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Abstract: The emergence of silicon photonics over the 

past two decades has established silicon as a preferred 

substrate platform for photonic integration. While most 

silicon-based photonic components have so far been real-

ized in the near-infrared (near-IR) telecommunication 

bands, the mid-infrared (mid-IR, 2–20-µm wavelength) 

band presents a significant growth opportunity for inte-

grated photonics. In this review, we offer our perspective 

on the burgeoning field of mid-IR integrated photonics on 

silicon. A comprehensive survey on the state-of-the-art of 

key photonic devices such as waveguides, light sources, 

modulators, and detectors is presented. Furthermore, 

on-chip spectroscopic chemical sensing is quantitatively 

analyzed as an example of mid-IR photonic system inte-

gration based on these basic building blocks, and the con-

stituent component choices are discussed and contrasted 

in the context of system performance and integration 

technologies.

Keywords: mid-IR; integrated photonics; silicon photon-

ics; spectrometer; optical sensor.

1   Introduction

Mid-IR (2–20-µm wavelength range) is a technologically 

important wave band [1–3] that (a) encompasses multiple 

atmospheric windows (e.g. 3–5 µm and 8–14 µm) essential 

for thermal imaging, infrared homing, and countermeas-

ures and (b) covers the primary absorption bands of most 

chemical and biological molecules as well as the finger-

print region (7–20 µm), both of which are of prime inter-

est to spectroscopic sensing. However, in contrast to their 

visible or near-IR counterparts, which carry much more 

energy per photon, mid-IR optical systems often suffer 

from inferior performance because they are far more sus-

ceptible to thermal fluctuations, often requiring cryogenic 

cooling. Mid-IR systems also generally use unconventional 

materials with less mature processing protocols, making 

production costs significantly higher. For instance, mid-IR 

optical components are made from germanium, diamond-

turned silicon, chalcogenides, or halide crystals instead of 

standard optical materials such as oxide glasses and poly-

mers, both of which become opaque in the mid-IR. Growth 

of narrow-band gap crystalline semiconductors for mid-IR 

optoelectronics requires exotic substrates such as off-cut 

Si, InSb, or CdZnTe.

Planar photonic devices obtained by integration onto 

a silicon platform offer a viable alternative for manufac-

turing low-cost and high-performance optoelectronics 

in high volumes. Leveraging standard semiconductor 

microfabrication technologies can dramatically decrease 

cost by taking advantage of the economies of scale. Inte-

grated photonic devices are also capable of providing sub-

wavelength-scale optical confinement to drastically boost 

light-matter interactions and signal-to-noise ratio (SNR). 

Moreover, integrated photonics affords unparalleled 

advantages in terms of size, weight, and power (SWaP) as 

well as robustness in comparison with systems assembled 

from discrete elements. In recent years, the capacity of pho-

tonic integration to reduce cost and improve performance 

has been validated in the field of optical communications, 

where integrated photonics solutions are now leading 
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high-bandwidth datacom transceiver products (e.g. Intel’s 

100G CWDM4 QSFP28). Expanding the operational wave-

length of integrated photonic devices and systems to the 

mid-IR can revolutionize mid-IR optics and represents a 

prime growth opportunity for integrated photonics.

In this article, we present our perspective on the 

growing field of mid-IR integrated photonics. We choose 

to focus on photonic integration on silicon, the workhorse 

of microelectronics and silicon photonics for obvious 

reasons: silicon as a substrate features the unmatched 

combination of large size, superior mechanical rugged-

ness, remarkable chemical and thermal stability, low cost, 

as well as access to well-established fabrication infra-

structure. Silicon also exhibits a high refractive index and 

a moderately broad transparency window in the mid-IR, 

up to around 7-µm wavelength, and is thus useful as a 

passive mid-IR optical material. However, unlike near-IR 

silicon photonics for telecom, which relies on standard sil-

icon-based materials (Si, SiO
2
, SiN, and Group IV alloys), 

a mid-IR integrated photonic system requires additional 

unconventional materials that are “hybrid-integrated” 

onto silicon. We note that the trend of new material incor-

poration is no stranger to the microelectronics industry, 

which initially used only a handful of elements in the 

1980s but now has assimilated more than half the Men-

deleev periodic table into their manufacturing process 

to keep pace with the scaling law. There is no reason to 

believe that microphotonics will be any different. This 

article seeks to provide a comprehensive review on state-

of-the-art mid-IR devices integrated on silicon leveraging 

both monolithic and hybrid technologies, thereby includ-

ing relevant material technologies beyond Si.

The review is sectioned by the device type and func-

tion, including the advantages and limitations of different 

device implementations. An on-chip spectroscopic sensor 

is then used as a model example to illustrate a mid-IR inte-

grated sensor system design, which is optimized based on 

basic device building blocks. The design further yields 

quantitative insights into the chemical detection perfor-

mance of such sensor-on-a-chip systems.

2   Waveguides and passive devices

Passive components made of optically transparent materi-

als constitute the backbone in light-transmitting networks 

of a photonic circuit. In the mid-IR, opacity begins at the 

wavelength of onset of phonon absorption in materials. 

Consequently, extending the transparency window of 

a material in the mid-IR involves substitution of lighter 

elements with heavier ones to lower its characteristic 

phonon frequency. This trend is evident from Figure 1, 

where we compare the transparency windows (defined as 

spectral regions where absorption is less than 1 dB/cm) of 

various optical materials. For example, Ge is a promising 

mid-IR waveguiding material with its high refractive index 

(n = 4.0) and IR transparency up to 14.6 µm, far exceeding 

that of Si (6.8 µm) [4]. Similarly, while oxides generally 

cannot transmit light beyond 5-µm wavelength, replacing 

oxygen with heavier chalcogens considerably extends the 

transmission window.

Data in Figure 1 allow photonic designers to make 

rational choices of passive material platforms across 

different parts of the mid-IR regime. For wavelengths 

shorter than 3.5 µm, standard silicon-on-insulator (SOI) 

or silicon nitride (SiN
x
) on SiO

2
 can be used because the 

silicon dioxide cladding remains optically transparent in 

this regime [5, 6]. At longer wavelengths, strong optical 

absorption in silicon dioxide compromises the optical 

performance of single-mode SOI wire waveguides [7]. 

Despite the onset of optical absorption in SiO
2
, it is worth 

noting that low loss propagation can still be maintained 

in multi-mode or large-core ridge SOI waveguides at wave-

lengths above 3.5 µm, where strong modal confinement 

in the Si core leads to negligible absorption contribution 

from the cladding [8]. This is evident from Figure 2, which 

plots the simulated absorption losses in SOI waveguides 

with and without oxide top cladding and of two differ-

ent core dimensions [9]. Modeling results show that SOI 

Figure 1: The mid-IR spectral regime: the bars represent optical 
transparency windows (where material attenuation is <1 dB/cm) of 
various materials, the top panel depicts the spectral locations of 
the primary absorption bands of different chemical bonds, and the 
background shows the infrared atmospheric transmission spectrum.
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waveguides with a large Si core and no oxide top clad-

ding can effectively mitigate such parasitic optical losses. 

A remarkable intrinsic Q-factor exceeding one million 

was attained at 3.8-µm wavelength in SOI micro-ring res-

onators following this design, although the multi-mode 

nature of the waveguide and the small evanescent field 

can limit its application in fields such as sensing.

To circumvent the limitation, several non-SOI plat-

forms have also been explored. One strategy involves 

replacing the lossy silicon oxide cladding with other mate-

rials exemplified by silicon-on-nitride (Figure 3A–B) [10] 

and germanium-on-nitride [17] or with air cladding in 

pedestal [11, 18, 19] or suspended silicon structures [12–14, 

20–23] (Figure 3C–H). Another option is Ge-on-Si (or SiGe-

on-Si), which claims the advantage of compatibility with 

Si CMOS processing, as high-quality Ge can be epitaxially 

grown on Si (Figure 3I–J) [15, 17, 24–28]. Furthermore, the 

high index of Ge means that the Si substrate can func-

tion as the bottom cladding. In all these cases, the acces-

sible wavelength is bound by the Si material absorption at 

approximately 7–8 µm. For photonic devices operating at 

even longer wavelengths, alternative materials other than 

10–4

2000 2500 3000 3500 4000

Wavelength (nm)

A
b
s
o
rp

ti
o
n
 l
o
s
s
 (

d
B

/c
m

)

SiO2 absorption

500 nm × 1400 nm, Oxide-clad

500 nm × 1400 nm, Air-clad

2300 nm × 4000 nm, Air-clad

4500 5000 5500 6000

10–3

10–2

10–1

100

101

102

103

 Figure 2: Calculated losses due to silicon dioxide absorption for differ-
ent SOI waveguide layouts [9] (© 2017 Optical Society of America).
The core sizes (height × width) and top cladding configuration are 
labeled, and the corresponding mode profiles are shown in the insets. 
Silicon dioxide absorption spectrum is also plotted for comparison.

Figure 3: Examples of passive mid-IR photonic platforms. 
(A, B) silicon-on-nitride [10] (© 2013 AIP Publishing LLC): (A) schematic fabrication process flow and (B) SEM tilted view of silicon-on-nitride 
mid-IR waveguides. (C–H) Pedestal or suspended Si devices: (C) SEM image of a pedestal mid-IR silicon waveguide. Reprinted with permis-
sion from [11], (D, E) schematic view and top-view SEM image of suspended Si mid-IR micro-ring resonators [12] (© 2013 Optical Society of 
America), the waveguides assume a ridge geometry and an undercut etch removes the silicon dioxide cladding through access holes on the 
slab layer, (F, G) SEM micrographs of a suspended mid-IR Si photonic crystal cavity [13] (© 2011 Optical Society of America), (H) suspended 
mid-IR Si waveguides with sub-wavelength grating (SWG) claddings [14] (© 2016 Optical Society of America); here the SWG provides both 
lateral optical confinement as well as access to the oxide under cladding during wet etch structure release; the arrows indicate light  
propagation direction in the suspended core. (I, J) Ge-on-Si [15] (© 2015 IEEE): (I) a mid-IR Ge-on-Si ridge waveguide; (J) TEM cross-sectional 
image of the Ge-on-Si film showing that the dislocations are confined at the Si/Ge interface. (K, L) Chalcogenide glass-on-silicon [16]  
(© 2013 Optical Society of America): (K) top-view optical micrograph of a ChG micro-disk resonator, (L) cross-sectional structure and simu-
lated whispering gallery mode profile in the micro-disk at 5.2-µm wavelength; the high-index As

2
Se

3
 glass forms the core layer surrounded 

by low-index Ge
23

Sb
7
S

70
 glass cladding.
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Si are mandated. The recently demonstrated suspended 

Ge membrane devices hold the potential to fully utilize the 

broad transparency band of Ge, although optical functions 

of these devices at >3-µm wavelength are yet to be realized 

[29, 30]. Infrared-transparent chalcogenides and halides, 

on the other hand, can be monolithically deposited on Si or 

dielectric substrates via thermal evaporation or sputtering, 

with waveguides defined by using two compositions of dif-

ferent indices as core and cladding layers (Figure 3K–L) [16, 

31–38]. Compared to Si or Ge, the drawback of this approach 

is that chalcogenides and halides are generally not consid-

ered compatible with CMOS foundry processes. However, 

the recent report of chalcogenide device integration with 

silicon waveguides indicates that such a hybrid configu-

ration can enable seamless integration of unconventional 

materials with the standard silicon photonics platform [39].

Table 1 shows the available passive platforms for 

mid-IR integrated photonics on Si, including the best 

reported results on low loss performance obtained in 

each category. Although silicon-on-sapphire (SOS) [44–51] 

is not formed on a Si substrate, it is widely adopted for 

mid-IR photonics and is also included for comparison.

Besides simple optical waveguides, a wide array of other 

on-chip passive devices has already been demonstrated 

across the mid-IR band. Over the past few years, significant 

progress has been made in the fabrication process optimiza-

tion of passive mid-IR photonic devices such that now their 

performance is comparable with their mature counterparts 

at telecom bands. Table 2 summarizes the current state-of-

the-art for various passive components integrated on Si. 

Steady performance improvement is anticipated as silicon 

photonic manufacturing technologies continue to evolve.

3   Light sources and amplifiers

Light source integration on Si has always been a grand 

challenge for silicon photonics due to the indirect band gap 

of Si. In the mid-IR, the challenge is equally formidable; 

nevertheless, several potential routes have emerged. They 

include (1) heterogeneous integration of cascade lasers and 

diode lasers, (2) nonlinear frequency generation or conver-

sion, and (3) heteroepitaxy of narrow gap semiconductors 

on Si. All three approaches have been experimentally vali-

dated and are capable of generating spatially coherent (sin-

gle-mode) emission with high spectral brightness (defined 

as the emitted power per unit optical bandwidth).

3.1   Heterogeneous integration of cascade 
lasers and diode lasers

Quantum cascade lasers (QCLs) and interband cascade 

lasers (ICLs) have made substantial technological strides 

Table 1: Passive waveguide platforms for the mid-IR.

Core material Waveguide system Cut-off 

wavelength (µm)a

Propagation loss in dB/cm 

(measurement wavelength)

Silicon Silicon-on-insulator [5, 8, 40–43] 4.3 0.2 (3.8 µm) [9]
Silicon-on-insulator (multi-mode) [9] 6.7
Silicon-on-porous silicon [5] 6.7 3.9 (3.39 µm) [5]
Silicon-on-sapphire [44–51] 5.2 0.7 (4.5 µm) [48]
Silicon-on-nitride [10] 5.5 5.2 (3.39 µm) [10]
Suspended silicon [12–14, 20–23] 6.7 0.8 (3.8 µm) [14]
Silicon pedestal [11, 18, 19] 6.7 2.7 (3.7 µm) [18]

Germanium SiGe-on-silicon [52–56] 6.7 1.5 (4.6 µm) [56]
Ge-on-silicon [15, 17, 24–28] 8.7 0.6 (3.8 µm) [27]
Ge-on-SiO

2
 [57] 4.3 1.4 (1.95 µm) [57]

Ge-on-nitride [17] 5.5 3.4 (3.8 µm) [17]
Silicon nitride Silicon nitride on SiO

2
 [6, 58–60] 4.3 0.16 (2.6 µm) [60]

Chalcogenides Chalcogenide glass on SiO
2
 [31, 61, 62] 4.3 0.75 (3.6 µm) [31]

Chalcogenide-on-silicon [16, 31–37] 19.2 [31] 0.3 (5 µm) [33]
Other materials AlN-on-insulator [63] 2.8 0.8 (2.5 µm) [63]

Diamond-on-insulator [64, 65] 2.9 2.9 (3.37 µm) [65]
Halide on SiO

2
 [38] 4.3 20 (10.6 µm) [38]

aThe operational wavelength range of each waveguide system (except multi-mode SOI) is defined as the spectral regime where the total 
material absorption is <1 dB/cm, assuming that the confinement factor in the core is 110% and in the cladding 20%, close to the single-
mode cut-off condition. Here the greater-than-unity confinement factor in the core manifests the slow light effect (see, for example, Robin-
son et al. [66]).
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since their invention in the 1990s [70, 71]. Compared to tra-

ditional semiconductor laser diodes, QCLs and ICLs offer 

much wider wavelength coverage in the mid-IR. Cascade 

lasers operating in the continuous wave (CW) mode at 

room temperature cover almost the entire mid-IR spec-

trum (3–20 µm) and are now available as commercial off-

the-shelf (COTS) components.

Heterogeneous integration of QCLs with Si pho-

tonics was first demonstrated by Spott et  al. [72] and 

emits at around 4.8-µm wavelength. The substrate was 

a silicon-on-nitride-on-insulator wafer fabricated by 

bonding an SOI wafer to a nitride-on-insulator (SONOI) 

wafer. The III–V quantum cascade gain region was 

grown on an InP substrate and then flip-chip bonded 

onto the SONOI wafer on which passive Si waveguides 

were already defined, followed by substrate removal 

and III–V device mesa patterning on the Si waveguides. 

The resulting laser structure is shown in Figure 4A–C. 

The laser cavity is nominally located between two 

uncoated Si waveguide facets, although the authors 

implied that spurious reflections occurring at the III–V 

taper regions due to misalignment between the Si wave-

guide and the III–V mesa are strong enough to form a 

laser cavity. Figure 4D plots the laser output power and 

voltage versus drive current in two such devices at 20°C. 

The slope efficiency is 0.17 W/A, and the maximum wall 

plug efficiency is 0.35%, both measured from device B in 

Figure 4D. The efficiency figures are considerably lower 

relative to those of state-of-the-art QCL lasers, suggest-

ing significant room for design and processing optimi-

zation. The same group also demonstrated distributed 

feedback (DFB) QCL integration on Si following the 

same integration scheme [73].

At the shorter wavelength end of the mid-IR spectrum 

where room-temperature operation of cascade lasers is 

yet to be realized, classical diode lasers based on type-I or 

type-II semiconductor heterostructures offer an encourag-

ing performance. For example, pulse mode laser emission 

up to 4-µm wavelength at room temperature was recently 

demonstrated utilizing GaSb type-II quantum well struc-

tures [74]. Several instances of heterogeneous integration 

of III–V mid-IR diode lasers and amplifiers with Si wave-

guides have been reported, including InP-based Fabry-

Perot (F-P) and DFB lasers emitting at 2.0 µm [75] and 2.3 µm  

[76, 77], GaSb-based F-P laser operating at 2.38 µm [78], 

and InP-based optical amplifier at 2.0 µm [79]. Figure  5 

depicts the structure of an InP-based multi-quantum-well 

(MQW) F-P laser on Si emitting at 2.3 µm [76], which exem-

plifies a large class of heterogeneously integrated III–V 

lasers. The III–V gain medium is die bonded onto a wafer 

with pre-fabricated Si waveguides and then patterned to 

define the III–V device mesa. The optical mode is trans-

ferred between the III–V gain region and a Si waveguide 

through adiabatic inverted taper couplers [80], and two 

Table 2: Passive mid-IR components on Si and their state-of-the-art performance.

Component   Geometry   Material platform   Wavelength 

(µm)

  Performance metrics (IL: insertion 

loss; Q: loaded Q-factor)

  Reference

Waveguide   Strip   Silicon nitride on oxide   2.6  Loss = 0.16 dB/cm   [60]
    SOI   3.8  Loss = 0.2 dB/cm   [9]
    Chalcogenide glass-on-Si   5  Loss = 0.3 dB/cm   [33]
  Slot   SOI   3.8  Loss = 1.4 dB/cm   [42]
  Photonic crystal   SOI   3.4  Loss = 20 dB/cm   [40]

Fiber waveguide 
interface

  Grating coupler   Suspended Si   2.7  IL = 6 dB   [67]
    Ge-on-Si   5.2  IL = 4 dB   [68]
    Suspended Ge   2.37  IL = 11 dB   [29]
  Inverse taper   SOI   2.5  IL = 9 dB   [69]

Splitter   Y-junction   AlN on oxide   2.6  IL not reported   [63]
  Multi-mode 

interferometer (MMI)
  SOI   3.7  IL = 3.6 dB   [8]

    Ge-on-Si   3.8  IL = 0.21 dB   [15]
    Suspended Si   3.7  IL < 0.7 dB   [14]
  Directional coupler   SOI   3.7  IL not reported   [43]

Resonator   Micro-ring/micro-disk   Suspended Si   2.75
5.2

  Q = 8100
Q = 2700

  [12, 20]

    Multi-mode SOI   3.8  Q = 1.1 × 106   [9]
    Silicon nitride on oxide   2.5  Q = 106   [60]
    Chalcogenide glass-on-Si   5.2  Q = 105   [16]
  Photonic crystal cavity   Suspended Si   4.4  Q = 13,600   [13]
    Suspended Ge   2.33  Q = 400   [30]
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Bragg grating reflectors engraved in the Si waveguide 

provide optical feedback for lasing. The laser exhibits a 

slope efficiency of ∼1.7% near the threshold when operat-

ing in the CW mode at 5°C.

At present, the hybrid integrated mid-IR lasers 

(including the QCL on Si) are not broadband wavelength 

tunable. Work by Wang et  al. [81] have demonstrated 

laser wavelength tuning over a 58-nm band centered at 

Figure 5: Heterogeneously integrated 2.3-µm laser.
(A) Top-view schematic depicting the heterogeneously integrated 2.3-µm laser layout; (B, C) optical modal profiles at different locations 
inside the laser cavity, the respective locations are marked with arrows in (A); (D) schematic and (E) SEM image showing the cross-sectional 
structure of the laser at the location marked with an arrow in (A); (F) measured output power and voltage versus injection current density of 
the laser [76] (© 2016 Optical Society of America).
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2.04 µm by butt coupling a GaSb gain chip to a silicon 

photonic external cavity. The external cavity employs a 

pair of thermally tunable SOI micro-ring resonators for 

lasing wavelength selection via the Vernier effect. We 

expect that similar designs can be implemented to allow 

wavelength tuning of heterogeneously integrated mid-IR 

lasers across the gain bandwidth of the lasing medium. 

The same group also recently demonstrated a multi-

wavelength DFB laser array on Si covering 2.28–2.43 µm, 

where the lasers are all fabricated from one bonded III–V 

die with their wavelengths controlled by SOI grating 

pitch [82].

A second approach to realize broad wavelength cov-

erage on a single chip is to integrate multiple laser dies 

onto the same substrate [83]. In this case, the attainable 

bandwidth is no longer bound by the gain bandwidth of 

semiconductor structures but only by manufacturing com-

plexity associated with multi-chip die bonding processes.

3.2   Nonlinear frequency generation 
or conversion

On-chip mid-IR light generation can leverage several 

nonlinear optical interactions, such as wavelength con-

version using parametric processes, stimulated Raman 

scattering (SRS), and supercontinuum (SC) generation to 

translate light at near-IR wavelengths to the less acces-

sible mid-IR domain or to expand spectral coverage of 

light sources in the mid-IR. Integrated photonics on Si 

is uniquely poised for nonlinear frequency generation 

or conversion in the mid-IR, as (1) the available material 

systems (including Si, Ge, SiN
x
, and chalcogenide glasses) 

exhibit strong Kerr and Raman nonlinearities [84]; (2) 

in the mid-IR, detrimental nonlinear absorption effects 

such as two photon absorption (TPA) are subdued with 

decreasing photon energy, for example, TPA becomes 

negligible in silicon at wavelengths longer than 2.2 µm; 

and (3) strong optical confinement as a result of high-

index-contrast and possibly optical resonance enhance-

ment in integrated photonic devices can dramatically 

boost nonlinear interactions.

SRS was one of the first nonlinear interactions 

exploited towards on-chip light sources on Si. Crystal-

line semiconductors exhibit extraordinarily large Raman 

gain coefficients. For instance, Si has a Raman gain coef-

ficient 103–104 times higher than that in silica optical 

fibers [85], which, when coupled with the small modal 

area and hence high optical intensity in Si waveguides, 

makes Si an attractive platform for Raman amplification 

and emission. Silicon waveguide Raman lasers have been 

demonstrated in the near-IR at around 1.6–1.7-µm wave-

lengths [86, 87] and up to 1.85 µm via cascaded Raman 

scattering [88]. Raghunathan et  al. [89] further dem-

onstrated a mid-IR Raman amplifier based on a bulk Si 

crystal, which reached a Stokes signal gain of 12  dB at 

3.39-µm wavelength when pumped with a pulsed optical 

parametric oscillator source at 2.88 µm. Despite the 

advances and several follow-up theoretical investigations 

[90–92], mid-IR Raman lasing based on an on-chip Si 

platform has not yet been experimentally realized. As an 

alternative to Si, Raman lasing near 2.0-µm wavelength 

with an estimated internal quantum efficiency of 12% 

was achieved in diamond micro-resonators fabricated by 

transferring a diamond film onto an oxide-coated Si sub-

strate [93]. In this case, the large Stokes shift in diamond 

(40 THz) versus that of Si (15.6 THz) facilitates first-order 

wavelength transition from telecom bands to the mid-IR 

range without resorting to the less efficient cascaded 

Raman scattering.

Besides Raman scattering, parametric conversion 

processes such as difference frequency generation (DFG) 

and four-wave mixing (FWM) can also be harnessed for 

mid-IR photon generation. As unstrained silicon and 

non-poled amorphous materials such as silicon nitride 

are structurally centrosymmetric and lack second-order 

nonlinear response (χ
2
), FWM is the most commonly uti-

lized parametric process in silicon photonics. Indeed, 

mid-IR light generation and amplification, up to 3.6-µm 

wavelength using both pulsed [94–97] and CW pump 

sources [98–100], capitalizing on first-order FWM in 

the SOI platform have been reported by several groups. 

Unlike SRS, FWM (as well as other parametric pro-

cesses) mandates phase matching and judicious disper-

sion engineering of the nonlinear optical waveguide to 

maximize the gain bandwidth and conversion efficiency. 

For semi-standard SOI with 220-nm Si layer thickness, 

the optimal width for a Si waveguide operating near 

2.1-µm wavelength was identified to be 900  nm, where, 

fortuitously, the second-order and fourth-order disper-

sion coefficients have opposite signs to facilitate broad-

band phase matching [101]. Using such waveguides,  

Kuyken et al. [102] measured optical parametric amplifi-

cation (OPA) with 550-nm net gain bandwidth (centered 

at 2.17-µm pump wavelength) and an impressive 30-dB 

Raman-assisted peak off-chip gain (with FWM contri-

bution exceeding 20 dB). Both metrics represent major 

improvements over the initial on-chip mid-IR OPA dem-

onstration by the same group where a non-optimized 

waveguide design was used [103]. Dispersion engineering 

also contributes to enhanced power conversion efficiency 

(here defined as fraction of power converted from the 
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single-frequency pump to the newly generated frequency 

lines1). Nevertheless, even the best reported power conver-

sion efficiency figures in these first-order parametric con-

version devices are still only around −30 dB [41, 100].

Micro-resonator-based optical frequency comb (FC) 

leverages cascaded FWM process to create a forest of evenly 

spaced spectral lines over a broad frequency domain [104]. 

To generate FC, a narrow-linewidth CW laser spectrally 

aligned to a resonant mode is injected into an on-chip reso-

nator. The resonator supports a multitude of longitudinal 

resonance modes with equal frequency spacing. Degener-

ate FWM pumped by the CW source and amplified inside 

the resonant cavity produces symmetric sidebands aligned 

to the resonant modes, and parametric oscillations occur 

when the FWM gain of the excited resonant modes exceeds 

their loss rates. These sidebands can then serve as the 

pump sources for subsequent cascaded FWM processes 

into more resonant modes, as illustrated in Figure 6A.  

Figure 6: Mid-IR frequency comb generation in micro-resonators.
(A) Schematic illustration of the frequency comb generation process in a micro-resonator via cascaded FWM, (B) top-view of an etchless Si 
micro-ring resonator integrated with a p-i-n diode structure to sweep free carriers resulting from three photon absorption [69] (© 2015 Nature 
Publishing Group), (C) transmission spectra of the device near a resonant peak, (D) simulated optical mode and (E) SEM cross-sectional micro-
graph of the resonator waveguide, (F) mode-locked FC spanning 2.4–4.3 µm generated from the resonator device pumped at 3.07 µm; note 
that the significant pump depletion manifests the high power conversion efficiency (40%) of the FC [105] (© 2016 Optical Society of America).

1 The definition gauges the power efficiency of nonlinear on-chip 

sources on an equal footing with other light source technologies, e.g. 

lasers. Note that it differs from the nonlinear conversion efficiency typ-

ically quoted for OPA, which is given as the ratio of output idler power 

to the input signal power.
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Mid-IR FC generation has been realized in both SOI and SiN
x
 

platforms (Figure 6) [60, 69, 105–107]. The most important 

figures of merit for FC include spectral bandwidth, noise, 

and power conversion efficiency. The comb bandwidth 

is primarily determined by pump peak power, nonlinear 

coefficient, as well as dispersion properties of the resona-

tor [84]; the noise can be suppressed via mode-locking the 

comb into a single-soliton state [105, 108]; and high power 

conversion efficiency (e.g. 40% [105]) can be obtained by 

operating the resonator in an over-coupled regime. We 

also note that optimization of these metrics can sometimes 

impose contradictory requirements. For example, it has 

been shown that power conversion efficiency deteriorates 

with increasing comb bandwidth [109].

Supercontinuum (SC) generation is yet another third-

order nonlinear process to create broadband and spa-

tially coherent light suitable for coupling with integrated 

photonic circuits. It is typically accomplished by launch-

ing an intense laser pulse through a nonlinear waveguide 

device, where the pulse’s optical spectrum is enormously 

broadened during propagation. The SC performance 

mainly depends on the peak power of pump pulse as 

well as dispersion and length of the waveguide. The basic 

mechanism of SC generation in nonlinear waveguides is 

high-order soliton fission as a result of self-phase modu-

lation, cascaded Raman scattering and FWM, dispersive 

wave emission, and soliton self-frequency shift. Gener-

ally, spectral broadening towards short wavelengths is 

mainly attributed to dispersive wave emission and FWM, 

while soliton self-frequency shift and cascaded Raman 

scattering play a key role in long-wavelength broaden-

ing. For more details, we direct interested readers to 

monographs dedicated to this topic [110, 111]. Notably, 

when temporal coherence between pulses in a SC pulse 

train is preserved, the SC is in effect a frequency comb. 

Generation of such a coherent FC with octave-spanning 

bandwidth in an SOI waveguide has been experimentally 

validated [41].

Mid-IR SC generation has already been reported in a 

number of planar waveguide systems including SOI [112], 

a-Si [113], Si-on-sapphire [114], and chalcogenide glasses 

(ChGs) [34, 61]. In particular, broadband SC from 2.2 µm to 

10.2 µm was demonstrated in a ridge waveguide made from 

Ge
11.5

As
24

Se
64.5

 ChG core embedded inside a Ge
11.5

As
24

S
64.5

 

cladding and pumped by 330-fs pulses at a center wave-

length of 4.184 µm (Figure 7) [115]. This impressive spec-

tral coverage benefits from a unique combination of broad 

infrared transparency and large Kerr nonlinearity of ChG 

materials used to construct the waveguide, minimal dis-

persion through judicious waveguide design, and a femto-

second mid-IR source pumping scheme.

3.3   Heteroepitaxy of narrow gap 
 semiconductors on Si

Heteroepitaxy, i.e. epitaxial growth of non-Si materials 

on Si, enables monolithic integration of devices on the 

Si platform while taking advantage of the superior opto-

electronic properties of non-Si semiconductors. At the 

telecom band, heteroepitaxial growth has culminated in 

electrically pumped laser sources on Si based on n-doped 

Ge [116] and InAs/GaAs quantum dots [117]. In the mid-IR, 

lasing from heteroepitaxially grown structures on Si has 

also been achieved based on material systems including 

GaSb, GeSn, and lead salts. Table 3 summarizes the key 

attributes of the laser structures.

Major issues remain to be resolved before these laser 

structures can be implemented in a mid-IR integrated 

photonics platform. GeSn has been hailed as a promising 

Group IV gain material with its direct band gap nature. 

Remarkable strides in GeSn-on-Si growth and device fab-

rication have been made over the past few years. Never-

theless, GeSn lasers demonstrated thus far are optically 

pumped, operate only in pulse mode and at low tempera-

tures, and require large pumping threshold power density 

A B

Figure 7: Mid-IR supercontinuum generation in chalcogenide glass waveguides.
(A) SEM image of a nonlinear mid-IR ChG waveguide, (B) spectra of supercontinuum generated from the waveguide at different pump peak 
power levels [115] (© 2016 Optical Society of America).
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in the order of 100 kW/cm2. The lead salt lasers are simi-

larly optically pumped and mostly count on free-space 

external cavities to provide optical feedback (with the 

only exception of a photonic crystal surface emitting laser 

[124]). Among these material systems, GaSb-on-Si is prob-

ably the most advanced in terms of laser device develop-

ment, providing electrically pumped CW lasing at room 

temperature with a wall plug efficiency close to 0.6% [119]. 

However, the laser structure is grown on an off-cut Si wafer 

to avoid the formation of antiphase domains, a fundamen-

tal issue often encountered in III–V heteroepitaxy on Si due 

to the non-polar nature of Si surface [127]. The need for an 

off-cut wafer with custom orientation is unfortunately not 

compatible with most integrated photonics applications. 

Moreover, technologies for integrating the lasers with other 

planar photonic circuit elements are yet to be developed.

Heteroepitaxially grown Ge/SiGe-on-Si structures 

have also been employed in terahertz quantum cascade 

electroluminescent emitters [128]. As the small conduc-

tion band offset between Si and Ge does not support 

cascade carrier relaxation, these emitters operate on inter-

subband transitions of holes instead of electrons. This is 

a chief shortcoming of this approach, limited by the larger 

effective mass of holes and a weak confinement potential. 

The prospect of mid-IR lasing in Si/Ge heterostructures 

remains challenging in light of these technical difficulties.

3.4   Other approaches

Alternative technical solutions for mid-IR light sources 

include thermal emitters and extrinsic doping with lumi-

nescent materials (e.g. transition metal ion, rare earth 

ions, or quantum dots [129]). While black body emit-

ters are widely deployed as broadband infrared sources 

in free-space optics, coupling the spatially incoherent 

radiation into a waveguide poses a fundamental limit to 

the useful power. The maximum spectral power density 

(PSD) of thermal radiation coupling into a single guided 

mode along one direction P
λ
 is given by [130]:
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where T denotes the thermodynamic temperature of the 

emitter, h is the Planck constant, c represents the speed 

of light in vacuum, λ gives the free-space wavelength of 

thermal radiation, and k
B
 symbolizes the Boltzmann 

constant. The function is plotted in Figure 8 for several 

emitter temperatures. We see that even at an extremely 

high emitter temperature of 3000  K (close to hot elec-

tron temperature in a graphene emitter [131]), the PSD of 

thermal radiation is still merely of the order of 0.1 nW/nm 

in the mid-IR, far smaller than the attainable PSD of other 

types of light sources discussed here.

In the category of extrinsic emitters relying on lumi-

nescent dopants, Cr- or Fe-doped ZnSe/ZnS (for emission 

Table 3: Mid-IR laser structures monolithically grown on Si via heteroepitaxy.

Active 

medium

Substrate 

orientation

Reference Wavelength 

(µm)

Pumping 

scheme

Output 

mode

Maximum operation 

temperature (K)

GaInAsSb Off-axis [118] 2.25 Electrical Pulse ≥300
[119] 2.0 Electrical CW 308

GeSn (100) [120] 2.25 Optical Pulse 90
[121] 2.4–2.5 Optical Pulse 130
[122] 2.5 Optical Pulse 110
[123] 3.1 Optical Pulse 180

PbSe (111) [124] 3.5 Optical Pulse ≥300
[125] 3.3–5.1 Optical Pulse 325

PbTe (111) [126] 3.6–5.3 Optical CW
Pulse

133 (CW)
273 (Pulse)

Figure 8: Power spectral density of a single-mode ideal black body 
emitter at various temperatures according to Eq. (1).
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between 2 and 5 µm) and Tm-doped tellurite glasses (at 

around 2-µm wavelength) rank among the favorable can-

didates. In both systems, amplification and lasing have 

been realized in non-Si platforms [132–135]. However, 

technical barriers remain towards electrical pumping 

in these systems [136], and integration technologies of 

these materials with Si are still under early stage devel-

opment [31, 137–140]. Remarkable progress was also made 

in rare-earth doped fluoride glass fiber lasers with emis-

sion wavelengths up to 4 µm [141], although integration of 

multi-component fluorides on Si faces conceivable diffi-

culties given their low refractive index, complex chemical 

compositions, and hygroscopic nature.

3.5   Summary and outlook

Table 4 compares the mid-IR light source technologies 

discussed above. Clearly, none of the technologies meet 

all the requirements listed. While considerable efforts are 

needed to improve device efficiency, yield, and integra-

tion capacity, it appears that heterogeneous integration is 

the most promising route towards high-brightness, single-

frequency source integration on Si in the mid-IR. Mean-

while, micro-resonator-based FC nicely complements the 

hybrid lasers with its broad spectral span ideally suited for 

applications such as precision spectroscopy. A key advan-

tage of FC over SC as a wide band emitter is that FC works 

with CW pump and does not require high-power, ultrafast 

pulses as the pumping source, as high-Q micro-resonators 

can provide the dramatic light intensity amplification 

necessary for strong nonlinear interactions through reso-

nant cavity enhancement. In particular, we envision that 

heterogeneously integrated lasers can be used as optical 

pumps in conjunction with on-chip resonators to enable 

fully integrated, spatially coherent broadband comb 

sources.

4   Optical modulators and switches

Optical modulators are vital components of a photonic 

circuit to enable signal switching and routing, data encod-

ing, phase-sensitive detection, and even spectroscopic 

interrogation, as we discuss later. In the near-IR telecom 

bands, optical modulators and switches generally operate 

using one of the following mechanisms: electroabsorp-

tion, free carrier plasma dispersion, thermo-optic effect, 

electro-refractive effects (e.g. Pockels effect), or acousto-

optic effect. While most of these effects still prevail in 

the mid-IR regime, wavelength scaling can have a conse-

quential impact on their modulation performance. In this 

section, we analyze the efficacy of different modulation 

mechanisms in the mid-IR and review examples of mid-IR 

modulator and switch devices already demonstrated. Here 

our emphasis is on waveguide-integrated devices on Si, 

and we exclude free-space modulators, as the latter are 

not amenable to planar photonic integration.

4.1   Thermo-optic switches

Thermo-optic coefficient, which describes the tempera-

ture-dependent refractive index variation of a material, 

has a relatively weak spectral dependence within the 

material’s transparency window. Thermo-optic switching 

is therefore an equally useful modulation scheme in the 

mid-IR as in the telecom bands. To examine the influence 

of wavelength scaling on thermo-optic devices, we con-

sider the thermo-optic figure of merit (FOM) defined as the 

inverse of the product of 10–90% rise time (t
r
) and power 

consumption to turn on or off the switch (P
ϕ
), a parameter 

often cited when drawing a comparison between different 

thermo-optic switching technologies. For a device based 

on the Mach Zehnder interferometer (MZI) configuration, 

the FOM is given as [142]:

Table 4: Comparison of mid-IR on-chip light emitter technologies.a

Technology Monolithic 

integration

Spatial 

coherency

Wavelength 

range (µm)

CW 

output

Electrical 

pumping

CW optical 

pumping

Broadband 

output

Heterogeneous integration N Y 2–20 Y Y Y N/A
Frequency comb Y Y 2–20 N N Y Y
Supercontinuum Y Y 2–20 N N N Y
Heteroepitaxyb Y Y 2–5 Y N/A Y N/A
Thermal emitter Y N 2–20 Y Y Not applicable Y
Extrinsic doping N/A Y 2–5 Y N Y N/A

aY, technology is already available; N/A, while in principle possible, the technology has not yet been demonstrated; N, technologically infea-
sible or unlikely to be realized.
bHere we only consider heteroepitaxy on on-axis Si wafers.
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where n
g
, L, C, and (dn/dT)

eff
 denote the interferometer 

waveguide group index, length of the heated waveguide 

section in an MZI arm, lumped heat capacity of the 

heating zone, and effective thermo-optic coefficient of 

the waveguide, respectively. As a first-order approxima-

tion, L scales with λ and C scales with λ3 and thus the FOM 

roughly follow a 1/λ3 scaling trend with wavelength as a 

result of the increased device volume in the mid-IR. We 

also note that slow light designs (large n
g
) are an effec-

tive route to enhance the FOM, as previously validated in 

near-IR devices [143]. In a resonator-based thermo-optic 

switch, analysis yields [142]:
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where Q is the resonator Q-factor. Similarly to the MZI 

devices, the FOM of resonator-based thermo-optic 

switches also follows an approximate 1/λ3 dependence on 

wavelength. However, slow light has little impact on the 

FOM; instead, increasing Q-factor is the key to improving 

resonator switch performance.

Mid-IR integrated thermo-optic modulators have 

already been fabricated in SOI [144], Ge-on-Si [145], and 

silicon-on-sapphire [146]. Figure 9 shows one example of 

a SOI-based MZI switch [144]. The MZI arms are config-

ured with a spiral geometry to increase the arm length L 

while minimizing thermal mass C. The device features a 

switching power of 47 mW and a 3-dB bandwidth of about 

20 kHz, which correspond to an FOM of 0.0012 mW−1 µs−1. 

Considering the 1/λ3 scaling factor, the FOM is compara-

ble to that of MZI thermo-optic switches in the near-IR 

[147]. As discussed above, the device performance can be 

further improved by introducing slow light enhancement.

4.2   Electro-optic modulators utilizing 
the Pockels effect

Compared to the relatively slow thermo-optic modula-

tion whose response time is typically in the microsecond 

regime, electro-optic effects are electronic in nature and 

thus offer ultrafast response in the femtosecond range. 

As discussed in preceding sections, common Si-based 

materials (Si, SiO
2
, and SiN

x
) lack second-order nonlin-

earity, and hence, electro-optic modulators on Si usually 

involve heterogeneous integration of other materials. For 

instance, electro-optic crystals (e.g. LiNbO
3
) can be hybrid-

bonded onto Si to confer Pockels activity. In the near-IR, 

LiNbO
3
 integration has been accomplished via direct 

LiNbO
3
 bonding onto SOI photonic circuits [148] or LiNbO

3
 

membrane bonding onto oxidized Si wafers followed by 

strip-loaded waveguide fabrication on top [149]. Mid-IR 

modulation has also been demonstrated in a Si-on-LiNbO
3
 

platform with an extinction ratio of ∼8 dB, a half-wave 

voltage-length product (V
π
 · L) of 26 V cm, and an inser-

tion loss of 3.3 dB at 3.39-µm wavelength [150]. The same 

technology can be readily adapted for on-Si integration.

Besides heterogeneous integration, strain also 

imparts electro-optic activity to Si (albeit considerably 

smaller than that of LiNbO
3
) [151, 152]. While the strained 

Si technology has not yet been applied to mid-IR modula-

tors, the telecom band strained Si device architectures can 

be scaled to longer wavelengths.

One potential drawback with the electro-optic modu-

lators is the large V
π
 · L, which implies either a long device 

length (centimeters) or a high driving voltage (tens of 

volts). If we assume a weakly wavelength-dependent elec-

tro-optic coefficient [153], the product V
π
 · L approximately 

scales with λ2 because the increase in device size at longer 

wavelengths requires higher driving voltage to maintain 

the same electric field. Accordingly, the limitation becomes 

Figure 9: Mid-IR thermo-optic modulator.
Top-view optical microscope image of (A) a spiral-arm MZI thermo-optic modulator in SOI and (B) one arm of the spiral MZI with metal 
heaters [144] (© 2014 IEEE).
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even more restricting at longer wavelengths. In addition, 

the accessible wavelength of current modulator designs 

is ultimately bound by optical transparency windows 

of electro-optic crystals, which are mostly oxides. New 

materials with stronger electro-optic response and broad 

infrared transmission window while amenable to silicon 

integration are essential for next-generation mid-IR elec-

tro-optic modulators.

4.3   Modulators based on free carrier plasma 
dispersion

Free carrier density modulation is known to modify the 

refractive index as well as extinction coefficient of materi-

als. Simplistically, the free carrier induced index change 

(∆n) and free carrier absorption (FCA, denoted by the 

extinction coefficient change ∆k) are described using the 

classical Drude model:
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Here e is the elementary charge, ε
0
 represents the 

vacuum permittivity, n is the unperturbed refractive 

index of the material, ∆N is the charge carrier density, 

m* denotes the carrier effective mass, and the subscripts 

e and h label quantities associated with electrons and 

holes, respectively.

Although the Drude model is oversimplified, it 

nevertheless yields useful insights on the wavelength 

scaling characteristics of free-carrier-based modulators. 

There are two modulation modes capitalizing on the 

free carrier effects: an electro-optic or electro-refrac-

tive mode, which leverages ∆n for phase modulation, 

and an electroabsorption mode utilizing ∆k to generate 

intensity modulation. In both cases, carrier injection or 

removal is usually performed using a p-n junction or a 

metal-insulator-semiconductor (MIS) structure. If the 

p-n junction doping profile or the MIS gate dielectric 

layer thickness is kept constant, the capacitance per 

unit area remains unchanged. Under this assumption, 

the charge accumulation (or depletion) per unit area at 

a given bias voltage is fixed. Coupled with the λ2 depend-

ence of ∆n (λ3 for ∆k), the assumption specifies a linear 

scaling behavior with λ for effective index (and quadratic 

scaling for absorption modulation) of the waveguide 

mode, as modal overlap with the carrier accumulation 

region scales with 1/λ. The conclusion suggests that the 

V
π
 · L product of an electro-optic modulator stays nearly 

constant independent of wavelength. However, the 

electro-optic modulation FOM −∆n/∆k diminishes as 1/λ 

with increasing wavelength, indicating that rising inser-

tion loss precludes efficient operation of free-carrier-

based electro-optic modulators at long wavelengths. On 

the other hand, electroabsorption modulators based on 

FCA can garner significant performance benefits from 

extending the operation wavelength to the mid-IR, as 

both the device length and the driving voltage can be 

reduced at longer wavelengths.

More detailed analysis by Nedeljkovic et al. [154, 155] 

reveals deficiencies of the Drude model when applied to 

real material systems such as Si and Ge (Figure 10). The 

Drude model does not take into account intervalence band 

transitions, which is pronounced in p-type Ge. The model 

also fails to predict saturation of free-carrier-induced 

index change and FCA at wavelengths above 10 µm and 

large carrier concentrations. Nevertheless, the refined 

Figure 10: Free-carrier-induced changes of (A) refractive index and (B) absorption coefficient in Si and Ge in the mid-IR; (C) wavelength 
scaling of the electro-optic modulation FOM −∆n/∆k computed from data in (A) and (B) [155] (© 2015 IEEE).
The data were quoted for a fixed carrier concentration of 5 × 1017 cm−3.
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analysis similarly points to the conclusion that while free-

carrier-based electro-optic modulation remains effective 

between 2 and 3 µm, FCA is better suited for mid-IR modu-

lation above 3-µm wavelength.

Both electro-optic and electroabsorption modulation 

exploiting free carrier effects have been implemented in 

the 2–2.5-µm band in SOI devices [156, 157], and all-opti-

cal modulation based on FCA was also demonstrated in 

Ge-on-Si waveguides [158]. At 2.165 µm, the electro-optic 

modulator achieved an impressive V
π
 · L of 0.012 V cm, an 

extinction ratio of 23 dB, and modulation bitrates up to  

3 Gbps [156]. Improved efficacy of FCA modulation at 

longer wavelength was experimentally validated in the 

2–2.5-µm and 3.8-µm bands [157, 159].

4.4   Electroabsorption modulators based on 
Pauli blocking or field-induced effects

The modulation mechanisms discussed in this section 

encompass two categories: field-induced absorption 

change such as Franz-Keldysh effect (FKE) and quantum 

confined Stark effect (QCSE) and absorption modulation 

due to band filling, i.e. Pauli blocking or Burstein-Moss 

shift.

Both FKE and QCSE use electric field applied to a 

semiconductor material to engender spectral shift of 

its absorption edge, and thus the devices necessarily 

involve narrow-gap semiconductors for mid-IR modula-

tion. For instance, GeSn modulators operating on FKE 

have been theoretically investigated [160, 161], although 

experimental validation of such devices has not yet been 

reported. Narrow-gap Van der Waals solids such as black 

phosphorus (BP) present another choice for on-Si mid-IR 

modulators. Theoretical analysis shows that optical 

modulation in BP stems from both quantum confined 

FKE and Pauli blocking, where their relative magnitude 

depends on BP layer thickness, doping, field strength, 

and wavelength [162]. Free-space optical modulation 

has recently been materialized where light is incident on 

the BP flake from a surface-normal direction [163, 164]. 

The small modulation extinction ratio (a few percentage) 

because of the short optical path length in few-layer BP 

can be overcome by adopting a waveguide-integrated 

architecture.

Graphene represents an excellent material plat-

form for electroabsorption modulation harnessing Pauli 

blocking due to band filling. State-of-the-art graphene 

waveguide modulators have reached a remarkable 3-dB 

bandwidth of 35 GHz and a modulation depth of 70 dB/mm  

near the 1550-nm telecom band [165]. In the mid-IR, our 

group has recently demonstrated the first graphene-based 

waveguide modulator [142]. Figure 11A sketches the device 

layout, which comprises a ChG waveguide and two embed-

ded graphene layers. In this design, the ChG material acts 

as both the light-guiding medium and the gate dielectric. 

The graphene layers are p-doped such that at zero bias, 

both are transparent to mid-IR light due to Pauli block-

ing. When a bias is applied across the chalcogenide gate, 

charge transfer between the two graphene sheets causes 

shift of their Fermi levels in opposite directions, resulting 

in onset of optical absorption in one of them as the condi-

tion for Pauli blocking breaks down. The prototype device 

exhibits a modulation depth up to 8 dB/mm at 2.05-µm 

wavelength (Figure 11B), which agrees well with our theo-

retical predictions derived from the surface conductive 

model (Figure 11C) [166].

Here we further extend our model to quantitatively 

project the performance of graphene electroabsorption 

modulators across the mid-IR band. As a starting point, 

Figure 12A plots the optical absorption in monolayer gra-

phene in the mid-IR as a function of graphene Fermi level 
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Figure 11: Graphene mid-IR waveguide modulator.
(A) Center: schematic diagram of the graphene mid-IR waveguide modulator; left and right: band profiles of the two graphene layers, where 
the arrows represent energy of incident photons; (B) measured and (C) simulated color contour maps showing wavelength and bias depend-
ent modulation depth of the device in dB/mm [142] (© 2017 Nature Publishing Group).
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relative to the Dirac point.2 The zero-absorption region 

in the upper right corner of the plot is a signature of 

Pauli blocking. To project the graphene modulator per-

formance, a modulator configuration similar to that in 

Figure  11A is assumed. Other assumptions include the 

following: (1) starting Fermi level of graphene at zero 

bias coincides with the Dirac point, (2) a 20-nm layer of 

AMTIR-6 (As
2
S

3
) chalcogenide glass (dielectric constant 

8.1 [167]) is chosen as the gate material given its consid-

erably wider transparency window in the mid-IR com-

pared to conventional oxide gates, and (3) confinement 

factor Γ of the waveguide mode in the graphene layers 

scales with wavelength as 1/λ and is quantitatively given 

by Γ = 0.0034/λ (in µm).3 The simulated modulation 

depth and electroabsorption modulation FOM (defined 

as the ratio of modulation depth to insertion loss) are 

plotted in Figure 12B and C, respectively. Two trends are 

evident: (1) higher bias voltage is needed for modulators 

operating at shorter wavelengths, as larger Femi level 

detuning is necessary to trigger Pauli blocking, and (2) 

both modulation depth and FOM reduce with increasing 

wavelength. At λ > 10 µm, the modulation depth drops 

to less than 10 dB/mm and plummets to 2.6 dB/mm at 

λ = 20 µm due to decreasing modal confinement in the 

graphene monolayer. To compensate for the diminishing 

modulation depth, long-wave infrared graphene modu-

lators inevitably demand either large device footprint, 

which becomes impractical at λ > 10 µm, or multi-layer 

graphene structures to augment spatial overlap with the 

optical mode.

4.5   Summary and outlook

As discussed above, choices abound for mid-IR on-chip 

modulation, and each technology has its pros and cons 

with respect to specific application scenarios. Our scaling 

analysis reveals a noteworthy trend; for most of these 

modulator technologies (thermo-optic, Pockels, free-car-

rier electro-optic, and graphene electroabsorption), their 

key performance metrics degrade towards longer wave-

lengths. This is an important consideration for modulator 

designs in the mid-IR. The only exception is free-carrier-

based electroabsorption modulator, as FCA becomes 

more intense with increasing wavelength (before satura-

tion occurs). We anticipate that it will become a power-

ful technology for light manipulation in the long-wave 

infrared.

5   Waveguide-integrated 

photodetectors

Photodetectors transform optical signals to the electronic 

realm and constitute an indispensable component of an 

integrated photonic circuit. Device fundamentals as well 

as latest progress of free-space mid-IR detectors and focal 

plane arrays (FPAs) have been summarized in several 

monographs and review articles [168–171]. In this section, 

we focus instead on waveguide-integrated mid-IR detector 

technologies.

Figure 12: Performance projection for mid-IR graphene electroabsorption modulators.
(A) Contour plot showing the Fermi-level-dependent optical absorption of a graphene monolayer across the mid-IR band calculated using the 
surface conductive model; (B) simulated modulation depth of graphene mid-IR electroabsorption modulators, the white dashed line corresponds 
to zero modulation depth; (C) FOM (modulation depth/insertion loss) of the modulator: the black dashed line corresponds to unity FOM.

2 In Figure 12A, a graphene monolayer thickness of 0.34 nm is as-

sumed to obtain a finite effective absorption value.

3 The confinement factor is calculated for a TE-mode waveguide op-

erating near single-mode cut-off (i.e. onset of the 2nd order TE mode). 

The waveguide dimensions scale linearly with wavelength to main-

tain single-mode operation.
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In addition to the apparent advantage of facilitating 

on-chip integration, waveguide integration also intro-

duces several important performance benefits. First, 

waveguide integration contributes to improved SNR by 

suppressing noise. This is because several types of noise 

(shot noise, Johnson noise, and generation-recombina-

tion noise) that often limit detector SNR linearly scale 

with the active volume of a detector [168]. When light 

is funneled into the detector via a waveguide (with core 

index n) rather than from free space, the detector active 

volume and hence noise can be reduced approximately 

by a factor of n2 without compromising optical absorp-

tion. Such noise mitigation is critical in mid-IR detectors 

made of narrow-gap semiconductors, which suffer from 

a much higher noise floor. Second, waveguide-integrated 

detectors can achieve larger bandwidth than their free-

space counterpart, as illustrated by Ahn [172]. Simply 

put, the smaller detector volume diminishes RC delay and 

carrier transit time in photovoltaic detectors. Last but not 

the least, waveguide-integrated detectors are not limited 

by the trade-off between optical absorption and charge 

carrier collection prevalent in free-space detectors [172]. 

High quantum efficiency requires a sufficiently large 

optical path length for complete absorption of incident 

photons, whereas efficient carrier collection requires a 

short carrier transit path to enhance quantum efficiency 

and transit-time-limited bandwidth in photovoltaic detec-

tors or to boost photoconductive gain in photoconductors. 

Unlike free-space detectors where the optical path and 

carrier collection path often coincide, the two paths are 

orthogonal in waveguide-integrated detectors, thereby 

circumventing the trade-off.

In the mid-IR spectral domain, four classes of wave-

guide-integrated detectors have been demonstrated, 

where the active detector material comprises (1) hybrid 

bonded narrow-gap semiconductors, (2) monolithically 

deposited or grown narrow-gap semiconductors, (3) nar-

row-gap Van der Waals semiconductors or semi-metals, 

or (4) ion-implanted Si with intentionally introduced gap 

states. Table 5 compares mid-IR waveguide-integrated 

detectors based on these technologies. Importantly, the 

SNR metric we opt for here is noise equivalent power 

(NEP) instead of specific detectivity (D*). In contrast to 

free-space detectors whose SNR scales with the square 

root of detector area, in waveguide-integrated detectors, 

the optical signal is channeled to the detector via a wave-

guide and therefore the square root scaling with detector 

area (which underlies the D* definition) no longer holds.

The technologies used for fabricating the hybrid 

integrated detectors are similar to those applied to laser 

heterogeneous integration. As can be seen from Table 5, 

heterogeneously integrated III–V detectors claim the best 

performance in terms of both responsivity and SNR by 

virtue of the high semiconductor material quality. They 

are the rational choice when performance alone is the 

prime concern in designing a photonic system.

Unlike lasers, which mandate materials with a direct 

band gap, a small Auger rate constant, and minimal defect 

Table 5: Mid-IR waveguide-integrated photodetectors on Si.

Type   Active material   Wavelength 

(µm)

  Responsivity 

(A/W)

  3 dB Bandwidth 

(GHz)

  Room temperature 

NEP (pW/Hz1/2)a

Reference

Heterogeneous integrated 
semiconductors

  GaInAsSb on GaSb   2.3  1.4  N/A   0.54 [173–175]
  MQW on InP   2.35  1.6  N/A   0.035 [176, 177]
  InAsSb on GaSb   3.8  0.3  N/A   56 [178]

Monolithically integrated 
semiconductors

  PbTe   2.1–2.5  1.0  N/A   0.69 [179]

2-D Van der Waals materials   Graphene/Si junction  2.75  0.13  N/A   0.36b [180]
  Graphene   2.05  0.25  N/A   99 [142]

Ion-implanted silicon   Si+ implanted Si   2.2–2.3  0.01  1.7   12.7c [181]
  Zn+ implanted Si   2.2–2.4  0.09  N/A   11.2 [182]
  Ar+ implanted Si   2.2–2.3  0.021  N/A   2.2 [183]
  B+ implanted Si   1.96–2.5  0.3  15   165 [184]
  S+ implanted Si   3.36–3.74  0.0022  N/A   1000 [185]

aIn a photoconductor or a zero-bias photodiode, the primary noise source is Johnson noise which is calculated from electrical resistance of 
the device. In a biased photodiode, shot noise usually dominates and it can be inferred from the dark current.
bA Fano factor of 1/3 is assumed in calculating shot noise in the graphene-based device.
cIn the ion-implanted Si detectors, the quoted metrics (responsivity, bandwidth, and NEP) are often measured on different devices  
due to apparent large performance deviations (especially dark current) among devices. The best values for each metric are listed in the 
table.
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density to inhibit non-radiative recombination, photode-

tectors place much less stringent requirements on the 

active materials. This is especially the case for waveguide-

integrated detectors, whose small dimensions facilitate 

efficient carrier collection and noise suppression. There-

fore, monolithic waveguide-integrated detectors can offer 

highly competitive performance despite the less than 

perfect material quality accessible to monolithic devices 

on Si, with the added advantage of significantly simpli-

fied integration process. In particular, polycrystalline 

lead salts represent an attractive option for monolithic 

on-chip mid-IR detector integration up to 5 µm. They can 

be deposited on Si in a non-epitaxial manner via thermal 

evaporation or solution processing [186–188]. They also 

epitomize a class of semiconductors whose polycrystal-

line form rivals or even outperforms their single crystal-

line counterparts for IR detection, a unique feature owing 

to spatial separation of charge carriers near grain bounda-

ries and hence long photo-carrier lifetime [189, 190]. As an 

example, Figure 13 illustrates a PbTe detector integrated 

with a Ge
23

Sb
7
S

70
 ChG waveguide [179]. The entire wave-

guide-detector structure is deposited and fabricated at low 

temperatures (<200°C) using a simple lithography and lift-

off process compatible with CMOS-backend integration 

[191]. Monolithic integration of PbTe detector arrays with 

CMOS readout integrated circuits (ROICs) has also been 

demonstrated [192]. In addition to lead salts, other prom-

ising material candidates for monolithic mid-IR detection 

include GeSn [193] and colloidal quantum dots [194].

A second monolithic detector integration approach 

builds on Si itself. While crystalline Si has a band gap 

energy of 1.12 eV and is transparent in the mid-IR, 

mid-gap states that are optically absorbing in the mid-IR 

can be introduced either by substitutional doping or by 

forming lattice defects. Cryogenically cooled extrinsic Si 

and Ge detectors capitalizing on electronic transitions 

from shallow impurity dopant states to the conduction 

or valence band, in particular, blocked impurity band 

(BIB) detectors, are already pervasive for mid- and far-IR 

sensing [171]. Room-temperature operation of Zn and S 

ion implanted SOI detectors has been achieved, taking 

advantage of the relatively deep levels associated with 

the Zn and S dopants [182, 185]. Figure 14 illustrates the 

basic geometry and spectral response of a Zn-implanted 

p-i-n detector device seamlessly embedded in an SOI 

waveguide. Ion implantation also creates lattice defects 

with optically active trap states such as divacancies, and 

Si+ and Ar+ implanted SOI waveguide detectors belong 

to this category [181, 183]. These detectors are fully com-

patible with standard CMOS fabrication and do not 

necessitate the introduction of foreign materials in the 

Si platform. The main disadvantage of these detectors is 

their low responsivity due to the weak extrinsic dopant 

or defect level mediated absorption. Driving the device at 

high bias voltage in an avalanche mode markedly boosts 

its photoresponse albeit with the penalty of deteriorated 

noise figures [184]. Hyperdoping of Si with chalcogens 

via pulsed laser melting introduces strong sub-band gap 

absorption, although the prospect of efficient room-tem-

perature mid-IR detection is ambiguous given the exces-

sive dark current and noise in hyperdoped Si [195, 196].

Emerging two dimensional (2-D) Van der Waals crys-

tals present another solution for mid-IR detection on Si. 

With its zero-gap nature, graphene exhibits broadband 

2.1
0.4

0.6

0.8

1

2.2 2.3

Metal
contacts

Metal
contacts

Waveguide

GeSbS waveguide
Metal contacts

GeSbS waveguide

PbTe

Metal contacts

A

C

D

B

PbTe
SiO2

1 µm

10 µm

Wavelength (µm)

R
e
s
p
o
n
s
e
 (

A
/W

)

2.4 2.5

Figure 13: Mid-IR waveguide-integrated PbTe photodetector.
(A, B) Schematic structure of the waveguide-integrated PbTe detector 
on Si, (C) tilted-view SEM image of the device, (D) measured respon-
sivity of the detector showing a flat spectral response between 2.1- 
and 2.5-µm wavelength [179] (© 2016 AIP Publishing LLC).
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absorption spanning the mid-IR spectrum. The lack of a 

band gap also results in a large dark current, short carrier 

lifetime, and poor detector NEP. The shortcoming can be 

mitigated by mating graphene with semiconductors to 

form a heterojunction [180] or replacing graphene with 

narrow-gap 2-D semiconductors such as BP [197], black 

arsenic phosphorus [198, 199], and tellurene [200]. To date, 

metal-catalyst-free, large-area growth of these 2-D materi-

als on Si or dielectric substrates remains a significant tech-

nical barrier, and therefore, integration of these materials 

must resort to hybrid transfer processes. The promise of 

applying these materials to mid-IR photonics thus hinges 

on either successful incorporation of hybrid transfer into a 

standard CMOS-backend process or development of novel 

2-D material monolithic integration techniques on Si.

Besides the direct detection methods described 

above, an indirect mid-IR detection scheme leverages 

nonlinear frequency up-conversion. In this approach, 

incident mid-IR radiation and pump light co-propagate 

in a nonlinear waveguide to generate an idler wave in 

the near-IR via FWM, and the idler wave is subsequently 

monitored using a near-IR detector. It has been theoreti-

cally shown that the indirect detection method can afford 

improved SNR under appropriate conditions, as near-IR 

detectors normally exhibit much higher SNR compared 

to mid-IR detectors [201, 202], and such mid-to-near-IR 

spectral translation (from 2.44 µm to 1.62 µm) was experi-

mentally validated in SOI waveguides [202]. The need 

for a high-power pulsed pump source to enable efficient 

wavelength conversion, however, poses a challenge 

towards on-chip integration.

6   On-chip waveguide 

spectrometers

A spectrometer is a device used to measure the spectrum 

of a polychromatic input, and it plays a crucial role in 

applications including spectroscopic sensing, laser wave-

length monitoring, and hyperspectral imaging. On-chip 

waveguide spectrometers, where the optical input is fed 

into the spectrometer via an on-chip waveguide, poten-

tially boast significant SWaP, robustness, and cost advan-

tages over their traditional counterparts assembled from 

bulk optics.

A variety of on-chip spectrometer designs have 

been unveiled over the past decade, either in the “dis-

persive” configuration or following the “modulated” 

scheme [203]. In the former type of devices, the spectral 

components of the incident light are spatially split to 

form a spectrograph, which is then recorded by a detec-

tor array to decode the spectral information. This type 

of spectrometer includes wavelength (de)multiplex-

ers such as arrayed waveguide gratings (AWG), planar 

concave gratings (PCG), and micro-resonator arrays. It 

also encompasses those operating on the wavelength 

multiplexing principle such as spatial heterodyne 
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Figure 14: Extrinsic silicon for mid-IR detection.
(A, B) Normalized spectral response of bulk extrinsic silicon photoconductors for (A) p-type and (B) n-type dopants; (C) false color cross-
sectional SEM image of a Zn-implanted SOI detector with TE mode intensity at 2.3 µm superimposed, photoelectrons generated through Zn 
dopant level absorption are collected by the lateral p-i-n diode structure; (D) spectral response of the detector [182] (© 2014 Optical Society 
of America).
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spectrometer (SHS) [204]. To the best of the authors’ 

knowledge, all on-chip mid-IR waveguide spectrom-

eters demonstrated hitherto belong to this category 

(Table 6). Despite their conceptual simplicity, on-chip 

dispersive type spectrometers are confronted with two 

main limitations. One is the fundamental trade-off 

between spectral resolution and signal throughput 

(and hence SNR), as refining the resolution requires 

splitting the signal into more spatial channels. The 

other more severe challenge is scaling; as can be seen 

from Table 6, there is a vast gap between the number of 

spectral channels N (which approximately equals spec-

tral bandwidth divided by resolution) afforded by an 

on-chip spectrometer and a COTS product. In the dis-

persive spectrometer designs named above, the device 

footprint roughly scales with N linearly. Moreover, the 

number of photodetectors and electrical leads also 

scales with N. The linear scaling law precludes current 

on-chip spectrometers from reaching the level of per-

formance furnished by a laboratory-grade instrument 

as a consequence of the unsustainable complexity 

escalation.

On the other hand, Fourier transform infrared 

(FTIR) spectrometers epitomize the “modulated” type 

devices. In these spectrometers, the device is cyclically 

modulated to generate a set of linearly independent 

transmittance states, and the resulting total transmitted 

intensity is monitored using one or two single-element 

detectors. A Fourier transform (or a linear transform 

in the general case) connects the time-varying signal 

recorded by the detector(s) and the spectrum of the 

incident light [203]. Unlike the dispersive spectrom-

eters, the “modulated” spectrometers are not bound by 

the trade-off between spectral resolution and SNR, a 

feature known as the Fellgett’s advantage. On-chip FTIR 

spectrometers have been realized in the near-IR based 

on MZIs with a thermo-optically or electro-optically 

tunable arm [210, 211], although the small phase shift 

accessible through the thermo-optic or electro-optic 

modulation seriously limits their spectral resolution.

Here we describe a digital Fourier transform infrared 

(dFTIR) spectrometer design to resolve the aforemen-

tioned challenges [203]. The device design is depicted 

in the block diagram in Figure 15A. The device consists 

of an MZI whose arms comprise a series of cascaded 

optical switches connected by waveguides of varying 

lengths. The optical paths in the interferometer arms are 

modified by routing light through different waveguide 

branches via the switches. When light travels through 

the reference paths (marked with orange color) in both 

MZI arms, the MZI is balanced and the path length dif-

ference between the two arms is zero. Each path in red 

is different from the reference paths by a power of two 

times ∆L (∆L being a pre-defined path length differ-

ence). According to this design, each permutation of 

the optical switches results in a different difference in 

optical path length between the two arms, covering 0, 

∆L, 2∆L, 4∆L… to (2j − 1) · ∆L, where j is the total number 

of optical switches. The design thereby offers a spectral 

channel number of:

 2 .
jN =  (6)

Table 6: Mid-IR on-chip waveguide spectrometers; specifications of a COTS portable spectrometer (Ocean Optics NIRQuest512-2.5) are also 
listed for comparison.

Material 

platform

  Device type   Center 

wavelength (µm)

  Bandwidth 

(nm)

  Spectral 

resolution (nm)

  Number of spectral 

channels N

  Footprint 

(mm2)

  Insertion loss 

(dB)a

  Reference

  NIRQuest512-2.5   1.7  1600  3.125 (10 µm slit)  512  940 cm3   N/A   [205]

SOI   AWG
PCG

  3.8  60
80

  9.6
10

  6
8

  0.75
3.06

  1.5–2
1.5–3

  [178, 206]

SOI   AWG
PCG

  2.2
2.125

  10
100

  1.6
6

  6
16

  1.0
0.54

  4
5

  [175]

SOI   AWG   2.375  50  4.2   12  0.64   3   [176]
SOI   Interleaved 

angled MMI
  3.76  80  13   6  N/A   3–4   [207]

SOI   SHS   3.75  59  2.7   21  95   N/A   [204]
Ge-on-Si   AWG   5.35  90  18   5  1.0   2.5–3   [25]
Ge-on-Si   PCG   5.25  150  25   6  1.8   4–5   [26]
Graded SiGe  AWG   4.48  90  5.9   15  200   3–5   [208]
Graded SiGe  AWG   7.6  580  17   35  N/A   3   [209]

aHere we only take into account insertion loss of the spectral splitting devices and do not include losses due to fiber-to-waveguide coupling 
or coupling to photodetectors.



412      H. Lin et al.: Mid-infrared integrated photonics on silicon: a perspective

The spectral resolution δλ and the bandwidth BW are 

given by:
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A salient feature of the dFTIR spectrometer is its 

exponential scaling behavior for both spectral channel 

number and resolution. A second benefit of the dFTIR 

design is that it only needs one or two single-element 

detectors rather than a detector array, which leads to sig-

nificant cost savings and drastically simplified system 

design, processing, and packaging. Our analysis con-

cludes that with 12  switches, a near-IR dFTIR device 

can claim an unprecedented spectral channel number 

of 4096, a fine resolution down to 0.02 nm, a moderate 

insertion loss of less than 6 dB, and a small footprint that 

fits into a millimeter-sized chip [203]. Figure 15B shows 

the photo of a 64-channel dFTIR spectrometer prototyped 

through a commercial multi-project-wafer (MPW) process 

operating across the C-band with a spectral resolution of 

0.5  nm. The design can readily be scaled to the mid-IR 

band, building on the component technologies discussed 

in previous sections.

7   A case in point for mid-IR 

photonic integration: 

 spectroscopic sensor-on-a-chip

In this section, we seek to construct a hypothetical 

on-chip sensor based on component technologies dis-

cussed in preceding sections as an example of mid-IR 

photonic integration. The sensor is designed to identify 

and quantify hydrocarbon chemicals in a multi-compo-

nent gaseous analyte using a fully integrated, chip-scale 

system. To meet the demands of both detection sensi-

tivity and selectivity, we define the operational wave-

length range to be 3–3.8 µm, which encompasses the 

primary absorption bands of hydrocarbons. Figure 16 

depicts a schematic layout of the envisioned sensor-on-

a-chip module consisting of an on-chip source, a sensing 

element where light interacts with the analyte, and a 

light analysis unit that processes the transmitted signal 

to generate an optical spectrum containing quantitative 

information on the analyte chemical composition. In 

the following, we elaborate our rationale for component 

Figure 15: dFTIR spectrometer.
(A) Block diagram illustrating the dFTIR spectrometer layout [203] (© 2017 IEEE), (B) a photo of a dFTIR chip.

Figure 16: A hypothetical sensor-on-a-chip system for spectroscopic sensing across the 3–3.8-µm band; the sensor is designed for hydro-
carbon gas sensing in a chemically cluttered environment and all of its components are integrated on-chip.
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choices and provide a quantitative performance projec-

tion of the sensing system.

7.1   Component selection

We choose a micro-resonator FC pumped by a heteroge-

neously integrated DFB QCL as the light source, because 

it is the only option that meets both on-chip integration 

and broadband coverage requirements. Figure 6 gives an 

example of a FC covering the entire 3–3.8 µm [105], which 

we use here as the basis for our calculation. Mode-lock-

ing the FC to a single soliton state ensures a low-noise 

comb spectrum essential for spectroscopic interrogation 

[108]. We note that the FC is pumped at 3.07 µm, a wave-

length difficult to access with existing QCL technologies. 

However, with appropriate dispersion engineering, the 

micro-resonator can also be pumped at slightly longer 

wavelengths (e.g. 3.5 µm) while maintaining the same 

spectral coverage. The FC shown in Figure 6 is produced 

with a pump power of 80 mW, within the reach of current 

DFB QCL integration technology [73]. The heterogene-

ously integrated QCL emits into the transverse magnetic 

(TM) mode, which further benefits the sensing application 

due to the stronger evanescent fields.

The sensing element can assume the form of a micro-

resonator [212] or a spiral waveguide [62]. In both cases, 

the analyte molecules interact with the evanescent field 

of the guided optical mode, and the detection sensitivity 

is ultimately bound by propagation loss of the waveguide. 

Considering a spiral waveguide with length L and loss 

α (in the absence of optically absorbing analytes), frac-

tional change of transmitted light intensity ∆I% imposed 

by analyte absorption is given by:

 % exp( ) [1 exp( )] exp( ) ,I L L L L∆ α Γα α Γα= − ⋅ − − ≈ − ⋅′ ′  (9)

where α′ denotes the absorption coefficient of the analyte 

and Γ is the modal confinement factor in the gas-phase 

analyte. The waveguide length conducive to optimum 

sensitivity must yield the maximum detectable optical 

attenuation ∆I%, i.e.:
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L

∆
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∂
= ⇒ =

∂  
(10)

Therefore, the waveguide should support low-loss 

propagation within the target spectral band. The onset of 

phonon absorption in SiO
2
 sets a lower bound of propa-

gation loss at ∼0.3 dB/cm for an air-clad SOI waveguide 

(Figure 2). The loss bound can be further reduced by an 

oxide undercut etch, which at the same time enhances 

the evanescent wave confinement in the surrounding gas 

phase. Here we assume an oxide-pedestal Si waveguide 

with a core size of 1 µm by 1 µm. The waveguide dimen-

sions are chosen to guarantee single-mode operation from 

3 to 3.8 µm. The simulated TM mode confinement factors in 

the gas phase and in the oxide pedestal are 10% (averaged 

over 3–3.8 µm) and 1.8% (at 3.8 µm), respectively, and the 

latter indicates a negligible loss ceiling of 0.1 dB/cm due 

to oxide absorption. We therefore assume an SOI wave-

guide loss of 0.2 dB/cm based on literature values [9] and 

a spiral length L = 21.7 cm according to Eq. (10).

An on-chip spectrometer is employed to acquire the 

absorption spectrum. The comb line spacing is 127 GHz, 

corresponding to a total of 166 comb lines between 3 and 

3.8 µm. A dFTIR spectrometer with eight switches (afford-

ing a maximum of 256 spectral channels) readily resolves 

the comb spectrum (with oversampling), and the large 

thermo-optic coefficient of Si facilitates efficient optical 

switching in the dFTIR spectrometer. It is worth noting 

that while the 3–3.8-µm band exceeds the bandwidth of 

most on-chip switches, spectral information can none-

theless be inferred using the dFTIR spectrometer from a 

generic linear transform with a pre-calibrated transforma-

tion matrix [203].

Among the detector materials listed in Table 5, InAsSb, 

PbTe, graphene, and S+-implanted Si cover the target spec-

tral range. We select PbTe given its superior SNR and ease 

of integration with the SOI platform.

7.2   Performance projection

Limit of detection (LOD) is projected based on SNR of 

the sensor. According to Figure 6, we take a conservative 

estimate of −30 dBm or 1-µW power of each comb line in 

the 3–3.8-µm range. Optical power from each comb line 

reaching the detector is 0.18 µW after taking into account 

the insertion losses of all components (spiral waveguide: 

4.3 dB; spectrometer: 3.2  dB [203]). We first estimate 

the noise contribution from the PbTe detector. Given an 

NEP of 0.69 pW/Hz1/2 and a factor of 166/2 6.4=  SNR 

enhancement from the Fellgett’s advantage [213], the 

detector-limited noise-equivalent absorbance (NEA, given 

as the minimum detectable absorbance Γα′L) is NEP/

(0.18 µW)/6.4 = 6.0 × 10−7 Hz−1/2. Such an impressive NEA, 

while quoted in previous on-chip sensor performance 

projections [214], is challenging to attain in practice [215]. 

Empirically, NEA down to 8.5 × 10−4 Hz−1/2 has been experi-

mentally measured in on-chip waveguide sensors [216]. 

For hydrocarbons, their peak absorption cross-sections 

at 3–3.8 µm are typically about 10−18 cm2, equivalent to 
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an absorption coefficient of 27  cm−1 in pure gases [217]. 

Taking the NEA value of 8.5 × 10−4 Hz−1/2, the LOD is there-

fore 14.5  ppmv Hz−1/2, which represents over two orders 

of magnitude improvement compared to state-of-the-art 

on-chip sensors operating in the near-IR [216]. With 10-s 

integration time, the sensor can detect hydrocarbons 

down to 3.2 ppmv. Further sensitivity boost into the ppbv 

regime mandates new detection schemes that can tran-

scend the optical path length limit, for example, through 

cavity-enhanced photothermal spectroscopy [218–220].

Next, we analyze the power consumed by the sensor. 

Current heterogeneously integrated QCLs have wall plug 

efficiencies around 0.5%. To maintain an 80-mW output, 

16-W driving power is needed, which dwarfs the power 

consumption of other components. For instance, state-

of-the-art telecom-band thermo-optic switches feature 

a phase-shifting efficiency of 2  mW/π [143]. Even after 

accounting for the λ3 scaling, the dFTIR spectrometer 

merely consumes 0.08-W average power, which can be 

further reduced by improving thermal isolation of phase 

shifters in the switches.

Last, we estimate the footprint of the sensor. A pre-

viously demonstrated hybrid DFB QCL has a gain region 

of 3 mm in length [73]. Given its high index contrast, the 

pedestal SOI waveguide permits low-loss bends with radii 

below 20 µm and a waveguide spacing of 5.3 µm. Thus 

the spiral waveguide (with a total length of 21.7 cm) fills 

an area of less than 1 mm2. The total dFTIR spectrometer 

length is estimated following previously described proto-

cols [203] to be 1.8 mm. The areas occupied by the micro-

ring and the filter are negligible compared to the other 

components. In total, the entire circuit can readily fit into 

a chip of 1 × 6 mm2 in size.

In summary, we show that the sensor-on-a-chip 

system features ppmv-level, multi-species quantification 

capability within a small footprint of <6  mm2. However, 

significant improvements are needed to reduce its exces-

sive power consumption currently limited by the low 

wall plug efficiency of heterogeneously integrated mid-IR 

lasers.

8   Summary

As we draw a conclusion to this article, it is worth 

highlighting that most examples cited here, which are 

selected from the large body of work referenced in this 

review, took place in the last 5 years. This is a clear indi-

cation that the mid-IR represents a new frontier for pho-

tonic integration on Si.

Despite the significant strides over the past few years, 

many challenges await because of both the less mature 

device technologies compared to their near-IR counter-

parts and the fundamental limitations as a consequence 

of wavelength scaling. Multi-material integration beyond 

the traditional silicon-based material repertoire, which 

has been a key driver for advances in this field, will con-

tinue to play a vital role in addressing the challenges.

In addition, transitioning from optimization of indi-

vidual photonic devices to system-level integration bears 

major opportunities for mid-IR photonics. As our sensor-

on-a-chip example illustrates, full-fledged, chip-scale 

mid-IR photonic systems with performances well exceed-

ing state-of-the-art are already reasonably within the 

reach of existing technologies. We foresee that such inte-

grated mid-IR photonic modules will turn into reality as 

photonic manufacturing strives to embrace new materials 

and integration technologies in the next decade.
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