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ABSTRACT
The integration of Ge on Si for photonics applications has reached a high level of maturity: Ge photodetectors are available on the Si platform
in foundry processes, and Si/Ge heterostructure multiple quantum-well photodiodes are rapidly progressing toward applications in light
modulation. These successes result from decades of development of high-quality material growth and integration, which, more recently, has
sparked an increasingly broad field of photonic device research based on Si/Ge heterostructures that extends from quantum cascade lasers to
sensors. Here, we highlight selected recent structure and device developments as well as possible future trends that are enabled by the maturity
of the SiGe material platform.

© 2022 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/10.1063/5.0078608

I. INTRODUCTION

Since its dawn in the early 2000s, the silicon photonics (SP)
platform has been developed to a level of technological maturity at
the present time comparable to other Si-based technologies, such as
nano- and microelectromechanical systems (NEMS/MEMS). As a
result, companies and industrial players of very different sizes, from
fab-less start-ups to data/telecom giants, can exploit a highly differ-
entiated offer of SP foundry services, ranging from prototyping lines
to pilot lines, all the way to industrial fabs .1

The building blocks of the SP toolbox, such as waveguides
(WGs), modulators, photodetectors (PDs), grating couplers, and
so on, can be now routinely manufactured in multi-project wafer
(MPW) runs relying on process design kits (PDKs)2 using proce-
dures and methods borrowed from the “standard” microelectronics
environment.3

This ecosystem has enabled the rapid and sustained diffusion of
the SP technology, which initially clustered around SP transceivers
(which became mainstream in data centers in the second half of
the 2010s) with the on-field replacement of copper connections
with active optical cables (AOCs) reaching 100G and beyond.1 SP
transceivers for Datacom and long-haul communications are still
dominating the SP market with a sales value of almost 1 × 109 USD
in 2020 and a fourfold forecasted increase in the next five years.4
SP-based solutions, however, are finding their way in a plethora
of other applications, such as environmental sensing, point-of-care
medical tests, automotive light detection and ranging (LIDAR), and
fiber-optic gyroscopes, further boosting the SP market size.4

This success on the market side has fostered the efforts of the
scientific community toward new SP materials, devices concepts,
and technological solutions. While SP as a research field builds on
groundwork laid already in the 1980s,5 the term “silicon photonics”
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FIG. 1. This figure captures the time evolution of the SP “revolution” by displaying
the number of scientific papers published per year featuring the words “silicon
photonics” (red, left axis) and “silicon photonics germanium” (blue, right axis) in
the title/abstract/keyword. Search on the Scopus database.7

began to diffuse in scientific literature in 2004–2005 (Fig. 1), in coin-
cidence with the introductory book by Reed and Knights,6 and it
became more and more popular, with an estimate of an average of
about 1800 manuscripts published in the last 4 years on the sub-
ject.7 In the same plot, we can observe the appearance of manuscripts
mentioning “germanium” in addition to SP, at about the same time
and featuring a steady increase as well (albeit on a ×0.5 scale).

Germanium is the “next in line” of the group-IV elemental
semiconductors and, for its desirable electronic characteristics, was
at the base of the early age of solid-state electronics.8 The addi-
tion of germanium to the SP platform has been the key enabler for
the manufacturing of active devices. Indeed, thanks to its almost
ideal direct bandgap energy,9 Ge has been the material of choice
for the realization of those Si-integrated waveguide-photodetectors,
which have allowed the realization of the above-mentioned SP
transceivers operating at near-infrared (NIR) wavelengths com-
prised in the L- and C- bands of telecom fiber optics.1 Thus,
without heteroepitaxial germanium layers monolithically integrated
on the Si-CMOS platform, the “SP revolution” would not have been
possible, at least as we have seen it. After the first successful inte-
gration and commercialization of “Ge-inside” AOC from Luxtera
in 2007,10,11 the Ge integration in Si has steadily evolved, and now
Ge is recognized as a “standard” CMOS material, with institutes
and foundries (such as IHP, CEA-Leti, IMEC, and AMF, to name a
few) offering ePIC (electronic-photonic integrated circuits), MPWs,
and PDKs.12

Furthermore, Ge and SiGe alloys are living a “Renaissance”
besides their use in SP, with, e.g., quantum computing,13 spin-
tronic,14 thermoelectric,15 and microelectronic16 research commu-
nities turning their attention to this “new old” material.

This interest from a broad variety of realms, and for both “More
than Moore” and “More Moore” applications, has contributed to
the development of complex Ge/Si heterostructures. In particular,
recent efforts on developing advanced epitaxial deposition processes

have led to materials featuring enhanced structural, optical, and elec-
trical quality. Moreover, the scientific community has deepened its
understanding of the Ge(Si)/Si material systems, especially in the
field of doping, defects, and lattice strain management.

This paper aims to give an overview of the future perspectives
of selected SP integrated devices based on Ge/SiGe/Si heterostruc-
tures of different complexity. Clearly, our scope here is not to give a
complete account of possible applications using Ge in the SP domain
but rather to concisely report on some of the device concepts that
we believe can have a potential impact in the short-medium term. In
particular, we have individuated three main topical areas that are the
subject of the three sections in which this article has been divided:

i. novel approaches on NIR light-emission and detection;
ii. sources, detectors, and non-linear devices for the mid-infrared

(MIR)/far infrared (FIR) range;
iii. new concepts for on-chip wave-guiding and sensing.

II. NOVEL APPROACHES ON NIR LIGHT-EMISSION
AND DETECTION

The achievement of an efficient and electrically pumped on-
chip laser source that can operate above room temperature (RT)
and that one can conveniently couple to other photonic compo-
nents represents the Holy Grail of silicon photonics. Consequently,
considerable efforts are being made to integrate laser sources on
Si for on-chip optical interconnection,17 summarized in Refs. 18
and 19. Different approaches have been pursued to meet this ambi-
tious goal, leveraging on GeSn,20,21 III-V quantum dots (QDs) on
Si,22,23 or tensile strained Ge microbridges. In this latter case, in
particular, spectacular optical properties have been reported in the
recent years.24,25 However, at present, the boost in optical emis-
sion triggered by tensile strain is primarily used in conjunction with
Sn alloying26 to further reduce the energy difference between the
direct and the indirect fundamental energy gap.20,27 All the above-
mentioned approaches have already evolved to the extent that it is
well worth a perspective paper of its own. Here instead, we prefer
to focus only on the SiGe/Ge material system discussing unortho-
dox and future approaches both for SiGe-based light emission and
detection that have recently emerged. As a matter of fact, also Ge/Si-
based photodetectors have evolved dynamically from their dawn
in the late 1990s28,29 to the high-performance devices now avail-
able,30 which, as mentioned in the Introduction, can be considered
as “off-the-shelf” in modern SP technology.

A. SiGe nanostructures for NIR light emission
Owing to their detrimental impact on device performances, one

typically aims at eliminating lattice defects in optoelectronic materi-
als. On the contrary, we first discuss recent efforts to turn the crystal
defects into opportunities.

It is well established that selected optical properties of semicon-
ductors, such as single-photon emission, can be modified by inten-
tionally created, isolated defects. Prominent examples include color
centers in diamond or SiC and ZnOx.31 Only recently, single-photon
emission was demonstrated in commercial SOI wafers implanted
with carbon atoms.32,33 Despite their characteristic radiative life-
times of tens of nanoseconds, they show promising properties
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related to high Debye-Waller factors and high estimated intrinsic
quantum efficiencies.32,33 Thus, these and other defect structures in
isotopically enriched Si28 can enable the realization of integrated,
telecom quantum information networks based on spin–photon
interfaces.34

In the long term, a clear obstacle of these defects and their
fabrication method through ion implantation in bulk Si or silicon-
on-insulator substrates is the lack of deterministic lateral and vertical
position control. SiGe(C) heterostructures and site-controlled top-
down and bottom-up fabricated quantum dot and wire structures
may help to improve the capability of at least lateral but maybe
also vertical positioning of the radiative centers. Moreover, the spa-
tial properties of the optical modes can be controlled by suitably
designed SiGe multilayer stacks. Certainly, the integration of Ge-
containing heterostructures will require combined experimental and
theoretical efforts to shed light on the influence of different alloyed
matrix materials, quantum confinement, interface effects, and strain
effects on these quantum emitters.

A road toward enhanced optical properties by “defect-
engineering” that already contains Ge and Ge/Si heterostruc-
tures is the ultra-low-energy implantation of Ge ions in epitaxial
(Si)Ge quantum dots (defect-enhanced quantum dots—DEQDs) to
increase their emission intensity.35–38 Thanks to low formation ener-
gies,36 the ion implantation triggers the formation of split-[110]
self-interstitial structures (SSI)39 that are responsible for the
enhanced photo- and electro-luminescence (PL, EL) emission inten-
sity and for its robustness against thermal quenching, even above
room temperature.35,40–42 This is in stark contrast to conventional
epitaxial Ge/Si QDs, where PL/EL is usually observed at cryogenic
temperatures only.43,44 Evidence for optically pumped lasing in
devices based on Ge DEQDs has been recently reported.35

These initial promising results deserve broader and concerted
theoretical and experimental efforts to fully exploit the potential of
this new class of defect-enhanced SiGe micro- and nanostructures
for application in the realms of optoelectronic light emitters and
detectors.

Indeed, in contrast to the more straightforward system of sin-
gle defects in pure Si bulk material discussed above, there is not yet
definitive agreement on the physical mechanism behind the defect-
enhancement of the optical emission. Previous studies of the SSI’s
electronic properties in bulk Si and Ge were restricted to the Γ
point and indicated a decrease in the conduction band minimum
energy by a few tens of meV (see Fig. 2).36,45,46 Therefore, it was
suggested36 that electrons in the matrix material can tunnel into the
QD where they recombine via SSI-induced states with holes, con-
fined by the quantum dot-induced type II band alignment (Fig. 2).
However, a more recent work47 expanded the electronic state cal-
culations to a broader region of the BZ, revealing a more complex
influence of SSI on the optical properties. In particular, in unstrained
bulk Ge containing SSI, other dark and bright direct transitions,
e.g., in X-direction of the BZ, are expected to contribute to light
emission.47

Considering the myriad of point defect types known in Si
and Ge and the newly found significant impact on the optical
properties,32,35 we believe that also optically active defects embed-
ded in (Si)Ge/Si nanostructures demand more attention regard-
ing exciting perspectives as Si-compatible (quantum)light-emitting
devices.

FIG. 2. (Top) Scanning tunneling microscopy image of a Ge QD with an artistic
rendering of the SSI defect formation. (Bottom) Schematics of the SSI-induced
band energy profile modification, with the formation of tunneling enabling states
in the conduction band and possible parasitic hole state close to the Ge valence
band.

Any deviation from the “ideal host lattice” conditions, com-
mon in epitaxial strained thin films,35,36 where, e.g., strain and Si–Ge
intermixing take place, could, in principle, be engineered to boost
the optical emission. As an example, SSI-based optically direct tran-
sitions along the X-direction surrounded by a strained or alloyed
matrix could have a beneficial impact on momentum conservation
when charge carriers are injected from the Si substrate.47

In addition, on the experimental side, the field is in its
infancy. In SiGe QDs, as used in Refs. 35–38 and 40–42, strain and
alloying are always closely linked, while to date, no detailed exami-
nation of the separated effects of strain and alloying on the optical
properties of such defect-containing QDs is available. We note that
for Ge concentrations less than ∼85 at. %, the SiGe band structure
changes into a Si-like one, thus making optically direct Γ-point tran-
sitions virtually impossible. Here, the addition of defects might be
a game-changer if it turns out that the predicted optically direct
transitions in other k-directions become feasible.47

To better understand the role of alloying, experimental investi-
gations of SSI in unstrained SiGe nanostructures should be carried
out. Fully relaxed Ge and SiGe nanodots on nanopillars,48 co-
implanted or post-growth ion-implanted, could represent a suitable
testbed to address these fundamental questions.

On the other hand, the post-growth strain engineering of
DEQDs using SiNx stressor layers or piezo-actuated nanomem-
branes containing DEQDs might be a valuable tool to isolate the
influence of strain on the SSI,49,50 as it was previously done for con-
ventional SiGe nanostructures.51 Furthermore, for addressing the
technologically relevant MIR spectral range, the incorporation of Sn
into DEQDs represents an intriguing perspective.47
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For future technological development, one should also address
issues related to the DEQD’s fabrication schemes. To date, published
DEQDs are grown by molecular beam epitaxy (MBE), exploiting
Ge ions in the chamber that are accelerating toward the substrate
by a bias of ∼1–2 keV. Recently, DEQD-like emission at room-
temperature was reported for GeSi nanoclusters created by Ge ion
implantation on Si substrates.52 Although the resilience of the opti-
cal properties of these structures against thermal quenching is at the
moment less pronounced than for DEQDs, this research presents an
essential step toward industry compatibility.

To make use of the strong hole confinement in the QDs,
the main hurdle concerning implanted GeSi nanoclusters is the
small height requested to optimize their performances. Targeting
a depth of a few nm with a low ion dose can be a real chal-
lenge when “standard” ion-implanter and implanting conditions
are employed. Implantation through a dielectric absorber layer,
which can subsequently be removed, might be a solution, leaving
the surrounding of the dots unaffected. Other open issues are cur-
ing harmful implantation-caused defects in the matrix surrounding
the DEQDs37,53 and the high-temperature annealing steps required
to activate the implanted species. Nevertheless, DEQDs seem
robust against thermal treatment, such as hour-long annealing at
∼600 ○C37,53 or millisecond flash lamp annealing at ∼800 ○C.38

Finally, as for all Si-technology-compatible light emitters,
strategies for low-loss electrical injection of charge carriers and effi-
cient electrically pumped lasing at room temperature and above
remain to be demonstrated in order to transform these first
achievements into a disruptive technology.

As an alternative way to enhance light-emission from SiGe,
using Ge-rich SiGe alloys in hexagonal crystal phase has been pio-
neered.54 The formation of hexagonal Si (hex-Si), hex-Ge, and hex-
SiGe alloys without detrimental crystal defects55 has been achieved
by exploiting a conformal overgrowth of hex-group III–V core
nanowires made, e.g., in GaP or GaAs.54–58 These nanowires, grown
on Si(111) substrates by vapor–liquid–solid epitaxy using Au cata-
lyst particles, serve as a seed crystal for SiGe layers that mimic the
foreign Lonsdaleite crystal phase.

In Ref. 54, direct bandgap emission for hex-Si1−xGex alloys
with Ge content x > 0.35 was demonstrated, recognized as a Physics
World Breakthrough of 2020.54 The direct band edge can be tuned
in the 0.35–0.68 eV range (λ = 3.5–1.85 μm),54 upon tuning the SiGe
composition. Moreover, in hex-Si0.2Ge0.8 nanowires, the radiative
lifetime was estimated to be ∼1 ns, similarly to core–shell, direct gap
GaAs/AlGaAs nanowires.59

Several hurdles are on the path of hex-group-IV before they can
shine into real-world devices. The high aspect ratio of the nanowires,
with lengths of several micrometers and sub-micrometer diameters,
can naturally allow laser operation under optical pumping using the
nanowire itself as an optical resonator.60 Although direct bandgap
transitions were reported for hex-SiGe,54 optically pumped lasing
was not demonstrated to date. It is hard to discriminate which phys-
ical process has prevented the achievement of laser action so far.
Optical gain may be limited by the presence of surface imperfections,
surface states, and, possibly, deep-trap states induced by remnants of
the Au catalyst.

More importantly, Ref. 54 estimated an n-type background
doping value in the SiGe shell of ∼1019 cm−3 due to As diffusion from
the GaAs wire-core. Further investigations need to confirm that

the excess carrier lifetime is dominated by the radiative chan-
nel as claimed in Ref. 54 to better understand the present gain
limitations.

If single-wire-resonators are not sufficient for lasing to occur,
it will be necessary to investigate other resonator geometries, e.g.,
photonic band edge cavities.61,62 Here, one has to accurately con-
trol the spatial distribution of the growth sites of a wire ensem-
ble and their lateral dimension to form a photonic crystal struc-
ture featuring missing, smaller, or larger wires to enhance the
electromagnetic field locally. For such an arrangement, the influ-
ence of the Au nanoparticle and material unintendedly grown
between the wires on the optical properties will have to be examined
theoretically and experimentally.

As an intermediate step, gain measurements in the sponta-
neous emission regime using wires of different lengths could provide
valuable insights. Alternatively, post-growth length manipulation
techniques, e.g., focused ion beam cutting, can be employed.

Finally, we note that, besides the negative impact on the gain,
the high As doping density represents a severe bottleneck in the
path toward electrically pumped devices, where the achievement of
efficient p-i-n diodes is required.

Another issue concerns the need for Si(111) substrates and
the integrability of hex-SiGe with CMOS processes due to the
now-used Au seeds. While Au-free wire-growth of InAs nanowires
was reported,63–65 GaAs and GaP nanowires with the highest size
homogeneity require Au catalysts.

Finally, a possible hex-SiGe nanowire laser needs to be cou-
pled to other photonic components, e.g., detectors and waveg-
uides. We note that demonstrators of group III–V nanowire lasers
coupled to waveguides already exist, both defined on untypical
SOI(111).66 To this aim, pick-and-place techniques might be used,
which, however, are hard to combine with large-scale integration,
and thus, the advantages of this cumbersome approach become
questionable. Indeed, if one already needs a group III–V nanowire
to fabricate hex-Si/SiGe/Ge, the advantage of using the “optically
challenging” group-IV material instead of the direct bandgap group
III–V material with a suitable emission wavelength seems not
obvious.

For the above reasons, large-scale practical applications based
on hex-SiGe nanowires remain far from being established. Nev-
ertheless, the understanding of physical properties of Si, Ge,
SiGe, and (Si)GeSn material in the Lonsdaleite crystal structure
will undoubtedly benefit from the recent breakthroughs in hex-
group-IV nanowires, which may also be heterostructured to obtain
hex-group-IV quantum wells (QW) or quantum dots.

For targeting real-world applications, we believe that develop-
ing an efficient system to obtain a large region of planar hex-SiGe
represents a game-changer. However, to date, only nano-sized hex-
SiGe crystallites were reported using alternative technologies, which
leverage on strain engineering or nanoindentation,67–69 and it is not
clear if the size of the hex-nanocrystallites can be increased relying
on these approaches.

To overcome this limitation, a possible alternative route could
be the growth on {111}-substrates using templated self-assembly,
where nanostructures deposited by CVD can be confined and
stressed by predefined SiO2 regions.70 Possibly, the hex-Si(Ge) core
could then be expanded using the zipper-induced epitaxial lateral
overgrowth, as demonstrated for wurtzite InP material.71
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B. SiGe nanostructures for NIR photodetection
As stated in the Introduction, photodetectors (PDs) have been

the first Ge-based devices to be demonstrated within the SP tech-
nology and now feature bandwidth, sensitivities, and responsivities
that put them at the forefront of the technology. Here, we report
on other “degrees of freedom” in photodetector design utilizing
nano-structuring.

Indeed, the polarization-dependent absorption spectral
window of Ge/Si devices can be tailored by growth, i.e., by a proper
selection of the composition and strain profile of the active layer
and by making use of lateral nanostructuring. Both metallic and
dielectric nanostructures have been widely investigated, aiming at
engineering the light–matter interactions for applications such as
imaging or sensing. Light–matter interaction can be modified both
by choosing a particular geometry/material of the nanostructure
and/or by arranging the nanostructures in arrays. As such, photonic
crystals, plasmonic nanostructures, and optical metasurfaces are
some of the research areas that have seen tremendous scientific
activity over the last few decades. However, the incorporation of
such structures as building blocks into active devices has a lot of
potential for device applications that has not been fully realized to
date. Here, we first highlight some existing approaches to integrate
metallic or dielectric nanostructures with group-IV devices, starting
with nanowires and then proceeding to subwavelength particles as
0D nanostructures (see Fig. 3 for an overview).

Dielectric nanowires support leaky modes as solutions to
Maxwell’s equations, allowing them to efficiently trap light at cer-
tain excitation wavelengths. This can be used to achieve strong
absorption in semiconductor nanostructures in wavelength ranges
determined by their geometry.72 As such, by nano-patterning the
Ge layer in photodetectors, one can obtain absorption in a spectral
window vastly different from those of the unstructured material, as
already observed in Ge-wire-based PDs.73,74 These nanoscale PDs
offer other advantages. On the one hand, their reduced device capac-
itances (<1 fF) potentially enable very high operating speed, in
excess of 40 GHz.75 On the other hand, applications such as opti-
cal interconnects can potentially benefit from a reduction in the
size gap between μm-sized optoelectronic devices and nanoscale
transistors.

FIG. 3. Overview of nanostructures discussed in the context of optoelectronic
device applications.

Nonetheless, the reduced semiconductor volume in those
nanoscale photodetectors can also lead to a reduction in absorp-
tion and low signal intensities: A responsivity of ∼0.01 A/W
at an illumination wavelength of 632 nm was, e.g., reported76

for a photodetector consisting of a single Ge nanowire with an
absorbing volume of ∼0.06 μm3. The absorbing volume can be
increased by using, e.g., a large number of nanowires.74 If those are
placed in regular, densely spaced arrays, optical properties of the
arrays are shaped by collective excitations, such as Bloch photonic
crystal modes.77

In a different approach, metallic nanowires can guide surface
plasmon-polariton (SPP) modes, i.e., electromagnetic waves cou-
pled to collective oscillations of the electron gas within the metal
at the interface with the surrounding dielectric. Compared to the
leaky modes in dielectric nanowires, those SPP modes are strongly
localized, i.e., at optical frequencies, the electromagnetic energy is
confined within nanoscale regions. Combining metallic nanowires
with Ge PDs has several interesting applications. As an example,
Ge nanowire PDs have been exploited for SPP detection.78 Con-
versely, the excitation of SPPs at the interface between a metal
grating and Ge has been utilized to extend the absorption spec-
trum of Ge photodetectors to energies below the bandgap of the
semiconductor.79

Moving to a further reduced dimensionality, we now discuss
metallic and dielectric subwavelength particles, which can support
resonances when excited by light. The collective oscillations of the
electron gas within metallic nanostructures at specific excitation
wavelengths, so-called local plasmon resonances, can be used to con-
trol and manipulate light in the visible and infrared spectrum. Such
metallic nanoantennas have been utilized in combination with large-
scale optoelectronic devices based on group-IV semiconductors to,
e.g., selectively enhance light absorption in Si and Ge PDs.80–84

Regular arrangements of such plasmonic nanoparticles can provide
wavelength-selective absorption enhancement for optoelectronic
group-IV devices. However, it can also be used for polarization char-
acterization in combination with Si photodetectors85 or sensing, as
we will discuss in Sec. IV. For nanoscale photodetectors, in partic-
ular, plasmonic nanoparticles can be used to enhance absorption in
Ge PDs in combination with a dipole antenna86 or subwavelength
apertures.87

Optical metasurfaces composed of arrays of dielectric or metal-
lic subwavelength particles, whose resonances can be engineered to
control amplitude, phase, and polarization of light interacting with
the material, have enjoyed increasing attention in recent years,88,89

with potential applications ranging from lenses, holograms, and
color and polarization filters to higher harmonic generation and
optical frequency mixers. However, few attempts have been made
to incorporate dielectric metasurfaces directly into devices so far.
Nanostructuring has been used for, e.g., light-trapping and broad-
band efficiency enhancement of large-scale Si and Ge PD.90,91

Going a step further by nanostructuring the entire active layer,
the absorption in Ge metasurfaces on CaF2 substrates was inves-
tigated experimentally,92 and a configuration incorporating a con-
tacting scheme for turning Ge metasurfaces into photodetectors was
proposed.93

The use of the metallic and dielectric nanostructures discussed
above has a lot of untapped potential for future optoelectronic
applications, e.g., for chip-sized spectrometers,94 if the concomitant
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challenges of device integration can be addressed, as we will discuss
in the following.

First, we note that while the group-IV semiconductors Si, as
well as Ge, are well suited for the fabrication of dielectric meta-
surfaces as a result of their comparatively high refractive indices,89

research on metallic nanoparticles has a strong focus on non-
CMOS-compatible materials, such as Ag or Au. By comparison,
CMOS-compatible metals, such as Al or TiN, have been far less
investigated but have to be used for CMOS-compatible device
fabrication.

Embedding optical metasurfaces into devices while preserv-
ing their properties poses additional challenges. While metallic
nanoparticles can easily be combined with bulk semiconductor
devices, shaping the semiconductor material itself into dielectric
nanoparticles requires elaborate contacting schemes for the devices.
The first major hurdle resides in the contact modules. Those that are
usually used in CMOS foundries are opaque to all the IR spectrum.
This could be solved by employing transparent conductive oxides,
but unfortunately, these materials bring about relatively high con-
tact resistances, which is particularly limiting for the performance
of nanoscale devices. A different solution is the use of graphene
layers as transparent contact materials. However, their integration
into standard CMOS processes is still to be achieved.95,96 An alter-
nate solution consists of making use of plasmonic nanoapertures
that increase the PD efficiency for selected wavelengths and provide
an efficient contacting scheme with low-resistance contacts made of
CMOS-compatible metals97,98 (Fig. 4).

Since the influence of geometry and spatial arrangement on
device absorption spectra is large, another challenging issue is the
achievement of a large-scale precise nanofabrication approach that
not only allows for well-defined optical properties but also ensures
the repeatability of the results. This is of relevance not only for opti-
cal metasurfaces but also for the combination of both metallic and
Ge nanostructures for the enhancement of nanoscale devices. In the
strongly coupled regime, plasmonic and photonic resonances can
hybridize with potential applications, e.g., for sensing, but only if
the interplay of photonic and plasmonic modes can be tuned, and
for this purpose, precise control of the geometry of the structures is
particularly important.

FIG. 4. Scanning electron microscope image (a) and schematic cross section (b) of
a Ge nanopillar photodetector (diameter ∼500 nm) with self-aligned nanoapertures
in the contact metallization to enable light transmission to the photodetector and
to provide plasmonic enhancement.98

C. Single-photon avalanche diodes
Single-photon avalanche diode (SPAD) detectors fabricated

from a range of semiconductor materials that operate in the vis-
ible and short-wave infrared (SWIR) have become the standard
optical detection approach for a range of existing and emerging
applications.99,100 Superconducting single-photon detectors provide
the highest performance of any detector in the visible and SWIR
range, but the need for cryogenic operating temperatures (typically
<3 K) precludes their use for many applications. As an alterna-
tive, CMOS SPAD imaging arrays have been commercially available
since the early 2010s and can now be found in many products
for range finding, including mobile phones, tablets, autonomous
vacuum cleaners, and light detection and ranging (LiDAR) sys-
tems. CMOS SPADs are also used for biological and medical
imaging applications, such as fluorescence lifetime imaging, opti-
cal tomography, positron emission tomography (PET), and Raman
spectroscopy.100

The single-photon detection efficiency (SPDE) at shorter wave-
lengths (λ ∼ 650 nm) can be particularly high (up to ∼70%),101 but
the bandgap of silicon limits the operation wavelength to λ < 1 μm,
a significant limitation for applications. The use of InGaAs SPAD
single pixel and imaging arrays has allowed longer-λ applications
to be pursued, including quantum communications,102 quantum
optics, quantum computing,103 and LiDAR104–106 at the telecom-
munication O–C bands. Longer wavelength operation is advanta-
geous for LiDAR for multiple reasons: (i) the solar background
reduces at longer λ; (ii) atmospheric and obscurant scattering (rain,
mist, fog, and dust) reduces, as both Rayleigh and Mie scatter-
ing decrease for longer λ; and (iii) the optical safety threshold
for the human eye (IEC-60825-1) increases the usable laser power
for λ > 1400 nm.106

The use of Ge and SiGe as an absorber of photons has the
potential to extend the detection efficiency of silicon-based SPADs to
longer wavelengths.107 Moreover, SiGe/Si SPAD devices can repre-
sent a much cheaper alternative to InGaAs SPADs, with the potential
to scale to large pixel arrays to target applications requiring cam-
eras. The first Geiger mode Ge/Si avalanche photodetectors (APDs)
were demonstrated by Lu et al.108 operating at λ = 1310 nm with
dark count rates (DCRs) of >3 × 107 counts per second (cps) at
180 K. Mesa etched Ge/Si SPADs were subsequently demonstrated
with an SPDE of 4% at λ = 1310 nm, a DCR of 6 Mcps, and 300 ps
jitter.109 These devices also recorded the first operation at λ
= 1550 nm by any silicon-based device. Another significant
improvement was achieved by moving to planar device geome-
tries, where 100 μm wide Ge/Si SPADs demonstrated SPDEs
of 38% at 125 K.110 Scaling these devices to 26 μm diameters
resulted in SPDEs of 29.4% with low DCRs of 100 kcps and jitters
of 134 ± 10 ps at 125 K.113

The noise equivalent power (NEP) provides a useful figure of
merit to compare different materials, devices, and technologies, and
it is defined as

NEP = hν
SPDE

√
2DCR,

where h is Planck’s constant and ν is the detection frequency. In
the NEP vs temperature plot of Fig. 5, Ge/Si SPADs and an all Ge
APD operating at λ = 1310 nm are compared with InGaAs devices
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FIG. 5. The NEP vs temperature for a 26 μm diameter mesa device109 (green
circle), an all Ge APD111 (gray square), Ge on Si waveguide coupled SPAD112

(orange square), 100 μm diameter planar Ge on Si SPAD110 (blue circles), and
26 μm diameter planar Ge on Si SPAD113 (red circles) all at λ = 1310 nm. The NEP
of a commercial 25 μm diameter InGaAs device114 at 1550 nm (purple triangles) is
also plotted for comparison. The black triangles are early 20 μm InGaAs SPADs115

at 1550 nm. Commercial InGaAs SPADs from IDQ (green) and MPD (blue) at
1310 nm are also shown with predicted scaled Ge on Si SPAD devices to 10 μm
diameter (blue line) and 5 μm diameter (ref line) and a 26 μm diameter Ge on Si
SPAD with no Shockley–Read–Hall (SRH) generation (red dotted line).

at 1310 and 1550 nm. Here, the best planar Ge/Si SPADs are com-
parable to the early InGaAs devices.115 While these initial results
are encouraging, Fig. 5 demonstrates that the Ge/Si devices have to
improve significantly to compete in terms of performance with the
commercial InGaAs SPADs.

Nonetheless, the Ge/Si SPADs have demonstrated superior per-
formances as compared to InGaAs SPADs in two realms that could
be significant drivers to improve the technology (Table I). The
first is a significantly lower afterpulsing probability.110 Afterpuls-
ing is the false triggering by electrons or holes that are released
from traps in the avalanche region of the device when there has
been no photon trigger. The initial planar Ge/Si SPADs demon-
strate afterpulsing probabilities, which were a factor of five lower
than commercial InGaAs devices110 at 125 K, and all Ge APDs
also have demonstrated lower afterpulsing than InGaAs SPADs.111

The activation energies for the afterpulsing in Ge on Si SPADs
suggest that threading dislocations (TDs) originated by the het-
eroepitaxy and propagating into Si substrates may be responsi-
ble for the afterpulsing effect.110 Advanced heteroepitaxy leading
to a reduction of these defects should therefore further reduce
the afterpulsing probability and allow higher operating repetition
rates than InGaAs SPADs and superconducting detectors. The
second area of strength for Ge/Si SPADs is the injection effi-
ciency from the absorber to the avalanche region. When using
an InGaAs absorber and an InP avalanche region, there is a bar-
rier of about 240 meV, which reduces the injection efficiency
of holes from the InGaAs into the InP material. Graded injec-
tors are therefore required to increase the injection efficiency. In
the Ge/Si system, the Ge L-valley conduction band is ∼240 meV
above the Si ∆-valleys,116 resulting in far higher injection efficiency
into the avalanche region and nearly temperature-independent
SPDE.113

To consider the future perspective for Ge on Si SPADs, the ini-
tial markets for SWIR SPADs require devices to operate on Peltier
coolers at temperatures (T) > 223 K, with a significant market share
for L-band applications, if the present efficiency can be improved.
The Ge/Si devices to date have had far higher DCRs than the mature
InGaAs technology devices and operate at lower temperatures. One
simple way to reduce DCR is to shrink the device area. Indeed, recent
results have shown that the DCR scales directly with the area, leading
to estimates of NEP as low as 5 × 10−16 WHz−1/2 for a 1 μm thick Ge
absorber in a 10 μm diameter SPAD with 8.5% excess bias at 223 K
and 1310 nm wavelength.117

TABLE I. A comparison of SWIR SPAD devices from commercial InGaAs/InP and research devices of Ge on Si materials.

Id quantique ID230 MPD pdm-ir Ge on Si [113] Ge on Si SPAD scaled Ge on Si SPAD no SRH

Material InGaAs/InP InGaAs/InP Ge/Si Ge/Si Ge/Si
Wavelength (nm) 975–1700 975–1700 600–1450 600–1550 600–1550
Operating temperature (K) 183 225 125 225 225
Device diameter 25 μm 25 μm 26 μm 5 μm 26 μm
SPDE (%) 25.6% @ 1310 nm 39% @ 1310 nm 29.4% @ 1310 nm 57% @ 1310 nm for 76% @ 1310 nm for

(at 6 V excess bias) (at 2.7 V excess bias) 2 μm absorber 4 μm absorber
NEP (W/

√
Hz) @ 1310 nm 1.2 × 10−17 3.4 × 10−16 7.7×10−17 2.6 × 10−16 1.9 × 10−17

Dark count rate 200 4 × 105 1.0 × 105 at 2.7 V 4.7 × 105 4.5 × 103

(counts per second) excess bias (area scaling) (no SRH)
Timing jitter FWHM (ps) 200 83 157 ± 10 15 100

Afterpulse probability 5% at 20 μs Not stated 10% at 10 μs 0.4% at 10 μs ≪0.1% at 1 μs1% at 50 μs
Gating frequency (MHz) Can be free-running 100 or free running 10 ≥100 or free running Free running
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There are a number of other approaches that can be con-
sidered to reduce the DCR further, such as the use of guard
rings102,114 and the use of an improved surface passivation layer.
Furthermore, the contribution of misfit and threading dislocations
occurring during the heteroepitaxial growth on DCR is not yet
understood, but they should contribute to higher DCR through
Shockley–Read–Hall (SRH) and trap assisted tunneling processes
active at high electric fields.118 Figure 5 demonstrates that the
removal of Shockley–Read–Hall processes results in higher per-
formance than current InGaAs devices. From this Perspective,
limited area growth of the Ge absorbers with reduced diame-
ters and waveguide coupled Ge on Si SPADs have the potential
to significantly reduce the dislocation density, which will reduce
Shockley–Read–Hall processes with the potential for ≤1 threading
dislocation for device dimensions below 10 μm.

Another key feature is the optimization of the Ge absorber
thickness since only 50% of photons are presently absorbed,110,113

with Ge/Si SPADs with 2 μm-thick Ge absorbers estimated to
improve the NEP to 2.3 × 10−16 WHz−1/2 (5 μm diameter SPADs
with 8.5% excess bias at T = 223 K and λ = 1310 nm). Figure 5
demonstrates that a combination of reduced diameter Ge on Si
SPADs with a reduction in defects has the potential to achieve
InGaAs performance.

For what instead concerns the operation wavelength, if one
considers the bandgap reduction for increasing temperature T and
taking also into account that the tensile strain of 0.2% typically
observed in Ge/Si heterostructures119 also contributes to red-shift
the band-gap, an operating temperature of at least T = 223 K is
required to achieve direct bandgap absorption at 1550 nm.120 Note
that techniques that can further increase the tensile strain across the
Ge absorber could also improve the SPDE of the device.121 1 μm of
Ge at 1550 nm wavelength absorbs less than 10% of incident pho-
tons at 223 K. Therefore, much thicker Ge layers are essential for
improved SPDE at 1550 nm. As an alternative, one approach that
is being taken is the use of Ge microcrystals grown on Si pillars,
which allow the growth of many μm thick low defect Ge.122 Another
approach could be the incorporation of GeSn heterolayers to further

red-shift the direct bandgap absorption27 and improve the SPDE
further.

III. SOURCES, DETECTORS, AND NON-LINEAR
DEVICES FOR THE MIR/FIR RANGE
A. Quantum cascade lasers

The development of quantum cascade lasers (QCLs) represents
a promising strategy to circumvent the poor radiative efficiency
related to the indirect bandgap, which hinders the realization of Si-
based emitters. In a QCL, only a single type of carrier is responsible
for the photon generation process123,129 since it involves electron
(hole) transitions between quantized electronic states belonging to
the conduction (valence) band, as schematically depicted in Fig. 6.
The QCL structure comprises a stack of several identical modules,
each made by different quantum wells (QW) coupled by tunnel
barriers. The application of a vertical electric field of appropriate
intensity aligns the subband energy levels, thus allowing the cur-
rent flow via resonant tunneling and the achievement of population
inversion between laser states, where carriers undergo a stimulated
radiative intersubband transition (ISBT), resulting in photon emis-
sion. The carriers, now in the lower laser state, are then injected
into the next module of the MQW stack, thus realizing the so-
called quantum cascade. The optical gain is then proportional to the
number N of MQW periods.

The first QCL device was demonstrated in 1994 at Bell Lab-
oratories, with an emission wavelength in the mid-IR,123 sparking
a rapid growth in the research field, further boosted by the subse-
quent extension of achievable emission wavelengths toward the THz
region. Indeed, while THz radiation124,125 is potentially relevant for
several applications in different fields (e.g., medicine, biology, ICT,
quality control, and security),126–128 its broad diffusion is hampered
by the lack of affordable, practical light sources, which instead are
still expensive (∼1–10 k€), bulky, and/or requiring cryogenic oper-
ating temperature.129 From this perspective, the high cost and low
operating temperatures of the III–V material system, traditionally

FIG. 6. Periodic L-point band edge
profile and intersubband states in the
strain compensated Ge/Si0.15Ge0.85
MQW active region of a n-type
Ge/SiGe QCL with a vertical electrical
bias of 2.5 kV/cm. Starting from
the SiGe injection barrier at the left
side of the large Ge QW, the layer
sequence, with thicknesses in nm, is
4.7/19.9/3/13.9/3/11.6/3/3.8/3/3.8/3/9.7;
the Ge wells are in standard fonts and
the Si0.15Ge0.85 barriers are in bold; the
phosphorus-doped layer is underlined.
The upper (2) and lower (1) laser
levels are indicated in red and blue,
respectively.
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used for QCL devices, pose severe limitations for large volume
applications.130,131

The first attempts toward a group IV-based QC emitter focused
on p-type Si/Si-rich SiGe MQWs, confining holes in the valence
band of Si. This hole-based material system had been chosen in
view of its larger and better-established band offset, as compared
to the conduction band, enabling the emission of photons with an
energy of ∼100–200 meV (λ ∼ 12–6 μm). Although ISBT electro-
luminescence has been demonstrated already in the year 2000,132,133

the large non-parabolicity of the valence bands, which leads to
subbands with non-parallel dispersions, and the still high hole
effective masses (m∗ > 0.3 m0) have made it difficult to engi-
neer the optical gain above 10 cm–1,129 a value well below the
threshold required to overcome typical waveguide losses. Moreover,
the engineering of the ISB transport dynamics was also compli-
cated by the unavoidable interaction between heavy- and light-hole
subbands.

More recently, n-type SiGe/Ge MQWs structures, where elec-
tron subbands are formed in the conduction band, have emerged
as the most promising configuration134,135 and have driven an
intense research effort in the last decade. Their main features are
the relatively light effective mass along the confinement direction
(m∗ = 0.13 m0) and the relatively large L-point band offset
(∼120 meV), enabling the design of ISBT in the THz range. More-
over, thanks to the weaker electron–phonon interaction featured
by non-polar elemental semiconductor lattices, the optical gain is
expected to be robust against increasing lattice temperature, and
the recent state-of-the-art numerical calculations predict laser action
persisting up to room temperature (RT).136

Decisive advancements in different fields are necessary for the
development of a SiGe/Ge QCL. The active material epitaxy and
engineering, the waveguide design and fabrication, require sub-
stantial refinement. Since the THz radiation wavelength is in the
λ = 50–100 μm range, the QCL active region has to be ∼10 μm thick
to allow for a high optical mode overlap and to have a large enough
number of periods N to achieve net optical gain. Structures of such
thickness accumulate a large heteroepitaxial strain energy, arising
from the lattice mismatch of the layers present in each module of the
cascade, that can be potentially plastically relaxed by the formation
of highly detrimental dislocations. Consequently, a very fine strain
balancing is the first issue to be solved.

To this aim, the first step is the introduction and optimization
of a relaxed SiGe virtual substrate (VS) deposited on the Si sub-
strate, whose Ge content has to be intermediate in between that
of the SiGe barrier and Ge well materials. In this way, the com-
pressive strain of the Ge wells can be compensated by the tensile
deformation of the barrier layers. A leap forward in the optimiza-
tion of the VS has been achieved in 2008, with the introduction of
the so-called reversed graded (RG) approach.137 In RG-VS, a rather
thick (1–5 μm) relaxed Ge buffer layer is grown directly on the
Si substrate, followed by layers featuring decreasing Ge contents,
down to the desired SiGe composition. State-of-the-art Si0.05Ge0.95
relaxed VSs featuring a threading dislocation (TD) density as low as
2 × 106 cm−2 have been demonstrated.138

The adoption of the RG-VS has enabled the achievement of
higher quality active material and the observation of ISBT in the
16–50 meV range from SiGe/Ge MQWs samples.139,140 Note that the
III–V Reststrahlen band in the THz range (24–41 meV) is entirely

contained in this energy interval. FWHM values for the absorption
peaks as small as 5 meV were measured and accounted for by differ-
ent scattering mechanisms.141 Degenerate pump–probe absorption
experiments with the same set of MQW samples demonstrated sub-
band lifetimes larger than 10 ps. These promising values have also
been observed at relatively high lattice temperatures and above the
subband energy separation corresponding to the threshold for ISB
relaxation via optical phonon emission.142,143 This result is to be
attributed to the weaker electron–phonon interaction occurring in
the non-polar lattice of group-IV-based devices that make feasi-
ble the achievement of room temperature laser operation. These
experimental data allowed to shed light on the peculiar role of
the electron–phonon coupling in the intersubband dynamics of
Ge-based 2D systems.

The second key aspect to be optimized is the accuracy of the
epitaxial deposition of individual wells and barriers. Indeed, the few-
atom thick layers comprised in a typical QCL design must be realized
with ultra-high accuracy and reproducibility throughout the whole
active layer stack to grant for the ISB alignment and tunneling rate.
Furthermore, the quality of the hundreds of different heterointer-
faces present in a QCL has a high impact on the optoelectronic
performance.

Indeed, the complete understanding of the ISB dynamics
requires a full-3D reconstruction of the SiGe/Ge heterointerfaces.
Recently, by using atom probe tomography, it has been observed
that Ge/SiGe interfaces feature a limited interdiffusion length
(W ∼ 1 nm) and rms roughness (Δ ∼ 0.1 nm).144 These experimental
inputs have been used to further improve the accuracy of the QCL
gain calculations that lead to a predicted 300 K gain of ∼20 cm−1.
This value is compatible with lasing operation since numerical sim-
ulations for Ge-rich double metal SiGe WGs, performed using as
input accurate experimental values for the dielectric constant of the
alloy and metal layers, estimated optical waveguide cavity losses in
the THz region <20 cm−1.145 Although the growth of several μm
thick strain compensated QCL structures has been already real-
ized,146 the fabrication and the experimental characterization of a
double plasmon SiGe waveguide in the THz range to confirm these
prediction has not been reported yet.

All the advancements discussed above, together with the
demonstration of efficient NiGe Ohmic contact modules with low
specific contact resistance,147 very recently lead to the observation
of ISB electroluminescence (EL) from an n-type SiGe/Ge cascade
structure (Fig. 7),146 albeit with a relatively low efficiency (Table II).
The reason for this sub-optimal performance was attributed to the
large electron temperature associated with the characteristic weak
electron–phonon interaction, to a not yet optimized doping profile,
and to the possible detrimental role of threading dislocations.

The demonstration of ISB EL certainly represents a key inter-
mediate milestone toward the realization of a laser device since it
evidences that a high degree of control both in terms of growth
and modeling of the active material has been achieved. Nevertheless,
not all the physical phenomena underlying the complex intersub-
band dynamics at the basis of the n-type SiGe/Ge QCL are fully
understood. At the same time, the design adopted so far for the
EL experiments has been chosen for its simplicity and robustness,
while it is clear that gain optimization requires more advanced archi-
tectures, which pose peculiar challenges. From this perspective, it
would be interesting to explore QCL designs featuring larger periods
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FIG. 7. An optical microscope image of an n-type Ge/SiGe THz quantum cascade
emitter of 100 μm width.

and lower operation bias in the effort to limit the electron heat-
ing induced by the electrical field, as, for instance, suggested in
Ref. 148. Another aspect that requires a deeper understanding is
the possible role of parasitic subband states, originated by the Δ2
band edge, whose energy in the SiGe tensile strained barrier mate-
rial is located below the L one. Nevertheless, thanks to the large
confinement energy associated with the thin barriers, the energy of
these Δ2 subbands can be designed to be larger than those of the
L states involved in the optical transition.146 It has not been defini-
tively clarified if, however, due to thermal excitation caused by the
high electron temperature, carriers also populate these Δ2 subbands
and, if this is the case, how the actual (i.e., including the Hartree
contribution) band edge potential profile and the ISB transport are
influenced.

Finally, also the control of the threading dislocation (TD) den-
sity in the active region and a better understanding of their role in
the ISB transport are an open challenge toward the realization of

TABLE II. Comparison of relevant physical quantities estimated for n-type
GaAs/AlGaAs and Ge/SiGe-based QCL devices with the same design. Gain data
represent a theoretical estimation, refer to a four well bound-to-continuum architec-
ture, and are taken from Ref. 136. The other reported values refer to a single quantum
well active region design and have been reported in Ref. 146 using both theoretical
inputs and experimental electroluminescence data.

GaAs/AlGaAs Ge/SiGe

Material gain @10 K (cm−1) 98 63
Material gain @125 K (cm−1) 60 60
Material gain @300 K (cm−1) −15 20
Intersubband EL line 0.05 0.2
broadening Δf/f
Non-radiative upper laser 12.2 2–12
subband lifetime τNR (ps)
Radiative efficiency ηrad 1.5 × 10−6 1.2 × 10−7– 8 × 10−7

the laser. TDs may introduce detrimental parallel vertical transport
channels. At the same time, this kind of extended defects seems to be
associated with a p-type background,149 which needs to be counter-
balanced by means of donors. In particular, with the state-of-the-art
TD density of about 2 × 106 cm−2, the extra-electron sheet density
required to counteract the p-background has been roughly estimated
to be at the same scale as the one typically used to dope the active
region of the QCL (∼1010 cm−2). Therefore, the calibration of the
optimum doping in the QCL structures would greatly benefit from
a deeper understanding of the electrical properties of the TDs. We
also note that the extra donor density required for compensation
significantly increases the Coulomb scattering rates, thus lowering
the subband lifetimes and the dephasing times. For these reasons,
future research efforts should focus on a further suppression of the
TD density, for which, leveraging on the optimization of the VS, it is
realistic to target the 105 cm−2 scale.138

B. Quantum well infrared photodetectors
Intersubband transitions (ISBTs) can also be exploited to

absorb light at infrared wavelengths (IR) and generate photocur-
rents, as is the case in quantum-well infrared photodetectors
(QWIPs).150–158

By suitable band engineering, ISBT can be designed so that
the QWIP can operate at wavelengths in the λ = 3–20 μm range.
Photodetection occurs through photons that are absorbed within
the doped QW regions (Fig. 8) by charge carriers undergoing a
transition between two subbands (bound-to-bound transitions) or
one subband as the initial state and one final state of the con-
tinuum above or at the barrier energy (bound-to-continuum or

FIG. 8. Relevant subband states for the tensile strained p-type QWIP device dis-
cussed in Ref. 161, calculated with an electrical bias of 6 kV/cm. The MQW stack,
grown on a Si0.74Ge0.26 substrate, consists of 4.5 nm tick Si0.78Ge0.22 wells, sepa-
rated by 10 nm tick Si0.9Ge0.1 barriers. The black (red) curves refer to the LH (HH)
band profile and subband states (continuous levels in the energy region above the
LH barrier are not reported). Due to the tensile strain field, the fundamental state
has light-hole symmetry, and the LH–LH, LH–HH, and LH–SO-band transitions are
associated with responsivity peaks in both the terahertz and mid-infrared regimes
with values up to 3.7 mA/W.
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quasi-continuum transitions, respectively). In order to have suf-
ficient absorption, the QWIP structures are typically made of
50–100 MQW.

As discussed in Sec. III A for the QCL, the use of ISBT decou-
ples the QWIP’s operation wavelength range from the bandgap of
the semiconductor materials in the well and barrier regions.

QWIPs based on the III–V semiconductor heterostructure
(usually lattice-matched GaAs/AlGaAs MQW) have been suc-
cessfully fabricated and commercialized, e.g., for thermal vision
applications.

State-of-the-art III–V semiconductor QWIPs are fabricated
using n-type doped quantum wells since the higher electron mobil-
ity leads to higher responsivity, and the smaller electron mass leads
to higher optical absorption with respect to p-type QWIPs. How-
ever, for n-type QWIPs, the absence of off-diagonal elements in
the effective mass tensor makes the presence of grating couplers
unavoidable to activate ISBT with normal incident light. In contrast,
p-type QWIPs are not affected by this limitation but typically exhibit
lower dark currents.159

Recent years have seen a growing need for QWIPs in appli-
cations such as sensing, medical diagnostics, free-space commu-
nications, and thermal imaging. As for other SP applications, a
key feature would be the integration of SiGe based QWIPs with
integrated I/O circuitry. In this case, since the mismatch of the
thermal conductivity for SiGe QW on Si is reduced compared to
III–V devices, limitations on array sizes, e.g., in thermal imaging
applications, are also reduced.

For these reasons, SiGe-based QWIPs have always been in the
spotlight, with first efforts dating back to the early 1990s (Table III).
Early attempts were focusing on SiGe quantum wells grown on
Si(001) substrates,150–158 and molecular beam epitaxy (MBE) was
almost exclusively employed,150–155,157,158 with only one exception,

where low pressure vapor phase epitaxy (LPVPE) was instead
used.156 Most MBE-grown devices were limited in thickness, with
the active region totaling up to ten wells.150,152–155 Consequently,
device responsivities were limited to values below 0.1 A/W at 77 K.
In one notable exception, where the structures comprised 50 quan-
tum wells, larger responsivities of 0.3–0.6 A/W were reported.151 For
all devices, detectivities at 77 K were about one order of magnitude
lower than those of strain-free, n-type GaAs/AlGaAs QWIPs.159 For
example, an average peak detectivity of D∗ = 8.3 × 1010 cm Hz1/2/W
at 77 K was reported for a AlGaAs/GaAs QWPI with a response peak
at ∼8.4–8.55 μm.165

As we discussed for QCL, the relatively large Ge–Si lattice
mismatch makes the growth of a large number of quantum wells
challenging, limiting the layer thickness and device performance.
For all devices grown on Si(001) substrates, Si was used exclusively
as the barrier layer material. Consequently, the realized QWIPs were
all of p-type, since the large valence-band offset within SiGe/Si struc-
tures, as well as the higher absorption coefficient as a result of the
small hole effective mass, proved to be advantageous. The quan-
tum well regions were composed of Si1−xGex with a Ge content
x up to 0.6,154 leading to devices operating in a wavelength range
λ = 2.5–11 μm.

Aiming at overcoming strain-induced defect formation, espe-
cially for Si1−xGex wells with high Ge content, later works explored
the use of virtual substrates (VS),160–163 Si nanomembranes,164 or
strained SOI substrates163 to enable the growth of high-quality, thick
active layers.

As an alternative, the use of Ge wells162 or Si1−xGex barriers163

was investigated, although with unsatisfactory device responsivities
(<0.1 A/W).

Nonetheless, early theoretical calculations for SiGe QWIPs also
predicted good device performance for n-type devices.166 This early

TABLE III. Overview of key parameters reported on SiGe-based QWIPs.

Reference
Growth
method Substrate

Composition
(well/barrier)

Approx.
Thickness

QW-region λp (μm)
Responsivity

(mA/W)
Detectivity

D∗ ( cm
√

Hz/W)
150 MBE Si(001) Si0.6Ge0.4/Si 340 nm 8.1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
151 MBE Si(001) Si0.85Ge0.15/Si 2650 nm ∼9 300–600 (77 K) ⋅ ⋅ ⋅
153 MBE Si(001) Si0.75Ge0.25/Si 340 nm 10.8 36 (77 K) 3.3∗109

154 MBE Si(001) Si0.4Ge0.6/Si 170 nm 2.0, 2.4 30 (77 K) 4∗1010

156 LPVPE Si(001)

Si0.865Ge0.135/Si 2700 nm 7.2

⋅ ⋅ ⋅ ⋅ ⋅ ⋅Si0.87Ge0.13/Si 2700 nm 7.7
Si0.9Ge0.1/Si 2700 nm 9.5

Si0.935Ge0.065/Si 2700 nm 10.2
157 MBE Si(001) Si0.64Ge0.36/Si 520 nm 5 76 (77 K) 2∗1010

158 MBE Si(001) Si0.77Ge0.23/Si 1060 nm ∼7.5 3 (10 K) ⋅ ⋅ ⋅
160 MBE Si0.5Ge0.5 (001) VS Varying comp. 280 nm ∼4–5.5 1–1.5 (77 K) ⋅ ⋅ ⋅
161 MBE Si0.74Ge0.26 (001) VS Si0.78Ge0.22/Si0.9Ge0.1 75 nm ∼11 3.7 (10 K) ⋅ ⋅ ⋅
162 LEPECVD Si0.2Ge0.8 (001) graded buffer Ge/Si0.5Ge0.5 4–7 μm 6.5–8 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
164 LPCVD Si nano-membrane Si0.73Ge0.27/Si 150 nm ∼5 73 (80 K) ⋅ ⋅ ⋅
163 MBE Strained SOI and Si0.38Ge0.62/Si0.74Ge0.26 200 nm 6.2 3.6 (77 K) ⋅ ⋅ ⋅

Si0.7Ge0.3 (001) VS ⋅ ⋅ ⋅
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simulation work used (111) substrates to improve performance
through an increased density of states from degenerate valleys, and
recent Ge (111) epitaxial results167 could benefit from a similar
scheme. As previously discussed, the non-polar crystal structure of
group-IV semiconductors can lead to reduced phonon scattering
and potentially large detection efficiency in Ge/SiGe QWIPs, even
when compared to their III–V counterparts. Initial experimental
results on Ge/SiGe quantum cascade structures have demonstrated
strong THz intersubband absorption168 with the bandstructure
potentially allowing operation up to 10 μm wavelength136 and the
strain-balanced QWs now allowing large numbers of QWs to enable
performance similar to group III–V based QWIPs.

In conclusion, the device performance of group-IV QWIPs has
still to be improved if those devices are to be competitive. Device
responsivity can be increased by increasing the total thickness of the
active region. This requires careful control of strain-induced defects
since, e.g., threading dislocations induced by growth can increase the
dark current in vertical devices and limit device performance. The
same recent progress that we believe can pave the way to the SiGe
QCL (i.e., high-quality virtual substrates, advances in CVD growth
on the precise control of layer thicknesses, low interface roughness,
and very good composition control at large thicknesses) and could,
therefore, enable the realization of high-performance SiGe QWIP
devices. Alternatively, MBE can be used as a growth strategy with
deposition of ultrathin Ge wells on Si,169 which allows the growth
of a large number of quantum wells with high crystal quality in the
active layers of the devices.

C. Non-linear effects
The development of SP has attracted great interest in the inves-

tigation of non-linear optics in Si-compatible structures. Indeed,
crystalline Si features strong optical nonlinearities, which can be fur-
ther enhanced by means of appropriate material engineering using
Si-rich silicon oxide and nitride.170,171 Currently, nonlinear effects,
such as frequency generation and conversion, stimulated Raman
scattering, self-and cross-phase modulation (SPM and XPM), four-
wave mixing (FWM), and supercontinuum generation (SCG), are
actively investigated.

Most of these reports focused on the NIR, while the exten-
sion of the electromagnetic spectral window usable for engineering
non-linear interaction, from X-ray to mid-IR and even THz, has
recently been driving a significant portion of the research efforts in
the non-linear optics community, owing to possible impacts on sev-
eral realms, including molecular sensing, early medical diagnosis, or
secure communications. From this perspective, Ge and SiGe alloys
can help to widen the field, thanks to their lower gap than Si and a
much larger wavelength transparency window up to λ ∼ 14 μm.172

Furthermore, Ge exhibits a higher refractive and Kerr index (n2)
than silicon. These properties can be exploited to design mid-IR
supercontinuum generation (SCG) sources, which, for instance, can
be integrated on Si wafer embedded with all the optical function-
alities for on-chip broadband molecular absorption spectroscopy.
In fact, radiation produced by SCG retains the intensity, direction-
ality, and coherence properties of the laser pump while having a
wide spectral window that can be exploited to carry out molecular
spectroscopy based on their mid-IR optical fingerprint.

Supercontinuum generation across a broad mid-IR wavelength
range (λ ∼ 3–8.5 μm) has been recently demonstrated in Ref. 173
using an air clad Si0.6Ge0.4/Si waveguide. The authors of Ref. 173
optimized the waveguide design to achieve low anomalous disper-
sion over a large bandwidth and, thanks to the very low propagation
losses (0.4 dB/cm), an active region 7 cm long. Indeed, it is worth
noticing that there is a trade-off for the optimal transverse effective
area Aeff of the waveguide (WG) employed for SC. In fact, smaller
values of Aeff increase the nonlinear parameter γ = wn2/(cAeff) and
allow for single-mode operation but at the same time negatively
impact the low energy cutoff of the wavelength range for SCG
due to increased leakages in the absorbing Si substrate. Through
a careful design of the WG geometry, a spectrally bright SC sig-
nal with more than 10 mW on-chip power, corresponding to ∼50%
power conversion efficiency in supercontinuum generation, was
obtained.173

The fine-tuning of γ and low anomalous dispersion can be
achieved by vertically varying the refractive index as done in
SixGe1−x graded WGs.174 This recently led to the demonstration of
two-octave spanning SCG between 3 and 13 μm achieved by pump-
ing a Si0.2Ge0.8 graded WG with an 8.5 μm laser and 8 mW input
power.175

Remarkably, this on-chip power and bandwidth are signif-
icantly larger than those measured in other CMOS-compatible
platforms and well compare to data previously reported using the
on-chip chalcogenide glass material platform.176 A little later, SiGe
WGs have been engineered to support a TM mode featuring the
low all-normal dispersion regime in the λ = 2.8–5.5 μm range. By
pumping with a λ = 4 μm source featuring a t = 205 fs width, the
authors reported fully coherent SCG.177 Interestingly, the SCG in
this system could be exploited to achieve pulse compression down
to 22 fs. This opportunity represents an interesting perspective since
it allows us to envisage the compression of picosecond pulses gener-
ated from an on-chip mode-locked laser down to the femtosecond
scale. Such chip-based fully coherent SC sources can enable many
practical applications, such as optical coherent tomography and
coherent anti-Stokes Raman spectroscopy.

For SiGe waveguides featuring larger Ge concentrations, an
in-depth characterization of their nonlinear properties has been
recently reported in Ref. 178. In that work, experimental data at
λ = 1.58 μm from SixGe1−x WGs with x > 0.7 have been used in com-
bination with theoretical models to assess the wavelength-dependent
value of n2 and the two phonon absorption coefficient bTPA in the
λ = 1–10 μm range. In particular, upon investigating SiGe/Si WG
samples featuring Ge content in the x = 0.7–0.9 range, the authors of
Ref. 178 have also clarified the impact of the Δ-L bandgap crossover
on these key parameters.

Improvements in the SiGe heteroepitaxy on Si substrates have
enabled the investigation of nonlinear optic effects in quantum mul-
tilayer nanostructures related to intersubband optical transitions
between confined levels. In particular, in the III–V based multilayer
structure, an impressive enhancement of the χ(2) coefficient has been
observed, controlling the second harmonic generation (SHG) pro-
cess, with reported giant values of the order of ∼105 pm/V,179,180

much larger than their “bulk” counterparts. Soon after, promis-
ing results have also been achieved with SiGe multilayers,181,182

overcoming, in this way, the vanishing of χ(2) due to the cen-
trosymmetric character of diamond lattices. We point here out
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that SHG is of great importance for many classical and quantum
applications from high-speed optical modulation via the Pockels
effect183 to ν-2ν frequency-comb self-referencing,184 and even to
direct frequency-comb generation by cascaded SHG events that can
mimic third-order nonlinear effects.185

From a more general perspective, different approaches have
been proposed to reduce the Si and Ge symmetry, thus allowing the
second harmonic generation process. These approaches exploit an
electric field,186 a non-uniform strain field, or leverage on surface-
induced asymmetry.187 Recently, relevant SHG power efficiencies
of the order of ∼20% have been obtained by leveraging electric
bias-induced χ(2) values, exploiting an optical cavity that amplifies
the SH field produced by the non-linear material.188 Unfortunately,
modest χ(2) values of the order of tens of pm/V have been reported
insofar. Furthermore, the transparency range of the used SOI and
Si3N4 materials limited the operating wavelength range to λ > 4 μm
due to strong phonon absorption.189–191

In this context, the engineering of intersubband transitions in
doped asymmetric quantum multilayers represents an elegant and
efficient alternative to overcome most of these limitations. In these
kinds of structures, quantum confinement effects can be tuned to
control the subband energy spacing, thus making possible the real-
ization of double resonances at hν = EISB, which greatly enhance
the χ(2) value at the corresponding photon frequency.180 Indeed, ISB
transitions between these double resonant confined levels can dis-
play large oscillator strengths. This property, in combination with
the parallel dispersion in the k-space of the 2D subbands associated
with a δ(hν-EISB)-like joint density of states, is responsible for the
observed giant values of the χ(2) (hν = EISB) coefficient mentioned
above.

Literature reports on SHG in SiGe structures focus on SiGe step
quantum wells181,182 or double asymmetric coupled quantum well
structures.192,193 As in the case of the QCLs, those reports investi-
gate p-type structures,181,182,192,193 targeting input photon energies
around 100–150 meV (λ = 12–8 μm). Giant χ(2) coefficients of
the order of 105 pm/V have been estimated, in good agreement
with theoretical calculations and despite the typical deviations from
parallel subband dispersion, which are triggered by the coupling
of the different parent valence bands. Remarkably, this coupling
brought about also positive effects for what concerns possible practi-
cal applications. In fact, we first note that χ(2) is indeed a third-order
tensorial quantity, usually indicated as χ(2)

ijk; the i and j indices
refer to the polarization direction of the two input photon fields,
while k indicates the polarization of the 2hν output photons. Differ-
ent from what happens in n-type systems, where only the diagonal
term χ(2)

zzz associated with the growth direction z is different from
zero, hole-based p-type systems can feature large off-diagonal χ(2)

ijk
values. This fact facilitates the coupling geometry with normal inci-
dent input light or the surface-normal emission with in-plane input
beams in photonic integrated circuits, as discussed in Refs. 181 and
192. Therefore, SiGe nanostructures engineered for SHG might be
useful in the near future for spectroscopic applications. As a mat-
ter of fact, the MIR range targeted by SiGe p-type structures (with
typical second harmonic in the λ = 4–6 μm interval) is ideal for
molecular sensing and occurs in a transparency window of Ge-rich
SiGe integrated waveguides developed just for on-chip spectroscopic
sensing, as will be discussed in detail in Sec. IV.174

IV. NEW CONCEPTS FOR SENSING

Among the possible applications for optoelectronic devices, the
field of biosensing, in particular, has seen a rapid growth. There is
a growing need for miniaturized and ubiquitous sensors to detect
gas molecules and biochemical substances. Such sensors have the
potential to, e.g., drive personalized healthcare solutions and enable
environmental monitoring for long-term sustainability. While the
biosensor market is still dominated by electrochemical sensors, opti-
cal sensors have the advantage that they exhibit high sensitivities,
are compact, and usually cheap to fabricate. Here, we focus on
recent developments and future perspectives for (a) refractive index
sensing (where the presence of the target molecule leads to a
detectable modification of the refractive index close to the sensor
surface) and (b) absorption sensing (i.e., detecting the characteristic
absorption spectra of the target molecules in the 1–20 μm wave-
length range for their identification) as two of the main sensing
principles.

Refractive index sensing offers a label-free detection method for
molecular binding events: in these sensors, the surface is functional-
ized with analyte molecules that selectively bind to target molecules.
Optical biosensors based on refractive index sensing typically utilize
the sensitivity of either plasmonic or photonic structures to changes
in the surrounding refractive index induced by analyte-ligand bind-
ing events.194 The change Δn in the refractive index can be detected
via a shift Δλ in resonance wavelength of the structures, and the
sensitivity S = Δn/Δλ measured in nm/RIU (Refractive Index Unit)
can benchmark the performance. We note that for biosensors, the
relevant quantity is the sensitivity to near-surface rather than bulk
refractive index changes. Another quantity used for sensor bench-
marking is the LOD (Limit Of Detection), which corresponds to the
minimum detectable refractive index change.

While both plasmonic and photonic structures themselves
have been commercialized for biosensing,195 they usually require
bulky instrumentation, such as spectrometers for readout. However,
refractive index sensors have the potential for further miniaturiza-
tion, and there is a growing need to realize new on-chip sensor
concepts that can be easily combined with integrated circuitry to
enable continuous monitoring of biochemical parameters and fast
sensor data processing. To date, on-chip Si-based label-free optical
biosensors have, e.g., been realized by combining passive, function-
alized structures, such as interferometers, photonic crystals, and
resonant microcavities196 with waveguides and on-chip photode-
tectors for read-out.197 The on-chip footprint of these structures
is comparatively large, usually covering many hundreds of square
micrometers. Other approaches consist of stacking plasmonic struc-
tures, such as nanohole-arrays,198 plasmonic nanostructures,199 or
chirped gratings,200 on transparent or membrane substrates with
CMOS cameras for read-out.

The smallest sensor footprint can be realized by combin-
ing functionalized plasmonic structures directly with on-chip
transducers.201–208 While these approaches have large potential for
on-chip biosensing, they also highlight the challenges that are
present for on-chip concepts. Some of the existing concepts have
low signal strength that requires the use of lock-in amplifiers,202,204

and other concepts exhibit sensitivities that are below those of
the plasmonic structures alone.201 Compared to spectrometer-based
concepts, on-chip approaches typically have much lower LODs.
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On-chip approaches often rely on using a single wavelength for
interrogation rather than analyzing the spectrum over a wavelength
range. In combination with the higher noise present in compact
read-out devices, this can lead to a significant loss in sensitivity.
Those challenges have to be overcome for on-chip biosensors with
low LODs that can be robustly fabricated. In fact, integrated on-chip
concepts have the potential to realize hybrid plasmonic-photonic
sensors, in which both the high field enhancement in the vicinity
of plasmonic structures and the low damping of photonic modes
are utilized for high-performance sensing.194 In this way, the optical
device not only acts as a transducer but can be actively used to fine-
tune and improve sensor performance.207 Finally, it has to be noted
that the successful realization of on-chip biosensors also requires
addressing further issues stemming from system integration, such
as packaging or microfluidics integration.209,210

Spectroscopic absorption/transmission sensing is a large field
with a $2.33Bn market in 2020211 ranging from forensic, trace-
able part per billion (ppb) levels from Fourier Transform InfraRed
(FTIR) spectrometers to dollar level tungsten filament blackbody-
source alarm sensors used for large percentage measurements of O2,
CO2, or CO that are compulsory safety sensors in many homes and
workplaces globally.212 For atmospheric sensing, the two main win-
dows with low water absorption are at 3–5 μm and 8–12 μm.212,213

The former is used for gas sensing with strong absorption from
most environmental gases (CO, CO2, NO, NO2, N2O, CH4, SO,
SO2, etc.). The later atmospheric window has significant applications
for stand-off chemical and biological sensing, especially for secu-
rity applications. The region 6.7–20 μm is known as the molecular
fingerprint region as molecular absorptions in this region can pro-
vide label-free, unique identification of analytes212 and is especially
important for healthcare biomarkers and analytes but also chemical
and security applications. Spectroscopic approaches can therefore
provide high levels of sensitivity (ppb), specificity (unique identi-
fication with high probability), and dynamic range (ppb to 100%
saturation) depending on the analyte being sampled and the type
of spectroscopic sensor.

All spectroscopic sensors require a mid-infrared light source, a
mechanism to select the wavelength, a mechanism to interact with
the analyte, and a mid-infrared detector.

Two main approaches have been taken with group-IV materials
to enable interaction with the analyte. The first one uses an opti-
cal cavity or photonic bandgap to enable stronger interaction with
the analyte. The second uses waveguides on a chip to guide the light
with evanescent coupling to the analyte. Despite the optical modal
overlap of evanescent coupling being only 1%–5%, this has been the
most popular method for chip-scale systems as it is easier to integrate
all the components required to deliver a sensor, and the technol-
ogy is closest to the Si photonic integrated circuits that have been
developed for telecoms applications—this is, therefore, at our main
focus.

The optical loss in the mid-infrared is key to choose the best
waveguide material, and a review of waveguide loss for Si, Ge, and
SiGe platforms is shown in Fig. 9 above 5 μm wavelength. There are
significant opportunities for SiGe heterostructures for mid-infrared
spectroscopic sensors, especially for wavelengths greater than 7 μm,
where the losses in Si/SiO2 technology start to significantly increase
(Fig. 9). In his seminal paper from 2010, Soref highlighted the rele-
vance of Ge as a key material for the fabrication of mid-IR photonic

FIG. 9. A comparison of waveguide losses vs wavelength for a range of different
Si, Ge, and SiGe technology platforms. Blue squares and circles—Ge on graded
SiGe,236 red circles and squares—Ge on Si,222 green circles—Ge on Si,224

green diamonds—suspended Ge,215 green triangle—suspended Ge216 black
circle—suspended Si,215 and black inverted triangle—Si pedestal waveguides.217

circuits integrated on Si.218 Indeed, only a few years later, the wide
mid-IR transparency window of Ge and its favorable refractive index
step with respect to the Si substrate have been exploited to obtain
SiGe core,219 Ge on-Si,220–223 and graded-index SiGe waveguides.174

After these first demonstrations, much effort has been devoted to
understanding loss224 and pushing the operating wavelength fur-
ther in the infrared.222 The use of Ge1−ySny and Si1−x−yGexSny,
in particular, has the potential to extend the operating wavelength
of waveguides out to 20 μm, possibly allowing the whole of the
fingerprint region to be used.

Group-IV materials can also be used for signal amplification
in the case of low analyte concentrations: The transparency of Ge
in the mid IR range makes it an ideal plasmonic material, which
can be used to amplify electric fields to amplify sensing signals once
the plasma frequency has been moved into the 3–8 μm window
by tuning the electron doping in the 1019–1020 cm−3 range.225,226

When compared to metal-based plasmonic structures operating in
the same wavelength range, semiconductor-based plasmonics offer
a clear advantage for the fabrication of microantennas and slits
resulting from both a more mature microfabrication technology and
larger field enhancements.227

Concerning group-IV based approaches for wavelength selec-
tion and signal detection, components for integrated spectroscopic
sensor systems have been demonstrated using SiGe heterostruc-
tures, including quantum well intersubband photodetectors (see
Sec. III), SiGe microbolometers,228 polarization rotators,229,230 phase
shifters,231 and Mach–Zehnder interferometers.232

Low-cost sensors will require the integration of all the com-
ponents for a sensor, and this has yet to be achieved but is a key
target for future research. To estimate component requirements for
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FIG. 10. The minimum detectable concentration of (a) ammonia and (b) phosgene
as a function of source power for chip-scale evanescent waveguide sensing for
4.34 cm long Ge on Si waveguides with modal overlap of η with a microbolometer
detector with NEP = 4 × 10−9 W/

√
Hz in a 1 s measurement time.

sensor systems, Fig. 10 calculates the minimum detectable concen-
tration for two applications using chip-scale Ge on Si evanescent
coupled waveguide sensors. The first is ammonia breath detection,
which at the low parts per million (ppm) level allows the identifi-
cation of chronic kidney disease, but to reference healthy patients,
sensors must be able to achieve 400 parts per billion (ppb) sensitiv-
ity. Ammonia has a molecular absorption line at 9.545 μm with an

absorption cross section of 2.78 × 10−18 cm2. The second application
is the detection of the chemical weapon phosgene, which is also used
in the manufacture of a number of polyurethanes and polycarbonate
plastics by identifying the C–Cl bond absorption line at 11.764 μm
wavelength with an absorption cross section of 3.993 × 10−18 cm2

at standard temperature and pressure.233 Already waveguides with
∼1 dB/cm are available at these wavelengths,214 and a room temper-
ature microbolometer detector228 with a NEP of 4 × 10−9 W/

√
Hz

could be integrated on the same chip-scale sensor. For 1 dB/cm Ge
on Si waveguides at these wavelengths, the optimum sensing length
of the waveguide can be shown to be 4.34 cm, and Fig. 10 compares
modal overlaps with the analyte (η) of 1.2% and 5%, the first hav-
ing already been demonstrated and the second is easily achievable.175

Figure 10(a) demonstrates that a source power of 50 mW with a mea-
surement bandwidth of 1 Hz and a signal to noise of 3 is required
with a modal overlap of 1.2% to be used for ammonia breath anal-
ysis for diagnosing chronic kidney disease, and this reduces to
12 mW for 5% model overlap. In addition, as a sensor for detect-
ing the U.S. National Institute of Occupational Safety and Health
(NIOSH) permissible exposure limit of 35 ppm requires a source
power of 2 mW with a model overlap of 1.2% and 0.5 mW with a
modal overlap of 5% with the analyte. For phosgene, the NIOSH
permissible exposure limit is 100 ppb and evanescent Ge on Si
waveguides with 1.2% modal overlap requires 200 mW of power
while 5% modal overlap requires 35 mW of source power.

These simulations for ammonia and phosgene demonstrate
that Ge on Si waveguides, polarization rotators and microbolometer
detectors all have suitable performance for chip-scale sensor appli-
cations, but to date, no group-IV-based light source is available with
suitable power and performance at these wavelengths. Heteroge-
neous integration of III–V QCLs would allow sensing systems at
the $10k level addressing markets for hospital and doctor surgery
applications. More research is required on mid-infrared group-IV-
based light sources if cheaper sources to allow integration of such
sensors into consumer products, such as mobile phones, are to be
achieved (see, e.g., Sec. III on QCL). There is, therefore, still a sig-
nificant amount of research and optimization required to deliver
chip-scale sensors that can be mass-manufactured at low cost for
healthcare, security, and environmental sensing applications. There
have also been a number of demonstrations of non-linear wave-
length conversion devices for third harmonic generation234 and
supercontinuum generation173,175,235 using Si1−xGex materials, and
this area has enormous potential for future research to achieve
broadband sources and detectors for sensors. Second harmonic
generation in the mid-IR is also possible exploiting resonant inter-
subband transitions in Ge/SiGe QWs192 (see Sec. III). Finally, we
note that Ge1−ySny and Si1−x−yGexSny also have the potential to
enable the monolithic integration of LEDs, lasers, and photodetec-
tors for chip-scale mid-infrared sensors at potentially out to 12 μm
wavelength.27

V. CONCLUSIONS
The successful integration of Ge-based devices on the Si plat-

form continues to be a key driver of SP. Putting the devices and
structures discussed in this perspective again into a broader con-
text, these innovations are on the one hand enabled by progress
in material research and nanostructuring and, on the other hand,
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driven by the need to provide cost-effective solutions to an increas-
ingly large range of applications covering wavelengths not only in
the near-infrared but also in the far-infrared range.

From a material research point of view, improvements in SiGe
heteroepitaxy continue to drive research, e.g., on quantum cas-
cade laser structures and the use of non-linear effects but also have
potential applications, e.g., in realizing quantum-well infrared pho-
todetectors on Si. Here, an ongoing refinement in nanoscale control
over interface roughness and defects can be expected lead to fur-
ther improvements in device characteristics. Material engineering
on the nanoscale has, so far, led to the investigation of light emission
from defect-engineered nanostructures but also to the realization of
hexagonal SiGe for light emission. Developing these disruptive con-
cepts further, however, will most likely require significant advances
in material growth that are accompanied by advanced modeling
and simulation strategies. It should be noted here that advances
in SiGe material research are not exclusively related to advances
in SiGe heteroepitaxy as research results in Ge-based semiconduc-
tor plasmonics show, which rely on significant improvements in
doping.

Light–matter interaction cannot only be engineered by growth
but also by lateral nanostructuring. Such nanostructuring is at the
base of a broad range of current research directions encompass-
ing plasmonics as well as optical metasurfaces. SiGe devices based
on or incorporating metallic or dielectric nanoparticles, e.g., for
wavelength and polarization filtering have possible applications in
miniaturized spectrometers or hyperspectral imaging. Here, device
integration of such nanostructures still poses challenges, reliable
contacting being one of them.

From an application point of view, the cost-effective real-
ization of device concepts on the Si platform continues to be
one of the main drivers for SiGe based photonic device research.
On-chip biosensors, for example, have potential applications rang-
ing from point-of-care solutions to environmental analysis. How-
ever, their widespread application is contingent on the availability
of low-cost devices. Research on compact refractive index sen-
sors, for example, has already made important steps toward real-
ization based on industrial technology. For other devices, such
as quantum cascade lasers, single-photon avalanche diodes, and
quantum well infrared photodetectors, for example, commercial
solutions are exclusively based on III–V semiconductors at this
time. Here, the main challenge resides not only in realizing such
device concepts on the SiGe platform but also in demonstrat-
ing device efficiencies that are sufficient for application needs. In
other areas, the properties of group-IV semiconductors, in partic-
ular, Ge, are already advantageous for the desired applications, one
example being low losses in the mid-infrared as a prerequisite for
waveguiding.

The investigation of new materials and their integration on
Si continues to bring forward innovations in SP as demonstrated
by recent successes in realizing Sn-based light sources on Si or in
using ferroelectric oxides for electro-optic modulators. This Per-
spective focuses on selected SP integrated devices that can be realized
based solely on Ge/SiGe/Si heterostructures of different complex-
ity. With this, our intention is to convince the reader that the
SiGe material system will continue to provide a platform for an
increasingly broad range of applications, for which a foundry-based
technological realization, most importantly, is within close reach.
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22C. R. Fitch, I. P. Marko, A. Baltušis, D. Jung, J. C. Norman, J. E. Bowers, and S.
S. Sweeney, IEEE J. Sel. Top. Quantum Electron. 28, 1900210 (2021).
23S. Chen, W. Li, J. Wu, Q. Jiang, M. Tang, S. Shutts, S. N. Elliott, A. Sobiesierski,
A. J. Seeds, I. Ross, P. M. Smowton, and H. Liu, Nat. Photonics 10, 307 (2016).
24F. T. Armand Pilon, A. Lyasota, Y.-M. Niquet, V. Reboud, V. Calvo, N. Pauc,
J. Widiez, C. Bonzon, J. M. Hartmann, A. Chelnokov, J. Faist, and H. Sigg, Nat.
Commun. 10, 2724 (2019).
25Y. Jung, Y. Kim, D. Burt, H.-J. Joo, D.-H. Kang, M. Luo, M. Chen, L. Zhang, C.
S. Tan, and D. Nam, Opt. Express 29, 14174 (2021).
26V. Reboud, D. Buca, H. Sigg, J. M. Hartmann, Z. Ikonic, N. Pauc, V. Calvo, P.
Rodriguez, and A. Chelnokov, “Lasing in group-IV materials,” in Silicon Photonics
IV , Topics in Applied Physics Vol. 139, edited by D. J. Lockwood and L. Pavesi
(Springer, Cham, 2021), p. 105ff.
27O. Moutanabbir, S. Assali, X. Gong, E. O’Reilly, C. A. Broderick, B. Marzban, J.
Witzens, W. Du, S.-Q. Yu, A. Chelnokov, D. Buca, and D. Nam, Appl. Phys. Lett.
118, 110502 (2021).
28G. Luo, T.-H. Yang, E. Y. Chang, C.-Y. Chang, and K.-A. Chao, Jpn. J. Appl.
Phys. 42, L517 (2003).
29S. Famà, L. Colace, G. Masini, G. Assanto, and H.-C. Luan, Appl. Phys. Lett. 81,
586 (2002).
30S. Lischke, A. Peczek, J. S. Morgan, K. Sun, D. Steckler, Y. Yamamoto,
F. Korndörfer, C. Mai, S. Marschmeyer, M. Fraschke, A. Krüger, A. Beling, and
L. Zimmermann, Nat. Photonics 15, 925 (2021).
31I. Aharonovich, D. Englund, and M. Toth, Nat. Photonics 10, 631 (2016).
32W. Redjem, A. Durand, T. Herzig, A. Benali, S. Pezzagna, J. Meijer, A. Yu.
Kuznetsov, H. S. Nguyen, S. Cueff, J.-M. Gérard, I. Robert-Philip, B. Gil, D. Cal-
iste, P. Pochet, M. Abbarchi, V. Jacques, A. Dréau, and G. Cassabois, Nat. Electron.
3, 738 (2020).
33A. Durand, Y. Baron, W. Redjem, T. Herzig, A. Benali, S. Pezzagna, J. Meijer,
A. Yu. Kuznetsov, J.-M. Gérard, I. Robert-Philip, M. Abbarchi, V. Jacques, G.
Cassabois, and A. Dréau, Phys. Rev. Lett. 126, 083602 (2021).
34L. Bergeron, C. Chartrand, A. T. K. Kurkjian, K. J. Morse, H. Riemann, N.
V. Abrosimov, P. Becker, H.-J. Pohl, M. L. W. Thewalt, and S. Simmons, PRX
Quantum 1, 020301 (2020).
35M. Grydlik, F. Hackl, H. Groiss, M. Glaser, A. Halilovic, T. Fromherz, W.
Jantsch, F. Schäffler, and M. Brehm, ACS Photonics 3, 298 (2016).
36M. Grydlik, M. T. Lusk, F. Hackl, A. Polimeni, T. Fromherz, W. Jantsch, F.
Schäffler, and M. Brehm, Nano Lett. 16, 6802 (2016).
37L. Spindlberger, J. Aberl, A. Polimeni, J. Schuster, J. Hörschläger, T. Truglas, H.
Groiss, F. Schäffler, T. Fromherz, and M. Brehm, Crystals 10, 351 (2020).
38L. Spindlberger, S. Prucnal, J. Aberl, and M. Brehm, Phys. Status Solidi A 216,
1900307 (2019).
39P. E. Blöchl, E. Smargiassi, R. Car, D. B. Laks, W. Andreoni, and S. T. Pantelides,
Phys. Rev. Lett. 70, 2435 (1993).
40M. Brehm and M. Grydlik, Nanotechnology 28, 392001 (2017).
41P. Rauter, L. Spindlberger, F. Schäffler, T. Fromherz, J. Freund, and M. Brehm,
ACS Photonics 5, 431 (2018).
42H. Groiss, L. Spindlberger, P. Oberhumer, F. Schäffler, T. Fromherz, M. Grydlik,
and M. Brehm, Semicond. Sci. Technol. 32, 02LT01 (2017).
43L. Tsybeskov and D. J. Lockwood, Proc. IEEE 97, 1284 (2009).
44E. Palange, G. Capellini, L. Di Gaspare, and F. Evangelisti, Appl. Phys. Lett. 68,
2982 (1996).
45A. J. R. da Silva, A. Janotti, A. Fazzio, R. J. Baierle, and R.Mota, Phys. Rev. B 62,
9903 (2000).
46M. Dionízio Moreira, R. H. Miwa, and P. Venezuela, Phys. Rev. B 70, 115215
(2004).
47F. Murphy-Armando, M. Brehm, P. Steindl, M. T. Lusk, T. Fromherz, K.
Schwarz, and P. Blaha, Phys. Rev. B 103, 085310 (2021).

48G. Niu, G. Capellini, M. A. Schubert, T. Niermann, P. Zaumseil, J. Katzer, H.-M.
Krause, O. Skibitzki, M. Lehmann, Y.-H. Xie, H. Von Känel, and T. Schroeder, Sci.
Rep. 6, 22709 (2016).
49J. R. Sánchez-Pérez, C. Boztug, F. Chen, F. F. Sudradjat, D. M. Paskiewicz, R. B.
Jacobson, M. G. Lagally, and R. Paiella, Proc. Natl. Acad. Sci. U. S. A. 108, 18893
(2011).
50R. Trotta, J. Martín-Sánchez, I. Daruka, C. Ortix, and A. Rastelli, Phys. Rev. Lett.
114, 150502 (2015).
51S. A. Scott and M. G. Lagally, J. Phys. D: Appl. Phys. 40, R75 (2007).
52V. A. Zinovyev, A. F. Zinovieva, Zh. V. Smagina, A. V. Dvurechenskii, V. I.
Vdovin, A. K. Gutakovskii, L. I. Fedina, O. M. Borodavchenko, V. D. Zhivulko,
and A. V. Mudryi, J. Appl. Phys. 130, 153101 (2021).
53L. Spindlberger, M. Kim, J. Aberl, T. Fromherz, F. Schäffler, F. Fournel, J.-M.
Hartmann, B. Hallam, and M. Brehm, Appl. Phys. Lett. 118, 083104 (2021).
54E. M. T. Fadaly et al., Nature 580, 205 (2020).
55E. M. T. Fadaly, A. Marzegalli, Y. Ren, L. Sun, A. Dijkstra, D. de Matteis, E.
Scalise, A. Sarikov, M. De Luca, R. Rurali, I. Zardo, J. E. M. Haverkort, S. Botti, L.
Miglio, E. P. A. M. Bakkers, and M. A. Verheijen, Nano Lett. 21, 3619 (2021).
56H. I. T. Hauge et al., Nano Lett. 15, 5855 (2015).
57X. Cartoixà, M. Palummo, H. I. T. Hauge, E. P. A. M. Bakkers, and R. Rurali,
Nano Lett. 17, 4753 (2017).
58H. I. T. Hauge, S. Conesa-Boj, M. A. Verheijen, S. Koelling, and E. P. A. M.
Bakkers, Nano Lett. 17, 85 (2017).
59N. Jiang et al., Appl. Phys. Lett. 101, 023111 (2012).
60M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo,
and P. Yang, Science 292, 1897 (2001).
61H. Kim, W. J. Lee, T. Y. Chang, and D. L. Huffaker, Phys. Status Solidi RRL 13,
1800489 (2019).
62D. Busse et al., Proc. SPIE 11301, 113010K (2020).
63B. Mandl, J. Stangl, T. Mårtensson, A. Mikkelsen, J. Eriksson, L. S. Karlsson, G.
Bauer, L. Samuelson, and W. Seifert, Nano Lett. 6, 1817 (2006).
64D. Spirkoska, J. Arbiol, A. Gustafsson, S. Conesa-Boj, F. Glas, I. Zardo, M.
Heigoldt, M. H. Gass, A. L. Bleloch, S. Estrade, M. Kaniber, J. Rossler, F. Peiro,
J. R. Morante, G. Abstreiter, L. Samuelson, and A. Fontcuberta i Morral, Phys.
Rev. B 80, 245325 (2009).
65Q. Gao, D. Saxena, F. Wang, L. Fu, S. Mokkapati, Y.Guo, L. Li, J. Wong-Leung,
P. Caroff, H. H. Tan, and C. Jagadish, Nano Lett. 14, 5206 (2014).
66J. Bissinger, D. Ruhstorfer, T. Stettner, G. Koblmüller, and J. J. Finley, J. Appl.
Phys. 125, 243102 (2019).
67Y. Qiu, H. Bender, O. Richard, M.-S. Kim, E. Van Besien, I. Vos, M. de Potter
de ten Broeck, D. Mocuta, and W. Vandervorst, Sci. Rep. 5, 12692 (2015).
68G. Dushaq, A. Nayfeh, and M. Rasras, Sci. Rep. 9, 1593 (2019).
69J. S. Williams, B. Haber, S. Deshmukh, B. C. Johnson, B. D. Malone, M. L.
Cohen, and J. E. Bradby, Phys. Status Solidi RRL 7, 355 (2013).
70M. Borg, H. Schmid, K. E. Moselund, G. Signorello, L. Gignac, J. Bruley, C.
Breslin, P. Das Kanungo, P. Werner, and H. Riel, Nano Lett. 14, 1914 (2014).
71P. Staudinger, K. E. Moselund, and H. Schmid, Nano Lett. 20, 686 (2020).
72Y. Yu and L. Cao, Opt. Express 20, 13847 (2012).
73L. Cao, J. S. White, J.-S. Park, J. A. Schuller, B. M. Clemens, and M. L.
Brongersma, Nat. Mater. 8, 643 (2009).
74S. Q. Li, A. Solanki, J. Frigerio, D. Chrastina, G. Isella, C. Zheng, A. Ahnood, K.
Ganesan, and K. B. Crozier, ACS Photonics 6, 735 (2019).
75K. Nozaki, S. Matsuo, T. Fujii, K. Takeda, M. Ono, A. Shakoor, E. Kuramochi,
and M. Notomi, Optica 3, 483 (2016).
76M. L. Brongersma, L. Y. Cao, J. S. Park, P. Y. Fan, and B. Clemens, Nano Lett.
10, 1229 (2010).
77K. T. Fountaine, W. S. Whitney, and H. A. Atwater, J. Appl. Phys. 116, 153106
(2014).
78A. L. Falk, F. H. L. Koppens, C. L. Yu, K. Kang, N. de Leon Snapp, A. V. Akimov,
M.-H. Jo, M. D. Lukin, and H. Park, Nat. Phys. 5, 475 (2009).
79L. Wang, Y. Zhang, B. Wang, Y. Wei, B. Zhang, L. Meng, T. Liu, B. Wang, B.
Han, Z. Jiang, and H. Hu, APL Photonics 5, 096104 (2020).
80S. Pillai, K. R. Catchpole, T. Trupke, and M. A. Green, J. Appl. Phys. 101, 093105
(2007).

APL Photon. 7, 050901 (2022); doi: 10.1063/5.0078608 7, 050901-17

© Author(s) 2022

https://scitation.org/journal/app
https://doi.org/10.1038/s41566-020-0601-5
https://doi.org/10.1038/s41566-020-0601-5
https://doi.org/10.1364/optica.395687
https://doi.org/10.1109/JSTQE.2021.3101293
https://doi.org/10.1038/nphoton.2016.21
https://doi.org/10.1038/s41467-019-10655-6
https://doi.org/10.1038/s41467-019-10655-6
https://doi.org/10.1364/oe.417330
https://doi.org/10.1063/5.0043511
https://doi.org/10.1143/jjap.42.l517
https://doi.org/10.1143/jjap.42.l517
https://doi.org/10.1063/1.1496492
https://doi.org/10.1038/s41566-021-00893-w
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1038/s41928-020-00499-0
https://doi.org/10.1103/physrevlett.126.083602
https://doi.org/10.1103/prxquantum.1.020301
https://doi.org/10.1103/prxquantum.1.020301
https://doi.org/10.1021/acsphotonics.5b00671
https://doi.org/10.1021/acs.nanolett.6b02494
https://doi.org/10.3390/cryst10050351
https://doi.org/10.1002/pssa.201900307
https://doi.org/10.1103/PhysRevLett.70.2435
https://doi.org/10.1088/1361-6528/aa8143
https://doi.org/10.1021/acsphotonics.7b00888
https://doi.org/10.1088/1361-6641/aa5697
https://doi.org/10.1109/jproc.2009.2020711
https://doi.org/10.1063/1.116669
https://doi.org/10.1103/physrevb.62.9903
https://doi.org/10.1103/physrevb.70.115215
https://doi.org/10.1103/physrevb.103.085310
https://doi.org/10.1038/srep22709
https://doi.org/10.1038/srep22709
https://doi.org/10.1073/pnas.1107968108
https://doi.org/10.1103/physrevlett.114.150502
https://doi.org/10.1088/0022-3727/40/4/r01
https://doi.org/10.1063/5.0063592
https://doi.org/10.1063/5.0036039
https://doi.org/10.1038/s41586-020-2150-y
https://doi.org/10.1021/acs.nanolett.1c00683
https://doi.org/10.1021/acs.nanolett.5b01939
https://doi.org/10.1021/acs.nanolett.7b01441
https://doi.org/10.1021/acs.nanolett.6b03488
https://doi.org/10.1063/1.4735002
https://doi.org/10.1126/science.1060367
https://doi.org/10.1002/pssr.201800489
https://doi.org/10.1117/12.2544968
https://doi.org/10.1021/nl060452v
https://doi.org/10.1103/physrevb.80.245325
https://doi.org/10.1103/physrevb.80.245325
https://doi.org/10.1021/nl5021409
https://doi.org/10.1063/1.5097405
https://doi.org/10.1063/1.5097405
https://doi.org/10.1038/srep12692
https://doi.org/10.1038/s41598-018-38440-3
https://doi.org/10.1002/pssr.201307079
https://doi.org/10.1021/nl404743j
https://doi.org/10.1021/acs.nanolett.9b04507
https://doi.org/10.1364/oe.20.013847
https://doi.org/10.1038/nmat2477
https://doi.org/10.1021/acsphotonics.8b01646
https://doi.org/10.1364/optica.3.000483
https://doi.org/10.1021/nl9037278
https://doi.org/10.1063/1.4898758
https://doi.org/10.1038/nphys1284
https://doi.org/10.1063/5.0021187
https://doi.org/10.1063/1.2734885


APL Photonics PERSPECTIVE scitation.org/journal/app

81K. R. Catchpole and A. Polman, Appl. Phys. Lett. 93, 191113 (2008).
82T. F. Villesen, C. Uhrenfeldt, B. Johansen, J. L. Hansen, H. U. Ulriksen, and A.
N. Larsen, Nanotechnology 23, 085202 (2012).
83I. A. Fischer, L. Augel, T. Kropp, S. Jitpakdeebodin, N. Franz, F. Oliveira, E.
Rolseth, T. Maß, T. Taubner, and J. Schulze, Appl. Phys. Lett. 108, 071108 (2016).
84L. Augel, I. A. Fischer, M. Gollhofer, M. Oehme, and J. Schulze, J. Appl. Phys.
128, 013105 (2020).
85E. Panchenko, J. J. Cadusch, T. D. James, and A. Roberts, ACS Photonics 3, 1833
(2016).
86L. Tang, S. E. Kocabas, S. Latif, A. K. Okyay, D.-S. Ly-Gagnon, K. C. Saraswat,
and D. A. B. Miller, Nat. Photonics 2, 226 (2008).
87L. Tang, D. A. Miller, A. K. Okyay, J. A. Matteo, Y. Yuen, K. C. Saraswat, and L.
Hesselink, Opt. Lett. 31, 1519 (2006).
88D. Neshev and I. Aharonovich, Light: Sci. Appl. 7, 58 (2018).
89I. Staude and J. Schilling, Nat. Photonics 11, 274 (2017).
90Y. Gao, H. Cansizoglu, K. G. Polat, S. Ghandiparsi, A. Kaya, H. H. Mamtaz, A.
S. Mayet, Y. Wang, X. Zhang, T. Yamada, E. P. Devine, A. F. Elrefaie, S.-Y. Wang,
and M. S. Islam, Nat. Photonics 11, 301 (2017).
91J. Song, S. Yuan, C. Cui, Y. Wang, Z. Li, A. X. Wang, C. Zeng, and J. Xia,
Nanophotonics 10, 1081 (2021).
92J. Tian, H. Luo, Q. Li, X. Pei, K. Du, and M. Qiu, Laser Photonics Rev. 12,
1800076 (2018).
93R. Masoudian Saadabad, C. Pauly, N. Herschbach, D. N. Neshev, H. T. Hattori,
and A. E. Miroshnichenko, Nanomaterials 11(2), 428 (2021).
94Z. Yang, T. Albrow-Owen, W. Cai, and T. Hasan, Science 371, eabe0722 (2021).
95G. Niu, G. Capellini, G. Lupina, T. Niermann, M. Salvalaglio, A. Marzegalli, M.
A. Schubert, P. Zaumseil, H.-M. Krause, O. Skibitzki, M. Lehmann, F. Montalenti,
Y.-H. Xie, and T. Schroeder, ACS Appl. Mater. Interfaces 8, 2017 (2016).
96J. Yin, L. Liu, Y. Zang, A. Ying, W. Hui, S. Jiang, C. Zhang, T. Yang, Y.-L. Chueh,
J. Li, and J. Kang, Light: Sci. Appl. 10, 113 (2021).
97V. Schlykow, C. L. Manganelli, F. Römer, C. Clausen, L. Augel, J. Schulze, J.
Katzer, M. A. Schubert, B. Witzigmann, T. Schroeder, G. Capellini, and I. A.
Fischer, Nanotechnology 31, 345203 (2020).
98L. Augel, J. Schlipf, S. Bullert, S. Bürzele, J. Schulze, and I. A. Fischer, Sci. Rep.
11, 5723 (2021).
99R. H. Hadfield, Nat. Photonics 3, 696 (2009).
100C. Bruschini, H. Homulle, I. M. Antolovic, S. Burri, and E. Charbon, Light: Sci.
Appl. 8, 87 (2019).
101D. Bronzi, S. Tisa, F. Villa, S. Bellisai, A. Tosi, and F. Zappa, IEEE Photonics
Technol. Lett. 25, 776 (2013).
102J. Zhang, M. A. Itzler, H. Zbinden, and J.-W. Pan, Light: Sci. Appl. 4, e286
(2015).
103T. Rudolph, APL Photonics 2, 030901 (2017).
104A. M. Pawlikowska, A. Halimi, R. A. Lamb, and G. S. Buller, Opt. Express 25,
11919 (2017).
105R. Tobin, A. Halimi, A. McCarthy, M. Laurenzis, F. Christnacher, and G. S.
Buller, Opt. Express 27, 4590 (2019).
106K. Kuzmenko, P. Vines, A. Halimi, R. J. Collins, A. Maccarone, A. McCarthy,
Z. M. Greener, J. Kirdoda, D. C. S. Dumas, L. F. Llin, M. M. Mirza, R. W. Millar,
D. J. Paul, and G. S. Buller, Opt. Express 28, 1330 (2020).
107D. C. S. Dumas, J. Kirdoda, R. W. Millar, P. Vines, K. Kuzmenko, G. S. Buller,
and D. J. Paul, Proc. SPIE 10914, 1091424 (2019).
108Z. Lu, Y. Kang, C. Hu, Q. Zhou, H.-D. Liu, and J. C. Campbell, IEEE J.
Quantum Electron. 47, 731 (2011).
109R. E. Warburton, G. Intermite, M. Myronov, P. Allred, D. R. Leadley, K.
Gallacher, D. J. Paul, N. J. Pilgrim, L. J. M. Lever, Z. Ikonic, R. W. Kelsall, E.
Huante-Ceron, A. P. Knights, and G. S. Buller, IEEE Trans. Electron Devices 60,
3807 (2013).
110P. Vines, K. Kuzmenko, J. Kirdoda, D. C. S. Dumas, M. M. Mirza, R. W. Millar,
D. J. Paul, and G. S. Buller, Nat. Commun. 10, 1086 (2019).
111A. Tosi, A. D. Mora, F. Zappa, and S. Cova, Proc. SPIE 6771, 67710P (2007).
112N. J. D. Martinez, M. Gehl, C. T. Derose, A. L. Starbuck, A. T. Pomerene, A. L.
Lentine, D. C. Trotter, and P. S. Davids, Opt. Express 25, 016130 (2017).

113L. F. Llin, J. Kirdoda, F. Thorburn, L. L. Huddleston, Z. M. Greener, K. Kuz-
menko, P. Vines, D. C. S. Dumas, R. W. Millar, G. S. Buller, and D. J. Paul, Opt.
Lett. 45, 6406 (2020).
114Z. Yan, D. R. Hamel, A. K. Heinrichs, X. Jiang, M. A. Itzler, and T. Jennewein,
Rev. Sci. Instrum. 83, 073105 (2012).
115S. Pellegrini, R. E. Warburton, L. J. J. Tan, J. S. Ng, A. B. Krysa, K. Groom, J.
P. R. David, S. Cova, M. J. Robertson, and G. S. Buller, IEEE J. Quantum Electron.
42, 397 (2006).
116D. J. Paul, Phys. Rev. B 77, 155323 (2008).
117F. E. Thorburn, L. L. Huddleston, J. Kirdoda, R. W. Millar, L. Ferre-Llin, X. Yi,
D. J. Paul, and G. S. Buller, Proc. SPIE 11386, 113860N (2020).
118F. Pezzoli, A. Giorgioni, K. Gallacher, F. Isa, P. Biagioni, R. W. Millar, E. Gatti,
E. Grilli, E. Bonera, G. Isella, D. J. Paul, and L. Miglio, Appl. Phys. Lett. 108, 262103
(2016).
119C. L. Manganelli, M. Virgilio, O. Skibitzki, M. Salvalaglio, D. Spirito, P. Zaum-
seil, Y. Yamamoto, M. Montanari, W. M. Klesse, and G. Capellini, J. Raman
Spectrosc. 51, 989 (2020).
120J. Kirdoda, D. C. S. Dumas, K. Kuzmenko, P. Vines, Z. M. Greener, R. W. Mil-
lar, M. M. Mirza, G. S. Buller, and D. J. Paul, in 2019 IEEE 16th International
Conference on Group IV Photonics (GFP) (IEEE, 2019), pp. 1–2.
121G. Capellini, C. Reich, S. Guha, Y. Yamamoto, M. Lisker, M. Virgilio, A. Ghrib,
M. El Kurdi, P. Boucaud, B. Tillack, and T. Schroeder, Opt. Express 22, 399 (2014).
122C. V. Falub, H. von Känel, F. Isa, R. Bergamaschini, A. Marzegalli, D.
Chrastina, G. Isella, E. Müller, P. Niedermann, and L. Miglio, Science 335, 1330
(2012).
123J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y. Cho,
Science 264, 553 (1994).
124L. Bosco, M. Franckié, G. Scalari, M. Beck, A.Wacker, and J. Faist, Appl. Phys.
Lett. 115, 010601 (2019).
125A. Khalatpour, A. K. Paulsen, C. Deimert, Z. R. Wasilewski, and Q. Hu, Nat.
Photonics 15, 16 (2020).
126P. H. Siegel, IEEE Trans. Microwave Theory 52, 2438 (2004).
127A. G. Davies, A. D. Burnett, W. Fan, E. H. Linfield, and J. E. Cunningham,
Mater. Today 11, 18 (2008).
128S. S. Dhillon, C. Sirtori, J. Alton, S. Barbieri, A. de Rossi, H. E. Beere, and D. A.
Ritchie, Nat. Photonics 1, 411 (2007).
129D. J. Paul, Laser Photonics Rev. 4, 610–632 (2010).
130G. Scalari, C. Walther, M. Fischer, R. Terazzi, H. Beere, D. Ritchie, and J. Faist,
Laser Photonics Rev. 3, 45 (2009).
131R. Köhler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G. Davies,
D. A. Ritchie, R. C. Iotti, and F. Rossi, Nature 417, 156 (2002).
132G. Dehlinger, L. Diehl, U. Gennser, H. Sigg, J. Faist, K. Ensslin, D.
Grützmacher, and E. Müller, Science 290, 2277 (2000).
133S. A. Lynch, R. Bates, D. J. Paul, D. J. Norris, A. G. Cullis, Z. Ikonic, R. W.
Kelsall, P. Harrison, D. D. Arnone, and C. R. Pidgeon, Appl. Phys. Lett. 81, 1543
(2002).
134A. Valavanis, T. V. Dinh, L. J. M. Lever, Z. Ikonić, and R. W. Kelsall, Phys. Rev.
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