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Abstract: In this paper, the generation of a highly broadband supercontinuum
spectrum has numerically been investigated in a suspended As;Se; based ridge
waveguide. By changing the dimensions of the proposed waveguide, the dispersion has
been engineered to achieve a suitable profile with the two zero-dispersion wavelengths
as well as the lower magnitude and flat anomalous dispersion regime. Due to the high
refractive index contrast between the core and cladding, the propagated light has been
highly confined in the core and as a result, a high optical nonlinear coefficient has been
obtained. Simulation results show that when the pump pulses with a width of 100 fs and
peak power of 1KW at the wavelength of 2150 nm are injected into the designed
waveguide with a length of 0.8 mm, the generated supercontinuum can be broadened in
the wavelength range from 1.4 to 18um. Such a waveguide structure is highly
applicable for on-chip mid-infrared supercontinuum sources that are very important in
many fields such as optical coherence tomography, fingerprint, molecular spectroscopy,
and else.

Keywords: Supercontinuum Generation, Dispersion, Ridge Waveguide, Zero-
Dispersion Wavelength, Highly Nonlinear.

1. INTRODUCTION

Mid-infrared (MIR) supercontinuum generation (SCG) is of immense interest
because of its many applications in different fields such as molecular
spectroscopy, optical coherence tomography, frequency metrology, pulse
compression, fingerprinting, biochemical sensing, and so on. The
supercontinuum (SC) spectrum is the broadening of very short pulses that are
injected into the input of a waveguide. It can be generated from the interaction
of various nonlinear and linear optical effects, including self-phase modulation
(SPM), cross-phase modulation (XPM), four-wave mixing (FWM), stimulated
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Raman scattering (SRS), self-steepening (SS), soliton dynamics (SD), and
dispersive waves (DW) [1-10].

The weak nonlinearity of silica-based structures requires a pumping source with
high peak power for SCG. Additionally, due to the high material absorption of
the silica materials in the mid-infrared (MIR) wavelength range, they have
limitations for the spectral broadening in this region. By comparison, the
chalcogenide glasses (ChGs) can be potential candidates to overcome the
mentioned limitation of silica glasses. They consist of chalcogen elements such
as S, Se, and Te (the Group 16 of the periodic table of elements) combined with
other elements such as Si, As, Ge, P, and Sb. Due to their optical transparency
up to 25 pum in the infrared domain, ChGs can be used for mid-infrared
supercontinuum generation[11-12]. In addition, they show high Kerr
nonlinearity as well as low two-photon absorption (TPA) and as a result, ChGs
are very useful for SCG.

Numerous theoretical and experimental investigations have focused on SCG
using silica, tellurite, fluoride, silicon, and chalcogenide glasses based step-
index fibers, photonic crystal fibers (PCFs), and waveguides[13-20]. In recent
years, planar waveguides have attracted much attention, due to their short
interaction length, scalable, more robust, and compact structure, and low cost
integrated optical chip fabrication in comparison with the SC generation from
photonic crystal fibers[21-36].

In this paper, we have designed a suspended As,Ses; ridge waveguide for a
highly coherent and on-chip SCG in the M—IR region. In this structure, the
As;Ses layer is suspended above the MgF, substrate with a thick air gap that
causes a much larger refractive index contrast, resulting in a stronger mode field
confinement. The numerical investigation shows that the designed ridge
waveguide structure has an engineered dispersion profile with the two zero-
dispersion wavelengths (ZDWs) where the pump pulses have been injected into
the anomalous dispersion region. We have studied the effects of the input pulse
parameters including peak power, pulse width, and its wavelength on the output
spectrum. Moreover, the effect of different waveguide lengths on SCG has been
demonstrated.

2. WAVEGUIDE DESIGN AND CHARACTERISTICS

Figure 1 shows the cross-section of our proposed suspended ridge waveguide
geometry in which the As;Se; channel is suspended above the SiO, substrate
and there is a thick air gap between them.

For the confinement of the propagation of the light field into the As,Ses core,
the top of this layer has been designed as air cladding. By covering the As;Ses
layer with air, the proposed structure shows strong-mode field confinement
because of a much larger refractive index contrast. The height of the slab layer
has been h, while the width and height of the ridge core have been W, and hy,
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respectively. By etching the SiO, substrate, we have provided enough space
with a thickness of 2 um between the As;Se; and SiO; layers. The geometry has
been simulated by using a wavelength-dependent linear refractive index that can
be calculated through the following Sellmeier equation.

Fig. 1. Cross-section of the designed As,Ses based ridge waveguide with SiO; substrate.

For the confinement of the propagation light field into the As,Ses core, the top
of this layer is designed as air cladding. By covering the As,Ses layer with air,
proposed structure shows a strong mode field confinement because of a much
larger refractive index contrast. The height of the slab layer is h,, while the
width and height of the ridge core are Wi and h, respectively. By etching the
SiO; substrate, we provide enough space with thickness of 2 um between the
As,Se; and SiO; layers. The geometry was simulated by using wavelength-
dependent linear refractive index that can be calculated through the following
Sellmeier equation.

n(2)=p+ 2[a2 /(2 - 82+ 3 (2 -2 )1 2 (22 -3 ° (1)
The values of A, A,, A; , B, B,, and B, for used glasses have been
presented in the following table[17, 28, 37].

TABLEI
SELLMEIER COEFFICIENTS FOR BOTH As>Ses AND SiO>
Material AszSes SiO2
aterial
Ai Bi Ai Bi
i=1 0.24164 0.24164 0.696166300 0.004679148
i=2 0.347441 19 0.407942600 0.013512063
i=3 1.308575 0.48328 0.897479400 97.93400250
3. THEORY

To study the evolution of the short pulses in the proposed waveguide, the
generalized nonlinear Schrodinger equation (GNLSE) must be solved
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numerically using the split-step Fourier method. The simplified form of this
equation has been presented below [38]:

(0A/0Z)=(D+N)A )
In this equation, o and N indicate the linear and nonlinear parts of the
equation, respectively. The value of o has been presented as follows[39, 40].

D=—(alw)2)+ Y A"/ )e" /t") ®
n>2

Where , is the loss factor that can be neglected due to the low waveguide

length. 2,(n>0)is the m-order dispersion coefficient that is obtained by the

following equation[40].
fo=(d"p/dor),.., (m=012...) (4)

Where o, represents the reference frequency. It is very useful to calculate the

high orders of dispersion that are computed up to the tenth order in our
simulation. In addition, the nonlinear part of the equation has been defined as
follows[41]:

N =iy(1+(i/a)o)(a/at))TR(T']A(z,T —T']sz' (4)

—00

Where Aiindicates the input electric field envelope and? is the nonlinear
parameter of the waveguide that is defined by the following equation:

7=(a’on2/CAeff ):27m2//10Aeff (
5)

Where 4, represents center wavelength, n, is the nonlinear Kerr index of the
glass material used in the waveguide's core, and A, represents the wavelength

dependence effective mode area.

Additionally, in equation (6), R(T') is the nonlinear Raman response function
and can be represented as follows [42].

R(T")= @~ 1 )o(T)+ faha(T) (6)
Where fg =0.115and hg(T) is the delayed Raman response function obtained by
the following equation:

he (T )z((rlz +73 )/(lerzz))exp (—t/z,)sin(t/z;) (7
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Where 1, =23x10 *°sis the phonon oscillation frequency and
7, =195x10"1®s is the characteristic damping time of atoms vibration related

to As;Se;[8]. Using the following equation, the chromatic dispersion
parameter D(1)has been related to the group velocity dispersion (GVD) or g, .

Additionally, using equation (8), one can calculate the propagating mode of
wavelength-dependent effective refractive index by employing the full-vector
finite-element method [8].

D(4)=—(#/c)e Relny )/ o] ®

Where, cand n_, are the light velocity in a vacuum and the waveguide’s

effective index, respectively.

4. EXAMINATION OF DISPERSION AND OPTIMIZATION

By employing the full-vector finite-element method, we have calculated the
nerr Of the waveguide. Then, using equation (9), the chromatic dispersion has
been calculated as a function of the wavelength. The dispersion profiles can be
optimized by the domination of the waveguide with different geometrical
parameters.
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Fig. 2. Variations in dispersion profile by increase of h; as functions of wavelength.

The generation of SC and its expansion depends critically on the group-velocity
dispersion (GVD) profile and its optimization. By pumping the input pulse in an
anomalous dispersion regime with a low GVD value and in the vicinity of the
zero-dispersion wavelength (ZDW), one can generate efficient broadband SC.
To achieve suitable ZDW, the waveguide geometries must be optimized. In this
part, we have investigated the effects of the changes of ridge As.Sesz layer
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geometry on the dispersion profile. The results obtained regarding the effects of
the waveguide geometry variation on GVD have been shown in figures 2-4.

In Fig. 2, the variations in the dispersion profile by the increase in h1 have been
shown. When the value of h; is 0.45 and 0.5um, the dispersion profile remains
in the normal dispersion region. If h; is lower than 0.4pum, the anomalous
dispersion region increases with the increase in h:. The second ZDW is created
and shifts to taller wavelengths when h; decreases.
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Fig. 3. variations in dispersion profile by increase of h; as functions of wavelength.

In fig.3, we have also plotted the dispersion profile variation by increasing ha.
As shown in this figure, by increasing h; to higher than 0.3um, the anomalous
dispersion region appears and increases with the increase in h,.

In fig.4, the effects of variations in w, on the dispersion profile have been
shown. In the case where w; is 1.2 and 1.4um, the profile is located completely
in the normal dispersion region. However, in the case of w, = 1.6um, the curve
is flatter and includes low anomalous dispersion, and the two zero-dispersion
wavelengths are created around the wavelengths of 2.2pum and 3.3pum. When the
value of w, is 1.7 and 1.8 um, there are still the two zero-dispersion
wavelengths, but the amount of dispersion is high in the anomalous region.

As seen in the above figures, the dispersion profile is very sensitive to wa, h;,
and hz. The second ZDW shows a red shift by increasing wz, hi, and h,. In
addition, by increasing them, the value and region of the anomalous dispersion
gradually increase. For extending SC in a very high wavelength, it is necessary
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to inject the input pump pulse into the anomalous dispersion region and close to
the first ZDW. According to the above analysis, we have optimized the
proposed structure by setting up w.=1.6um, h1=0.4 um, and h;=0.3 pum.
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Fig. 4. variations in dispersion profile by increase of w; as functions of wavelength.

5. THE SUPERCONTINUUM GENERATION

For SC generation in the proposed structure, the Schrddinger equation presented
as equation (2) has numerically been solved using the split-step Fourier method.
As discussed earlier, a broadband SCG can be achieved using a pump pulse
with a wavelength close to the ZDW of the waveguide.

It should be noted that the nonlinear coefficient of the proposed ridge
waveguide has been 86.1 W' m™ with an effective mode area of 0.8 pum? at
2150 nm. In the following, we have investigated the effects of the pump pulse
parameters including pump wavelength, pulse duration, input peak power, and
proposed ridge waveguide length on SCG. In the first step, we have changed
pump wavelengths from 2.1 to 3.05 um and used pump pulse with the peak
power of 1kw and the width of 100fs. As shown in fig.5, the output spectrum is
suitable in the case of 2.15um.
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Fig. 5. Investigation of the influences of the pump wavelengths on the output spectrum

Then, we have studied the effect of peak power on the SCG. The output spectral
profiles have been shown in fig. 6 when the peak power of the pump pulse at
2.15um with the width of 100 fs has been changed from 500w to 1kw. It can be
observed that the corresponding bandwidth of the generated SC can be
enhanced by increasing the input peak power to 1kw.
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Fig. 6. Effects of variations in input pump power from 500w to 1kw on SCG expansion.

Additionally, we have investigated the effect of the pump pulse widths of 50,
100, and 150 fs on SCG. As seen in fig. 7, the pump pulse with a width of 100
fs is more suitable for the generation of broadband SC spectrum.
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Fig. 7. Effects of variations in input pump pulses widths on SCG expansion.

Fig. 8 shows the spectral broadening of the generated SC with various lengths
of the proposed ridge waveguide. As shown in this figure, the extension of the
broad coherent SC spectrum from 1.4 to 18 um has been achieved with a
waveguide length of 0.8mm, pump pulse at 2.15um with the width of 100fs, and
the peak power of 1kw. Fig. 9 shows the final SCG with optimized pump pulse
parameters as discussed above.
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Fig. 8. Effects of variations in input pump pulses widths on SCG expansion.
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Fig. 9. Final generated SC spectra in the waveguide with length of 0.8mm, peak power
of 1kw, and pump pulse width 100 fs in 2.15um.

As shown in fig. 9, by numerical simulation in this paper, the broaden SCG
extension from 1.4 to 18um has been achieved in ridge waveguide length of
0.8mm with the peak power of 1kw and the pulse width of 100 fs at 2.15um.

6. CONCLUSION

In summary, we have numerically modeled an As,Ses based ridge waveguide
with the two ZDWs for the broadband supercontinuum generation. We have
also investigated the effects of the pump pulse parameters and waveguide length
on the generated SC spectrum. Using pump pulse at the wavelength of 2.15um
with the peak power of 1 kw and the pulse width of 100fs in the waveguide
length of 0.8 mm, an ultra-flat broadband SCG extension from 1.4 to 18um has
been achieved.

Such proposed waveguide is suitable for being used in integrated optical circuits
with potential applications in spectroscopy, cancer detection, medical imaging,
pulse compression, gas sensing, optical coherence tomography, fingerprinting,
and metrology.
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