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ABSTRACT
We report measurements of Kerr nonlinearity and group velocity dispersion in In0.53Ga0.47As/InP and GaAs0.51Sb0.49/InP ridge waveguides
in the mid-infrared using four-wave mixing at λ ≈ 5 μm. Measured values of Kerr nonlinearity are significantly higher compared to those
reported for any other materials systems suitable for building dielectric waveguides with low losses and low group velocity dispersion in the
mid-infrared (λ ≈ 3–15 μm). Our measurements establish both In0.53Ga0.47As/InP and GaAs0.51Sb0.49/InP materials as promising platforms
for the development of on-chip mid-infrared frequency comb generation and supercontinuum light sources.

© 2023 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/). https://doi.org/10.1063/5.0151013

Compact chip-scale mid-infrared (mid-IR, λ ≈ 3–15 μm) light
sources that are bright, broadband, and can be produced at low cost
in mass quantities are highly desired for spectroscopic applications
in the molecular fingerprint region. Compared to thermal sources,
laser-based mid-IR supercontinuum and frequency comb sources
can offer orders of magnitude higher spectral brightness, which is
needed for many spectroscopic and imaging applications includ-
ing spectroscopy of biochemical samples in water, high-resolution
spectroscopy, high-speed spectroscopy, and spectroscopic imaging
with high spatial resolution.1–4 Direct frequency comb generation
inside of mid-IR quantum cascade (QCLs) and interband cascade
lasers (ICLs) has been demonstrated;5–8 however, the bandwidth of
these frequency combs is currently limited to ∼100 cm−1 by the dif-
ficulty of maintaining a flat gain profile and managing the group
velocity dispersion in the laser waveguides.5–9 In parallel, octave-
spanning Kerr frequency comb generation in passive micro-ring
resonators10–13 has been experimentally demonstrated in the near-
infrared spectral range (λ < 3 μm), and similar approaches are being
explored in the 3–5 μm spectral range using SiN- and Si-based
micro-ring resonators.14,15 Additionally, on-chip supercontinuum
generation in SiN, Si, and SiGe-based waveguides has been shown

to be able to extend the spectral bandwidth of pulsed mid-IR sources
to an optical octave or more.16–18

Materials transparency, significant Kerr nonlinearity (n2), and
low group velocity dispersion are the three critical parameters that
determine the required optical powers for frequency comb and
supercontinuum generation. In addition to SiN-, Si- and SiGe-
based materials platforms that have been reported for chip-scale
frequency comb and supercontinuum generation,5–8,16–18 the InP-
based materials platform is very promising since it provides low
optical loss19 and low group velocity dispersion5 in the entire mid-
IR spectral range and can be seamlessly integrated with mid-IR
QCL pumps.20 However, the value of Kerr nonlinearity in InP-based
waveguides has not yet been characterized in the mid-IR spectral
range.

Here, we report experimental measurements of n2 nonlin-
earity in InP-based mid-IR optical waveguides with the wave-
guide cores made of In0.53Ga0.47As and GaAs0.51Sb0.49 compounds,
both are lattice-matched to InP. InGaAs/InP and GaAsSb/InP
waveguides represent two possible passive mid-IR waveguiding plat-
forms that can be grown epitaxially on InP and that are compat-
ible with the monolithic integration of QCL pumps. Experimental

APL Photon. 8, 066107 (2023); doi: 10.1063/5.0151013 8, 066107-1

© Author(s) 2023

 28 Septem
ber 2023 23:48:40

https://scitation.org/journal/app
https://doi.org/10.1063/5.0151013
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0151013
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0151013&domain=pdf&date_stamp=2023-June-16
https://doi.org/10.1063/5.0151013
mailto:kevin.zhang@wsi.tum.de
mailto:mikhail.belkin@wsi.tum.de
https://doi.org/10.1063/5.0151013


APL Photonics ARTICLE scitation.org/journal/app

measurements performed at λ ≈ 5 μm give the values of ∣n2∣ ≈ 4.8
× 10−17 m2/W and ∣n2∣ ≈ 8.5 × 10−17 m2/W for TE-polarized modes
in In0.53Ga0.47As/InP and GaAs0.51Sb0.49/InP waveguides, respec-
tively, all grown on [001] InP. These values of Kerr nonlinearity are
approximately an order of magnitude higher than those reported for
Si-based waveguides and several times higher than those reported
for Ge-based waveguides in the mid-IR.21–25

The value for n2 is experimentally measured through the
characterization of four wave mixing (FWM) inside passive
In0.53Ga0.47As/InP and GaAs0.51Sb0.49/InP ridge waveguides pumped
with two closely-spaced laser frequencies ω1 and ω2 (ω1 > ω2) cen-
tered around λ ≈ 5 μm. The device wafers were grown by molecular
beam epitaxy (MBE). For InGaAs samples, a 1.5 μm-thick layer of
nominally undoped In0.53Ga0.47As was grown atop an iron-doped
semi-insulating (SI) InP substrate followed by a 3 μm-thick layer
of nominally undoped InP upper cladding. For GaAsSb samples, a
2 μm-thick layer of nominally undoped GaAs0.51Sb0.49 was grown
atop an identical iron compensated semi-insulating InP substrate.
The GaAsSb waveguide sample did not have a semiconductor upper
cladding. The background doping in the nominally undoped lay-
ers was approximately n = 7 × 1014 cm−3, n = 7 × 1015 cm−3, and
n = 5 × 1015 cm−3 for In0.53Ga0.47As, GaAs0.51Sb0.49, and InP mate-
rials, respectively, based on Hall-effect measurements of similar
samples grown previously in the same reactor.

Epitaxial layer thicknesses and waveguide geometries were
chosen in order to achieve a near-zero, anomalous group veloc-
ity dispersion (GVD) in the 4–6 μm wavelength range. The phase
mismatch in a FWM process is directly related to the GVD of
the waveguide at the pump wavelength. This property allows us to
experimentally determine the GVD of the waveguide by observing
the oscillations of the FWM signal intensity as a function of pump
frequency, as discussed further later.

For our experiments, the frequency ωFWM generated in a FWM
process is given by the expression

ωFWM = 2ω1 − ω2, (1)

where ω2 = ω1 − Δω and ωFWM = ω1 + Δω. The phase mismatch is
then given by26

Δk = 2k1 − kFWM − k2 = Δω2
⋅Dλ

λ2

2πc
, (2)

where ki =
ωi
c n(ωi), Dλ = −

λ
c
∂2n
∂λ2 = −

2πc
λ2

∂2k
∂ω2 is the group velocity dis-

persion parameter, and λ is the free-space wavelength of the ω1
pump.

In order to reduce phase mismatch and achieve a measurable
amount of FWM using low-power pumping (provided by tunable
QCLs), the group velocity dispersion of the waveguides must be
minimized. To that end, the waveguides were fabricated with 3 and
8 μm ridge widths for InGaAs and GaAsSb samples, respectively.
The schematics of the waveguide cross section and the computed
waveguide modes are shown in Fig. 1. Waveguides of different
lengths in the range of 1.2–5.1 cm were fabricated from each of
the wafers. To clearly discriminate the laser power coupled into the
waveguide modes, all the waveguides had a 90○ bend with a large
bending radius of 300 μm (that produces negligible bending loss).19

The computed mode intensity distribution for the fundamental TE

FIG. 1. Scanning electron microscope images of the ridge waveguides used for
the experiments and the computed mode intensity distribution for the fundamental
TE polarized mode at λ = 5.2 μm for (a) and (b) 3 μm-wide InGaAs and (c) and
(d) 8 μm-wide GaAsSb waveguides.

polarized mode at λ = 5.2 μm for both InGaAs and GaAsSb wave-
guides is shown in Fig. 1. The values for the refractive index of our
materials as well as the simulated effective indices and the group
velocity dispersion parameters of each waveguide for fundamen-
tal TE-polarized modes are shown in Fig. 2. We note that both of
our waveguides are expected to have a slight anomalous disper-
sion in the range of wavelengths used for the experimental testing.
This anomalous dispersion often serves to compensate for nonlinear
cross-phase and self-phase modulation in microresonator samples
that arise proportionally to pump power.27

Waveguide structures were defined by electron beam lithogra-
phy. The pattern was then transferred into a SixNy hard mask using
CF4/O2 based chemistry in an inductively coupled plasma reactive
ion etching (ICP-RIE) system. Finally, this pattern was transferred
into the semiconductor layer structure using a CH4/H2 based chem-
istry in an ICP-RIE. The residual SixNy hard mask was removed
using the same CF4/O2 ICP-RIE. The waveguides were then dipped
into a solution of HBr:HNO3:H2O (1:1:10) for 1 min and HCl:H2O
(1:5) for 30 s to remove residual polymer deposition as a result
of the ICP-RIE process and clean any surface oxide, respectively.19

Waveguide facets were cleaved to expose input and output facets
for light in- and out-coupling. A multilayer antireflection coating
consisting of YF3 and ZnS layers was evaporated onto the output
facet of the sample to suppress the Fabry–Perot resonances of the
waveguides.

The experimental setup used is shown in Fig. 3. Samples were
mounted onto a temperature-controlled stage and stabilized to
20 ○C. Light outputs from a fixed-frequency single mode distributed
feedback (DFB) QCL (λ1 = 5.2 μm) and from a broadly tunable QCL
laser system (λ2 = 5.35–6 μm) were combined using a dichroic mir-
ror and were both coupled to the fundamental transverse electric
(TE) mode of the waveguides through the input facet using a lens
with a numerical aperture (NA) of 0.85 following the approach
described in Ref. 19. Light from the output facet of the waveguide
was collected and collimated using a lens pair and then focused onto
a calibrated nitrogen cooled InSb photodetector. Short pass filters
and one long pass filter positioned in front of the detector were
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FIG. 2. (a) Mid-IR refractive indices of InP, In0.53Ga0.47As, and GaAs0.51Sb0.49 materials. The values of refractive indices are obtained by broadband mid-IR measurements of
the reflectance of films of these materials on InP. (b) Simulated effective refractive index and (c) group velocity dispersion parameter of the 3 μm-wide InGaAs and 8 μm-wide
GaAsSb waveguides used in the experiment.

used to provide a narrow λ2 = 4.75–5.05 μm transmission window
to block the laser’s light and its second harmonics to ensure mea-
surement of only light generated via the FWM process. The tunable
QCL was tuned in the range of 5.35–5.85 μm, and the resulting FWM
power output from the waveguide was measured as a function of the
frequency detuning Δω between the two laser pumps.

The nonlinear power generated in a FWM process inside a
waveguide of length L with the intensity attenuation coefficients α1,
α2, and αFWM for pump 1, pump 2, and the FWM signal can be
computed using the following expression:28

PFWM =
9ω2

FWMχ(3)
2

eff

16n4
eff ε2

oc4
P2

1P2

A2
eff
[

1 − e−αL
[2 cos (ΔkL)] + e−2αL

Δk2
+ α2 ]

× e−αFWM L, (3)

where α = α1 +
α2
2 +

αFWM
2 , Aeff =

(∫ ∣E∣2dA)2

∫ ∣E∣4dA is the effective area of the
four wave interaction in the waveguide29 (assuming all mode areas
are approximately the same for all the wavelengths involved in the
process), neff is the effective refractive index, χ(3)eff is the effective non-
linearity for the FWM process in a zinc-blende semiconductor with

FIG. 3. Experimental setup used to measure degenerate four wave mixing.

the electric field vectors oriented in the x–y plane of the semicon-
ductor principle coordinate system, and Pi is the power of pump i
(i = 1, 2) coupled into the waveguide input facet. The values of Pi
are determined by measuring the laser power output from the wave-
guides using a calibrated thermopile detector and by correcting the
measured values for the collection efficiency of the setup and for the
measured waveguide propagation losses (the latter are determined
in a manner similar to that described in Ref. 19 using waveguides
with uncoated facets). Typical spectra of the pump, idler, and FWM
signals are shown in Fig. 4(c).

Figure 4 displays the FWM conversion efficiency defined as

η =
PFWM

P2
1P2
=

9ω2
FWMχ(3)

2

eff

16n4
eff ε2

oc4
1

A2
eff
[

1 − e−αL
[2 cos (ΔkL)] + e−2αL

Δk2
+ α2 ]

× e−αFWM L, (4)

measured as a function of frequency detuning Δω between the two
laser pumps. The dependence of the conversion efficiency on Δω was
fitted using Eq. (4) to determine χ(3)

2

eff , Δk, Δα, and Dλ. The wave-
guide loss at the FWM frequency was approximated to be αFWM
≈ 0.5 dB/cm for InGaAs based upon our previous waveguide loss
measurements of the same materials19 between λ = 5–6 μm and
noting that the losses of a 3 μm wide ridge stay relatively constant
within that range. Waveguide loss for GaAsSb was measured using
the same method described in Ref. 19, giving a value of approx-
imately αFWM ≈ 3 dB/cm at 5.2 μm. This was approximated to
also be close to the real value of the loss at the FWM frequency.
The length of measured waveguides was LInGaAs = 1.65 cm and
LGaAsSb = 1.25 cm; the value of refractive index used was extracted
from Fig. 2 ; and the effective mode areas used were Aef fInGaAs = 4.7
× 10−12 m2 and Aef fGaAsSb = 9.9 × 10−12 m2. Equation (4) predicts the
oscillatory behavior of the FWM output as a function of Δω as con-
firmed by experiment in the case of InGaAs waveguides [Fig. 4(a)].
Due to the near-zero GVD of the GaAsSb sample as well as the lim-
ited tuning range of the idler laser, the detuning Δω attainable in our
experiment was not sufficient to observe FWM power oscillations
in that sample [Fig. 4(b)]. As a result of the fitting, we determine
the Dλ for the InGaAs/InP and GaAsSb/InP waveguide structures
at λ = 5.2 μm to be ∼68 ± 10 and 17 ± 1 ps

nm km , respectively, in close
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FIG. 4. Measured FWM conversion efficiency as well as fit function based on Eq. (4) for InGaAs (a) and GaAsSb (b) waveguides. (c) Measured transmission spectra of an
InGaAs waveguide with λidler = 5.44 μm. The FWM line spectrum was obtained using interference filters to block the much stronger signal and idler lines and is not to scale
with the spectra of the signal and idler.

agreement with our simulation results shown in Fig. 2. We further
calculate the value of ∣χ(3)eff ∣ to be 1.7 × 10−18 m2

V2 and 3.3 × 10−18 m2

V2 for
InGaAs/InP and GaAsSb/InP waveguides, respectively. Away from
material resonances, χ(3)eff is a real number, and then the value of the

Kerr nonlinearity, n2, and ∣χ(3)eff ∣ are directly related by the following
expression:28

n2 =
3χ(3)

4ϵocn2 . (5)

Using Eq. (5), we obtain the value of the Kerr nonlinearity for
our InGaAs/InP and GaAsSb/InP waveguides to be ∣n2∣ ≈ 4.8
× 10−17 m2/W and ∣n2∣≈ 8.5 × 10−17 m2/W, respectively, for our
experimental configuration. These values of n2 represent the effec-
tive n2 of the waveguide structure. However, we re-compute the
nonlinear overlap integral Aeff, as defined in Eq. (3), of the four inter-
acting optical modes within only the InGaAs and GaAsSb waveguide
cores and obtain that the core material contributes ∼93% and ∼99%
of the measured n2 coefficient for the mode, respectively. Addition-
ally, the value of n2 for InP has been measured in the mid-IR by
others, as shown in Table I. Using these nonlinear overlap integral
values and assuming the n2 value for InP shown in Table I is also
valid at λ ≈ 5.2 μm, we obtain an adjusted value of the n2 coefficient
for InGaAs to be ∣n2∣ ≈ 5 × 10−17 m2/W, while the GaAsSb value of
n2 remains effectively equivalent to the measured value.

The calibration of the InSb detector was carried out using iden-
tical laser power and configuration as used for the measurements in
order to minimize errors due to calibration. The primary source of
experimental error is expected to be due to the collection efficiency
at the output of the waveguide, which will proportionally scale the
nonlinear conversion efficiency. However, experimental verification
of pump powers at the output facet measured with and without the
0.85 NA collimation lens indicates a near 100% collection efficiency
of the collimation lens. Pump powers at the output of the sample
were measured after collimation using a thermopile with an area
much larger than the far-field profile of the waveguide after collima-
tion, while the nonlinear signal is additionally focused with a 0.5 NA
lens and measured with an InSb detector with an area of 1 mm2.

We note that, aside from the FWM process described earlier,
light output at frequency 2ω1 − ω2 can also be generated through

cascaded three-wave mixing processes that consist of second har-
monic generation (SHG) of the light at 2ω1 followed by a difference-
frequency generation (DFG) process 2ω1 − ω2 or by a DFG process
ω1 − ω2 followed by a sum-frequency generation process ω1 − ω2
+ ω1.30 We exclude the first possibility by experimentally measur-
ing SHG output at 2ω1 from the waveguide facet. Because of the
lack of SHG phase matching in our waveguides, we measured the
SHG conversion efficiency (defined as the ratio of SHG power to
the product of ω1 pump power) to be smaller than 1 μW

W2 . In order to
generate a signal at frequency ωFWM , the SHG photons would then
need to undergo a DFG process with the ω2 beam. By reciprocity
in transparent nonlinear materials,28 this DFG process is expected
to have nearly the same second order nonlinearity χ(2)eff and phase
mismatch Δk as the SHG process. As a result, a similar conversion
efficiency should be expected for the DFG process, which will result
in a conversion efficiency in the cascaded three-wave mixing pro-
cess of 1 pW

W3 , many orders of magnitude smaller than that produced
by the direct FWM. We further exclude contributions from the
cascaded three wave mixing process in which we first generate a DFG

TABLE I. Various mid-infrared compatible materials and their corresponding nonlinear
refractive indices measured at, or extrapolated to, the indicated wavelength. The data
are taken from Refs. 21, 31–33, 36, 38, and 39. The values of n2 for the SiGe alloys
are dependent on the alloy composition and are between those of Si and Ge, as
discussed in Ref. 21.

Material n2 (10−18 m2/W) λ (μm)

Si3N4 0.2431 1.5
As2Se3 2.532 1.064
Si 3.2621 4.26
GeSe4 3.232 1.55
GaAs 1033 2.5
Ge11.5As24Se64.5 2.4538 4
Al0.32Ga0.68As 936 3.06
Ge 25.521 4.26
InP 2439 3.9
In0.53Ga0.47As (this work) 50 5.2
GaAs0.51Sb0.49 (this work) 85 5.2
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wave because our waveguides cannot provide mode confinement at
frequencies ω1 − ω2.

The measured values of n2 for In0.53Ga0.47As and GaAs0.51Sb0.49
materials in the mid-IR compare favorably with Kerr nonlinearities
reported in other materials systems suitable for mid-IR photon-
ics integration. Table I summarizes the values of Kerr nonlin-
earities reported for various mid-IR-transparent materials,21,31–34

including the results of this work. The waveguide materials stud-
ied here possess significantly larger Kerr nonlinearities compared to
all the others listed in the table. In particular, they are a factor of
2-3 higher than that reported for the Si and SiGe waveguides in
the mid-IR.21–25 Finally, we note that the measured values of n2 for
In0.53Ga0.47As and GaAs0.51Sb0.49 are consistent with the reported
value of n2 for Al0.32Ga0.68As at λ ≈ 1.5 μm34–36 and the expected
∼ (

1
Eg
)

4 scaling of n2 nonlinearity in the transparency region of III-V

semiconductors.28,37 High Kerr nonlinearity, low broadband mid-
IR GVD achievable in the In0.53Ga0.47As/InP and GaAs0.51Sb0.49/InP
waveguides, low optical losses,19 and the possibility of monolithic
integration of mid-IR QCL pumps20 make these materials platforms
promising for the development of chip-scale electrically-pumped
mid-IR frequency comb and supercontinuum light sources.

In conclusion, we report the characterization of effective Kerr
nonlinearity in both the In0.53Ga0.47As and GaAs0.51Sb0.49 mate-
rials systems at λ ≈ 5.2 μm. The values of ∣n2∣ are found to be
∼5 × 10−17 and 8.5 × 10−17 m2/W for InGaAs and GaAsSb mate-
rials, respectively. Both of these materials systems provide a Kerr
nonlinearity that is significantly larger than that reported for other
mid-IR photonic platforms, including GaAs and Si/SiGe. In addi-
tion, we experimentally verified the possibility of fabricating ridge
waveguides in these materials with near zero values of GVD in the
mid-IR.
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trial Leadership (IL) PASSEPARTOUT project under Grant No.
101016956 and by the German Research Foundation (DFG) under
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