolution as a function of 

input energy can be predicted from the GNLSE. In particular, the soliton frequency shift towards 

1.9 µm wavelength as well as the position and the blue-shift of the dispersive waves are indeed well 

reproduced. The optical signal to noise ratio being much higher in our simulations compared to our 

experiments, we find spectral features in Fig. 5 that can be only hardly observed in the experimental 

results. Nevertheless, we conclude that our approach based on the GNLSE captures most of the 

dominant spectral properties of the SC generated in our TiO2 waveguides. 

 

Figure 5: Numerical simulations of supercontinuum generation obtained in a 2.2-cm-long 

1.5-µm-wide TiO2 waveguides for different input energies of the femtosecond pulses. For the clarity 

of the figure, the various spectra were vertically offset. 

4.3 Discussion 

Figure 6(a) shows the dispersion curves of the fundamental TE0,0 mode for different widths of the 

waveguide. Figure 6(b) displays the experimental spectrum obtained in two other TiO2 waveguides 

with distinct widths as well as the corresponding numerical simulations. Once again, a good 

agreement is obtained. The broader waveguide (width = 1.8 µm) exhibits an all-normal dispersion 

regime. Therefore, the self-phase modulation and wave-breaking dynamics are dominant effects 

governing the spectrum expansion [2,50,51]. On the contrary, the 1.4-µm-wide waveguide exhibits a 

similar dispersion curve as the 1.5-µm-wide waveguide but the dispersion is now shifted to higher 
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values, which increases the gap between the two zero-dispersion wavelengths. As a consequence, 

the dispersive waves are also moved away: the blue edge of the supercontinuum is shifted below 1 

µm while the mid-infrared edge is above our OSA limit. Those results (Fig 6(b1)) show that with a 

dispersion engineered waveguide, a two-octave spanning SC and larger is conceivable.  

 

Figure 6: (a) Dispersion profiles of the fundamental TE0,0 mode of the waveguide for different widths 

(1.4, 1.5 and 1.8 µm). (b) Experimental spectra (blue lines) and corresponding numerical simulations 

(red lines) for (b1) 1.4 µm and (b2) 1.8 µm. For the clarity of the figure, the various spectra were 

vertically offset. 

5. Conclusions 

In this work, we have reported the first experimental demonstration of an octave spanning 

supercontinuum generation in a compact TiO2 optical waveguide. Following soliton-based 

nonlinear dynamics, the spectral broadening of femtosecond pulses at 1.64 µm leads to the 

generation of new wavelengths from the visible up to 2.4 µm, i.e. this involves spectral components 

covering more than two octaves. Both experiments and simulations also stress the crucial 

importance of the geometrical parameters of the waveguide structure that governs the dispersion 

properties and ultimately the supercontinuum extent. This study therefore confirms the strong 

potential of TiO2 for nonlinear applications. With further reduction of the propagation losses 

combined with more advanced dispersion engineering of the waveguide and optimization of the 

device length, noticeable enhancements of the resulting SC source are expected and decade 

spanning SC could potentially be reached. The use of wideband coupling grating structures such as 

reported in  [40] that are able to handle femtosecond pulses could also improve the stability of the 

source and increase the power coupled within the waveguide. 

Compared to other widely used materials, its transparency in the visible also makes TiO2 

appealing for pumping with cost-efficient fiber laser sources operating around ytterbium typical 

wavelength (1.06 µm) as well as the versatile titanium-sapphire ultrashort lasers. Other intrinsic 

advantages of TiO2 such as the absence of TPA and its thermal stability are also critical to enable the 

efficient generation of continuum from sources delivering longer picosecond or nanosecond pulses, 

which paves the way for future theoretical and experimental investigations. 
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