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10.1   INTRODUCTION  

Chalcogenide glasses (ChGs) are well known for their high infrared (IR) transparency and amenability 

to fabrication in fiber and thin film forms, which makes them attractive candidates for mid-IR optical 

chemical and biological sensors. This chapter describes recent advances in the production of sensing 

devices from a variety of thin film and fiber structures, highlighting the critical materials parameters 

needed for achieving low loss, high detectivity operation.  

Because the sensitivity of chemical sensors in thin-film and fiber form is typically directly related 

to some physical characteristic, such as optical path length, which is much higher in these low-

dimension structures than that of the associated bulk glass optics, the physical form of the sensor 

ultimately dictates or influences the required material properties such as optical loss, viscosity, or 

coefficient of thermal expansion.   

Sections 10.2 and 10.3 will review the functionality of ChGs in thin film and fiber sensing 

applications, with a focus on how this functionality is impacted by the choice of ChG constituents. 

The strengths and drawbacks of these sensing approaches will be discussed, as some ChG 

compositions are well-known for limited chemical and temperature stability, as well as high 

photosensitivity, which can make them excellent candidate material systems for use in some 

sensing regimes and environments, but preclude their use in other applications. 

Having outlined the required material characteristics necessary for these sensing applications, 

the discussion in Section 10.4 will then turn to compositional design approaches used to obtain 

these characteristics using multi-component ChGs. Varying elemental compositions can be used 

to tailor glass optical and thermal properties to meet design challenges; however these properties 

are tightly correlated and so the problem becomes one of global, rather than individual, optimization 

in the parameter space of interest. 

This chapter concludes with a brief discussion of the conclusions of the present review, as well 

as the future directions the authors see this exciting field expanding to include. 
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10.2   THIN FILM SENSORS  

10.2.1    Introduction 

As the planar counterpart of fiber optic sensors, integrated optical sensors use on-chip components 

such as waveguides and resonators to perform molecular detection. Compared to conventional sensors 

based on bench-top instruments, integrated planar sensors feature small footprint and low-power 

consumption, require minimal amount of analyte, and their manufacturing is potentially compatible 

with standard semiconductor microfabrication process flow [1-3]. ChGs are uniquely poised as an 

attractive material candidate for on-chip optical sensors: these glasses possess high refractive indices 

(typically n = 2-3), which enable strong optical confinement and compact on-chip integration, their 

amorphous structure facilitates monolithic planar integration on different substrates, and their broad 

IR transparency window overlaps with the spectral fingerprints of most chemical and biological 

species. 

These advantages of chalcogenide materials were well recognized even in the very early days 

of glass waveguide development [4]. Integrated ChG waveguides were first demonstrated in the 

1970s on LiNbO3 substrates. Spectroscopic sensing applications of planar ChG waveguide 

devices, although remained unexplored until the last decade, are rapidly becoming a field of 

intensive scientific investigation in recent years [5], largely spurred by the rapid progress of mid-IR 

laser sources (quantum cascade lasers [6-8] and interband cascade lasers [9, 10]), uncooled 

detectors [11], and mid-IR optical fibers [12]. 

In this section, we will cover the latest developments in the field of planar ChG optical sensors. 

We will first briefly review device processing and integration techniques for planar chalcogenide 

sensor fabrication, and then devote the majority of this section to the discussion of molecular 

detection mechanisms utilized by planar optical sensors. ChGs are also widely applied in 

electrochemical sensors as the ion-exchange electrode material [13-15]; however, in this section 

we are limiting our scope to optical sensors.  

 

10.2.2   Planar chalcogenide glass sensor device fabrication and integration 

10.2.2.1   Micro-fabrication of chalcogenide glass optical sensors 

Planar waveguides, the photonic wires for optical signal transmission on-chip, constitute the basic 

building block for the vast majority of planar optical sensing systems [16]. Examples of commonly used 

waveguide-based sensor devices include micro-resonators, interferometers, and waveguide gratings. 

 

Photosensitive patterning of waveguide devices 

This method takes advantage of the well-known photosensitivity in ChGs for nanopatterning: when 

these glasses are illuminated with light with photon energy close to their band gap, the photo-induced 

glass network structure relaxation leads to refractive index modification [17]. The photo-induced 

index increase was employed in planar waveguide sensor fabrication to create channel waveguides in 

Ge-Sb-Se glass films by selective exposure in the core region [18]. Mid-IR waveguide operating at 8.4 

[19]. 

Since the photo-

photosensitive patterning technique generates waveguides with low-index-contrast. The low index 
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contrast minimizes scattering loss and improves the fabrication tolerance. On the other hand, this 

relatively low index contrast limits the minimum bending radius of waveguides to a few millimeters. 

Therefore, alternative designs offering higher index contrast need to be pursued if waveguide sensor 

designs were to incorporate compact curved sections such as spiral structures. 

 

High-index-contrast waveguide fabrication 

Most standard microfabrication techniques have been applied to high-index-contrast ChG waveguide 

processing. In a standard photolithographic process, ultraviolet (UV) lithography is first used to define 

the desired device patterns in photoresist, and the subsequent pattern transfer to the ChG layer can be 

executed using wet chemical etching [20, 21], plasma dry etching [22-24], or lift-off [25]. Waveguides 

with sub-micron core dimensions and low optical losses (<1 dB/cm) have been fabricated using these 

methods [26]. Fig. 10.1a and 10.1b compare the morphology of waveguides fabricated by dry and wet 

etching methods; the anisotropic wet etching results in undercut in the glass layer that may 

compromise precise feature size definition. Therefore dry etching or lift-off are preferred pattern 

transfer methods for sub-micron single-mode waveguide devices. Other pattern generation techniques 

alternative to photolithography such as electron beam lithography [27-29] and focused ion beam 

milling [30, 31] were also explored for ChG device processing. 

Besides lithographic patterning, the amorphous structure of ChGs enables direct nanoimprint 

and embossing shaping of glass devices without requiring an extra pattern transfer step [32-34]. 

Fig. 10.1c schematically shows the experimental setup used for waveguide embossing [35]. The 

relatively low softening temperature of Ge15As15Se17Te53 ChG facilitates a low pressing 

temperature of 200 °C. Han et al. further reported that application of a surface coating on 

waveguides further improves thermal stability of the waveguide core during embossing, and optical 

loss as low as 0.52 dB/cm was achieved using this method [36]. 

In addition to vacuum deposition, ChGs are soluble in amine solutions and thus they are 

amenable to thin film solution processing [37-39]. Soft lithography techniques such as MIcro-

Molding In Capillaries (MIMIC) and micro-Transfer Molding (μTM), originally developed for polymer 

waveguide processing [40], were successfully applied to generate low-loss planar optical 

waveguides. 
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High-index-contrast waveguides fabricated using the aforementioned techniques often suffer 

from excessive surface roughness scattering loss, as such scattering loss scales with the square 

of core-cladding index contrast [41]. As we will see in the detection sensitivity analysis that follows, 

optical loss is the main sensing performance limiting factor. To mitigate this challenge, thermal 

reflow was implemented to reduce surface roughness on as-fabricated waveguide devices via the 

interaction of surface tension [42, 43]. Further optical loss reduction efforts including optimization 

of the thermal reflow process will be critical to high-sensitivity ChG sensor processing. 

 

Hollow-core chalcogenide glass waveguides 

Beside traditional index-guiding waveguide devices, hollow-core waveguides using omnidirectional 

photonic crystals for light confinement are of great interest to sensing, as liquid or gas analyte can be 

transported in their hollow cores alongside with optical field [44-46]. The large spatial overlap of 

analyte medium and the optical field promotes photon-molecule interactions for sensitive molecular 

detection. 

DeCorby et al. developed a guided self-assembly technique for hollow-core waveguide 

fabrication based on controlled photodoping in ChGs [47, 48]. The hollow core in their device 

structure was surrounding by omnidirectional Distributed Bragg Reflector (DBR) mirrors consisting 

of alternating polyamide-imide (PAI) polymer and Ge33As12Se55 layers (Fig 10.2a). The fabrication 

process is schematically illustrated in Fig. 10.2b. Silver lines were first patterned using a lift-off 

method at the intended waveguide location. Upon illumination or heating, photodoping of silver into 

ChG occurs [49]. The photodoping process is accompanied by an increase of the compressive 

stress in the layers, which leads to delamination and buckling of the top DBR mirror to form the 

hollow core waveguide structure. Optical loss as low as 4 dB/cm was reported in the near-IR. A 

 

 

Fig. 10.1. (a) SEM image of an As2S3 waveguides dry etched by inductively coupled plasma (Image 
courtesy of [23]); (b) Cross-section of a multilayer As24S38Se38/As2S3 ridge directional coupler; the 
unstripped resist ridges show the undercutting produced during the As2S3 glass chemical wet 
etching using a (NH4OH)-based developer (Image courtesy of [21]); (c) Schematic diagram of the 
hot embossing setup; (d) SEM micrographs of an embossed rib waveguide on bulk 
Ge15As15Se17Te53 glass (Image courtesy of [35]). 
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chipscale micro-spectrometer based on out-of-plane modal cut-off in hollow core waveguides was 

also demonstrated by the team [50, 51]. 

 

10.2.3   On-chip integration 

ChG thin films can be deposited using a variety of vapor and wet chemistry methods on different 

substrates, and usually at relatively low substrate temperature. This versatility is particularly 

advantageous for sensor processing, as an on-chip sensing device necessarily involves monolithic or 

hybrid integration with different functional components such as a light source, a photodetector, and 

an analyte transport system. 

 

Fig. 10.2. (a) SEM image of the cleaved facet of a hollow core waveguide; inset shows high 
magnification image of the top mirror (Image courtesy of [47]); (b) Schematic fabrication 
process flow of hollow core ChG waveguides, which is based on controlled film buckling 
induced by silver photodoping (Image courtesy of [48]). 

 

 

Fig. 10.3. ChG waveguide-QCL integration process (a) The QCL chip was soldered onto a 
Cu heat sink; (b) a 190-μm thick, pre-cleaved glass coverslip was glued onto the Cu block 
to serve as the waveguide substrate; (c) a polydimethylsiloxane (PDMS) polymer mold 
attached to the coverslip; (d) amine solution of As2S3 glass filled the mold by capillary 
action; (e) the mold was removed after post-baking to solidified the As2S3 waveguide; (f) 
the pre-cleaved coverslip piece was removed to form an optical output facet; (g) and (h) 
tilted-view SEM images of the integrated QCL-waveguide structure (Image courtesy of 
[52]). 
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Hybrid integration of solution-processed As2S3 ChG waveguides with mid-IR Quantum Cascade 

Lasers (QCL) was recently reported by Tsay et al. [52]. Fig. 10.3a-f outlines the integration process 

flow. The key to the integration process is the use of the additive microfluidic-assisted MIMIC 

technique, which enables the waveguide formation and alignment in a single step. This proof-of-

concept demonstration established an important step towards mid-IR integrated photonics on a 

chipscale platform for spectroscopic sensing applications. Parallel to the hybrid approach, 

monolithic integration of chalcogenide devices with lead salt photodetectors was theoretically 

investigated by Singh et al.[53]. 

10.2.4   Planar chalcogenide glass optical sensor detection mechanisms 

10.2.4.1   Infrared absorption spectroscopy 

 

Waveguide evanescent sensors 

The majority of ChG planar optical sensors detect molecules by identifying their IR absorption 

fingerprints. The basic sensing mechanism is similar to that of FEWS (for Fiber Evanescent Wave 

Spectroscopy): evanescent wave of guided mode in glass waveguides interacts with optically 

absorbing molecules, leading to attenuation of transmitted intensity at particular wavelength 

corresponding to the molecular characteristic absorption lines. Fig. 10.4 schematically illustrates the 

waveguide sensor measurement setup: light from an IR source is coupled into a planar waveguide, and 

the transmitted intensity is monitored at the waveguide output as a function of wavelength to generate 

a spectrograph. The absorption line shape and position are used to identify the molecular species, 

while the absorption line intensity can be used for quantitative measurement of molecular 

concentration. In one possible configuration, the light source is a broadband halogen lamp or glow bar 

source, and the spectrograph is obtained by using a spectrophotometer to separate output light at 

different wavelengths. Alternatively, a tunable IR laser can be used in conjunction with a single-

element photodetector to generate the spectrograph using a wavelength-scanning technique [54]. 

Compared to blackbody broadband sources, tunable lasers typically offer much higher spectral 

intensity and hence improved detection sensitivity. Mid-IR external cavity quantum cascade lasers are 

ideal light sources for such applications given their broad spectral tuning range, narrow emission line 

width, and stable power output [55]. Finally, coupling of light from the source into planar ChG 

waveguides has been successfully implemented using a variety of schemes, including lens focusing [19, 

56], direct butt coupling from laser chips [24], optical fiber end-fire [23, 57], and prism coupling [58]. 

 

 

Fig. 10.4. Waveguide evanescent wave sensing setup: light from an IR source is coupled 
into a planar waveguide, where the evanescent wave interacts with molecules leading to 
optical absorption. The resulting transmitted intensity reduction is detected at the 
waveguide output as a function of wavelength to generate a spectrograph. 
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The two key performance metrics for a sensing technique are specificity and sensitivity. 

Specificity of IR absorption spectroscopy relies on identification of characteristic absorption lines of 

target molecules at particular wavelengths. In dilute gaseous medium at room temperature, spectral 

widths of small molecule absorption peaks due to Doppler broadening are well below 0.01 cm -1, 

and therefore accurate species identification is usually not an issue [59]. Absorption features in 

liquid analytes or those of macromolecules and biological species, however, are spectrally broad 

and accurate peak assignment can become a significant challenge. To alleviate this problem, 

parameter extraction techniques such as Principal Component Analysis (PCA) can be applied to 

enhance the specificity. As an example, Yang et al. demonstrated detection of two types of bacteria, 

E. coli and S. aureus, by Attenuated Total Reflection (ATR) measurement using a Ge10As15Te75 

ChG ATR plate [60]. The two bacteria strains were clearly distinguished using PCA despite their 

similar IR spectra. 

An alternative approach to improve detection IR biosensing specificity involves chemical 

functionalization to generate a sensor surface that specifically binds to the target species. Since 

antibodies bind to their conjugate antigen proteins with good specificity, bio-functionalization is 

usually accomplished by attaching antibodies to the surface. Functionalization of ChG waveguide 

surfaces using a gold-thiol chemistry was demonstrated by Yu et al. and Anne et al. [18, 61, 62]. 

Fig. 10.5a schematically illustrates the surface functionalized ChG sensor structure. Results from 

both groups were obtained on Ge-based ChG films deposited on silicon substrates. A thin gold 

layer with ~20 nm thickness was subsequently deposited on top of the glass films, followed by 

surface anchoring of thiol molecules to form self-assembled monolayers (SAMs) to which 

antibodies can be attached. The thiol anchor molecule SAMs act as intermediate agents which bind 

antibodies to the gold surface: their -SH head groups are linked to the gold surface through semi-

covalent gold-sulfur bonds, and the SAMs also contain carboxyl or amine groups on the other end 

for binding with antibodies. Specificity is thus achieved by functionalizing the sensor surface with 

antibodies that are conjugate to the target biological agents. As an example to showcase surface 

binding specificity of this functionalization approach, IR spectra of Ge-Sb-Se films functionalized 

with anti-E. coli O157:H7 antibodies were collected using an FTIR microscope in a reflection mode 

[18]. Fig. 10.5b shows the spectra of the films treated with E. coli O157:H7, E. coli K12, and S. 

enteriditis suspended in a buffer solution. Distinct IR bands from the film treated with E. coli O157: 

H7 were observed, while the spectrum of the film surface treated with the other two organisms was 

similar to buffer treated blank films, thus confirming specificity. While the gold-thiol chemistry was 

validated as an effective surface functionalization method for glass sensors, the introduction of 

metal gold results in large optical loss. Possible alternative metal-free recipes, for example silane 

chemistries [63], may be applied to functionalize chalcogenide sensors with a thin silicon dioxide 

surface coating with minimal parasitic optical loss. 
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Sensitivity of waveguide evanescent wave sensors can be conveniently analyzed using the 

Lambert-

waveguide section of length L is given by: 

  (10.1) 

 

where I0 is the optical intensity measured at the waveguide output when no absorbing molecular 

represents the optical confinement factor in the evanescent wave, which is given by [64]: 

  (10.2) 

Here n is the refractive index of the medium, c0 0 denotes the 

vacuum permittivity, and E and H are the waveguide mode electric and magnetic fields. The integral 

in the numerator is carried out only in the evanescent wave domain. Clearly different orders of 

 thus to ensure measurement reproducibility, 

single mode waveguide is strongly preferred over multi-mode waveguides for spectroscopic 

sensing applications. 

desig

to enhance the interaction strength between light and molecules. Optical confinement in the 

evanescent wave is increased by shrinking at least one linear dimension of the waveguide to a sub 

wavelength-scale. The interaction length L is ultimately limited by intrinsic optical attenuation in the 

waveguide. As a rule of thumb, if we denote the intrinsic waveguide modal attenuation coefficient 

wg (in cm-1
wg. Planar single-mode high-index-

contrast waveguides fabricated using state-of-the-art technologies can reach a low optical loss 

value down to 0.03 dB/cm in silicon nitride waveguides [65]. As2S3 ChG waveguides with a low 

propagation loss of 0.05 dB/cm was also reported by Madden et al. [66]. The optical path length 
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Fig. 10.5. (a) Schematic of a chalcogenide thin film sensor structure whose surface is 
functionalized using a gold-thiol chemistry for selective binding with biological agents (Image 
courtesy of [61]); (b) Mid-IR spectra of anti-E. coli O157:H7 antibody functionalized Ge-Sb-Se 
films treated with different target bacteria (Image courtesy of [18]). 
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accessible to waveguide sensors is thus roughly a few tenths of centimeters. Such a long 

waveguide section can be compactly laid out on a chipscale device in serpentine [66] or spiral 

patterns [67, 68] to conserve real estate on-chip. 

On-chip analyte transport can be realized by integrating microfluidic flow systems or 

miniaturized gas chambers with the sensor device [69]. Hu et al. demonstrated a microfluidic sensor 

device monolithically integrated with planar Ge-Sb-S ChG waveguides [70]. Quantitative chemical 

sensing via evanescent wave absorption spectroscopy was demonstrated using the microfluidic 

device. 

 

Cavity-enhanced absorption spectroscopy 

 

On-chip micro-resonators (micro-cavities) offer an alternative planar sensor design to waveguide 

evanescent wave devices. Most commonly used micro-resonator geometries include micro-

ring/racetrack resonators [72-74], micro-disks [73], and photonic crystal cavities [28, 75, 76]. Fig. 

10.6a schematically illustrate the basic structure of a resonator sensor consisting of a micro-disk cavity 

and a bus waveguide side-coupled to the cavity. Compared to waveguide sensors, resonators boast 

significantly reduced footprint without compromising detection sensitivity, a highly desirable feature 

for on-chip integration. This unique advantage is achieved by creating a long effective optical path 

length through resonance enhancement. Here we use a single-transverse-mode micro-ring/disk in an 

all-pass configuration (Fig. 10.6a) as an example to illustrate the operating principles of resonator 

sensors. Transmittance through a resonator can be modeled using the coupling matrix formalism [77] 

as: 
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Fig. 10.6. (a) Schematic top-view of a resonator sensor device, consisting of a micro-disk cavity 
and a bus waveguide side-coupled to the cavity for optical input/output; the bottom figures 
illustrate the device transmission spectra correspond to two different sensing modes (b) 
absorption spectroscopy and (c) refractometry; (d) 2S3 
ChG micro-disk resonator; Free Spectral Range (FSR) and Extinction Ratio (ER) of the TE 
polarization are labeled in the figure (Image courtesy of [71]). 
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r denotes the optical propagation loss in the resonator, Lr is the 

resonator perimeter length, t is the wave amplitude transmission coefficient through the bus 

waveguide-resonator coupling section, and neff gives the effective index of the resonator. Transmission 

spectrum given by this equation is characterized by 

r: 

  (10.4) 

that is, when the integral multiples of wavelength equals the resonator perimeter, light coupled from 

the bus waveguide to the cavity can circulate inside the resonator and interfere constructively at each 

round-trip to create a folded, long effective optical path length. If the refractive index of the 

surrounding medium is modified due to molecular binding on the resonator surface, neff is changed 

and the resonance dips shift in wavelength. Such resonance shift can be exploited for sensing in a 

refractometry mode (Fig. 10.6c), which we will discuss in the next section. The minimum 

r r in Eq. 10.3, we define the 

resonance Extinction Ratio (ER) in decibel (dB) as: 

  (10.5) 

As a consequence, when the propagation loss 

interaction with optically absorbing molecules, the extinction ratio is also changed. In resonant 

cavity-enhanced absorption spectroscopy, optically absorbing molecules are detected by 

monitoring such extinction ratio change, as is illustrated in Fig. 10.6b [78]. Unlike waveguide 

sensors, which are inherently broadband devices, both cavity refractometry and absorption 

spectroscopy techniques operate only at the optical resonance wavelengths. As a result, their 

wavelength resolution is given by the resonator's Free Spectral Range (FSR), i.e. the wavelength 

separation between two adjacent resonance dips: 

  (10.6) 

where ng is the group index of the resonant mode. 

Sensitivity of resonant cavity sensors operating in the absorption spectroscopy mode was both 

theoretically and experimentally investigated by several groups [78-80]. Effective optical path 

length Leff r can be estimated by the formula: 

  (10.7) 
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nt 

effect with respect to the cavity physical length Lr at the resonance wavelength. Similar to 

waveguide evanescent sensors, the sensitivity of resonator sensors is also ultimately bounded by 

intrinsic propagation loss in the device. 

As an illustration of the operating principles of cavity-enhanced absorption spectroscopy, 10.7a 

shows a top-view micrograph of a planar ChG resonator sensor, which was comprised of a linear 

array of Ge-Sb-S micro-disk resonators bonded with a PDMS polymer microfluidic channel [79]. To 

validate the sensing capability of the device, the microfluidic channel was sequentially filled with 

pure carbon tetrachloride (CCl4) and 10% volume N-methylaniline solution in CCl4. CCl4 is 

transparent at the near-infrared (NIR) wavelength range while N-methylaniline features an 

absorption peak centered at around 1496 nm wavelength [81]. As a consequence of the additional 

absorption loss introduced by the N-methylaniline solution, the resonant dip extinction ratio was 

decreased (the red curve in Fig. 10.7b). According to Eq. 10. 5, the change of extinction ratio can 

be used to quantitatively calculate the absorption coefficient of the N-methylaniline solution. Since 

this approach calculated the analyte absorption only at the resonant wavelengths, the resulting 

data consist of a set of discrete points spaced by the resonator FSR. Data obtained using this 

method showed excellent agreement with spectrum measured using a benchtop NIR 

spectrophotometer (Fig. 10.7c), which confirmed the validity of the cavity-enhanced sensing 

technique. 

 

Fig. 10.7. (a) Top-view of a PDMS microfluidic channel overlaid with a linear array of Ge-Sb-S micro-
disks; (b) Microdisk transmission spectra around a resonant peak before and after N-methylaniline 
solution injection: the dots are experimentally measured data points and the lines are theoretical fitting 
results; (c) absorption coefficient of N-methylaniline solution measured using the micro-disk cavity 
sensor (dots) and a benchtop NIR spectrophotometer (solid line) showing excellent agreement (Image 
courtesy of [79]). 
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Photothermal detection techniques 

Based on our analysis above, the sensitivity of both waveguide evanescent wave sensors and cavity-

enhanced absorption spectroscopy was limited by optical propagation loss in on-chip devices. 

Compared to the well below dB/m-level low optical loss routinely obtained in ChG IR fibers nowadays, 

planar guided wave devices exhibit much higher loss typically in the dB/cm range. As a consequence, 

the effective optical path length accessible to planar sensors is of the order of centimeters. When 

gauged using gas concentration Limit Of Detection (LOD), on-chip IR absorption spectroscopic sensors 

demonstrated to date claim an LOD value at the parts-per-million (ppm) level [79, 82], much inferior 

compared to the parts-per-billion (ppb) or even sub-ppb level LOD of free-space cavity-enhanced IR 

spectroscopic sensors [54, 83, 84] which boast effective optical path lengths of hundreds of meters. 

Reduced optical loss can be achieved using a large-core rib waveguide design [66] although their small 

evanescent field component and relatively large bending radius make them not ideal for sensing 

applications. 

We recently proposed and theoretically analyzed an on-chip nano-cavity photothermal sensing 

technique to overcome this sensitivity bottleneck [85, 86]. The technique works as follows (Fig. 

10.8a): a mid-IR pump beam whose wavelength is tuned to match a characteristic absorption line 

of target molecules is launched into a resonant cavity to induce optical absorption and photothermal 

effect. Heat generated in the absorption process then leads to temperature rise of the cavity, which 

induces thermo-optic resonance spectral shift at the probe wavelength. The resonant wavelength 

shift is subsequently detected using a low-power near-IR probe beam to quantify the target species 

concentration. This approach has two significant advantages over the methods outlined in previous 

sections: 1) utra-high sensitivity is attained by both optical resonance enhancement and thermal 

confinement; and 2) since mid-IR absorption is translated into photothermal resonance shift at the 

near-IR probe wavelength, the technique can operate using high performance photodiodes at 

telecommunication bands rather than resorting to cryogenically cooled mid-IR detectors. 

ChGs are uniquely poised for such photothermal sensing applications given their low thermal 

conductivity and large thermo-optic coefficient. The photothermal Figure Of Merit (FOM) is defined 

as: 

  (10.8) 

where n is the refractive index (optical confinement), κ denotes the thermal conductivity (thermal 

isolation), and dn/dT is the thermal-optic coefficient (the ability to convert temperature change to 

resonance shift). The FOM of ChGs is over 100 times higher than those of silica and silicon. Coupled 

1 dn
FOM n

dT
   

 

Fig. 10.8. (a) Block diagram illustrating the operating principle of nano-cavity photothermal 
sensing; (b) Tilted view of a suspended double resonance PhC nanobeam sensor cavity and a 
reference cavity. Optical absorption by target analyte molecules at the pump wavelength leads to 
photothermal heat generation and temperature rise, which is detected through the thermo-optic 
resonance shift at the probe wavelength. The color represents optical field intensity distribution 
in the cavities. 
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with a suspended photonic crystal cavity design to minimize thermal leakage (Fig. 10.8b), our analysis 

showed that detection down to a single gas molecule is possible using this technique. This detection 

limit represents four orders of magnitude improvement compared to the LOD of current on-chip IR 

sensors. 

10.2.5   Refractometry sensing 

Refractometry sensing works by detecting refractive index change induced by molecular binding to 

sensor surfaces. Surface Plasmon Resonance (SPR) is probably the most widely adopted refractometry 

sensing method [87-90]. Commercial benchtop SPR systems have been well matured in the past three 

decades [91], and their current applications span from laboratory molecular interaction studies [92] 

to high throughput screening in the pharmaceutical industry [93]. Unlike IR absorption spectroscopy, 

which detects molecular species by identifying their characteristic absorption bands, refractometry is 

inherently non-specific and has to rely on surface receptor coatings which selectively bind to target 

molecules. 

ChG-based SPR detection has recently been evaluated [94-97]. The SPR peak position is 

extremely sensitive to refractive index variation in the sensing medium caused by presence of 

molecules, and the technique works by monitoring the SPR dip shift using a Kretschmann angular 

interrogation geometry. A refractive index detection limit of 3 × 10-5 Refractive Index Unit (RIU) was 

experimentally demonstrated in the ChG-based SPR sensing system [95]. 

Refractometry sensing can also be performed using optical resonant cavities by tracking the 

resonant wavelength shift induced by molecular binding (Fig. 10.6c). Optical resonant cavity 

sensors operating in the refractometry sensing mode have been realized in a number of material 

platforms including silica glass [98-100], silicon [69, 101-103], silicon nitride [104], and polymers 

[105, 106]. ChG resonators with a high loaded quality factor up to 2 × 105 were also explored for 

refractometry sensing applications [107], and a detection limit of 8 × 10-7 RIU was confirmed using 

bulk refractive index sensing experiments. Giammarco et al. applied a polymer enrichment coating 

on top of Ge-Sb-S glass sensors and demonstrated refractometry sensing of different organic small 

molecules [108]. Composition and layer structures of the polymer coatings were engineered to 

achieve selective adsorption affinity to different molecular species. 

Besides SPR and resonators, other glass device platforms potentially suitable for refractometry 

detection include inteferometers and waveguide Bragg gratings [109]. 

 

10.2.6   Surface Enhanced Raman Spectroscopy (SERS) 

 
Surface Enhanced Raman Spectroscopy (SERS) is another emerging sensing technique receiving much 

attention nowadays. Compared to linear optical effects such as absorption and fluorescence, Raman is 

a nonlinear process with a much smaller scattering cross-section (typically 1014 times smaller than 

fluorescence emission cross-section, for example). In SERS, the weak Raman interaction is dramatically 

amplified by synergistically combining electromagnetic field enhancement with chemical 

enhancement effects [111, 112]. High electromagnetic field enhancement is usually attained by 

excitation of Localized Surface Plasmon Resonance (LSPR) in metallic nanostructures, such as metal 

nanoparticle dimers and 2-D arrays. To ensure reproducible enhancement, SERS substrates decorated 

with these metallic nanostructures are usually fabricated using electron beam lithography top-down 

approach, which is a relatively expensive and slow process [113]. Su et al. investigated a new SERS 

substrate fabrication route using photosensitive patterning of ChGs [114, 115]. Su et al. used a two-

beam interference lithography system to expose an As2S3 film. Photostructural change in the exposed 



 15 

As2S3 glass leads to major increase of its chemical resistance to amine etchants. Subsequently wet 

chemical etching was used to sculpt the 3-D nanostructure (Fig. 10.9a). A thin layer of gold is sputtered 

on top of the chalcogenide nanostructure to form the SERS substrate. Raman enhancement of the SERS 

substrate was tested using Rhodamine-6G molecules. The excitation light was delivered to the 

substrate either via conventional microscope focusing or by evanescent excitation from a tapered 

multi-mode optical fiber (Fig. 10.9b). Raman signal enhancement factors up to 2.1 × 106 was reported 

using the fiber evanescent excitation configuration, which is over an order of magnitude higher than 

SERS signals generated from Rhodamine-6G solutions containing silver colloidal nanoparticles [115]. 

The proof-of-concept demonstration shows that the photosensitive patterning technique offers a 

potentially low-cost top-down fabrication alternative for SERS substrate processing. 

 

Fig. 10.9. (a) SEM image of an As2S3-based SERS substrate prior to gold coating; (b) Schematic 
configuration of a fiber-taper-coupled SERS substrate; (c) Raman spectra of Rhodamine-6G obtained with 
A, fiber-taper-coupled SERS substrate; B, conventional free-space laser-focusing method; and C, fiber-
taper on a smooth gold surface, where arrows indicate Rhodamine-6G vibrational modes (Image courtesy 
of [110]). 
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10.3   FIBER SENSORS 

10.3.1    Introduction 

Optical chalcogenide glass fibers have undergone tremendous development since the first draws were 

reported in the mid 1960s [116]. With the advent of photonic crystal fibers, they have now found 

numerous applications including the fields of IR light-wave propagation [117], dispersion tailoring 

[118], supercontinuum generation [119], medical endoscopy [120], temperature monitoring and 

imaging [121-123], all-optical switching [124] and Raman gain engineering [125]. In addition ChG 

fiber-based sensor devices have proven to be excellent candidates for remote quantitative detection 

and quantification of organic and biological species. Some of the key attributes of these sensors are 

their mechanical flexibility, length and surface area, portability, water and corrosion resistance, low 

environmental impact, immunity from electromagnetic fields, safety, and low fabrication cost.  

The standard sensing mechanism in these applications is based on IR fiber evanescent wave 

spectroscopy, which consists of measuring the modulation in the evanescent electric field of the 

sensor fiber when in contact with an external absorbing species. Compared with oxide or fluoride 

glasses, IR-transmitting ChG fibers offer a much broader wavelength region available for remote 

spectroscopy, up to 20 μm for the telluride-based materials. This wide spectral window in the mid-

IR region overlaps the highly specific vibrational modes of most of organic chemicals and 

biomolecules, between 400 cm−1 (25 μm) and 4000 cm−1 (2.5 μm). A plethora of systems have 

been investigated using ChG-based fiber sensors, including aqueous and non-aqueous solutions, 

gaseous species, as well as solids.  

Optical biosensor technology has realized remarkable developments in the last decades [126-

129]. This section will specifically focus on IR fiber sensors based on chalcogenide materials. We 

will first describe the mechanism of evanescent wave spectroscopy, and summarize the essential 

properties of ChGs when used in the framework of fiber-based sensing. Finally we will present 

several techniques commonly employed for the shaping of ChGs into fiber optic sensors and survey 

their applications. 

10.3.2   Sensing: Infrared fiber evanescent wave spectroscopy 

When an electromagnetic wave propagates within a fiber, a part of the electric field, the evanescent 

wave, extends above the fiber surface. In the event of a coupling between the travelling wave and an 

absorbing medium, energy transfer can occur and a vibrational spectrum specific to that medium can 

be recorded. The sensing mechanism used by ChG fiber-based sensor technology makes use of this 

effect by monitoring the modulation in the evanescent wave when the fiber is put in contact with an 

external absorbing substance. This analytical method, commonly called Fiber Evanescent Wave 

Spectroscopy (FEWS), has been extensively studied [130-132]. Unlike other IR spectroscopy 

techniques, the measuring beam does not need to travel through the sample to extract useful 

information from the medium; FEWS is of particular interest for samples that scatter or are opaque in 

the IR wavelengths. 

FEWS sensors are similar to Attenuated Total Reflection (ATR) spectrometers, however unlike 

standard ATR crystals, the elongated configuration of the fiber ensures a longer 

waveguide/medium. This in turn generates a larger number of internal reflections, thus enhancing 

detection sensitivity.  
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The experimental setup for FEWS consists of a Fourier Transform Infra Red (FTIR) 

spectrophotometer coupled with an IR fiber and a mercury cadmium telluride (MCT) detector (Fig. 

10.10a). The signal is collected on a computer and interpreted using conventional spectral 

analytical tools.  

 
Here, the fiber is dipped into the analyte medium and interacts with the sample along a thin 

section, called the sensing zone (Fig. 10.10b). In fact, it has been demonstrated that the sensitivity 

of the measurement is inversely proportional to the diameter of the sensing fiber [134, 135]. Thus 

an efficient way to increase the signal-to-noise ratio is to reduce its cross-section, typically to 100 

μm or smaller. The sensing zone is generally a few centimeters long, which results in a trade-off 

between enhancement of the length of the interacting zone to increase absorption, and 

conservation of the mechanical integrity of the whole fiber. The reduction of the diameter of these 

fibers is achieved either by a sharp increase of the capstan speed during the fiber drawing, and/or 

the congruent etching of the glass fiber [135, 136]. Recently Lepine et al. [137] have proposed a 

new method based on optical micro-fabrication processing to fabricate tapers with fine control of 

the dimension. 

 

10.3.3   Material requirements  

Chalcogenide glasses are covalently bonded amorphous semiconductors, which contain either sulfur 

(S), selenium (Se) and/or tellurium (Te). These elements are combined in a continuous fashion with 

glass-formers such as As, Sb, Ge or Ga in order to tune their thermo-mechanical and optical properties. 

Due to their heavy constituent elements, ChGs are low-phonon energy materials. Unlike oxides glasses, 

which have their phonon absorption energy in the 1000 cm–1 region (IR cut-off around 2 to 3 μm), 

sulfide-based glasses typically transmit light up to 12 μm, selenides to 16 μm, and tellurides to 20 μm. 

As noted earlier the large spectral windows of these glasses cover the specific vibrational spectrum of 

most organic chemicals and biomolecules. In addition, glassy chalcogenide materials exhibit the 

required combination of viscosity/temperature behavior and resistance to crystallization, which 

allows them to be pulled down into hair-thin cylindrical filaments of arbitrary length without 

devitrification. Moreover, these same optimal thermo-mechanical properties are relied upon to draw 

sensing zones with diameters of 100 μm or less for higher detection sensitivity and flexibility in FEWS 

 
Fig. 10.10. A FEWS experimental set up (a) A tapered ChG fiber, connected to an FTIR 
spectrophotometer and an MCT detector, is put in contact with the sample; (b) Schematic 
of the sensing zone. The diameter of the fiber is reduced to maximize sensitivity 
(Micrograph: sensing zone) (Image courtesy of [133]). 
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sensors. Finally, ChGs exhibit hydrophobic surface characteristics and excellent resistance to chemical 

corrosion, which are of crucial importance for chemical and biochemical sensing. 

Sulfur- and selenium-based glasses, which possess ring-like and long-chain polymeric 

configurations, are especially suited for forming stable amorphous phases with high transparency 

in the mid-IR region. Among optical fiber materials, As–S and As–Se glasses have been studied 

most extensively [116]. As2S3 glass fibers exhibit optical losses of 12 dB/km at 3.0 μm [138] and a 

tensile strength of about 180 MPa [139]. Dianov et al. have produced As2Se3 fibers with optical 

losses of 74 dB/km at 4.7 µm [140].  The microhardness of the AsxSe100-x fibers ranges from 0.66 

GPa (x = 5 % at.) to 1.04 GPa (x = 50 % at.), with a peak at 1.53 GPa for the As2Se3 glass [141]. 

The tensile strength of unclad As2Se3 glass fibers ranges from 83 MPa to 380 MPa, depending on 

drawing parameters [142].  

The manufacturing of chalcogenide optical fibers with low optical loss is required for sensing 

applications. Extrinsic impurities, dissolved compounds and heterogeneous inclusions are the 

origin of scattering, inhomogeneity, and specific absorption bands which can interfere with light 

propagation through the material in the spectral region of use and/or thermo-mechanical stability 

[143]. In particular absorption peaks due to O-H (2.92 µm), S-H (4 µm), Se-H (4.6 µm) and 

molecular water (6.3 µm) can be deleterious in chemical sensing applications. Therefore ChG 

macroscopic preforms for thermal drawing are synthesized from ultra-high purity (5N) single 

chemical elements. The glass rods are obtained by melt-quenching technique in sealed silica 

ampoules under vacuum. In addition the mixture is subjected to supplementary impurity removal 

treatments, which consist in oxide volatilization, melting over hydride and oxide getters, and 

distillation. 

 

10.3.4   Design of ChG fiber optics for mid-IR sensing 

In this section we will review the major techniques used for the fabrication of single-index, double-

index and photonic crystal fibers. Ultimately the materials properties and targeted applications dictate 

the fabrication route. 

10.3.4.1   Single-index fibers 

Optical fiber sensing of chemical and biological species relies on the measurement of fluctuations in 

the evanescent waves in the vicinity or at the surface of the device. Thus single-index ChG fibers allow 

direct contact with the analyzed medium, with no preliminary removal of the fiber cladding required. 

However, since the single-index fibers are generally highly multi-mode, taper design at the sensing 

zone needs to be carefully optimized to minimize mode cut-off loss.  Single-index fibers are pulled from 

a core-only preform in a thermal draw tower (Fig. 10. 11). A preform, of typically 10 cm in length and 

1 cm in diameter, is first cast in a quartz tube under vacuum. It is then placed in a draw tower composed 

of a heating area under controlled atmosphere, a diameter controller, a tension-meter, and a collecting 

drum with tunable rotation speed. The rod is locally heated above its glass transition temperature, Tg, 

to soften its lower part, which forms a drop. This drop is lowered down to the collection drum, where 

it is fixed. A few tens-of-meters of fibers with diameter in the range 100-400 μm can be collected 

following this procedure. 

Shirayev et al. have obtained minimum optical losses of 0.04 dB/m at 6.7 μm for a core-only 

Te20As30Se50 glass fiber [144]. Even though these losses are still too high for long-distance 

applications, they permit optical sensing on short and medium distances.  
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10.3.4.2   Double-index fibers 

Fiber optic cables guide light by Total Internal Reflection (TIR). This mechanism necessitates fibers 

made of two materials with slightly different refractive indices. Light travels along the core of the fiber 

by bouncing off the interfaces between the core and the cladding. When sensing applications 

necessitate long-distance or single-mode beam propagation, the fabrication of core-clad double-index 

fibers is required. Techniques for the preparation of solid core-clad preforms for double-index fibers 

are presented below. 

 
Rod-in-tube technique 

 
Fig. 10.11. Thermal drawing of a core-only preform into a single-index fiber (Pictures: 

glass As2Se3) 
 

 
Fig. 10.12. Preparation of double-index preform by the rod-in-tube technique (Image 
courtesy of [147]). 
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The preparation of ChG preforms by the rod-in-tube technique is a 2-step process [145, 146], as shown 

in Fig. 10. 12. It consists of two steps, firstly the synthesis of the core glass (rod) in the standard fashion, 

in a quartz tube under vacuum. In the meantime the cladding glass (tube) is fabricated by ‘rotational 

casting’, that is to say by subjecting the glass, which is first heated up above its melting temperature, 

to fast spinning while being cooled down below its glass transition temperature. The core-glass is 

finally inserted inside the cladding-glass tube and the resulting preform is drawn into meters-long 

fibers.  

The rotational casting technique necessitates a precise control of the rotation speed and cooling 

rate. Moreover roughness or other defects at the core/clad interface result in detrimental scattering. 

The vacuum-pumping of the preform during the drawing has been shown to help improve adhesion 

between the core and clad materials, and thus further reducing the optical losses. 

 
Double crucible process 

The double-crucible assembly consists of two silica crucibles inserted one into the other with an open 

nozzle at the lower end. The inner crucible is charged with the core glass while the outer crucible 

contains the cladding glass. The system is raised to temperature under an inert atmosphere in the 

vicinity of the nozzle to soften the glasses. The core/clad glasses are then co-drawn into a fiber through 

the nozzles. The double-crucible assembly was successfully used for the drawing of core/clad fibers in 

the systems As-S, Ge-S and Ge-As-Se [148, 149]. Minimum losses were of 35 dB/km at 2.44 μm for 

As40S60, and 148 dB/km at 1.68 μm for Ge20S80, 182 dB/km at 2.12 μm for As38Ge5Se57, with diameters 

in the range 100-300 μm. 

 
In-situ core-cladding casting 

Le Coq et al. developed an original technique based on the built-in casting method to fabricate double 

index chalcogenide fibers [150, 151]. After preparing each glass separately, the core and clad materials 

are introduced in a silica set-up schematically shown in Fig. 10. 13. The fabrication of the preform is 

achieved by a series of two separate vacuum distillations, followed by the in-situ casting of the preform 

through sequential rotation of the system. The demonstration of the potential of this technique for the 

fabrication of double-index preforms has been realized with the glasses Te25As30Se45 (core) and 

Te20As30Se50 (clad). 

 

 
Fig. 10.13. Preparation of ChG performs by in-situ core-cladding casting (Image courtesy 

of [150]). 
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Extrusion 

Extrusion also allows the fabrication of core/clad preforms. Savage et al. successfully reported on the 

co-extrusion of a Ge-As-Se preform and its subsequent fiber drawing [152]. The co-extrusion technique 

produces preforms with optimum core/clad interface quality. Fibers with optical losses of 1.7 dB/m at 

6.0 μm were fabricated. Recently Abouraddy et al. have extended the technology by co-extruding 

composite macroscopic preforms made of two chalcogenide materials, and a thermoplastic polymer 

cladding [153] yielding mechanically robust fibers. 

10.3.4.3   Photonic crystal fibers 

Photonic crystal fibers have emerged as a very promising research area in recent years, with a 

potential for novel optical and sensing properties [154, 155]. Microstructured fibers are usually 

fabricated by the stack-and-draw technique. Glassy capillaries are stacked and inserted into a jacketing 

tube to form a preform, which is then drawn. This step can be repeated to obtain target dimensions in 

the final fiber geometry. Alternatively, El-Amraoui and coworkers have recently prepared preforms 

with a variety of geometrical patterns by direct mechanical drilling of holes in the ChG rod [156].  

 

10.3.5   Applications: Optical Fibers for chemical and biochemical remote sensing 

The transmission window of ChGs overlaps the 400-4000 cm−1 IR range, which corresponds to the 

region of vibrational modes of organic species. This makes ChG-based FEWS an excellent tool for 

remote detection and analysis of a wide variety of chemicals and biochemical compounds. In this 

section we will review the advances and main applications of the FEWS technology, ranging from the 

detection of simple molecules to complex proteins and enzymes. 

 

10.3.5.1   Chemical analysis 

Compton et al. first reported in 1988 the chemical analysis of butanone by measuring the 

changes in the absorbance of the fundamental vibrational peaks of the analyte along a 

commercially available ChG fiber [157]. Following this result Heo and coworkers used a 15 cm long 

GeTeSe fiber sensor to monitor the concentration of acetone, ethyl alcohol, and sulfuric acid in a 

solution, as well as dichlorodifluoromethane gas [158]. Since then the potential of IR-transmitting 

ChG-based FEWS has been expanded to the identification of a vast range of organic species, such 

as methanol, ethanol, isopropanol, acetone, ethanoic acid, hexane, chlorinated hydrocarbons, 

toluene, benzene [132, 159]. The detection limit for these substances when dissolved in water is 

below 3 vol. %. 

Quantitative measurement of solutes samples is possible thanks to the Beer–Lambert linear 

relation (Eq. 10. 9), which links the absorbance and concentration as follows: 

 
 A(l) = e(l)LC   (10.9) 

with A the absorbance, L the contact length between the probe and the solution, ε the molar absorption 

coefficient of the surrounding media and C the concentration of the absorbent species contained in the 

surrounding media. As an illustration we depict (Fig. 10. 14) the analysis of ethanol aqueous solutions 

as a function of ethanol content [150]. This study was made with a 1.15 m long As-Se-Te core/clad 

fiber (core: Te25As30Se45, cladding: Te20As30Se50), with a sensing zone of 90 μm in diameter. The two 

absorption peaks at 9.2 μm (C–C stretching mode) and at 9.5 μm (C–OH vibration mode) increase with 

the concentration of ethanol (Fig. 10. 14a). The experiment highlights (Fig. 10. 14b) the linear 

relationship of the absorption peak heights with respect to the concentration of ethanol. 
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Remote IR fiber-based spectroscopy allows real-time exploration of chemical reactions, and as 

a consequence, provides a valuable tool to access information on complex reaction mechanisms. 

For instance Anne et al. [160] have monitored in real-time, the polymerization process of an 

industrial thermo-hardening resin using a Ge-Ga-Sb-Se optical fiber, while Li et al. employed a 

similar process to characterize the polymerization of styrene films [161]. In the food industry, Le 

Coq et al. quantitatively monitored the conversion of fructose and glucose into ethanol during the 

fermentation process of cider [162]. Differentiation of egg’s white versus yolk has also been 

demonstrated [163]. 

FEWS offers a convenient and flexible tool for the detection of gaseous species. Taga et al. 

[164] have detected several single gaseous species - such as hexane, trichloro-trifluoro-ethane, 

methane, acetone, etc. - as well as gaseous mixtures in concentration ranges of 1–10 vol.% with a 

ChG fiber optic coupled to an FTIR spectrophotometer. In the environmental field, work is in 

progress to demonstrate the potential of ChG fibers for the control of greenhouse gas emissions, 

notably carbon dioxide. Using a specifically tuned micro-structured Ge20Se40 fiber, the detection of 

CO2 has been measured to the limit of 20 vol.% [165]. In the medical field, Yoo et al. [166] have 

developed a fiber optic respiration sensor capable of detecting carbon dioxide in the exhalation of 

a patient. Unlike conventional electrical sensors or transducers, these fibers can be inserted in high 

electro-magnetic field environments such as magnetic resonance imaging devices, with no risk of 

signal interference. This result is expected to be highly suitable for real-time monitoring of 

respiratory activity in clinical situations. 

 

10.3.5.2   Pollution monitoring 

Mid-IR sensor systems can be used on-site for the determination of organic pollutants in soils, aquifers, 

and marine environments. For instance Sanghera et al. deployed (Fig. 10. 15) a 20-m-long fiber 

combined with a portable FTIR unit and a cone penetrometer to detect diesel fuel contamination in 

soils and marine sands [167].  

  
 

 

 
Fig. 10.14. (a) Absorbance of ethanol in water for different concentration; (b) Absorbance (peak 
heights) vs. ethanol concentration for the bands at (a) 9.2 μm and (b) 9.5 μm (Image courtesy of 
[150]). 
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Furthermore, preliminary pilot scale tests were led in an artificial aquifer with a 2 m long flexible 

As20Se30Te50 fiber [168]. The study showed that FEWS enables detection of weak concentrations 

of pollutants, down to 1 ppm for chlorinated hydrocarbons, specifically C2Cl4, in the aquifer inlet as 

a function of time. These studies illustrate the potential of ChG-based FEWS-integrated devices, 

which could be permanently installed on site for real-time pollution monitoring. 

 

10.3.5.3   Biochemical analysis 

The mid-IR region encompasses the spectroscopic fingerprint regions of biological molecules, 

microorganisms, and tissue. The probing of this region enables researchers to detect biochemical 

alterations related to critical phases in development biology, and to resolve these changes both 

spatially and temporally. 

In-vivo fiber-based spectroscopic analysis on tissues has been shown to offer a valuable tool to 

orient and facilitate medical diagnostics [169, 170]. Hocde et al. used FEWS to identify metabolic 

alterations in laboratory animals [136]. For this the authors compared the spectral trace of biological 

fluid serums extracted from the blood samples of healthy and obese mice. FEWS has been 

successfully used to control in real-time the glucose level of human patients after they received 

intravenous glucose injections [171]. Non-invasive measurements were performed through the 

mucous membrane of the lips of a patient, a promising result for diabetes control. Similar FEWS 

in-vivo measurements have been carried out on anesthetized live animals for premature tumor 

detection [167]. 

FEWS allows the monitoring of metabolic processes remotely in live cells by guiding the fiber 

sensor onto the area of interest. Thus live microorganisms, cell cultures, and tissue explants can 

be probed directly within a specifically designed experimental setup without the need for biopsy. 

As an example, Keirsse et al. have mapped in real-time with an As-Se-Te fiber sensor the dynamics 

of population for a Proteus Mirabilis cell colony during the swarming of biofilms [172, 173]. The 

experimental setup is depicted in Fig. 10. 16. The tapered sensing zone of the fiber is put into 

contact with the gelose beyond the periphery of the biofilm. The alternation of bright versus black 

rings on the micrograph highlights the periodicity of the swarming process and the radial direction 

of mass migration. 

 
Fig. 10.15. Cone penetrometer system using ChG fiber for detection of contaminants in 
soil (Image courtesy of [167]) (*SCAPS: Site Characterization and Analysis Penetrometer 
System) 
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Furthermore FEWS-based live cell monitoring offers an efficient technique to evaluate 

metabolic responses of human lung cells expose to various toxicants [174]. These results 

demonstrate the potential of ChG-based FEWS for the design of bio-optic sensors able to respond 

in minutes to the presence of toxic agents. 

 

10.3.6   Other ChG-based fiber sensors 

The term ChG-based fiber optic sensor covers a broad range of devices that work in many different 

ways. Beside chemical and bio-chemical species sensing, this technology has proven very efficient in 

the probing of physical parameters such temperature, pressure, and mechanical deformation. 

 
Single-mode infrared fibers for space sensing 

Under the leadership of the NASA in the US and ESA in Europe, tremendous effort is being focused in 

the exploration of the universe. As an illustration, the ESA’s Darwin project consists of analyzing the 

atmosphere of extra solar earth-like planets in the 6–20 µm spectral range in search of life; the key 

spectral signatures of life being represented by H2O molecules (~6 µm), O3 molecules (~9 µm) and CO2 

molecules (~16 µm). Thanks to their wide optical transmission spectrum and their drawing ability, 

the potential of low-phonon ChGs for the realization of the required wave-front filter has been 

extensively studied. As30Se50Te20 glass has been selected as a candidate for covering the low 

wavelength portion (4–12 µm) of the spectrum of interest [175]; to cover the 12-20 µm region, new 

glass compositions are under consideration. A single-mode As30Se50Te20 fiber with an attenuation of 

0.1 dB/m at 10.6 µm has been fabricated. Systems based solely on tellurium as the chalcogen (i.e. 

glasses in the Ga-Ge-Te system), exhibit transparency windows extending up to 25 µm [176-178]. A 

drawback, however, results from the addition of tellurium as it drastically decreases the glass 

network’s resistance towards crystallization. This attribute makes the shaping of these promising 

materials, challenging.  

 
Microbending sensors 

Intensity-modulated fiber sensors measure the variation in the intensity of light traveling through the 

device as it interacts with an external physical perturbation. Miclos et al. [179] have fabricated ChG 

fiber sensors, which rely on this principle to detect microbending applied to the device. These sensors 

are based on clad mode detection, with the end segment of the fiber being bent and placed in an 

 
Fig. 10.16. Scheme of the experimental set-up used for the monitoring of biofilm 
(Image courtesy of [173]).  
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integrating sphere. They have a relatively simple construction, show superior sensitivity to quartz 

fiber optic sensors and are compatible with multimode fiber technology.  

 
Multi-material fibers for photo-, thermal- and acoustic-sensing 

Recently a new preform-based fiber processing technique has emerged that allows the simultaneous 

drawing of ChGs in combination with metallic electrodes and polymers [180]. The incorporation of 

materials with vastly disparate optical and electrical properties into tens-of-meters-long fibers, 

expands the traditional functionalities of the these materials to include medical treatment [120], 

acoustic [181], opto-electronic [182] or electronic applications [183, 184].  

As an illustration a photo-detecting device is depicted in Fig. 10. 17 [180]. The fiber is made of 

a thin-film As2Se3 semiconductor in contact with four Sn electrodes, surrounded by a 

polyethylsulfone (PES) polymer cladding (Fig. 10. 17a). The metal electrodes are connected to an 

external circuit (Fig. 10. 17b). When light impinges externally on the glass, free charge carriers are 

generated, which yields an increase in electrical conductivity (Fig. 10. 17c). Moreover these fiber 

devices show (Fig. 10. 17d) dependence of their electrical resistance with temperature. Prototypes 

of 2D- and 3D-arrays made of multiple photo-detecting fiber have been constructed with 

sophisticated optical and imaging functionalities [182].  

 

 
Fig. 10.17. Photo-detecting fiber device (a) SEM micrograph of a thin-film fibre device 
(semiconductor: As2Se3, polymer: PES, metal: Sn); (b) Electrical connection of the metal 
electrodes at the periphery of the fibre; (c) I-V characteristic curve of a 15-cm-long photo-
sensitive fibre device; (d) Resistance of a thermally-sensitive 9-cm-long fiber device as a 
function of temperature (Image courtesy of [180]). 
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10.4   CHG COMPOSITIONAL DESIGN FOR SENSING  

10.4.1    Material Properties for Sensor Design 

Previous sections have demonstrated the use of ChGs in a wide variety of fiber and thin film sensing 

devices, which requires specific knowledge of the optical, thermal, and mechanical properties of the 

ChG in use. In general, these material characteristics largely fall into two main categories: optical, and 

thermal (as well as some application-specific factors such as chemical resistance or radiation 

hardness).  

Optical characteristics of interest to materials engineers include the glass’ optical transparency 

window, the refractive index of the glass, and index dispersion or dn/dT effects if the application 

demands broadband optical or wide-ranging thermal use.  Thermal characteristics of interest 

include the crystallization window (which is defined by the temperature range between the glass’ 

transition temperature and any onset of crystallization), the coefficient of thermal expansion (CTE) 

of the matrix, and the viscosity-temperature dependence of the composition and thermal 

conductivity (which is an important material parameter for thermal management in on-chip photonic 

circuits). The following sections describe these material design factors in the context of their 

composition dependence, with an eye towards the next section, which will discuss the problem of 

correlation between material design properties.   

10.4.1.1   Transparency Window 

The transparency window, or spectral region over which the ChGs does not absorb optical energy, is 

critical in designing any of the sensor systems discussed previously.  ChGs retain their optical 

transparency over a wide range of the IR region of the spectrum, extending as far as 20 µm. This 

remarkable transparency window is shown in Fig. 10. 18 in comparison to some other glass types.      

 

 

 
Fig. 10.18. Transparency windows for several glass types. Some telluride glasses are 
transparent past 20 µm (Image courtesy of [167]). 
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As noted in previous sections, IR transparency is critical in biological and chemical sensing 

applications because most organic chemicals have characteristic absorptions in the spectral region 

between 2.5 and 20 µm, making IR spectroscopy a valuable tool in detecting toxins [185], sensing 

temperature in extreme environments [121], and searching for life in the universe [177]. Optimizing 

transparency for sensing applications often involves purification of the ChG to remove any 

impurities, which may cause scattering or have absorptions of their own in the IR region, thus 

limiting detectivity of target analytes. In the context of the transparency window it is important to 

note that the absorption peaks due to O-H (2.92 µm), S-H (4 µm), Se-H (4.6 µm) and molecular 

water (6.3 µm) are prime targets for purification, as these intrinsic absorbances can interfere with 

the sensing application, especially in planar and fiber schemes where the optical path length is 

sometimes very long [186]. 

10.4.1.2   Refractive Index 

ChGs are known for their relatively high index of refraction. As an illustration the refractive index at λ 

= 3 µm is n = 1.44 for SiO2, whereas n = 2.80 for As40Se60, which is a prototypical chalcogenide 

composition. This illustrates the magnitude of the difference between the refractive indexes of oxides 

and those of the ChGs. One of the results of this high refractive index is the commensurately high 

Fresnel Reflection loss, as shown in the baseline relative transmittance of the ChGs in Fig. 10. 18 above, 

which indicates that between 25 and 50% (depending on composition) of the incident light is lost in 

single surface (times 2) reflection loss. A number of advantages can be gained from the high refractive 

index of ChGs, however. Their comparatively high index makes them prime candidates for high index 

contrast structures useful in wave-guiding and planar sensing devices [23, 71] where high contrast 

translates to small feature sizes, maximizing the optical function to real estate trade-off. The high linear 

refractive index also implies a high nonlinear refractive index, and ChGs are proving useful as 

nonlinear optical materials in a number of systems [187]. 

Precise knowledge of the refractive index of the materials in the system is needed for optical 

design models to correctly predict things like the shapes of lenses. However, the refractive index 

of the ChG may be impacted by the processing conditions experienced during fabrication of the 

sensing structure (thermal evaporation of films, fiber tapering) and by any post-processing heat 

treatment. Because these processing conditions require heating the glass to near or past its glass 

transition temperature, atomic-level structural rearrangement can occur in the glass network which 

would be reflected as a change in refractive index. Fig. 10. 19 below shows the impact of thin film 

deposition route, either Pulsed Laser Deposition (PLD) or Thermal Evaporation (TE), and post-

deposition thermal annealing on the refractive index of Ge23Sb7S70 films. Because of the ultra-short 

timescale of the film deposition during PLD, the glass network is “frozen in” much further away from 

thermal equilibrium than in the melt-quenched and annealed bulk piece, for which the refractive 

index is also shown in the figure. This difference in network structure induced by the processing 

route is reflected by the large gap (~0.1) in refractive index between the as-deposited PLD film and 

the parent bulk glass. 
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Fig. 10.19. Refractive index dispersion for TE and PLD films as estimated from fitting of the 
transmission spectra. The solid line represents the dispersion of the bulk glass from which 
the films were deposited (Image courtesy of [188]). 
 

In both the TE and PLD films, post-deposition annealing was successful in at least partially 

returning the index of the film to that of the bulk glass. In the case of the PLD films, due to the rapid-

quenched structure discussed above, even a thermal anneal cannot fully relax the structure back 

to that of the original bulk glass, and the refractive index in these films remains higher across the 

IR spectral range than those of the parent glass. 

 

10.4.1.3   Dispersion and the Thermo-Optic Coefficient 

Depending on the application of the particular chemical or biological sensing device, the change in 

refractive index with wavelength (dn/dλ or dispersion) or temperature (dn/dT or thermo-optic 

coefficient) may be important, especially in the long-pathlength structures sometimes found in both 

planar [70] and fiber [133] geometries. Fig. 10. 20 shows the refractive index dispersion of Ge23Sb7S70 

films over the 0.6 to 10.6 µm wavelength range; as can be seen, the refractive index varies by 0.155 

over the near- to mid-IR spectral range, which is large enough that it must be clearly accounted for in 

applications of this material which demand a large optical bandwidth [15]. Mid-IR sensing applications 

benefit from a relatively flat index change between 2 and 6 µm, the changes in slope evident at the 

short and long wavelength ends of the spectrum are due to the onset of absorption due to bandgap 

excitations at short wavelengths and multi-phonon absorptions at longer wavelengths. The shape of 

the dispersion curve is characteristic of almost all optical glasses, and has been fit in Fig. 10. 20 using 

the Sellemeir Equation to extract parameters, which can be compared to other materials in the same 

glass family.  
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The thermo-optic (TO) coefficients of ChGs in particular, and optical materials in general, are 

much less well-characterized than their optical dispersions and Sellemeir parameters.  Additionally, 

data on the compositional variation in TO for ChGs is minimal as compared to the extensive 

compendium of such data for commonly employed oxide glass materials. Many times in current 

optical designs, the change of refractive index with temperature is estimated on a best-guess basis 

using known values from a reference material. Depending on the glass composition, the TO 

coefficients of ChGs span a wide range from a few tenths to over 100 ppm/K-1 [189]. Though not 

themselves ChGs, the IR-transparent crystals of silicon and germanium have been extensively 

studied, and will have to substitute for discussion of the actual ChGs, for which very little data exists 

[190]. Fig. 10. 21 shows the change in refractive index of silicon and germanium crystals as a 

function of temperature. The data in this figure has been extracted from the excellent work on the 

subject being conducted by NASA [191]. Note the break in the Refractive Index axis used to 

accommodate both materials in the same figure.    

 
Fig. 10.20. The refractive index dispersion of Ge23Sb7S70 films over the 0.6 to 10.6 µm 
wavelength range (Image courtesy of [188]). 
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Fig. 10.21. The change in refractive index of silicon and germanium crystals as a function 
of temperature.   
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In this case the change in refractive index with a change in temperature is positive, rather than 

the negative change in the case of wavelength shown in Fig. 10. 20.  As a reference, the change 

in refractive index dispersion for these materials measured by NASA is shown in Fig. 10. 22 below.   

 
 

As noted above, Fig. 10. 21 and Fig. 10. 22 show the same data, but plotted on different scales.  

An accurate optical design for a sensing application, which requires high optical bandwidth as well 

as well-characterized temperature response, ie. sensors that will be deployed in harsh 

environments to detect a range of chemical and biological signatures, would ideally characterize 

these two impacts on the refractive index (thermal and optical) as part of a larger suite of materials 

parameters. Additionally, these data will be critical in the design of resonant cavity structures, 

fabricated for example on Si chips, in determining the thermo-optic wavelength drift. On the other 

hand, the high TO coefficients in selected ChG compositions may be exploited for highly sensitive 

photothermal detection.  The idea of cross-correlations between these thermal and optical 

parameters will be discussed in greater detail in Section 10.4.2. 

 

 
 

 
Fig. 10.22. Optical dispersions of silicon and germanium as a function of temperature (Image 
courtesy of [191]). 
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10.4.1.4   Crystallization Stability 

A good guide for the usability of a particular ChG composition for planar and fiber sensing applications 

is knowledge of the glass’ crystallization window ∆T, where ∆T = Tx-Tg. This metric defined as the 

temperature difference between the onset of crystallization (if present) and the material’s glass 

transition temperature, gives the temperature range over which the material can be shaped without 

crystallizing. The actual temperature needed to shape the ChG into the fiber or thin-film form may be 

anywhere (and even in some cases outside!) of this range, but ∆T is a good metric for the relative ease 

of formability of various ChGs, some of which are shown in Table 10.1. 

 

The compositions with the highest germanium content in this ternary have the highest glass 

transition temperature, Tg, and near the highest crystallization temperatures, giving them much 

greater ∆T values than the simpler Se and As40Se60 glasses. This increase in crystallization stability 

makes Ge-containing ChGs very attractive for fiber applications, where stability against 

crystallization during fiber drawing or tapering is critical in maintaining optical transparency. 

However, a trade-off to this material stability is the higher cost of Ge, as compared to the other 

constituents shown. 

 

10.4.1.5   Coefficient of Thermal Expansion 

The coefficient of thermal expansion, or CTE, is a measure of the mechanical response of a glass 

network to an applied thermal load. While of vital importance for bulk optics and their application in 

optical systems, sensing systems based on planar or fiber forms of similar or dissimilar materials 

require knowledge of CTE as it impacts the ability to maintain both material geometry and TO 

behavior. The linear expansion of a system in response to an increase in temperature is thus written 

as:  

 

  or  (10.10) 

 
where L is the length of the sample at room temperature, dL is the change in length, dT is the change 

in temperature and L is the linear CTE. Because the CTE measurements are typically performed below 

the glass transition temperature, there is no contribution to the thermal expansion from conformation 

or bonding changes in the material; the expansion is a reflection of the aggregate change in interatomic 

bonding distances. In general, as the temperature of a glass is increased in the region below Tg, the 

additional thermal energy permits the elongation of the mean bond length as dictated by the shape of 

the potential energy well representing the bond [193]. 

 
 
 

LdL LdT
1

L

dL

L dT
 

Table 10.1. Variation in some thermal properties of the ternary Ge-As-Se glass system 
(Data originally presented in [192]). 
 

Composition Tg (°C) Tx (°C) ΔT (°C) 

Se 37 96 59 
Ge25Se75 220 375 155 

Ge25As10Se65 297 478 181 
Ge30As30Se40 373 478 105 
Ge20As40Se60 313 521 208 

As40Se60 178 286 108 
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As shown in Fig. 10. 23, in the arsenic system, the evolution of the measured CTE with As % 

follows a almost linear trend win both the sulfur and the selenium based systems, with an apparent 

local minimum at the stoichiometric As40S60 (<r> = 2.4) composition, and a similar local minimum 

at the slightly arsenic rich composition of As50Se50. Following these minima, the linear trend is no 

longer evident, as the CTE begins to rise with increasing arsenic content before leaving the glass 

forming region.   

 

10.4.1.6   Viscosity 

For both planar and fiber sensing applications, a precise understanding of the variation of glass 

viscosity (η) with temperature (T) has been shown to be critical in the creation of high performance 

optical systems from ChGs. For fiber applications, definition of this η/T relationship is an important 

design parameter to enable defect-free drawing of the engineered glass into fiber of usable lengths, 

and to permit subsequent tapering to increase detection sensitivity in devices. ChGs in general have a 

much more pronounced variation of viscosity with change in temperature than do the oxide glasses. 

This drastic variation in viscosity in ChGs, from a barely softened solid to essentially a liquid within a 

100 °C range, means that there is a much tighter temperature window over which these glasses can be 

  
Fig. 10.23. Variations in CTE for arsenic- and germanium-based binary ChGs. 
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Fig. 10.24. Viscosity curves for the AsxSe100-x glass family from x = 10 (leftmost) to x = 40 
(rightmost) obtained through beam bending and parallel plate viscometry (Image 
courtesy of [193]). 
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made into fiber than their silicate counterparts.  As shown in Fig. 10. 24, the viscosity/temperature 

behavior of a ChG glass family varies as a function of the elemental ratios, which is an important design 

characteristic and can strongly impact the choice of glass matrix for a given application. 

As shown in the figure, the viscosity/temperature curves for the arsenic selenic glass family shift 

nearly uniformly to higher temperatures as the molar fraction of arsenic is increased in steps from 

10 to 40 % in the system, meaning that the higher selenium content glasses can be processed via 

thermal routes at very low temperatures; however, the viscosity changes very rapidly with 

temperatures in these selenium rich compositions, which makes some fiber fabrication routes very 

difficult to control accurately.   

Some applications necessitate extremely detailed knowledge of the liquid viscosity of the glass 

in their design, as they require liquid-like flow of the glass to form or optimize the sensor structure. 

Fig. 10. 25 shows the use of a thermal reflow process to reduce the surface roughness of 

photolithograpically-patterned waveguides of ChGs [194].  Reduction of the sidewall roughness in 

these waveguide structures leads to dramatic reduction in their scatter loss, which is very important 

as they serve as the transmission lines in a chip-scale IR sensing device. 

10.4.2   OPTIMIZATION OF MATERIAL DESIGN THROUGH CORRELATION STATISTICS 

 
To introduce the ideas used in optimization of material design, let us return to the problem of the 

dispersion and thermo-optic coefficient as introduced in Section IV.2. In short, the refractive index of 

the sensing medium (ie. the chalcogenide glass) can vary as a function of the wavelength of the incident 

IR light, known as dispersion or dn/dλ, but also as a function of the temperature, characterized by the 

TO coefficient, dn/dT. Let consider a sensor design, which requires operation over a large range of the 

IR spectrum (from 1 to 20 µm), and will be deployed in a hostile environment in terms of exposures to 

broad temperature ranges. For this type of sensor to operate robustly, both the dispersion and thermo-

optic coefficient of the ChG need to be accurately characterized and optimized. The combined impact 

of wavelength and temperature on the refractive index of germanium, Ge, and silicon, Si, crystals at 

cryogenic temperatures is shown in Fig. 10. 26.   

 
 

   
Fig. 10.25. Surface morphology of As2S3 chalcogenide waveguides measured by AFM (a) as-
patterned; (b) reflowed at 230 ºC for 15 s exhibiting reduced sidewall roughness; and (c) reflowed 
at 245 ºC for 15 s showing significant cross-sectional geometry modification (Image courtesy of 
[195]).  
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Ideally, the job of the optical materials engineer is to use compositional design to conform 

exactly to sensor design specifications. In reality, the situation often reduces to making a series of 

prioritizations of design characteristics and a thorough understanding of the tolerances, then 

making materials decisions based on compositions which best fit these sensor design criteria. The 

question then becomes one of identifying the optimal composition to meet these specifications, and 

how to arrive at the best solution without resorting to trial and error or settling for tried-and-true 

solutions in the interests of speed. 

A rapid, first-order solution can be obtained through the use of the statistical method of 

correlation coefficients as a guide to the exploration of composition space. The Pearson Correlation 

Coefficient, r, is a measure of how linearly a measured property changes in response to a given 

variation in the elemental ratios during composition design. Values of r close to +/-1 indicate perfect 

correlation or anti-correlation, while values of r closer to 0 indicate the lack of any statistical 

correlation between the change in composition and the change in property.    

To clarify the details of the process of using r to design glass compositions, Table 2 shows the 

elemental compositions, thermal, and optical properties of Schott’s IG series of glasses as taken 

from their published datasheets. 

 
 

The Pearson Correlation Coefficient, r, between the elemental compositions and the properties 

can be calculated using the following equation: 

   
Fig. 10.26. Variation of refractive index as a function of wavelength and temperature for crystalline 
germanium and silicon. Data from [191] used to generate figures, which themselves are courtesy of 
Benn Gleason, Clemson University. 
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Table 2.  Compositions, optical, and thermal properties of Schott’s IG series of Glasses [189]. 
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IG2 Ge33As12Se55 0.5 11 10.5 2.4967 108 60 12.1 368 
IG3 Ge30As13Se32T

e25 1 11 10 2.787 164 145 13.4 275 
IG4 Ge10As40Se50 0.75 11 10.25 2.6084 176 36 20.4 225 
IG5 Ge28Sb12Se60 0.75 11 10.25 2.6038 102 91 14 285 
IG6 As40Se60 0.75 12.5 11.75 2.7775 161 41 20.7 185 
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   (10.11) 

 
with each of the xi equal to the atomic fraction of an element in the composition (Ge, As, Se, etc.), and 

each of the yi equal to the value of one of the thermal or optical characteristics listed in Table 2. Thus 

as r is calculated by indexing over all of the elemental fractions and resultant properties of the glass, a 

table showing the value of r for the data in Table 2, such as Table 3, gives a first-order indication of the 

statistical correlation between the individual elements in a glass family and the resultant thermal and 

optical properties. 

 

 

Table 3 is highlighted in several areas to indicate varying levels of statistical significance. Even 

with this small of a sample set from which to calculate the coefficients (ie, the five SCHOTT IG 

glasses) it is already clear that there is a link between Ge content and the CTE of the glass: as Ge 

content is increased, the CTE decreases, meaning that they are negatively correlated, and strongly 

so as shown in Table 3. At the next level of statistical significance, Table 3 shows positive 

correlations between Ge and Tg as well as between As and CTE. Finally, there appears to be a 

positive correlation between Te and dn/dT; however, there are too few samples in this dataset to 

make a guarantee.   

Correlation statistics has shown to be a useful tool for the compositional design and optimization 

of ChGs for a wide variety of optical sensing applications. Advanced sensor designs and 

technologies increasingly demand more of the optical materials in terms of functionality and 

adherence to a wide range of optical and thermal considerations. 

r =

(xi - x )(y j - y )
ij

å

(xi - x )2 (y j - y )2

j

å
i

å

Table 3. First-order indication of the statistical correlation between the individual elements 
in the Schott’s IG series and the resultant thermal and optical properties of the glasses. 

 Ge As Sb Se Te 
λmin (µm) -0.074 0.020 0.000 -0.700 0.791 
λmax (µm) -0.783 0.587 -0.250 0.414 -0.250 
Δλ m) -0.738 0.563 -0.242 0.579 -0.443 
n @10 µm -0.435 0.320 -0.228 -0.423 0.593 
dn/dλ @ 10 

µm -0.634 0.793 -0.652 -0.485 0.353 
dn/dT @ 10 

µm 0.658 -0.662 0.204 -0.726 0.877 
CTE -0.975 0.912 -0.289 0.281 -0.371 
Tg 0.902 -0.742 0.141 -0.088 0.060 

Green shading indicates significance at 0.01 level, Yellow shading indicates significance at 0.05 level, 
Blue shading indicates significance at 0.10 level 
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10.5   CONCLUSION AND FUTURE DIRECTIONS 

Here we have described recent advances in the production of ChG-based sensing devices from a variety 

of thin film and fiber structures. These devices take full advantage of the broad transmission of ChGs 

in the IR domain, combines with their outstanding visco-mechanical behaviors and chemical stability. 

In the last decades integrated planar ChG sensors have experienced significant advancement. 

These devices use on-chip components such as waveguides and resonators to perform complex 

molecular detection with a high level of selectivity. Moreover they offer several key advantages in 

terms of power consumption, dimensionality, or manufacturability. On the other hand, ChG-based 

fiber optic sensing offers an efficient and non-destructive technique to remotely detect and quantify 

numerous organic chemicals and biochemical substances, in liquid, gaseous, or solid forms. 

Current applications include, but are not limited to real-time chemical reaction control in 

manufacturing and food production chains, in-situ permanent pollution monitoring, and as 

assistance to medical diagnostic technologies. Fiber sensing is particularly useful for remote 

characterization of reactions that take place in non-accessible or hazardous environments. In 

addition the flexibility of the fibers in various forms offers great portability, and low-cost.  

Future development of novel materials, device structures and sensing mechanisms will continue 

to improve the sensitivity and specificity metrics of ChG-based sensors. For instance, exploitation 

of new detection mechanisms such as the nano-cavity photothermal spectroscopy is expected to 

bring the detection limit of on-chip IR sensors to the same par as ultra-sensitive cavity ring-down 

spectroscopy. Optimization of glass device processing techniques, in particular low-loss waveguide 

technologies, is very likely to further raise detection sensitivity. Besides streamlining the sensor 

devices, optimization of surface functionalization chemistries on glass sensors will be essential for 

specific biological detection and may also contribute to improved sensitivity in chemical sensing 

through enrichment effects. Finally, we believe that emerging hybrid and monolithic integration 

strategies combining planar glass guided wave devices, QCLs, and on-chip detectors will ultimately 

pave the path towards realizing an IR spectroscopic "sensor-on-a-chip" platform. Considering fiber-

based sensors, the intrinsic hollow-core structure of photonic crystal fibers offers ideal sites for 

liquids and gaseous species sensing, and multiple surfaces available for functionalization. 

Furthermore SPR has yielded in recent years the development of numerous silica-based fiber 

sensors for accurate and reliable sensing of optoelectronics parameters. Thus the addition to ChG-

based fibers of plasmonic metal nanoparticles used for SPR sensing can open the way to sensors 

operating with superior performances in the near-IR region. 

ChGs have demonstrated their capacity as tailorable, formable materials for IR sensing designs. 

At this stage of development, interdisciplinary expertise in the areas of glass science, optical 

physics, device processing, and surface chemistry are mandated for next-generation sensor 

investigation. For instance composition design through the use of statistical processes, such as the 

correlation coefficient approach, will contribute refining critical materials parameters, with lower 

losses and higher detectivity operation. Thus mastering even further ChGs chemistry, and by 

consequence their properties, will certainly help bringing novel materials into sensors worldwide. 
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