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Abstract: We report on supercontinuum generation in silicon carbide (6H-SiC), pumped by
tunable femtosecond pulses in the wavelength range of 1.3 - 2.4 um, which cover the regions of
normal, zero, and anomalous group velocity dispersion of the material. More than an octave
spanning infrared supercontinuum spectra were measured, demonstrating almost constant blue
cut-offs around 0.9 um. Low energy thresholds for supercontinuum generation (depending on
the pump wavelengths, but generally below 200 nJ) were demonstrated due to large nonlinear
refractive index of the material (1, = 97 + 19 x 10~'® cm?/W), which was experimentally evaluated
by measurement of the nonlinear transmission at 2.0 pm.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrashort, ultrabroadband laser pulses in the near- and mid-infrared spectral region are on demand
for applications in vibrational spectroscopy and for development of optical parametric chirped
pulse amplification and pulse compression techniques [1-5]. Femtosecond supercontinuum (SC)
generation in solid-state media is a unique nonlinear phenomenon which currently serves as a
robust and well-established technique for producing ultrabroadband coherent radiation in the
optical range [6,7]. Typically, supercontinuum generation is performed in wide-bandgap dielectric
crystals, out of these, sapphire and YAG serve as most common and most reliable nonlinear
materials [8,9]. For what concerns supercontinuum generation in sole infrared spectral range,
narrow-bandgap dielectric crystals such as mixed thallous halides (KRS-5 and KRS-6) [10-12],
and strontium barium niobate (SBN) [13] were shown to provide a viable alternative. More than
that, semiconductor crystals have emerged as promising nonlinear materials for that purpose due
to a combination of attractive optical properties such as large nonlinear index of refraction, wider
transparency into the mid-infrared and zero group velocity dispersion (GVD) wavelengths that
are shifted to the longer wavelengths compared to dielectrics. So far, supercontinuum generation
via femtosecond filamentation has been demonstrated in bulk semiconductor crystals such as ZnS,
ZnSe [14-18] and Si [19] where multioctave SC spectra extending from the near- to mid-infrared
range were produced.

Silicon carbide (SiC) is a semiconductor material with high potential for hosting nonlinear
interactions in this spectral region. In nonlinear photonics, SiC, as compared to silicon, has
a considerable advantage due to its more than twice larger bandgap and hence the reduced
nonlinear absorption in the near and mid-infrared spectral range. SiC can be grown in over
200 polytypes with different optical parameters and crystalline structures. However, the three
commonly used and widely available polytypes are 3C-, 4H-, and 6H-SiC, with the former one
being cubic, and the latter two hexagonal, uniaxial crystals. More importantly, 4H-SiC and
6H-SiC possess relatively large second-order nonlinearities [20]. More recently, dispersion
of third-order nonlinearities has been calculated for the three SiC polytypes unveiling a large
nonlinear refractive index, comparable to that of silicon: the obtained values were within the
range from 0.5 to 6.3 x10~'* cm?/W in the 0.5-5 um spectral region [21]. Experiments exploiting
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large second and third order nonlinearities of SiC demonstrated spectral broadening [22] and
optical parametric oscillation [23] in waveguide and microresonator geometries, respectively, and
broadband difference frequency generation [24] and optical parametric amplification [25] in bulk.

In this paper we study supercontinuum generation in 6H-SiC with femtosecond wavelength
tunable laser pulses. We demonstrate that smooth supercontinuum spectra with fairly stable
cut-off wavelengths around 0.9 um are generated when tuning the wavelength of pump pulses from
normal to anomalous GVD region of the crystal. We also measure the nonlinear transmission of
the light filament in 6H-SiC sample which is then used to estimate the nonlinear refractive index
of the material at 2 um.

2. Experimental methods and parameters

The experiments were performed using an optical parametric amplifier (OPA, Topas-Prime, Light
Conversion) pumped by an amplified Ti:sapphire laser system (Spitfire-PRO, Newport-Spectra
Physics). In the experiment either signal or idler wave from the OPA was used, providing the
tuning range of the pump pulses from 1.2 to 2.4 um. The experimental setup is sketched in Fig. 1.
The pump pulses were loosely focused by a BaF, lens (L) with a focal length f = 100 mm onto
the front face of the 5 mm-thick 6H-SiC sample with the optical axis aligned perpendicular to the
propagation direction of the incident beam. Variable neutral density filter (VDF) allowed fine
tuning of the pump pulse energy at the entrance of the sample. The output face of the sample
was imaged onto the input slit of a home built scanning prism spectrometer (SPS) using a pair
of silver-coated parabolic mirrors positioned in a 4f imaging setup. The SPS was equipped
with Si and InAsSb detectors enabling an effective detection range of 0.2 - 5.8 um. For energy
transmission measurements, a fraction of the pump beam energy was reflected from a thin fused
silica plate (P) and directed to a PbSe detector (RD), which served as a reference, whereas the
output beam was directed into a pyroelectric detector (D).

Ti:sapphire @
T PM Spectrometer|

OPA ——y4f

VDF L 6H-SIC PM

Fig. 1. Schematic of the experiment: VDF - variable neutral density filter, P - fused silica
plate, RD - reference PbSe detector, L - lens, PM - parabolic mirror, D - pyroelectric detector.

Table 1 presents the relevant parameters of 6H-SiC crystal which are compared with other
nonlinear media used for supercontinuum generation in the near to mid-IR spectral range.
6H-SiC possesses a useful combination of linear and nonlinear optical properties: a reasonable
transparency range, large nonlinear refractive index and high optical damage threshold, that could
be readily exploited for observation of filamentation phenomena and SC generation in particular.
First of all, considering the bandgap of 6H-SiC, three to five photon absorption is expected
in the range of available pump wavelengths, thus satisfying the threshold condition (K > 3
where K is the order of multiphoton absorption) for SC generation [26]. Secondly, compared to
YAG, the bandgap of 6H-SiC is a few times smaller, which as a general rule of thumb, indicates
that its optical damage threshold is significantly (around five times) lower. However, this is
outweighed by the fact that the nonlinear index of refraction is expected to be around 15 times
larger than that of YAG, which suggests a much lower critical power for self-focusing and hence
the energy threshold for SC generation. Thirdly, the zero GVD wavelength of 6H-SiC is at 2.1 um
allowing the access to femtosecond filamentation in the anomalous GVD regime, characterized
by simultaneous compression in space and time and light-bullet formation [27], which in turn
yields generation of ultrabroadband, multioctave SC [28,29].



Research Article Vol. 4, No. 3/15 March 2021/ OSA Continuum 913

OSA CONTINUUM ‘

Table 1. Main parameters of 6H-SiC and some other nonlinear media used for supercontinuum
generation in the near to mid-infrared: Eg is the energy bandgap, T is the transmission range, ng
and n; are linear and nonlinear refractive indexes, respectively, 1 is the zero GVD wavelength, DT
is the optical damage threshold for femtosecond pulses. The bandgap and transmission
parameters together with damage thresholds for Si and ZnSe were taken from [30]. Linear refractive
index values are given for 2 um. 6H-SiC and ZnSe nonlinear refractive index values were estimated
using the van Stryland analysis at 2 um [31]. The references to other parameter values are given in

the table.
Material ~ Eg (eV) T (um) ng Ao (um)  np x 10710 (cm?/W) DT (J/em?)
6H-SiC 2.6 0.5-4 2.5537(0); 2.5873(c) [24] 2.1 86 0.60 [32]
Si 1.12 1.1-6.5 3.4401 [33] >23 270 [34] 0.55
ZnSe 2.71 0.5-20 2.4318 [35] 48 74 0.53
YAG 6.5 0.21-52  1.8005 [36] 1.6 6.2 [37] 338]

3. Results and discussion

Figure 2 shows the dynamics of spectral broadening versus the pump pulse energy measured using
93 fs pulses with a central wavelength of 2 um, which falls close to the zero GVD wavelength
of 6H-SiC. An explosive spectral broadening is observed above the threshold energy of 73 nJ,
where a smooth SC spectrum spanning almost the entire near-IR spectral region and extending
into the mid-infrared is produced. The low SC generation energy threshold is determined by
the large nonlinear refractive index of 6H-SiC, see Table 1. A fairly constant width of the SC
spectrum is maintained with further increase of the pump pulse energy, until a second burst of
spectral broadening is observed at approximately 180 nJ, accompanied by spectral modulation
that indicates the refocusing of the filament.
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Fig. 2. Measured dynamics of spectral broadening in 6H-SiC crystal recorded with 93 fs,
2 um pump pulses as a function of pulse energy. Logarithmic intensity scale is used in order
to highlight fine spectral features.

Below the SC generation threshold, a faint but clearly distinguishable signal with a center
wavelength around 1 um is observed, which is attributed to phase-mismatched second harmonic
generation. Since 6H-SiC is a positive uniaxial crystal, the pump pulse polarization was
intentionally set to be ordinary to minimize second harmonic generation in order to avoid spectral
"contamination". It should be noted that at the OPA output the signal (1.3 and 1.5 um) and the
idler (2.0 and 2.4 um) waves are of orthogonal polarizations due to type-II phase matching in
the OPA crystal. Therefore, the polarization of the idler wave was rotated by 90 degrees (by
means of a periscope) to be identical to that of the signal wave (to be ordinarily polarized in
6H-SiC sample) in order to have the same SC pump polarization that suppresses second harmonic
generation with all used pump wavelengths.

Figure 3 presents the SC spectra measured with four different wavelengths: 1.3, 1.5, 2.0 and
2.4 um, and using pump pulse energies of 55, 70, 90 and 180 nJ, respectively, at which the spectral
broadening saturates without filament refocusing. Notice an apparent change of the width and the
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shape of SC spectra from the red-shifted to symmetric and eventually to the blue-shifted, when
the pump wavelength is tuned from normal to anomalous GVD regions of the nonlinear material
[the zero GVD wavelength is 2.1 um, see Fig. 4(a)]. More specifically, with 1.3 um pump pulses,
the measured SC spectrum exhibits a red-shift and covers the wavelength range from 0.85 to
2.13 um, as evaluated at the 10~* intensity level, see Fig. 3(a). A slightly broader and symmetric
SC spectrum in the wavelength range of 0.87-2.40 pm was produced with 1.5 pm pump pulses, as
shown in Fig. 3(b). The broadest SC spectra with strongly pronounced blue-shifts were measured
in the regions of near-zero and anomalous GVD, with pump wavelenghts of 2.0 and 2.4 um,
as illustrated in Figs. 3(c) and 3(d), respectively. In the first case, the SC spectrum covers the
0.91-2.75 um wavelength range, while in the latter case the SC spectrum extends from 0.92 to
3.21 wm and spans 1.8 optical octaves. The shapes of all measured SC spectra are smooth and do
not contain any significant dips or detached peaks. Also note the generally low energies of the
pump pulses (varying from 55 to 180 nJ) required to achieve a fully evolved spectral broadening
without the onset of filament refocusing. The apparent increase of the pump pulse energy with
the wavelength follows fairly well the square wavelength dependence of the critical power for
self-focusing.
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Fig. 3. Supercontinuum spectra generated in 6H-SiC using pump pulses with wavelengths
of (a) 1.3 um, (b) 1.5 um, (c) 2.0 um, and (d) 2.4 um. The energies of the pump pulses are
indicated within the figures. The input spectra are depicted by grey dashed curves.

The results are summarized in Fig. 4. Figure 4(a) illustrates the GVD curve of 6H-SiC,
indicating the wavelengths at which the whole set of spectral measurements was performed.
Figure 4(b) shows the measured SC blue-shifts defined at the 10 intensity level as a function
of the pump pulse wavelength. The increase of the spectral blue shift with the increase of the
pump wavelength could be attributed to a higher value of the clamped intensity, as the order of
multiphoton absorption gradually increases from 3 at 1.3 um to 5 at 2.4 um [26].

Finally, in order to obtain an experimental nonlinear refractive index value, we have measured
the energy transmission through 6H-SiC sample of 5 mm thickness. The transmission is affected
by the nonlinear losses (multiphoton absorption and absorption by the free electron plasma), which
increase significantly as the intensity of pump beam increases due to self-focusing, and which are
the largest at the nonlinear focus. Therefore, the peak of the fractional losses (-dT/dE) derived
from the transmission curve may be used to accurately determine the onset of filamentation,
see [10] for details. The normalized energy transmission curve measured using pump pulses
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Fig. 4. (a) GVD of 6H-SiC and (b) spectral blue-shift of the SC versus the pump wavelength.
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Fig. 5. (a) Normalized energy transmission of a 5 mm-thick 6H-SiC sample versus the pump
pulse energy. (b) Fractional losses, where the maximum indicates that the nonlinear focus is
positioned exactly at the output face of the sample. (c) Measured intensity autocorrelation
function of 2.0 um pump pulses.
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at 2.0 um, is depicted in Fig. 5(a). Figure 5(b), shows the calculated fractional losses, with a
peak at 66 nJ, indicating that the nonlinear focus is produced exactly at the output face of the
sample. In other words, this suggests that the self-focusing distance is equal to the length of
the sample (5 mm). Assuming the input parameters: the pulse duration of 93 fs at full width
at half maximum, see Fig. 5(c), and the beam radius of 53 um at the 1/e” intensity level at the
entrance face of the sample, measured by means of a knife method, and using the Marburger’s
law [39], we found a nonlinear refractive index value of 75 = 97 + 19 x 10716 cm?/W, at 2.0 um.
The measured n, value agrees well with the expected one provided in Table 1 and the small
discrepancy between the measured and calculated values could be attributed to the margin of
error.

4. Conclusion

In conclusion, we have shown that 6H-SiC crystal is an excellent nonlinear material for
supercontinuum generation in the near- to mid-infrared spectral region. We demonstrated the
generation of smooth, more than an octave-spanning SC spectra produced by femtosecond
filamentation in the normal, zero and anomalous GVD regions of the material. We also
experimentally evaluated the nonlinear index of refraction of 6H-SiC at 2.0 um by the measurement
of nonlinear transmission and applying the Marburger’s law. The obtained value (n, =
97 + 19 x 1071 cm?/W) coincides fairly well with the theoretically calculated one and is
supported by the observed low energy thresholds for supercontinuum generation.
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