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Here, we demonstrate a nonlinear-integrated photonic plat-
form that integrates Ge,gSb;,Seg, chalcogenide waveguides
with multi-project wafer (MPW) silicon waveguides, en-
abling an efficient four-wave mixing (FWM) nonlinear para-
metric process. The nondegenerate FWM nonlinear power
threshold of the hybrid-integrated photonic platform is as
low as 0.16 mW. By synergistically leveraging the advantages
of both optical materials, this work offers a promising av-
enue for the development of large-scale integrated nonlinear
photonic platforms. © 2025 Optica Publishing Group. All rights,
including for text and data mining (TDM), Artificial Intelligence (Al)
training, and similar technologies, are reserved.
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As a third-order Kerr nonlinear effect, four-wave mixing (FWM)
is a parametric process that enables efficient nonlinear wave-
length conversion, with extensive applications in high-precision
metrology systems [1], quantum photonics [2], and sensing tech-
nologies [3]. Silicon photonic platforms have garnered extensive
attention and investigation in nonlinear photonics due to their
exceptional compatibility with standard CMOS processes and
the significantly large nonlinear refractive index (n,). However,
owing to the significant two-photon absorption (TPA) of silicon
within the C-band of optical communication, achieving a low
power threshold for FWM becomes challenging [4]. Meanwhile,
annealed silicon nitride waveguides, which exhibit ultra-low
propagation losses, have been widely demonstrated in frequency
comb and octave-spanning supercontinuum processes [5]. Nev-
ertheless, their inherently low nonlinear coefficients still require
high pump power ( 100mW) for efficient nonlinear parametric
processes [60]. Consequently, to realize large-scale CMOS fab-
rication process-compatible nonlinear photonic-integrated cir-
cuits, novel nonlinear photonic materials and back-end-of-line
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processes must be introduced to promote and realize efficient
nonlinear systems with hybrid integration with silicon photonic
platforms.

Chalcogenide glass is an amorphous compound primarily
composed of chalcogens, such as sulfur (S), selenium (Se),
tellurium (Te) (elements from Group VI), and other elements
with low electronegativity. Due to its high nonlinear coefficient
and minimal TPA effect, chalcogenide glass is regarded as a
promising nonlinear photonic material with significant develop-
ment potential [7]. Moreover, leveraging its amorphous phase
characteristics, chalcogenide glass can be directly deposited
onto both crystalline and amorphous substrates via low-cost,
low-temperature evaporation technology. Therefore, the silicon-
chalcogenide glass hybrid integration photonic platform serves
as an ideal substrate for on-chip FWM [8]. Simultaneously, nu-
merous research studies have emerged focusing on the hybrid
integration of chalcogenide glass with other functional photonic
platforms. By leveraging the excellent mechanical properties
and high nonlinear coefficient of chalcogenide glass, this inte-
gration enables the development of hybrid acoustic-optic modu-
lators [9], waveguide amplifiers [10], frequency converters [11],
and other advanced devices [12]. However, achieving large-scale
on-chip integration via CMOS-compatible processes remains
challenging for these hybrid integration technologies.

This work aims to achieve highly efficient hybrid integra-
tion of chalcogenide glass with standardized silicon photonic
platforms through back-end-of-line techniques. By leveraging
the multi-project wafer (MPW) process along with the back-
end-of-line processing technology, we successfully fabricated
a GSSe micro-ring resonator (MRR) with a quality factor sur-
passing 9.8 x 10* and demonstrated the efficient EDFA (erbium-
doped fiber amplifier)-free nondegenerate four-wave mixing
nonlinear parametric process with a power threshold below
zero dBm through the hybrid-integrated photonic platform. This
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Fig. 1. (a) Flow chart of the back-end-of-line process based on
the MPW wafer. (b) Real and imaginary components of the refrac-
tive index (n and k) for GSSe thin films. (c) Realistic image of the
hybrid-integrated nonlinear photonic chip. (d) Microscopic images
of the interlayer couplers and hybrid-integrated MRRs. (¢) SEM im-
ages of the interlayer coupler (inset: interlayer coupling of the taper
waveguide).

technological approach integrates large-scale, low-cost integra-
tion benefits of silicon photonics with the exceptional process-
ability and high nonlinear coefficient of chalcogenide glass,
thereby providing a promising avenue for expanding the appli-
cations of nonlinear silicon photonic platforms.

Silicon photonic devices for hybrid integration were fabri-
cated via a 180-nm node MPW run at the Institute of Microelec-
tronics, Chinese Academy of Sciences (IMECAS). The back-
end-of-line workflow for the hybrid integration of MPW-based
silicon photonic chips is illustrated in Fig. 1(a). First, the sili-
con oxide cladding on the top of the MPW silicon photonic chip
was reduced to 150nm through chemical mechanical polish-
ing (CMP). Subsequently, the 500-nm GSSe film was deposited
onto the MPW chip via a combination of ultraviolet lithography
(UVL), thermal evaporation, and lift-off processes. The refrac-
tive index of the GSSe film was determined to be 2.72 at 1550 nm
within the communication band using an ellipsometer, as shown
inFig. 1(b). Furthermore, the chip was coated with ARP6200.13
electron beam lithography (EBL) resists and patterned by EBL
to define the GSSe waveguide. The waveguide pattern was trans-
ferred to the GSSe layer through inductively coupled plasma
(ICP) dry etching with CHF;/Ar gas chemistries. The resid-
ual resist on top of the waveguide was removed using oxygen
plasma, and the side wall oxidation byproducts can be effec-
tively removed by the hydrofluoric acid solution. Finally, atomic
layer deposition (ALD) was employed to coat a 5-nm Al,O5 pro-
tective layer on the silicon-chalcogenide glass hybrid-integrated
photonic chip. Figures 1(c) and 1(d) present realistic images
of the Si-GSSe hybrid-integrated photonic chip fabricated by
MPW and back-end-of-line processes and detailed microscopic
views of the interlayer coupler and MRR, respectively. Fig-
ure 1(e) shows the scanning electron microscopy (SEM) image
of the grating coupler region for the cascaded interlayer coupler.
Signal transmission between the fiber and the silicon grating
coupler is achieved by creating the dielectric open window in the
GSSe layer on the top. The input propagating through the sili-
con waveguide couples into the GSSe waveguide located in the
upper silicon oxide layer via the interlayer coupler, as illustrated
in the inset of Fig. 1(e).

In response to the high-performance MRR requirements for
on-chip efficient FWM, we have designed the racetrack MRR
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Fig. 2. (a) Structure diagram of the Euler MRR. (b) Schematic
diagram of the Euler helical curve. (¢) FDTD simulation of Euler
MRR high-order mode depression with different R ... (d) The re-
lationship between scattering loss and waveguide width based on
the n-w model at a wavelength of 1550nm (og, =1, 2, and 3nm,
respectively, o;=0.37nm, inset: atomic force microscopy (AFM)
characterization of the surface morphology).

based on the Euler helical structure, as illustrated in Figs. 2(a)
and 2(b). The input light propagates from the single-mode
waveguide with a width of W ;. to a multi-mode waveguide
with a width of W, . via a taper waveguide and subsequently
couples into the MRR. The MRR consists of two straight
waveguides and four 90-degree curved Euler waveguides [13].
The curvature transitions gradually from the minimum bending
radius to an effectively infinite bending radius, where the latter
is connected to the straight waveguide. As demonstrated in
the FDTD simulation results presented in Fig. 2(c), setting
the maximum bending radius to infinity effectively eliminates
mode mismatch and suppresses the cumulative transmission
of all high-order modes to approximately —30dB. To predict
the scattering loss induced by the roughness, we performed
calculations using the n-w model [14]. As shown in Fig. 2(d),
the relationship between TE; mode scattering loss and waveg-
uide width is presented. Here, the scattering loss is influenced
jointly by the side wall roughness and the surface roughness
of the waveguide. The standard deviation o, of the side wall
roughness was set to 1, 2, and 3 nm, respectively, while o rep-
resents the surface roughness, which was characterized by AFM
with a value of 0.37nm. It can be observed from the results
that a wider waveguide is associated with lower scattering loss
and also alleviates the demands on high-precision fabrication
processes.

To monitor and optimize the micro-nano fabrication pro-
cess parameters of the GSSe waveguide, we characterized the
performance of single-layer GSSe MRRs and verified the phe-
nomenon of the nonlinear FWM effect in the GSSe MRRs.
Specifically, the 500-nm GSSe thin film was deposited on a sil-
icon substrate with a 2-um thermal oxide layer. The waveguide
width of the MRR was set to 1.5 um to minimize the optical
mode’s perturbation caused by waveguide sidewall roughness.
First, the transmission spectra of GSSe MRR were characterized
using tunable lasers, as illustrated in Fig. 3. The MRR exhib-
ited an almost uniformly spaced free spectral range (FSR) of
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Fig. 3. (a) Microscopic images of the GSSe MRRs. (b) Schematic
of the FWM measurement setup (TLSs: Santec TSL-550 TSL-570;
OSA: Yokogawa-AQ6730D). (c) Measured transmission spectrum
of the GSSe MRR (inset: Lorentz fitting for the resonance peak). (d)
Measured output spectra of the GSSe MRR by OSA when the signal
is off- and on-resonance. (e) Measured FWM conversion efficiency
of the GSSe MRR as a function of the pump power.

approximately 0.86 nm, which corresponds to a calculated group
refractive index ng of 2.83. According to Lorentz fitting, the
full width at half maximum (FWHM) of the resonant peak at
1559.09nm is 6.6 pm, resulting in a loaded quality factor (Qy) of
2.36x 10°. The corresponding intrinsic quality factor (Q,) was
evaluated at 3.71 x 10°, indicating a waveguide propagation loss
of 1.33dB/cm.

Furthermore, the FWM nonlinear parameter process of
the MRR was characterized and experimentally verified. The
schematic diagram of the experimental setup is illustrated in
Fig. 3(b). In this study, two tunable laser sources serve as the
signal and pump light inputs. The signal and pump lights pass
through polarization controllers to ensure the input state remains
in TE mode. The signals are combined using a 3-dB coupler
before being introduced into the GSSe MRR under test. The out-
put mixing signal from the MRR is split into a 1:9 ratio, with
10% of the energy directed to a photodetector (PD) for intensity
measurement and 90% directed to an optical spectrum analyzer
for observing the FWM phenomenon. Figure 3(d) illustrates the
GSSe MRR’s output spectrum under conditions where the sig-
nal light is off-resonance and both the signal and pump light
are on-resonance. By injecting a 1.32-mW pump light and a
0.01-mW signal light into the MRR while both input lights are
simultaneously on resonance, the FWM effect was successfully
achieved, resulting in an idle conversion efficiency of —37.1 dB.
Further, we investigated the variation of conversion efficiency as
a function of pump optical power, as illustrated in Fig. 3(e). The
results indicate that GSSe MRR exhibits a low FWM nonlin-
ear power threshold of —9.8 dBm (approximately 0.1 mW). This
result also suggests that the MRR and bus waveguide maintain
stable coupling across varying pump optical powers with neg-
ligible nonlinear loss since the quadratic relationship between
conversion efficiency and pump optical power. The conversion
efficiency of FWM in MRR can be calculated using the fol-
lowing expression [15,16], which takes into account the key
parameters influencing the process:

P >
=2 = (yP,Lyy) FyFIF7, 1)
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Fig. 4. (a) Microscopic images of the hybrid-integrated MRR.
(b) Measured transmission spectrum of the hybrid-integrated MRR
(inset: Lorentz fitting for the resonance peak). (c) Measured output
spectra of the hybrid-integrated MRR by OSA when the signal is
off- and on-resonance. (d) Measured FWM conversion efficiency of
the hybrid-integrated MRR as the function of the pump power.
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where vy denotes the nonlinear coefficient, and P;, P, and Pp rep-
resent the optical powers of the idle output, signal, and pump
input, respectively. L and L g represent the round-trip length and
effective round-trip length of the micro-ring, while o denotes
the propagation loss coefficient within the micro-ring. Ak is de-
fined as the phase mismatch of photons at each frequency in
the FWM process, which can be neglected due to the low dis-
persion and the close proximity of the signal frequency to the
pump frequency. F, ; respectively indicate the field enhance-
ment factors of the pump, signal, and idle, which are determined
by the ratio of optical power within the micro-ring to that in
the bus waveguide, as expressed in formula (3). Here, Q, is
the coupled quality factor of the MRR. The L. 4 was calcu-
lated to be L.g = 968 um, and the power enhancement factor
was F? = 30.2. Furthermore, by fitting the data in Fig. 3(e) us-
ing the model described in Eq. (1), we calculated the nonlinear
coefficient y = 11.6W~'-m~!. In conjunction with the mode
effective area A,;=0.55um?, we calculated the nonlinear re-
fractive index n, =1.57 x 1078 m*/W for Ge,gSb,,Se,, which
is consistent with that of the bulk material and superior to many
other materials utilized in nonlinear-integrated photonics.
Through the utilization of the CMOS-compatible MPW pro-
cess and back-end-of-line techniques, we successfully realized
the MRRs featuring the hybrid integration of chalcogenide
waveguides and silicon waveguides. The structural diagram of
the resonator is presented in Fig. 4(a). The signal and pump in-
put light were coupled into the bottom silicon grating coupler by
etching a window through the GSSe layer. The signal and pump
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in the silicon waveguide were subsequently coupled to the up-
per GSSe waveguide via the interlayer coupler and then directed
into the MRR. Among them, the interlayer coupling efficiency
of the Si-GSSe waveguide can reach up to 98.4% [8]. The sig-
nal, pump, and idler coupling to the fiber was achieved through
a reverse process that mirrors the input coupling procedure.

Similarly, we first evaluated the hybrid-integrated MRR’s
performance and analyzed its intracavity propagation loss. Fig-
ure 4(b) demonstrates that the hybrid-integrated MRR exhibits
a nearly equidistant FSR of approximately 0.81 nm, which cor-
responds to a calculated group index ng of 2.86. At the same
time, by employing Lorentz fitting, the FWHM of the hybrid-
integrated MRR was determined to be 0.027nm. This result
corresponds to a calculated loaded quality factor Q, of 5.6 x 10*
and an intrinsic quality factor Q; of 9.8 x 10, indicating that the
propagation loss of the waveguide is approximately 5.23 dB/cm.
The lower quality factor of the hybrid-integrated MRR com-
pared to that of the single-layer MRR is analyzed in Sup-
plement 1. Further, we conducted on-chip FWM experiments
using the same measurement system described above for the
hybrid-integrated MMR. As illustrated in Figs. 4(c) and 4(d),
on the Si-GSSe hybrid nonlinear-integrated photonics platform,
we also successfully demonstrated the on-chip nondegenerate
FWM parametric process with a nonlinear threshold power of
less than 0.2 mW (approximately 0.16 mW), and the conversion
efficiency of FWM achieved —46.7dB when the pump power
reached 1 mW. Owing to the CMOS-process compatibility of
the silicon photonics platform, as well as the high nonlinear-
ity coefficient and excellent manufacturability of chalcogenide
glass, this system exhibits a lower nonlinear power threshold and
superior robustness in manufacturing compared with hybrid in-
tegration platforms such as III/V-silicon and 2D material-silicon
waveguides [17,18].

In summary, by leveraging MPW and back-end-of-line fabri-
cated processes, we successfully realized the Si-GSSe hybrid-
integrated nonlinear photonics platform and demonstrated the
efficient on-chip FWM parametric process. The intrinsic qual-
ity factors of the single-layer GSSe MRR and the Si-GSSe
hybrid-integrated MRR were measured to be 3.71x10° and
9.8 x 10*, respectively. We extracted the nonlinear coefficient of
the Ge,gSb,,Seq, material to be approximately 11.6W~!-m™,
and the nonlinear refractive index is about 1.57 x 107'8 m%/W
through the FWM measurement of the single-layer GSSe MRR.
Moreover, we have successfully demonstrated the FWM non-
linear parametric process using a hybrid-integrated photonic
platform that integrates the GSSe waveguide with the stan-
dard MPW silicon photonic wafer for the first time. This
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achievement features an exceptionally low nonlinear power
threshold of 0.16 mW and paves a promising way toward the
development of large-scale integrated nonlinear photonics plat-
forms.
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