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Abstract
Vibrational spectroscopy, due to its inherent specificity in providing a spectral “fingerprint” of molecular composition, is an 
important tool to identify and quantify molecules in environmental, clinical, biotechnological, security, and manufacturing 
process applications, for example. Optical waveguide chips, offering mass production, robustness, sensitivity and the poten-
tial for widespread, low-cost deployment as sensors, are being exploited in two principal forms of vibrational spectroscopy, 
waveguide mid-infrared spectroscopy (WMIRS) and waveguide-enhanced Raman spectroscopy (WERS). For both, key 
strands of present research include reducing waveguide attenuation, increasing light/matter interaction strength, exploring 
methods to deal with complex samples such as using machine learning approaches and on-chip integration of photonic 
devices to enhance functionality and improve performance. The mid-infrared materials and devices for WMIRS are less 
well developed than the near-infrared materials and devices normally used for WERS, requiring focussed research into these 
aspects, including new sources and detectors, and into mitigating the water absorption which can dominate parts of the MIR 
spectrum. In the case of WERS, additional key strands of research include reducing and mitigating the background emis-
sion from waveguide materials, enhancing the Raman signal strength, and incorporating combined plasmonic nanometallic 
structures with WERS. Additionally, for WERS, the issue of sample complexity hindering molecular identification is being 
addressed by the inclusion of Raman reporters in assays. MWIRS has been successfully applied to gas sensing, detection 
of compounds in breath for cancer and infection diagnosis and to bacterial discrimination in aqueous samples, for example. 
WERS has recently been applied to the detection of antibiotics in plasma and, for example, to cardiac biomarkers. There is 
now a growing trend towards commercialisation of WERS in particular, which should lead to increased application to real 
samples and advances in the development of practical sensors. In this review, we focus on the trends in research in WMIRS 
and WERS in the past 2 years.
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Introduction

Vibrational spectroscopy is a well-established technique 
to identify and quantify molecular components of biologi-
cal, environmental and other media. This is due to its direct 
measurement of the frequencies and magnitudes of the 

vibrations of molecular bonds, which occur at frequencies 
between 12 and 120 THz (400 cm−1 < k0 < 4000 cm−1; 25 
µm > λ0 > 2.5 µm), yielding “fingerprints” of the component 
molecules [1]. In principle, this allows molecular detection 
without the need for any additional tagging or molecular 
recognition element, although in complex media and with 
complex molecules this remains challenging.

The two principal forms of vibrational spectroscopy are 
(mid)infrared absorption (MIR) spectroscopy and Raman 
spectroscopy. These give similar but complementary infor-
mation, depending on molecular symmetry, with MIR spec-
troscopy yielding absorptions only where bond vibrations 
cause changes in dipole moment and Raman spectroscopy 
yielding emission at frequencies shifted from incident radia-
tion by the frequency of vibration, but only if the vibration 
gives rise to changes in polarisability [2]. Both show promise 
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for compact sensors in a multitude of applications, with the 
principal challenges (in addition to interpretation of complex 
spectra) usually being strong competing background water 
absorption in the case of the MIR, and very weak signal 
against competing background noise for Raman spectroscopy.

Substantial success has been achieved in the miniaturisa-
tion of instrumentation for both techniques. In the case of 
MIR spectroscopy in aqueous media, for example, ATR-FTIR 
can be used to limit the optical pathlength through the absorb-
ing medium, effectively to micrometre scale. This reduces 
water absorption, allowing measurable transmission, while 
also mitigating scattering from turbid media, but simultane-
ously lowers the absorption due to the target molecules. This 
trade-off means that target molecules at low concentrations 
often cannot be detected, and approaches such as drying 
samples, extraction into other solvents or surface enrich-
ment layers are applied, allowing longer pathlengths, such 
as through more bulky “multi-bounce” ATR elements. In 
the case of Raman spectroscopy, particularly of surface lay-
ers, surface-enhanced Raman scattering (SERS) has enabled 
highly sensitive molecular identification and quantification, 
using enhanced electromagnetic fields at nanostructured metal 
surfaces to magnify the Raman emission by factors of typi-
cally 106 on average [3]. Nonetheless, problems remain with 
the repeatability and robustness of SERS surfaces, rendering 
reliable quantification difficult.

Optical waveguides have been successfully applied to both 
MIR and Raman spectroscopy at surfaces. They offer the 
potential for further miniaturisation, mass production, small 
sample size, ready interfacing with optical sources and detec-
tors on- or off-chip, long light/sample interaction lengths 
through the creation of spirals occupying small areas and the 
printing of photonic circuits integrating switches [4], filters 
[5] and spectrometers [6], for example. For MIR absorption 
spectroscopy, optical waveguides essentially represent the 
ultimate extension of ATR elements, providing a strong and, 
for monomode guides, continuous surface evanescent field. 
In principle, this offers very long pathlengths in small vol-
umes of sample and thus very high sensitivity to absorption. 
For Raman spectroscopy, optical waveguides offer similar 
benefits, with long waveguide lengths offering an additional 
Raman enhancement without necessarily requiring the inclu-
sion of metal nanostructures, as Raman power collected in 
the waveguide through the evanescent field grows linearly 
with length (in the absence of pump attenuation). Optical 
waveguide approaches do not, in themselves, offer solu-
tions to the issues of water absorption and competition from 
noise and background emission, but they are well-suited to 
“sensorisation”, integration with microfluidics and to the 
inclusion of enrichment layers. Table 1 gives a comparative 
overview of some recent experimental demonstrations of 
vibrational spectroscopy on optical waveguides.

Waveguide mid‑infrared spectroscopy 
(WMIRS)

In practice, the pathlength advantage for waveguide absorp-
tion spectroscopy is severely limited by the waveguide 
propagation loss, partly due to the materials and processing 
techniques which lag those for near-infrared (NIR) appli-
cations, partly due to the trade-off involved between scat-
tering loss and a strong surface evanescent field and partly 
due to water absorption, including at monolayer scale [7]. 
Peripheral components such as optical sources and detectors, 
lenses and fibres are also less well developed than their NIR 
counterparts. This section addresses trends since a recent 
comprehensive review [8] and an overview of waveguide 
materials and theoretical design optimisation [9]. Figure 1 
shows a typical waveguide absorption spectroscopy system.

Waveguide materials and structures

Undercladding materials

Silicon, silicon nitride (SiN) and germanium are the most 
popular waveguide core materials for MIR operation, with Si 
transparent at wavelengths up to about 8 µm (> 1250 cm−1), 
SiN to about 6 µm (> 2000 cm−1) and Ge to about 16 µm 
(> 625 cm−1). While the transparency ranges of silicon and 
SiN do not cover the entire MIR range of interest, silicon 
photonics (SiP) technology is attractive because it is very 
advanced and suitable for relatively short wavelength appli-
cations such as environmental gas sensing. However, wave-
guides need a lower-index substrate or underlayer which 
must also have low absorption. In conventional SiP, the 
undercladding is normally SiO2, creating “SOI” waveguides, 
which limits operation to <  ~ 3.5 µm, and for Ge waveguides, 
the substrate is often Si, creating “GOS” waveguides, which 
limits operation to <  ~ 8.5 µm.

Two main avenues have been pursued to address this issue: 
(i) suspended waveguides with substrate or undercladding 
locally removed and (ii) alternative undercladding materials. 
Salaj et al. [10] experimentally realised an undercut mem-
brane waveguide for CO2 detection using a SiN core on Si, 
using a 2D array of holes for lateral light confinement. Oper-
ating at λ ≈ 4.34 µm, a limit of detection (LoD) of 20 ppb was 
achieved for a 2 cm long guide, despite a propagation loss of 
3.4 dB/cm. This design provided very high effective “external 
confinement factor” of the optical power with the gas sample 
(Γe = 102%), very low confinement factor with the core mate-
rial (Γc = 4%) and very low Fabry–Perot fringes. Note that Γe 
includes a “slow light” factor yielding high confinement if 
the group index is high, due to the waveguide structure slow-
ing down the mode, thereby increasing sample interaction. 
The residual loss (α) was suspected to be dominated by SiN 
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material absorption, despite the low fraction of power in the 
core. Kim et al. [11] experimentally realised an undercut Ge 
membrane waveguide on Si for CO2 detection with a locally 
etched Y2O3 undercladding transparent to ~ 13 µm, having the 
potential to allow integration of other devices on the remain-
ing solid support. The waveguide losses at λ = 4.34 µm were 
high (29 dB/cm), probably due to fabrication imperfections, 
but the effective pathlength was slightly enhanced due to the 
slow-light effect of the lateral cladding hole array.

Suspended waveguides are sometimes considered 
fragile, particularly for application to liquid samples, so 
solid undercladding materials with long wavelength trans-
mission are being pursued. A promising approach is the 
growth of SiGe with a graded composition between the 
high-Ge core layer and the underlying Si, which ensures 
that very limited optical power interacts with the Si, 
leading to losses below 1 dB/cm for 5 µm < λ < 8.5 µm 
in spiral waveguides up to 14 cm long [12]. These were 

demonstrated on 200 mm Si wafers in a step towards mass 
production, but evanescent interaction with an analyte was 
not an object of the study.

Additional approaches to enhance absorption, allow-
ing shorter waveguides and mitigating propagation loss, 
include surface-enhanced infrared absorption (SEIRA) and 
polymer surface enrichment layers [13]. SEIRA employs a 
nanostructured metal surface, similar to that used in SERS, 
and recent reports on SEIRA surfaces show improvements 
in both theoretical understanding and experimental per-
formance [14, 15], which may improve applicability to 
WMIRS.

Slot waveguides

Slot waveguides, formed like rib waveguides but with 
a ~ 100–200 nm wide slot running down their centres, have 
seen significant application to MIR absorption spectroscopy 

Table 1   Recent experimental demonstrations of vibrational spectroscopy on waveguides

VOC, volatile organic compound; ICL, interband cascade laser; SiN, silicon nitride; SOI, silicon on insulator; GOS, germanium on silicon

Analyte WG structure WG material LoD Focus Ref

Waveguide Mid-IR spectroscopy
  CO2 in N2 Undercut holey clad WG SiN/Si 20 ppb (13CO2) Isotope specific; max 

sensitivity
[10]

  CO2 in N2 Undercut PCWG​ Ge/Y2O3/Si 7.56 ppm Long λ materials; high 
group index

[11]

  CO2 in synthetic air Integrated hollow WG Aluminium 1.44 ppm (13CO2) Isotope ratio to diagnose 
infection

[21]

  CH4 in N2 Slot WG SOI 0.3 ppm Optimising sensitivity; 
minimising etalons

[16]

  VOCs in breath Integrated hollow WG Aluminium  ~ 5 ppm, VOC Cancer detection; chemo-
metrics

[33]

  VOCs Trenched rib GOS 0.4 ppm for p-xylene Enrichment layer; grating 
coupling

[37]

  VOCs in N2 Suspended, SWG clad-
ding

SOI 190 ppm, acetone/IPA ML/AI-enhanced [38]

  VOC mixtures Strip WG,
SWG cladding

SOI 170 ppm, acetone/IPA On-chip neuromorphic 
computing

[39]

  VOC mixtures in water Strip WG SOI 2 vol%, VOC ML/AI-enhanced; gra-
phene detector

[27]

  Bacteria in water Thin-film WG Diamond/AlN/Si over-
layer

0.15–0.28 mg/ml 
(extracts)

Long λ materials; tuned 
for water

[34]

  Mycotoxins in metha-
nol

Thin-film WG GaAs/AlGaAs 0.222 mg/ml (dried) Low-power ICL for port-
ability

[24]

Waveguide-enhanced Raman spectroscopy
  DMSO vapour in N2 Strip WG Polymer sorbent, SiN/

SiO2/Si
16.5 ppb Device integration; fibre 

attached, sorbent layer
[5]

  Monolayer binding 
studies

Slab WG and SERS Au/Ag nanoparticles, 
glass WG

Submonolayer Low-cost; plasmonic 
enhancement

[45]

  Ceftazidime in plasma Slot WG Porous SiO2/SiN/SiO2/Si  < 1 mg/l Human plasma; enhanc-
ing layer

[48]

  Cardiac troponin I Strip WG and SERRS Au/Ag nanoparticles, 
AlN/SiO2/Si

1 nM Sandwich assay; plas-
monic enhancement

[50]
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because they concentrate the modal field in the sample-filled 
gap (gas or liquid) and thereby yield a large Γe. While in the 
NIR slot waveguides suffer in comparison with simple strip 
waveguides due to scattering loss at MIR wavelengths, these 
should be less dominant. Yallew et al. [16] experimentally 
realised a silicon-on-insulator (SOI) slot waveguide operat-
ing around λ ≈ 3.27 nm, with Γe = 67% and achieving an 
LoD for methane of < 300 ppb. Propagation losses were of 
order 10 dB/cm, higher than the 1–6 dB/cm expected, which 
was believed to be due to water absorption from the envi-
ronmental gas sample. Note that low LoD in these and the 
above reports results from careful management of noise and 
Fabry–Perot fringe reduction and good data processing, as 
well as optimised device design, and that the SOI structure 
would be unlikely to allow CO2 measurements around 4.3 
µm.  Slot waveguides show lower confinement factors than 
the suspended membrane waveguides above, and ultimately, 
a trade-off must be reached between confinement factor, 
loss and Fabry–Perot interferences, and technologically the 
devices must be mass-manufacturable and the materials ide-
ally compatible with silicon processing.

Waveguide in‑coupling and out‑coupling

Practical application of MIR waveguide sensors requires 
in- and out-coupling with low loss and good alignment 
tolerance. The ultra-low core confinement exhibited by the 
suspended waveguide design demonstrated in [10] results in 
high end-fire coupling efficiency, due to the size and shape 
of the mode. Grating in/out couplers are often used in silicon 
photonics because they allow positioning anywhere on the 

chip, and no special care with end-facets, but have the poten-
tial disadvantage of narrower-band operation. A compelling 
experimental demonstration of this uses microlenses on the 
underside of the silicon substrate, coupling light through the 
substrate into and out of the GOS waveguide using gold-
coated grating couplers [17].

Optofluidic sensing and hollow waveguides

Optofluidic techniques to process samples and deliver them 
to waveguides for spectroscopy are beyond the scope of this 
article and are described in detail in [18]. However, inte-
grated hollow waveguides (iHWG), where light is guided 
through a channel filled with a sample, with maximum field 
strength located in the sample, rather like slot waveguides 
but with a different light-guiding mechanism, relaxed fab-
rication and normally stronger light-sample interaction, are 
showing promise [19]. Recently, an aluminium iHWG with 
IR-transparent end-caps and inlet/outlet for gas samples was 
used to measure CO2 isotopes in breath for potential gastro-
intestinal disease diagnosis [20], achieving a LoD as low as 
1.44 ppm. The internal surfaces of the aluminium “light-
pipes” of mm-scale radius and ml-scale sample volume 
were polished to < λ/10 quality, allowing low-loss guidance 
by (high but non-total) internal reflection from the metallic 
walls. This type of waveguide is very highly multimoded, 
which allows ready use of incoherent sources and miti-
gates against significant modal noise, and the large diam-
eter ensures low loss through low interaction of light with 
the sidewalls. While this approach may not be as suitable 
for mass production as the integrated photonic waveguides 

Fig. 1   a Waveguide sensor 
for MIR absorption spectros-
copy. b Schematic diagram 
of a standard spectroscopic 
measurement configuration. 
αH2O and αa are the absorption 
coefficients of water and target 
analyte, respectively, I0 is the 
input intensity, Γ is the external 
confinement factor and L is the 
interaction length. TFWG is the 
thin-film waveguide, and TIA 
is a transimpedance amplifier. 
Reprinted from [9] with permis-
sion from Elsevier
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described above, it uses low-cost fabrication techniques and 
benefits from simplicity and practicality, rendering iHWGs 
an intriguing trend.

Optical sources and detectors for WMIRS

Thermal sources such as glo-bars are usually used for con-
ventional MIR ATR spectroscopy, being stable, low-cost and 
broadband. However, the power which can be end-coupled 
into a single waveguide mode from a thermal source is fun-
damentally limited. Higher-brightness alternatives such as 
quantum cascade lasers (QCLs), interband cascade lasers 
(ICLs), LEDs and supercontinuum sources are being pur-
sued, as reviewed in detail in [8]. Off-chip QCLs are most 
often used in research, but are expensive and power-hungry, 
although there have been recent experimental demonstra-
tions of monolithic and hybrid integration of QCLs with 
MIR waveguides for robust, integrated on-chip spectroscopy 
[21, 22]. ICLs exhibit low power consumption in compari-
son with QCLs and, despite worse noise performance than 
a conventional ATR-FTIR system, a tunable ICL/waveguide 
system with mercury cadmium telluride (MCT) detector 
exhibited improved LoD for the food contaminant deox-
ynivalenol, primarily because of the much longer effec-
tive pathlength enabled by higher coupled power [23]. The 
wavelength tuning range of QCLs and ICLs is limited in 
comparison with the bandwidth of thermal sources, and 
their applicability will depend on the spectral range required, 
though note that a broadband source requires a spectrom-
eter. A novel approach to realising a supercontinuum source, 
which produces high-brightness broadband emission from 
very short pump pulses through nonlinear interactions, was 
demonstrated in [24] where waveguides with SiGe graded 
claddings similar to [12] produced a spectrum stretching 
from 5 to 13 µm from input laser pulses (Pav = 1.6 mW, λ = 9 
µm). This exploited high nonlinearity, strong core confine-
ment and well-designed dispersion properties and paves 
the way for pulsed QCL-driven operation. Thermal infra-
red emitters, using thin electrode films such as graphene, 
have been integrated on silicon-based waveguides, enabling 
near-field coupling of broadband thermal emission into the 
waveguides through evanescent fields [25]. This near-field 
approach allows coupling of greater power into an individ-
ual mode than the end-fire configuration and shows promise 
for low-cost integration of compact on-chip sources where 
broadband operation is required and there is low background 
absorption and low propagation loss. Overall, the choice 
of source for waveguide MIR absorption spectroscopy is 
highly application-dependent, with ICLs seeming poised to 
be frontrunners.

In general, external MCT detectors are used in WMIRS, 
but the on-chip integration of detectors for improved robust-
ness, simplicity and flexibility of detector placement is a 

growing trend. Examples of this are (i) graphene waveguide-
integrated photodetectors and (ii) thin-film waveguide-inte-
grated bolometers. The former integrates the graphene film 
on a SOI waveguide by exfoliation and dry transfer, followed 
by electrode patterning, and achieved an NEP of 7.5 nW/
Hz½ experimentally [26] while the latter utilised conven-
tional CMOS processing techniques to monolithically inte-
grate a Ti/TiOx bolomet on a GOI waveguide, achieving an 
experimental NEP of 27 nW/Hz½ [27]. While these noise 
figures are not as low as those of discrete commercial MCT 
devices, detector noise is often not the limiting factor in 
determining LoD.

Applications of waveguide mid‑infrared 
spectroscopy

Applications of WMIRS have been covered in three recent 
reviews, focussing on biomedical applications [8, 28] and 
environmental and volatile organic compounds (VOCs) [8, 
29]. Applications published over the past 2 years fall into 
four broad areas: gas detection and monitoring, which is the 
most popular, followed by biological/biomedical, then detec-
tion of volatile organic compounds (VOCs) and finally appli-
cations combining MIR waveguides with machine learning.

In the area of gas detection and monitoring, the most 
common applications have been on the use of different MIR 
waveguide architectures, experimentally demonstrating sub-
ppm LoD [16] and theoretically studying improvements in 
sensitivity [30] or LoD [31]. Most of the work has focussed 
on CO2 measurement, but there is also work on other gases, 
typically CH4, CO and N2O, and on discriminating between 
them.

In contrast to the detection of simple molecules in the 
gas phase, for biomedicine the challenge lies in the inher-
ent complexity and sample-to-sample variability. This is 
particularly true of medical diagnostic applications using 
breath sampling. Glocker et al. [32] combined an array of 
two types of gas sensors (an eNose module) with a MIR 
waveguide to discriminate between gastric cancer patients 
and healthy individuals, based on the pattern of exhaled 
VOCs. To reduce extraneous background variations, the 
study participants were subject to very stringent behavioural 
constraints for 2 h before the measurement. An alternative 
approach to medical diagnostic applications is the use of a 
specific marker compound, for example acetone in the breath 
[19]. This approach has been used to detect Heliobacter 
pylori infection using 13CO2 [20]. The method is based on 
the detection of 13CO2 following the administration of a gel 
or pill containing 13C-labelled urea. The urea is metabolised 
by the H. pylori bacteria in the upper gastrointestinal tract, 
releasing 13CO2 which is detected on the patient’s breath. 
The method requires measurement of the 13CO2-to-12CO2 
ratio (as shown in Fig. 2) down to around 0.6% which is 
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feasible using MIR waveguides [10, 20]. The identification 
of different types and strains of bacteria poses similar chal-
lenges in terms of complexity and variability. In a proof of 
concept study, Angelstan et al. [33] have shown that MIR 
waveguides can be used to discriminate between A. aureus, 
a gram-positive bacterium, and E. Coli, a gram-negative 
bacterium, based on the characteristic MIR spectrum of the 
lipopolysaccharides that are found in the bacterial cell wall. 
In biological applications, detection of a specific marker 
compound amidst a complex mixture can also be useful, for 
example as a marker for fungal infection [23].

Polymer surface enrichment layers concentrate target 
molecules in the evanescent field and can exclude water, 
increasing sensitivity, reducing sample background absorp-
tion and rendering the platform more application-specific. 
Methane sensing using cryptophane-doped polymer mem-
branes has been demonstrated with refractometric sensors 
but so far suffers from poor specificity; combination with 
spectral fingerprinting may solve this problem in WMIRS 
[34]. Detection and measurement of VOCs, typically aro-
matic hydrocarbons such as benzene, toluene and xylene, 
present as pollutants in water is a significant application for 
MIR waveguides where the use of hydrophobic polymer 
cladding is beneficial to concentrate the VOC on the wave-
guide surface and reduce the interference from water [13, 
35]. In the gas phase, an ordered mesoporous silica film has 
been used for the same purpose [36].

A growing trend is combining WMIRS with machine 
learning. In this context, the work of Lee’s group is interest-
ing. Building on their earlier work on the application of AI 
to MIR waveguide analysis of liquid mixtures, in the past 2 
years, they have incorporated a zero-bias graphene photode-
tector with the waveguide and demonstrated the application 
of this to the analysis of mixtures of 1–5% IPA, acetone 

and ethanol in water using a convolutional neural network 
to classify the mixtures and a convolutional regression net-
work to decompose the spectra [26]. A similar approach was 
used to demonstrate discrimination of binary mixtures of 
IPA and acetone in pure nitrogen [37] and taken one stage 
further through the incorporation of neuromorphic in-sensor 
computing [38]. In this case, the photoresponsivity of the 
on-chip graphene photodetector was used in the weighting 
for the artificial neural network, and this photoresponsivity 
was tuned by adjusting the bias voltage.

Waveguide‑enhanced Raman spectroscopy 
(WERS)

Waveguide-enhanced Raman spectroscopy benefits from the 
ability to build up a strong Raman signal with waveguide 
length, without requiring fragile nanostructured metals, and 
from highly developed optoelectronic materials and compo-
nents in the NIR. However, due to the short wavelengths used 
and the need for high surface fields, the useful waveguide length 
is severely limited by waveguide propagation loss. LoDs are 
also fundamentally limited by noise, as always, and in particular 
by shot noise on background emission from the waveguides 
(Fig. 3a) and sample media. Thus, device research priorities 
include materials, processes and device structures for low loss 
and background reduction or signal enhancement. This section 
addresses advances since recent reviews of WERS [39, 40].

Waveguide materials and structures

The predominant waveguide core material for evanescent 
WERS is silicon nitride (SiN) because of its good (but 
not unique) performance and, perhaps more significantly, 

Fig. 2   Left: IR spectra of 13CO2/12CO2 ratios in 10 cm iHWGs with 12CO2 fixed at 200 ppm and 13CO2 concentrations varying from 10 to 100 
ppm. Right: Calibration curve as a function of 13CO2 concentration. From Ref [20] under CC BY 4.0
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because of its technological maturity [41]. The pump wave-
length of choice is normally 785 nm, representing a com-
promise between background fluorescence and strength of 
Raman signal, although shorter wavelengths are required if 
large Raman shifts are to be measured using silicon detec-
tors [42]. Collecting Raman emission in the backscattering 
configuration (wrt pump propagation) [42] is preferred due to 
a reduced need for pump rejection and a relaxed tolerance on 
waveguide length. While slot waveguides have the advantage 
of lower waveguide background emission, because less power 
travels in the waveguide core, increased propagation loss 
compared with simple rib waveguides often outweighs this 
advantage. Because very compelling basic designs (wave-
length, materials, structures) have emerged, the primary 
focus is now on refining performance. For example, detailed 
work has been carried out on separating core and cladding 
contributions to waveguide background emission and mini-
mising propagation loss in SiO2-clad SiN waveguides, with 
the aim of establishing optimum processes and designs [43] 
for foundry production. There also remains a distinct strand 
of research aiming to combine the benefits of plasmonics (as 
in SERS) with those of dielectric waveguides [44], for further 
signal enhancement or reduced background emission.

In contrast to molecular sensing in solutions, analysis of 
individual micro- and nano-sized biological particles does 
not require evanescent spectroscopy, and lower-index-con-
trast waveguides are proposed to deliver and collect power 
to and from stationary particles using field projection [45]. 
This study confirmed sources of background emission in 
dielectric waveguides and showed low background emission 
from UV-written silica waveguides.

Device integration

The potential of integrated photonics for increased on-chip 
functionality is being exploited to integrate devices on 
chip without, in general, increasing fabrication complex-
ity. Lattice filters to separate pump and signal and edge 
couplers for low-loss fibre attachment were integrated with 
waveguide spirals and a polymer sorbent layer to demon-
strate robust integration of multiple components on chip 
[5], in one of the most complete WERS system demonstra-
tions. Integrated spectrometers in SiN waveguide chips 
are being very actively pursued, though few have been 
integrated with WERS. Most demonstrations of WERS 
employ external spectrometers which, while becoming 
more compact, are still bulky compared to the WERS chip 
and pump laser. A neat hybrid approach, which integrates 
the dispersive components on chip with a 32-waveguide 
optical phased array and 32 grating out-couplers, while 
Fourier imaging in free space onto a cooled camera to 
obtain the 2D angular (and hence spectral) distribution, 
has been demonstrated [6]. The spectrometer operated 
over Raman shifts up to 1200 cm−1 with a resolution of 
about 8 cm−1, suitable for structurally simple analytes in 
liquid samples, with a 0.12 mm2 on-chip footprint and 
with design potential for improved resolution and spectral 
coverage. Integration of high-Q waveguide resonators is of 
potential interest for signal enhancement, potentially mini-
mizing sample volume, and micro-ring resonators have 
been used to further enhance WER spectra from graphene 
layers [46], and future application to organic materials is 
mentioned.

Fig. 3   a Waveguide back-
ground emission; reprinted with 
permission from [41] © Optica 
Publishing Group. b Laser/chip 
in-coupling methods and basic 
structures
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Applications of waveguide‑enhanced Raman 
spectroscopy

As with WMIRS, the use of adsorption layers to concentrate 
analytes at the waveguide surface, increasing sensitivity and 
selectivity, continues to attract attention both for vapour-
phase detection [5] and solution applications. Thus, Zhao 
et al. [47] demonstrated the detection of the antibiotic cef-
tazidime (molecular weight 547 Da) in plasma in the mg/L 
range using WERS on a SiN waveguide modified with a 
mesoporous silica film. The 4 nm pores in the silica layer 
exclude large interferent molecules in the plasma.

For surface-enhanced Raman spectroscopy, first demon-
strated in the  1970 s, the main contribution to the very sig-
nificant (4 to 6 orders of magnitude) surface enhancement 
observed for nanostructured coinage metals (Cu, Ag, Au) is 
the increase in the electromagnetic field at the metal surface by 
the excitation of surface plasmon resonances [3]. The idea of 
combining plasmonic nanometallic structures with waveguides 
and using the waveguide to excite the surface plasmons is thus 
an intriguing and exciting area for study. Gao et al. [48] have 
recently reviewed the different types of SERS-integrated opti-
cal waveguides and their application to the measurement of 
trace species in solution for applications ranging from medical 
diagnostics to environmental monitoring. In their review, they 
highlight the significant potential benefits of combining the 
surface-enhanced Raman spectroscopy with waveguide optics. 
Two recent publications illustrate this trend:

Chen et al. [44] use a thick (200 μm) slab waveguide 
made from a microscope cover slip. This supports around 
800 TE and 800 TM modes so that it acts like an attenu-
ated total reflectance (ATR) guided-wave device. It has the 
advantage of being cheap, readily available and thus dispos-
able. This waveguide is modified by forming a nanoparticle 
matrix of ̴50 nm Au@Ag core-shell particles bound to the 
surface by (3-aminopropyl) triethoxysilane (APTES) modi-
fication of the glass surface. The slab waveguide is used 
to excite SERS for molecules adsorbed on the surface of 
the Au@Ag nanoparticles. As a demonstration, they show 

spectra for 4-mercaptopyridine (4MPy) and 4-aminobenzoic 
acid, recorded for TE and TM modes.

Makela et al. [49] have combined the use of SERS with 
WERS to demonstrate the detection of the 24 kDa protein 
cardiac troponin I (cTnI), a blood cardiac biomarker for the 
diagnosis of myocardial infarction. They used an aptamer 
sandwich assay on the waveguide surface, as shown in Fig. 4, 
using a gold nanoparticle label to provide the required selec-
tivity and sensitivity (the clinically relevant range for cTnI is 
0.1 to 1.5 ng/ml). The first aptamer is bound to the waveguide 
surface through bonding to (3-aminopropyl) trimethoxysilane 
(APTMS) and glutaraldehyde. In the assay, the cTnI binds 
to a second aptamer that has been labelled with 36 nm gold 
nanoparticles which have malachite green isothiocyanate 
(MGITC) bound to their surface. Then, when brought into 
contact with the modified waveguide surface, the cTnI also 
binds to the surface-bound aptamer (hence sandwich assay), 
and the whole assembly is detected by measurement of the 
enhanced Raman spectrum of the MGITC on the AuNPs 
excited by evanescent 635 nm light from the waveguide. The 
Raman reporter MGITC absorbs at 620 nm, so there is also 
a resonant contribution to the enhancement (WERS excited 
surface-enhanced resonance Raman spectroscopy or SERRS). 
Since the dye has four sharp, characteristic Raman bands, it is 
easily discriminated in the spectrum.

Outlook

Direct comparison of the performance of WMIRS and 
WERS is hampered by the different tasks to which they have 
been applied and the imbalance in the development of mate-
rials and devices in the MIR compared with the NIR/VIS, 
as reflected in the level of research activity on these topics.

WMIR spectroscopy is well-suited to environmental moni-
toring of gases, especially if waveguide propagation losses 
and those due to water adsorption can be further reduced. 
These applications have the advantage of not requiring chip 
disposal between each measurement, allowing for more costly 

Fig. 4   Aptamer sandwich assay 
format for cTnI using a com-
bined WERS/SERS device [49]
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chips and more permanent interfacing. WMIR measurements 
in biochemical applications suffer from the complexity of the 
molecules targeted and the (usually aqueous) matrix, which 
is likely to require drying and/or significant sample pre-treat-
ment. Nonetheless, the success of conventional ATR-FTIR in 
combination with ML, for example in cancer diagnostics [50], 
bodes well for WMIRS if chip interchangeability (for dispos-
ability) is simplified, if sample pre-treatment is minimised 
and integrated and, ideally, with enhanced ML explainability.

Raman spectroscopy has the benefit of emission frequen-
cies separated from the excitation frequency, providing a 
noise advantage, and SERS can also offer well-developed 
biochemical assay protocols to WERS. While an aqueous 
matrix poses little problem for WERS, matrix and molecular 
complexity is still an issue, but strong progress on SERS has 
shown that appropriate labelling with Raman reporters, for 
example, can yield high performance and mitigate surface 
variability, approaches which could be transferred to WERS 
(with or without plasmonics) at the cost of the elusive label-
free operation. Alternatively, AI/ML-assisted approaches 
may achieve good performance without labelling [51].

For both WMIRS and WERS, most demonstrations have 
used much-simplified model chemical systems. This was 
important to establish the photonic technologies, but now 
that the devices are reasonably advanced, collaborative 
research with application specialists and users, particularly 
in biomedical fields, should be accelerated to establish real 
applicability and determine fields where the greater com-
plexity of using these devices is surmounted by their promise 
of improved functionality, performance, robustness, com-
pactness or cost. The recent establishment of start-up compa-
nies in WERS, in particular, should meet some of this need 
and emphasises the more advanced stage of this technology.
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