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Silicon photonics is coming of age; however, it is still lacking a monolithic platform for optical sources and non-
linear functionalities prompting heterogeneous integration of different materials tailored to different applica-
tions. Here we demonstrate tellurium oxide as a complementary metal oxide semiconductor silicon photonics
platform for nonlinear functionalities, which is already becoming an established platform for sources and am-
plifiers. We show broadband supercontinuum generation covering the entire telecom window and show for the

first time to our knowledge third-harmonic generation in its integrated embodiment. Together with the now-

available lasers and amplifiers on integrated TeO, this work paves the way for a monolithic TeO,-based nonlinear

silicon photonics platform.
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1. INTRODUCTION

Silicon photonics is reaching its maturity in terms of passive
and active optoelectronic functionalities. However, monolithic
integration of light sources and nonlinear optical devices is still
an ambitious goal. Silicon cannot be electrically pumped due to
its indirect band gap, and it cannot be optically pumped due to
its low solubility of rare-earth ions [1,2]. There has been sig-
nificant progress with electrically pumped III-V material as
sources on silicon photonics platforms and recently as nonlin-
ear optics platforms [3,4]; however, they tend to be expensive,
thermally instable, and have low yield [1,5,6]. On the other
hand, for nonlinear photonics, silicon has a very high Kerr fac-
tor, 200—400 times that of silica, leading to various demonstra-
tions [7-12]. However, it suffers from high two-photon
absorption in the telecom band due to being too close to
the band gap [13]. This compels researchers to operate either
at longer wavelengths, which is far away from the band gap, or
employ new material platforms having higher band-gap energy
[8,14-16]. One such material that has received significant at-
tention recently is silicon nitride, which has been used routinely
for generating over an octave spanning supercontinuum
[17-19]. The Kerr factor of the stoichiometric silicon nitride
(Si3Ny) is only 10 times that of silica [20,21] and thus requires
high pump power, but such a limitation can be relaxed with
silicon rich silicon nitride, albeit with the increase in propaga-
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tion losses and reduction of the band-gap energy, which thus
makes it susceptible to nonlinear absorption [21,22]. Most im-
portantly, however, silicon nitride has not been demonstrated as
a reliable host material for rare-earth gain to allow monolithic
integration of sources and optical nonlinear functionalities.
A rare-earth-doped medium is an excellent candidate for
monolithic integration of an optically pumped laser, and there
have been many demonstrations recently of high-power inte-
grated lasers [23—-27]. However, the host material used in these
works tends to have low optical nonlinearity, which thus limits
its applicability as a nonlinear medium. Tellurium oxide
(TeO,) is an excellent candidate for monolithic integration
of optical sources and linear and nonlinear functionalities in
silicon photonics without incurring nonlinear absorption loss.
As a source it is establishing itself as a host medium for various
rare-carth ions, offering opportunities for amplifiers and lasers
at many wavelengths [28—-30]. Furthermore, it has highly de-
sirable material properties, such as a high refractive index of 2.1
at 1550 nm and high nonlinearity—Kerr coefficients up to 30
to 50 times that of silica [30-33]. Its Raman coefficient is 60
times that of silica and demonstrates extremely strong second-
order optical nonlinearity for a glass [34-37]. Due to these ex-
cellent optical properties it has been used to generate over 2.6
octaves of supercontinuum in sub-centimeter photonic crystal
fiber [38]. However, fabrication of integrated tellurium oxide
has been challenging thus far. In the first half of the last two
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decades, there were significant attempts at fabricating TeO,
waveguides, for example, using femtosecond laser writing,
ion exchange, ion implantation, and reactive ion etching meth-
ods [33,39-42]. However, for nonlinear photonics, such devi-
ces have had limited success either due to high propagation loss,
weak guidance, or large mode area of the pump limiting the
overall optical intensity for efficient nonlinear signal con-
version.

In this work, we demonstrate strong nonlinear effects in
TeO, utilizing a different waveguide fabrication technique that
avoids any etching or implantation and thus reduces the propa-
gation loss significantly while maintaining small mode area,
ensuring high optical intensity in the core [43]. We achieve
coherent supercontinuum (SC) generation over the entire tele-
com band in the normal dispersion regime, which is a factor of
10 broader than the previous demonstration over a decade ago
[33]. Such a device has applications, for example, in few-cycle
pulse generation and optical coherence tomography [44,45].
We also demonstrate, to the best of our knowledge, for the first
time third-harmonic generation (THG) in an integrated TeO,
platform with tens of nanowatts of signal strength. This dem-
onstration opens possibilities for on-chip pulse diagnostics [46]
and efficient and coherent short pulse generation on chip in the
wavelength windows where lasers are not readily available. We
utilize room-temperature deposition of TeO, to fabricate wave-
guides and thus make them fully compatible with the back-
end-of-the-line CMOS electronic processes. Furthermore, we
show how a thicker layer of TeO, can be fabricated for
obtaining anomalous dispersion for generating SC over an oc-
tave. Such a device not only is useful as a stand-alone highly
nonlinear system but can also enhance the nonlinearity of
the existing SisNy waveguides postfabrication. Together with
the emerging integrated lasers and amplifiers on TeO, and
other rare-earth media [47-49,24,25], this work paves the
way for a monolithic TeO,-based nonlinear silicon photonics
platform.

2. RESULTS

We have designed and fabricated a silicon nitride waveguide of
200 nm thickness (#), 1200 nm width (), and 7 mm length
with low-pressure chemical vapor deposition (LPCVD) in a
standard wafer scale foundry (Lionix). The waveguide was then
deposited with tellurium oxide (TeO,) in house using a radio
frequency reactive sputtering technique to a thickness (/) of
370 nm as shown in Fig. 1. The deposition rate and the tem-
perature were 20 nm/min and 20°C, respectively. At 1550 nm
the refractive index of 2.08 was measured with a spectroscopic
ellipsometer, and the film loss of 0.1 dB/cm was measured with
the prism coupling technique (Metricon). The propagation loss
of the waveguide was around 0.5 dB/cm, based on the measure-
ments that can be found in Refs. [43,49]. A 3 pm thick top
cladding (Cytop, 7» = 1.33 at 1550 nm) was spin coated as
a protection layer. We note that the coupling loss was as high
as ~15 dB/facet, mainly due to imperfect polishing of the fac-
ets (Ultrapol polisher); therefore, inverse tapers will be used in
future devices to reduce coupling loss. Although we used
LPCVD for depositing SizNy, which requires processing tem-
perature around 800°C and thus making it incompatible with
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Fig. 1. (a) Schematic of the waveguide fabrication steps with differ-
ent layers. (b) Schematic of the waveguide cross section. (¢) SEM im-
age of the waveguide.

the back-end-of-the-line (BEOL) CMOS processes [19,50,51],
to make the device fully compatible with CMOS electronics we
can equally use the well-established plasma-enhanced chemical
vapor deposition (PECVD)-based silicon nitride layer
[19,24,50,51]. The schematic of the waveguide cross section
and an SEM image are shown in Figs. 1(b) and 1(c).

We calculated the dispersion and the effective index of the
waveguide, shown in Fig. 2(a), using a commercial finite-
difference-based mode solver (Lumerical) for the fundamental
TE mode, as it offers stronger confinement. The dispersion is
normal at 1550 nm with B, = 0.27 ps?/m, S5 = -9.2 x
104 3 /m, f; =5.58x107%s%/m, and fs = -2.46x
107% s /m. We note that the dispersion variation due to
the rounding of the corners of the TeO, layer of the fabricated
device, seen in Fig. 1(c), was negligible. The fundamental mode
profile at 1550 nm is shown in Fig. 2(b) with 70% of the total
energy confined in the tellurium oxide. The nonlinearity (y) of
the waveguide was approximately twice higher than that of a
waveguide made of only silicon nitride (oxide cladded) with
similar dimensions, i.e., height of 570 nm and width of
1.2 pum. Here, the y can be approximately defined as
27x[rny, + (1 - r)ny,)/ Adeg, where 7 is the percentage of energy
present in tellurium oxide and 7,, and 7, are the Kerr coeffi-
cients of tellurium oxide and LPCVD silicon nitride, which are
10 x 107" m?/W and 2.4 x 107 m? /W, respectively. We
note here that the Kerr factor of tellurium oxide varies within
30-50 times that of silica in literature [31-33,52]; therefore,
with consideration of our results of SC generation, we have
used the tellurium oxide’s Kerr factor to be up to 42 times that
of the silica in the simulations. Here 1 and . are the wave-
length and the effective area (1.3 pm?) of the pump. For com-
parison, in Fig. 2(c) the mode profile of a silica-clad silicon
nitride waveguide is shown, having mode area of 2 pm?, where
a significant amount of the mode is overlapping with the clad-
ding silica layer.

In the experiment, the waveguide was pumped with an op-
tical parametric oscillator generating pulses of 200 fs width at
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Fig. 2. (a) Calculated dispersion and effective index of the waveguide for the fundamental TE mode. (b) and (c) The mode profile at 1550 nm of

the waveguide with and without tellurium oxide, respectively.

1550 nm, at a repetition rate of 80 MHz. The peak power
coupled into the waveguide was estimated to be 600 W. The
output was collected by butt coupling a multimode fluoride
fiber connected to an optical spectrum analyzer. The self-
phase-modulation-based SC generation spectrum is shown in
Fig. 3, spanning around 1550 nm over 500 nm at -30 dB level
from the peak, which is 10 times broader than in the previous
demonstration [33], without showing any signs of damage at
high power levels for hours of operation. The SC was simulated
by solving the well-known nonlinear Schrodinger equation
with the split-step Fourier method [53]. We experimentally ob-
served the THG in the visible wavelength range. THG, which
has been observed in many media and platforms [54-63], re-
quires interaction of three pump photons in a nonlinear
material to generate one signal photon. It requires phase match-
ing between the pump and the signal and efficient overlap of
the respective modes, normally involving the fundamental
mode of the pump and higher-order or radiation modes of
the signal [64,65].

We measured the third-harmonic signal at around 517 nm
as shown in Fig. 3. The on-chip signal strength was approxi-
mately 100 nW for 10 mW of average power of the pump. In
Fig. 4 the SC and the THG at different pump powers are
shown. The difference between the third-harmonic signal
strength for the pump peak power of 420 W and 300 W is
5 dB and for the pump power of 420 W and 150 W is
15 dB, which is in accordance with the THG relation
I5 ~ I3 [64], where I, and 75 are the intensities of the pump

Power (dBm/nm)

500 1000 1500 2000
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Fig. 3. Experimental supercontinuum and third-harmonic genera-
tion spectra with an image of the third-harmonic generation along the
length of the waveguide (inset). The vertical axis is on-chip power, and
the dashed curve is the simulated spectrum shifted down for clarity.
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Fig. 4. (a) and (b) The supercontinuum and third-harmonic gen-
eration spectra at different pump powers. (c) Optical images, taken
with a CMOS camera, of third-harmonic generation at different pump
wavelengths with signal color of green (pump at 1600 nm), cyan
(pump at 1550 nm), and blue (pump at 1460 nm). The input is
at the left side of the images. The third-harmonic signal had larger
scattering for the 1550 nm pump (inset), as the pump power was

higher than for the others.

and the signal, respectively. The expected on-chip efficiency for
the current unoptimized waveguide is (P3,,/P,)>2 x 107%,
where P3,, and P, are the peak power of the signal and the
pump respectively. A higher THG power can be obtained
by suppressing SC broadening using longer pump pulses
and optimizing the waveguide design for strong overlap and
phase matching between the pump and the signal modes.
The exact mode of the third-harmonic signal for the presented
work is currently being investigated, which, regardless of the
type, is mostly confined in the TeO, films (as seen in the
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(a) Calculated anomalous dispersion of the waveguide and the mode profile for the fundamental TE mode (inset). Energy confined in

silicon nitride is ~30%. (b) Calculated supercontinuum generation along with the spectrogram (inset) for a 1 cm long waveguide at 1 kW of pump

power at 1550 nm.

simulations); thus, the propagation loss in the visible is esti-
mated to be between 1 and 2 dB/cm [43]. The THG along
the length of the waveguide for different pump wavelengths
captured with a CMOS camera is also shown in Fig. 4(c).

Furthermore, we show a design to generate a soliton-fission-
based SC spanning over an octave, which is crucial for various
applications including optical frequency synthesis based
on carrier envelope phase stabilization [66]. In this design a
thicker Si3Ny layer is used (~450 nm), with a width of
1.2 pm, over which a 450 nm of tellurium oxide is deposited.
The TE mode of the pump and the dispersion of the waveguide
are shown in Fig. 5(a). The first zero-dispersion wavelength
(ZDW) is around 1.35 pm, and the second ZDW is at
1.95 pm. Although a thicker silicon nitride leads to a reduction
in nonlinearity, as the energy confined in the SizNy is
relatively large ~30%, it helps obtain anomalous dispersion
with the type of waveguide cross section used in this
work [67].

In the SC simulation we launched a 200 fs pulse with 1 kW
of peak power at 1550 nm into a 1 cm long waveguide. The SC
spectrum is shown in Fig. 5(b), where the signal spans from 1 to
2.7 pm at -20 dB level from the peak. The soliton fission hap-
pens around 7 mm propagation length and generates a strong
dispersive wave beyond the second ZDW around 2.45 pm. The
waveguide can be modified further to have strong dispersive
wave signals in the visible and in the deep mid-IR range with
a nonuniform waveguide design [68], as the transparency band-
width of tellurium spans from 400 nm to 6 pm.

In conclusion, we have demonstrated strong SC generation
in a highly nonlinear TeO, waveguide, in the normal
dispersion regime around 1550 nm, which has applications, for
example, in optical coherence tomography and few-cycle pulse
generation, as the pulse splitting is avoided and the coherence
of the pulse is maintained. We also demonstrated, for the first
time to our knowledge, THG on an integrated platform of
TeO,, which was observed at the visible wavelengths that
can be used as a coherent short pulse source in the visible spec-
trum on a CMOS platform. Although the TeO, waveguide is
demonstrated here as a stand-alone device, it can very well be
used for postfabrication enhancement of the nonlinearity of ex-
iting silicon nitride or silicon waveguides. This work makes
TeO, a potential CMOS-compatible nonlinear silicon photon-
ics material that, together with the integrated TeO,-based

lasers and amplifiers, paves the way for full monolithic integra-
tion in silicon photonics.
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