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ABSTRACT

We experimentally demonstrate supercontinuum (SC) generation in a germanium-on-silicon waveguide. This waveguide exhibits propaga-
tion loss between 1.2 dB/cm and 1.35 dB/cm in the 3.6 yum-4.5 um spectral region for both transverse electric (TE) and transverse magnetic
(TM) polarizations. By pumping the waveguide with ~200 fs pulses at 4.6 ym wavelength, we generate a mid-infrared (IR) SC spanning nearly
an octave from 3.39 ym to 6.02 ym at the —40 dB level. Through numerical analysis of the evolution of the SC, we attribute the current limit

to further extension into the mid-IR mainly to free-carrier absorption.

© 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/).

I. INTRODUCTION

Group IV photonics has witnessed remarkable growth over
the past two decades and is now emerging as a mature technol-
ogy. Although the spectral range over which group IV photonics
could operate was initially limited to the near infrared (IR), the
last decade has seen this range extended to the mid- and even
long-infrared regions. Mid-infrared is attracting particular atten-
tion because of the strong absorption fingerprint of molecules in
this spectral region, which includes two main atmospheric trans-
parency windows between 3-5 and 8-12 ym.” This makes it possible
to consider spectroscopy, chemical and biological sensing, environ-
mental monitoring, and free-space optical communications all using
integrated photonic chips based on group IV materials.

Germanium based platforms are ideal candidates for group
IV mid-infrared photonics, owing to the transparency of ger-
manium up to 14 ym. = Germanium is also theoretically pre-
dicted to exhibit strong third-order nonlinearity over this range,

APL Photon. 6, 016102 (2021); doi: 10.1063/5.0033070
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offering opportunities for wavelength conversion and the realiza-
tion of broadband light sources.” In this respect, germanium-on-
silicon (Ge/Si) waveguides are particularly interesting, thanks to the
relatively high refractive index difference between germanium and
silicon (~0.7 between 3 ym and 10 ym), which enables tight mode
confinement in the waveguide core, thereby enhancing the nonlin-
ear effects. Although the large lattice mismatch between germanium
and silicon makes the fabrication of Ge/Si waveguides challenging,
considerable progress has recently been made,” " reaching propa-
gation losses as low as 0.6 dB/cm at 3.8 ym in a rib waveguide,
thanks to the reduced sidewall surface and low mode interaction
with the Ge/Si interface.” The reduced loss of rib waveguides is
in general offset by a larger mode area, which is detrimental for
nonlinear optical effects. The nonlinear properties of germanium
have been experimentally attested by z-scan measurements between
~2 pm and 5 pym, revealing strong third-order properties and
confirming that this material is, indeed, well-suited for the develop-
ment of mid-infrared nonlinear devices. Based on these advances,

6, 016102-1
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several germanium-based active and passive mid-infrared devices
have been realized, such as (de)multiplexers,]l all-optical mod-
ulators,”” micro-resonators, ‘' Mach-Zender interferometers,’
Fourier-transform spectrometers,m micro-lasers,”’ and polarization
rotators.”

Despite this intense research activity, the demonstration of a
broadband source afforded by the strong nonlinear response of
a pure germanium waveguide is still lacking. Among broadband
sources, supercontinuum (SC) sources offer the unique advantage
of high brightness and broad spectral coverage, making them ideal,
for instance, for parallel detection of multiple molecular species.”
Mid-infrared SC generation has already been demonstrated in a few
group IV platforms™ " and, in particular, in silicon-germanium
alloy on silicon (SiGe/Si) waveguides.””* We have recently demon-
strated a SC in SiGe/Si extending up to 8.5 ym reaching the absorp-
tion limit of the silicon substrate.” It is even possible for waveguide
based SiGe/Si SC sources to achieve controlled coherence proper-
ties.”” ! Yet, the larger index of Ge as compared with that of SiGe
should lead to tighter mode confinement, and in turn, less interac-
tion of the guided mode into the silicon substrate is expected. Pure
Ge/Si waveguides may thus exhibit, in principle, less absorption loss
in the Si substrate and, hence, could efficiently transmit light over
the 8 um-12 ym atmospheric transparency window,”” exceeding the
8.5 ym limit of the SiGe/Si counterparts. Until now, however, SC
generation in pure germanium waveguides has only been predicted
via numerical simulation.”

In this paper, we present the first experimental demonstra-
tion of SC generation in a low-loss Ge/Si waveguide. Nonlin-
ear measurements in both transverse electric (TE) and trans-
verse magnetic (TM) polarizations enable us to extract the non-
linear parameters of these waveguides, which have y parameters
of 1.59 and 1.65 (Wm)~' in TE and TM polarizations, respec-
tively, at a wavelength of 4.6 ym. The demonstrated range of SC
generation is nearly an octave, spanning 3.39 ym-6.02 ym. Through

()

our simulations and data analysis, we mainly attribute the current
long wavelength extension limit to absorption from free carriers
generated by three-photon absorption, which significantly increases
beyond 6 ym wavelength in Ge.

Il. WAVEGUIDE DESIGN

Our device is configured as an air-clad Ge/Si ridge waveguide
[Fig. 1(a), left] with a thickness of 2.57 ym and 4.46 ym width.
Single-crystal Ge (001) was epitaxially grown, thanks to a low tem-
perature/high temperature approach on a Si(001) substrate. A short
duration thermal cycling was used afterward to reduce the threading
dislocation density to a value close to 10" cm™2. Chemo-Mechanical
Polishing (CMP) was performed to get rid of a cross-hatch feature
that was present on top of the Ge surface due to the crystal struc-
ture, and the waveguide was then patterned by deep-UV lithogra-
phy and reactive ion etching. Although the waveguide is multimode
below 8 um, simulations using a commercial finite-difference mode
solver (Lumerical MODE) show that the fundamental and high-
order modes for TE and TM polarizations remain well separated
in phase velocity, so coupling between them during SC generation
should be negligible (see the supplementary material). This design
yields low group velocity dispersions across a wide bandwidth for
both the TE and TM fundamental modes. Figure 1(b) shows the
associated dispersion curves, calculated using the optical index of
germanium and silicon thin films, as extracted from spectroscopic
ellipsometry measurements (see Sec. 3 of the supplementary mate-
rial). Both polarizations have two zero-dispersion wavelengths, the
first one at ~4.5 ym and ~4.7 ym for TM and TE polarizations,
respectively, and the second one beyond 10 ym in both cases.

Linear and nonlinear transmission measurements were per-
formed using a tunable optical parametric amplifier (OPA) laser
source (MIROPA-fs, Hotlight Systems) delivering ~200 fs pulses
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FIG. 1. (a) Left, scanning electron microscope (SEM) image of the 4.46 x 2.57 um? Ge/Si waveguide. Right, SEM image of the 4.2 cm long spiral waveguide. (b) Dispersion
parameter of the fundamental TE (solid blue line) and TM (green dotted—dashed line) modes. (c) Measured propagation loss vs wavelength for the fundamental TE (blue
squares) and TM (green circles) modes. (d) Effective area and mode confinement in the waveguide core for the fundamental TE (solid blue line) and TM (green dotted-dashed

line) modes (calculated using Lumerical MODE).
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with a 63 MHz repetition rate. We used a set of two polarizers
and a half wave-plate to control the input power and polarization.
Pulses were coupled to the waveguide using a set of chalcogenide
lenses. The transmitted power was measured with a PbSe photode-
tector, while the generated SC spectrum was recorded using a liquid-
nitrogen-cooled MCT (HgCdTe) photodetector positioned at the
output of a monochromator (Newport Oriel CS260). More details
on the experimental setup can be found in Ref. 27.

We first measured the propagation loss by probing spiral
waveguides [Fig. 1(a), right] with three different lengths (4.2 cm,
6.2 cm, and 8.2 cm) under relatively low average powers (<1 mW).
Both the number of spirals and the bending radii were the same for
all waveguides; hence, the bending loss was the same for the differ-
ent lengths. The waveguide propagation loss was extracted from the
linear fit of the total loss (insertion loss) vs waveguide length. From
the slope of this linear dependence (fitted by the method of the least
squares, with error bars estimated from the standard deviation or
uncertainty of the slope values), we estimated the propagation loss
to be between 1.2 dB and 1.35 dB/cm for both polarizations across
the 3.5 ym-4.5 ym wavelength band [Fig. 1(c)]. We attribute the
low propagation loss mainly to the quality of the waveguide etch-
ing, and, thus, to the low sidewall roughness [Fig. 1(a), left] along
with the good confinement factor [Fig. 1(d)], and to a lesser degree to
the low threading dislocation density. Although the propagation loss
was not as low as that for the Ge/Si rib waveguides of Ref. 9, our opti-
mized waveguide design provides a smaller mode area than disper-
sion engineered Ge/Si rib waveguides, effectively boosting nonlinear
optical effects.

Although we could not directly measure the propagation loss at
longer wavelengths, due to the limit of our pump laser, we do not

expect a significant increase in linear losses for wavelengths up to
at least 8 ym. Indeed, in this wavelength range, the main source of
losses is Rayleigh scattering due to the roughness of waveguide side-
walls, which scales as \™. This largely compensates for the slightly
lower mode confinement at longer wavelengths, which still remains
very high for both polarizations [see Fig. 1(d)]. We, thus, consider
a constant propagation loss in our simulations of Sec. I'V, which
is also supported by recent measurements in Ge-rich graded index
SiGe waveguides (constant loss for A < 8 ‘um)fT

lll. SUPERCONTINUUM GENERATION

To generate the SC, we pumped a 2.2 cm long straight waveg-
uide with increasing powers, ranging from ~0.3 mW (~0.03 mW) to
22 mW (30 mW) coupled average power in TE (TM) polarization.
We measured a total insertion loss of —13.6 dB (—6.8 dB/facet) for
both polarizations at low power. Testing the nonlinear waveguide
in both TE and TM polarizations allows us to extract more mean-
ingful and reliable values for the nonlinear parameters of the Ge/Si
waveguide platform, which is still relatively new, especially for use
in the mid-IR. The pump wavelength of 4.6 ym corresponds to a low
normal dispersion for the TE mode and a low anomalous dispersion
for the TM mode [Fig. 1(b)]. Figures 2(a) and 2(c) show the input
pump and experimentally generated SC spectra when pumping in
TE and TM polarizations at different powers, with a maximum of
22 (3.3 kW) and 30 mW (4.5 kW) of coupled average (peak) power,
respectively. In TE (TM) polarization at the maximum power, the
generated SC has a —30 dB bandwidth ranging between 3.53 ym
and 5.83 ym (3.33 ym and 5.55 ym), while the —40 dB bandwidth
spans the 3.39 ym-6.02 ym (3.19 ym-5.65 ym) wavelength range.
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FIG. 2. Measured (a) and simulated (b) spectra in TE polarization for increasing (from the bottom to the top) coupled average powers (regular font) and corresponding
peak powers (italic font). Measured (c) and simulated (d) spectra in TM polarization for increasing (from the bottom to the top) coupled average powers (regular font) and
corresponding peak powers (italic font). (€) —30 dB bandwidth of the experimental (symbols) and simulated (curves) SCs at different coupled peak powers in TE and TM
polarizations. (f) Experimental (markers) and simulated (lines) nonlinear transmissions at different coupled peak powers in TE and TM polarizations. All the simulations were

done considering wavelength dependent free-carrier absorption.
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The spectral difference of the SC observed in the two polarizations
is mainly due to different group velocity dispersions. We plot in
Figs. 2(e) and 2(f) the experimental (symbols) SC —30 dB bandwidth
and nonlinear transmission as a function of the coupled input peak
power. The nonlinear transmission is here defined as Tni, = Pout/[Pin
x exp(—aL)], where Poy and Py, are the output and input powers
and L is the waveguide length. From these data, we observe a strik-
ing drop in the transmission associated with a strong saturation of
the SC bandwidth above ~1 kW peak pump power for both polariza-
tions. We note that the drop in the transmission is higher than the
one we previously observed in SiGe/Si waveguides, associated, in the
latter case, to four-photon absorption.r In addition, the limitation
of the present SC bandwidth on the long wavelength side is some-
what surprising. We next analyze the origin of these features using
numerical simulations.

IV. NUMERICAL ANALYSIS OF THE SUPERCONTINUUM
SPECTRAL DYNAMICS AND DISCUSSION

By means of a numerical analysis, we aim at (1) extracting the
Ge/Si nonlinear waveguide parameters from data comparison with
simulations and (2) identifying the root causes of the SC long wave-
length extension limit. We will examine three possible causes: the
increased dispersion at longer wavelengths, the impact of nonlinear
absorption (namely, due to three-photon absorption here) and the
wavelength dependence of free-carrier absorption (FCA). In partic-
ular, the latter effect has been pointed out in recent works on doped
Ge studied at mid-IR wavelengths.”

The SC generation process was simulated by numerically solv-
ing the following generalized nonlinear Schrodinger equation:

A  « et B O"A ( i 9 )
9% Em I 2 1+ 224
0z 2 * ZZ m! O™ +iy(wo){ 1+ w Ot
t
y f R(t—t)|APdr - S 41t A - “ZEA — ikckoNrcA,

—0o0 2A§ff
1

where A(z, t) is the electric field pulse envelope, a is the attenuation
coefficient, 8, is the m-th order derivative of the propagation con-
stant with respect to the frequency, S, is the nonlinear parameter at
the central frequency of the pulse with 7, being the Kerr index, c is
the speed of light, A,y is the effective area at the central frequency

of the pulse (equal to 6.43 ym” and 6.21 um? for the TE and TM
modes, respectively), R(t — t') is a function that takes into account
the Raman contribution,” a3p4 is the three-photon absorption (3
PA) coefficient, Nrc is the free-carrier density in the waveguide,
arc is the free-carrier absorption, ko is the wavenumber, and k. is
the free-carrier dispersion parameter. High-order dispersion f, is
included up to B10, and the propagation loss a is considered to be
wavelength independent and equal to 1.25 dB/cm, as measured at
4.5 ym. The temporal variation of the free-carrier density in the
waveguide is calculated by the following rate equation, assuming
that these are generated by 3 PA only and neglecting the free-carrier
recombination within the short pulse duration:

8t 3hw

2473
ONFrc 063PA(|A| ) . @
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It was decided to neglect two-photon absorption since, in germa-
nium, it vanishes above 3.6 ym and, thus, will not be induced by the
4.6 ym pump.‘w

Careful attention must be paid to the value of arc. Its spec-
tral variation has been generally included with a \* dependence.”” In
2015, however, Nedeljkovic et al. estimated, by means of a quantum
mechanical theoretical model corroborated by experimental data
from the literature, the magnitude of free-carrier absorption and
refraction effects in germanium across the 2 ym-16 ym wavelength
range, predicting a substantially stronger free-carrier absorption
(FCA) in germanium than in silicon for the same carrier density.”
Furthermore, this FCA was found to sharply increase at around
6 um." Therefore, the wavelength dependence of FCA in germa-
nium cannot be well reproduced by a simple parabolic behavior. In
our model, we included the FCA dispersion using the equation and
coefficients provided in Ref. 38. The dependence has the following
form:

arc(A) = a)NZD + c(Q)NID, 3)

where N, and N, are the free electrons and hole densities, respec-
tively (considered to be equal to Ngc/2), while a, b, ¢, and d are
wavelength dependent coefficients. Since in our case, plasma dis-
persion effects have a lower impact than FCA, k. was considered
constant and equal to —1.2 x 1077 m?.**

We calculated the values of the 3 PA coefficient azpa and of
the third-order nonlinear Kerr index 5, starting from literature val-
ues'”"" and adopting an iterative method"' to fit the experimental
SC bandwidth and nonlinear transmission of Figs. 2(e) and 2(f). A
Kerr index of 7.5 x 10™'® m?/W and a 3 PA coefficient of 1.1 x 1072
m?/W? enabled us to have a good fit of the bandwidth and of the
nonlinear transmission in both TE and TM polarizations [Figs. 2(e)
and 2(f)]. Figures 2(b) and 2(d) show the resulting simulated spec-
tra for different coupled peak powers in TE and TM polarizations,
respectively. This nonlinear index value corresponds to y parameters
of 1.59 and 1.65 (Wm) ™" in TE and TM polarizations, respectively.
The slight difference comes from slight differences in mode confine-
ment and, hence, A¢s. The larger bandwidth at low power observed
in the simulated SC in TM polarization can be attributed to both the
higher y and to the different dispersion (pump in anomalous disper-
sion) compared to the TE polarization. A slightly larger bandwidth
atlow power for TM than for TE is accordingly observed experimen-
tally. The y parameter that we infer is ~2.5 times higher than the one
reported earlier in a SiGe/Si ridge waveguide at 4 ym.”” In Fig. 2(¢),
we observe a slight discrepancy between the simulated and exper-
imental —30 dB bandwidth for the TM polarization. We attribute
it to a small difference between the fitted dispersion and the actual
one. We compare in Fig. 3 the extracted data to those theoretically
predicted’ and estimated from z-scan measurements of germanium
films in the literature."”'' The high mode confinement in the germa-
nium core of our waveguide (>97% in both polarizations at the 4.6
um pump wavelength) justifies the comparison. While the extracted
Kerr index is close to the values measured by Sohn et al,'' our
3 PA coefficient is not. In fact, our 3 PA results are in good agree-
ment with the first z-scan measurements from Seo et al. in 2012."
In contrast, the more recent work from Sohn et al'' reported a
3 PA coefficient almost two orders of magnitude higher than our
estimated value [Fig. 3(a)]. From our simulations, such a high 3 PA

6,016102-4
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experimental'’"" and theoretical® values from the literature.

value would completely quench the SC bandwidth, thereby contra-
dicting our experimentally observed SC. We also note that, while
Refs. 10 and 11 both took account of FCA, Ref. 11 used n-type doped
germanium, which may have resulted in additional carriers inducing
a larger nonlinear absorption.

Using the extracted nonlinear parameters and the wavelength
dependent FCA from Eq. (3), we were able to simulate SC behav-
ior, which is a convincing match to the experimental SC in TE
and TM polarizations [top and central plots of Figs. 4(a) and 4(b),
respectively]. In particular, our simulations show that the wave-
length dependence of arc must be included to correctly reproduce
the experimental results. Indeed, when we considered a wavelength
independent FCA (equal to the value at the pump wavelength), the
simulated SC in TE polarization extended up to 7 ym [bottom plot
of Fig. 4(a)], i.e., beyond the 6 ym limit observed experimentally.
Therefore, we conclude that including the wavelength dependence
of FCA was crucial to reproduce the experimental spectrum cor-
rectly. This feature is less striking in the TM polarization, partly
due to the slight blue shift of the associated SC spectrum [bottom
plot of Fig. 4(b)], as induced by the slightly different dispersion pro-
file [see Fig. 1(b)]. We attribute the additional discrepancy at the
long wavelength side between experiments and simulations to water
vapor absorption at around 5.7 ym-6.2 ym, which takes place along
the free-space path from the chip output to the spectrometer.”’

The importance of correctly modeling the wavelength depen-
dence of FCA appears even more clearly in Fig. 4(c), which shows
the wavelength dependent FCA for increasing coupled peak pow-
ers in TE polarization at 1 cm length (as an illustrative example). At
each simulation step along the waveguide, the free-carrier density
was calculated using Eq. (2). By inserting the calculated values into

APL Photon. 6, 016102 (2021); doi: 10.1063/5.0033070
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Eq. (3), we can calculate the wavelength dependence of the FCA. A
sharp increase in the FCA is observed beyond 5.9 um, which exactly
corresponds to the =30 dB upper limit of the experimental SC in
TE polarization [red dashed lines in Figs. 4(a) and 4(c)]. Therefore,
we mainly attribute the long wavelength cutoff in our SC spectra to
FCA. Finally, we note that this FCA contribution is already large for
peak powers as low as 0.5 kW, thereby contributing to the SC band-
width saturation and nonlinear transmission drop observed experi-
mentally in Fig. 2(f) from around 1 kW. We estimate that ~25% of
the drop in Tt at 1 kW is induced by FCA.

From this numerical study, we draw the following conclusions.
First, in our present demonstration, the dispersion of FCA primarily
prevents our SC from further extending in the mid-IR, beyond 6 ym.
Secondly, when considering a constant FCA instead, the dispersion
profile of our current waveguides would not support a SC extend-
ing further than 7 ym. Finally, although the Ge/Si platform suffers at
4.6 ym from a larger nonlinear absorption (due to 3 PA) than that
of the SiGe/Si platform (due to 4 PA), similarly broad SC could be
achieved if FCA was not rising stiffly at around 6 ym in Ge (see addi-
tional simulations in the supplementary material). We, thus, con-
clude that the present long wavelength SC extension limit observed
experimentally is mainly caused by the peculiar FCA wavelength
dependence in Ge and to a lesser degree by the dispersion of our
Ge/Si waveguide.

Although we think that even broader sources can be realized
using the Ge/Si platform, our demonstrated source is already well-
suited for free-space communications and environmental monitor-
ing applications, due to the transparency of atmosphere between
3 ym and 5 ygm and to the strong absorption of hazardous and green-
house gases such as CO (~4.5 ym), CO; (4.2 ym, 4.3 ym), and CH,
(3.45 ym). “ From the transmission measurements, we estimate that
the power contained in the SC at the end of the waveguide (on-chip
power) for 23 mW coupled peak power is ~2.2 mW in TM polariza-
tion and ~4.4 mW in TE, exceeding the milliwatt level required for
spectroscopic applications.z3

Our numerical analysis has shown the detrimental impact of
FCA on the spectral extent of SC generation in this Ge/Si platform.
Since free carriers are generated in Ge by 3 PA, the impact of FCA
could be lowered by reducing 3 PA via, for instance, pumping at
longer wavelengths, as suggested by the data in Fig. 4(a). In particu-
lar, due to the Ge bandgap of 1.6 um,” we expect a drastic decrease of
3 PA beyond 4.8 ym. In this work, our 4.6 ym pump wavelength was
the longest wavelength currently achievable with our laser source.
Yet, as already alluded to, our current waveguide geometry would
not support SC beyond 7 ym due to the high dispersion at long wave-
lengths [D higher than 75 ps/nm km beyond 6 ym and 7 ym in TM
and TE polarizations, respectively; see Fig. 1(b)]. Nevertheless, the
Ge/Si SC performance, its bandwidth, in particular, could be signif-
icantly improved through combining: (1) a waveguide design with
a lower dispersion at long wavelengths; (2) the use of a pump at
~5 ym, i.e., beyond the theoretical 3 PA limit; (3) the use of a pump
generating shorter pulses to reduce the free-carrier effects. Inter-
estingly, near-zero dispersion at 5 ym with a maximum D of less
than 30 ps/nm.km and a second zero-dispersion wavelength beyond
9.5 um could be obtained in a simple 2 ym thick and 6 ym wide Ge/Si
ridge waveguide. This could make the most of the much wider trans-
parency and optical confinement afforded by this platform further in
the mid-IR.
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V. CONCLUSION

In conclusion, we have presented the first experimental demon-
stration of SC generation in a low-loss Ge/Si waveguide. The gen-
erated SCs span almost one octave, covering the 3 ym-5 ym
atmospheric transparency window, making them interesting for
free-space communications and environmental monitoring applica-
tions. We have shown that, although the value of 3 PA is relatively
low at the pump wavelength of 4.6 um, the density of the gener-
ated free carriers is high enough to introduce a FCA induced cutoff
beyond 6 ym. Although the SC performance obtained in these Ge/Si
waveguides does not outperform those demonstrated in SiGe/Si
waveguides”’ at the moment, our study provides some guidelines to
make the most of this new platform. In particular, the multiphoton
absorption and, therefore, the generation of free carriers could be
reduced, in principle, by pumping at longer wavelengths,'’ poten-
tially enabling us to fully exploit the transparency up to 12 um’” of
the Ge/Si platform.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting content.
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During the review process of this manuscript, M. Montesinos-
Ballester et al. reported the experimental demonstration of super-
continuum generation from 3 ym to 13 ym in a Ge-rich graded SiGe
waveguide pumped at 7.5 ym wavelength.” This result confirms
the great potential of Ge-based waveguides for mid-IR supercontin-
uum generation, as well as the necessity of minimizing the impact of
free carriers, for instance, by pumping beyond 5 ym wavelength, as
suggested in the guidelines at the end of Sec. I'V of this manuscript.
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