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Abstract 

Exposure to volatile organic compounds (VOCs) is widely associated with adverse health effects. 

Detection and monitoring of VOCs are important for maintaining safe and healthy industrial and 

domestic environments. Interferometry is a highly-sensitive optical measurement technique that has 

been widely applied to a vast range of physical parameters from the speed of light to temperature and 

has also been used to detect VOCs at the sub-ppm range. Owing to the vast range of interferometer 

arrangements and processing techniques, this review assesses the different approaches adopted in 

detecting VOCs. Different interferometry arrangements including the Fabry-Perot interferometry, 

Sagnac interferometry and Mach-Zehnder interferometry are reviewed for VOC detection, including the 

different sensing films and materials employed. We present the basis of each technique, applications 

and limitations. The different interferometry techniques are summarized by comparing the sensitivity, 

limit of detection, linearity, response time and the challenges of current interferometry techniques. 

Lastly, prospects to realize a miniaturized, high-sensitive and multiplex interferometric sensors based 

on the recent technology are suggested. 
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1 Introduction 

VOCs are organic compounds that have a high vapour pressure at room temperature, i.e. they readily 

evaporate into a gaseous phase at room temperature. The United States Environmental Protection 

Agency (EPA) defines VOCs as “organic chemical compounds whose composition makes it possible 

for them to evaporate under normal indoor atmospheric conditions of temperature and pressure” [1]. 

The EU uses the boiling point for the definition with a VOC being “any organic compound having an 

initial boiling point less than or equal to 25oC measured at standard atmospheric pressure of 101.3 kPa” 

[2]. Common VOCs are acetaldehyde, acetone, benzene, carbon tetrachloride, ethyl acetate, heptane, 

hexane, isopropyl alcohol, formaldehyde, naphthalene, styrene, toluene and xylenes [3,4]. Most VOCs, 

such as the aromatic compounds, alcohols, ketones and aldehyde are toxic. Benzene, Toluene, 

Ethylbenzene and Xylene (BTEX) are aromatic hydrocarbons, considered as some of the most hazardous 

pollutants among VOCs.  

VOCs can be found in both indoor and outdoor environments. Outdoors, the common sources are 

emission from automobiles, vegetation, petroleum products and incomplete fuel combustion [5,6]. The 

natural sources are mainly emissions from terrestrial and ocean sources [7]. BTEX levels are typically 

greater in indoor environments [8]. In public places, the sources of BTEX are coal burning, cigarette 

smoking, combustion and cleaning products, laser printing, floor adhesives, paint, wood panelling and 

traffic emissions [9] [10] [11]. 

Exposure to BTEX and other VOCs is one of the reasons for sick building syndrome [12]. Benzene is 

particularly toxic and carcinogenic [16.17]. Acute occupational exposure to benzene can cause narcosis, 

headache, dizziness, drowsiness, confusion, tremor and loss of consciousness [13].[14][15]. The 

International Agency for Research on Cancer has classified benzene as carcinogenic to humans [16]. 

Exposure to toluene can affect the central nervous system, liver, kidney and skin [17]. Exposure to 

xylene at a low level can cause fatigue, tremor, nervous system, respiratory, kidney and cardiovascular-

related problems [18]. Inhalation of acetone is associated with headache, dizziness and dermatitis. The 

symptoms of cyclohexane exposure include irritation of respiratory tract, skin and eyes. Formaldehyde 

is toxic and allergenic [19]. It is widely used in industry due to its high reactivity and low cost. High-

level exposure can cause nasopharyngeal cancer and can damage cells and tissues [20]. The World 

Health Organisation has set its maximum exposure limit of 100 µg/m3 (81.4 ppb) averaged over 30 min 

[21]. Methanol exposure can cause nausea, abdominal pain, shortness of breath and dizziness [17].  

Different developed countries and organization have set increasingly more stringent legislation and 

regulation for exposure limits to harmful VOCs. The EU adopted a maximum exposure limit of 5µg/m3 

(1.6ppb) for benzene effective from 2010 [22]. Different organizations, for instance, National Institute 
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of Occupational Safety and Health (NIOSH) and Occupational Safety and Health Administration 

(OSHA) have established exposure limits to different VOCs as summarized in Table 1 [23]. The 

recommended exposure threshold values range from sub-ppb (0.6 ppb for benzene) to 1000 ppm for 

ethanol. 

Table 1: The different exposure limits recommended by various organizations 

VOCs 

NIOSH-

Recommended 

Exposure Limit a 

(ppm) 

OSHA -

Permissible 

Exposure Limit b 

(ppm) 

ACGIH-

Threshold Limit 

Value c 

(ppm) 

ANSES (VGAI) -

Long exposure d 

(ppm) 

Benzene 0.1 1 0.5 0.0006 

Toluene 100 200 20 5.31 

Ethylbenzene 10 10 10 0.345 

Xylene(m-,o-,p-) 100 100 100 - 

Formaldehyde 0.016 0.75 0.3 0.024 

Acetone 250 1000 250 - 

Ethanol 1000 1000 1000 - 

Methanol 200 200 250 - 

Isopropanol 400 400 200 - 

 

Detection of VOCs at trace level requires a highly sensitive and accurate sensing method. Different 

sensing techniques have been reported to detect and monitor VOCs, for instance Photo-ionization 

detectors (PID) [24], electrochemical gas sensors [25], micro gas chromatography (µ-GC) [26] , 

piezoelectric-based gas sensors i.e. surface acoustic wave [27], quartz crystal microbalances [28], and 

tuning fork [29], gravimetric-based gas sensors [30], metal-oxide semiconductor (MOS) gas sensors 

[31] and optical sensor such as colorimetric gas sensors [32], non-dispersive infrared gas sensors[29] 

and UV spectrophotometry gas sensors [33]. Each technique has its advantages and shortcomings 

depending upon the nature of molecules and the environment. MOS sensors usually operate at high 

temperature with high sensitivity to external humidity and gases like CO2. Electrochemical sensors have 

 
a National Institute of Occupational Safety and Health (NIOSH)-recommended exposure limit is an exposure for 8 or 10-h time 

weighted-average. 
b Occupational Safety and Health Administration (OSHA) permissible exposure limit are expressed as a time-weighted average; 

the concentration of a substance to which most workers can be exposed without adverse effect averaged over a normal 8-h 

workday or a 40-h workweek. 
c American Conference of Governmental and Industrial Hygienists (ACGIH) threshold limit value are expressed as a time-

weighted average; the concentration of a substance to which most workers can be exposed without adverse effects. 
d National Agency for Food Safety, Environment and Labor (ANSES) Interior Air Quality Guide Values (VGAI) France. 
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major issues of ageing and zero drift. PIDs have disadvantages of selectivity, cost, and complex 

electronics. Piezoelectric-based sensors show large measurement-noise and have sensitivity to humidity 

and temperature. The advantages and disadvantages of different techniques are summarized in Table 2 

Table 2. Pros and Cons of different gas sensing techniques. 

 

During the last few decades, tremendous advancements have been observed in the area of optical sensors 

for gas detection applications. Optical gas sensors can detect gas molecules with high sensitivity and 

selectivity. They are non-destructive, have quick response times and do not generally suffer from drift. 

They have little cross-response to other gases, are inherently reliable and have high specificity [34]. 

Various types of optical detection are available with direct spectrometry, and reagent/film mediated 

optical sensor are the common types of sensors used for sensing applications [35][36]. In film/reagent 

mediated sensing system, a change in the optical response of an intermediate agent is used to quantify 

the analytes absorbed/adsorbed on the sensing surface and then to deduce the gas concentrations once 

calibration is performed [35]. Interferometry applied gas detection can be considered as a film-mediated 

optical sensing method because it is the variation in the optical path length of the sensing film which is 

monitored. 

Interferometry is an important investigative and detection technique in the fields of astronomy, fiber 

optics, engineering metrology, optical metrology, oceanography, seismology, spectroscopy, bio-

sensing, surface profiling and chemical sensing [37][38][39]. There is a wide range of interferometric 

configurations and processing techniques that have been deployed for VOCs detection. This paper aims 

at establishing a detailed review of interferometry techniques used for VOCs detection. The different 

designs of interferometry for VOCs detection will be discussed and compared in terms of sensor design 

and analytical performances including linearity, sensitivity and time response. Pros and cons of the 

Gas detection 

Technique 
Advantages Disadvantages 

Metal Oxide 

Semiconductor 

Low cost. 

Acceptable lifetime. 

Easily to integrate. 

Relative low selectivity and sensitivity. 

High operating temperature. 

Zero-drift and ageing effect. 

Sensitive to external temperature and humidity. 

Photoionization  

Excellent sensitivity to 

aromatics. 

Quick response. 

Portable. 

Limited selectivity, all the gases with IP equal or 

lower the photon could be detected. 

Complex electronics. 

Cost. 

Electro-Chemical 

Relative sensitive. 

Reliable. 

Lower cost 

Zero drift. 

Short life and ageing. 

 

Piezoelectric 

Good sensitivity. 

Portable. 

Good dynamic range. 

Large measurement noise, sensitive to external 

temperature and humidity. 

Weak selectivity. 

Zero drift and cross-reactivity. 



6 

 

techniques applied as well as the different sensing films and materials used will be discussed. Points for 

improvement and possible miniaturization will be considered in perspective. 

2 Interferometry 

Optical interferometry is a well-known investigative technique applied to a number of applications for 

highly precise measurements. Examples range from Michelson and Morley’s aether drift experiment to 

the extraordinary sensitivity of the modern gravitational-wave detector [40]. During the last few 

decades, interferometry has been applied to several applications in nano-science and technology for 

highly sensitive measurements due to being in-situ, non-contact and non-destructive. Recent 

advancements in computation, data acquisition and data analysis have made it possible to achieve a 

highly-precise and sensitive measurement using interferometry. Fringe analysis and phase retrieval 

processes became faster with the use of digital computers and further enhancement in future is foreseen 

[41][42]. For instance, the displacement sensitivity of pico-meter has been demonstrated using 

interferometry [43][44]. Interferometry has also been applied for highly precise measurement of 

temperature [45], pressure [46], gas concentrations [47], growth rate in crystallization [48], refractive 

index of materials [49], acoustic field [50], surface profile [51], vibration [52] and bio-sensing [53][54],  

for different applications. 

Generally, for sensing application, two-beam amplitude-division interferometry is employed [55]. The 

working principle of two-beam amplitude-division interferometry is that two light beams of the same 

frequency, constant phase difference and same direction are recombined to form an interference pattern, 

which can be expressed as, 

  (1) 

Where I1 and I2 are the beam intensities and ϕ is the phase difference between the two beams, which is 

given by, 

  (2) 

Where n and L is the refractive index and the length over which the phase change occurs respectively. 

N value varies with technique. For FP interferometer N=4 and Mach-Zehnder Interferometer N=2. 

Interferometry quantifies the phase changes induced by the measurand, i.e. temperature, pressure, strain, 

concentration and refractive index. The objective of interferometry is to measure the phase difference 

and relate it with the measurand. 

Interferometry for VOC detection assesses changes in sensing materials, typically films. The sensing 

film is usually a polymer or microporous-silicates, selected according to the desired target molecules. 

When a VOC interacts with the gas sensing film, it changes volume (i.e. thickness) and/or optical 
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properties (i.e. refractive index) of the film due to absorption/adsorption. These perturbations change 

the effective optical path length, which leads to a quantifiable phase shift, as shown in figure 1. By 

demodulating the phase shift, the concentration of VOCs can be inferred. 

 

Figure 1. Mechanism of interferometry for gas detection. The sensing film is exposed to VOCs which changes its thickness 

and refractive index resulting in a shift of wavelength. 

There are a number of optical configurations for interferometry. The common interferometry techniques 

employed for VOC detection are the Fabry-Perot, Sagnac, Mach-Zehnder and Pohl interferometers. 

2.1 Fabry-Perot interferometer  

The Fabry-Perot (FP) interferometer, also called the Fabry-Perot etalon, is composed of two mirrors of 

reflectance R1 and R2 separated by the cavity of length L, as shown in Figure 2(A). The FP interferometer 

works as a reflective device and is approximately equivalent to a two-beam interferometer. It is very 

sensitive to perturbation that changes the optical path length between the two mirrors. The FP 

interferometer is compact, has a fast response and is readily integrated [56]. It has been applied to several 

applications such as temperature, pressure, humidity, stress and strain, vibration, bio-sensing, gas 

detection, magnetic fields, current and airflow measurement [57]. 
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Figure 2. (A) FP interferometer having reflective surfaces with reflectivity of R1 and R2, respectively. Examples of intrinsic 

and extrinsic FP interferometers. (B) The experimental setup employed for detection of VOCs using FP interferometer. 

FP interferometer can be categorized into either intrinsic or extrinsic. In both types, a fiber is coupled to 

transport light from the emitter to the interferometer and then to a photodetector. In an intrinsic FP 

interferometer, the two mirrors are separated by the length of the fiber, and the measurand interacts with 

light propagating in the fiber to change the optical path length. In an extrinsic interferometer, the two 

mirrors are separated by an air gap or other material. The measurand changes the optical path length in 

a medium other than the fiber. Examples of intrinsic and extrinsic FP interferometers are given in Figure 

2(A). 

The reflectance and transmittance for low-finesse FP is given by [58],  

  (3) 

RFP is the ratio of power reflected by FP interferometer to the incident power, where ϕ is a phase shift 

in the interferometer which is represented as,  

  (4) 

Where L is the length of the FP cavity and n is the refractive index of the FP cavity. For resonant 

wavelength, the reflection spectrum satisfies the condition,  

  (5) 

Where k = 1, 2, 3,... and nL is the optical path length of the FP cavity. The dip wavelength λdip is given 

by  

  (6) 

VOCs concentration can be measured by monitoring the wavelength shift of the reflective resonant 

spectrum. The experimental setup used for gas sensing consists of a light source and detector, fiber-

coupler and gas enclosure, where the FP sensor is exposed to gas molecules, as shown in figure 2(B). 
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2.2 Sagnac interferometer (SI) 

The Sagnac interferometer is used in filtering, communications and sensor applications due to its simple 

design, ease of fabrication and lower susceptibility to external noise [59]. It has been applied for gas 

detection [47],  pressure[59], temperature[60], humidity[61], and strain measurements [62]. The Sagnac 

interferometer is usually applied in a ring configuration, or fiber loop mirror for gas sensing, as shown 

in Figure 3(B). A fiber coupler split the input light in two and then recombines the two counter-

propagating beams. A section of birefringent fiber (Polarization-Maintaining Fiber (PMT)) is inserted 

in the loop which causes interference between the two counter-propagating waves when it interacts with 

measurand as shown in figure 3(A). The output of the transmitted intensity can be expressed as [63], 

  (7) 

 

 

 

Figure 3. (A) Schematic of Sagnac interferometer. A Sagnac interferometer is constructed by employing a Polarization 

Maintaining (PM) fiber in the fiber loop. (B) Schematics of the experimental setup used for VOC detection using Sagnac 

interferometer. 

Where L is the length of the birefringent fiber, B is the refractive index difference between the fast axis 

and slow axis of birefringent fiber, λ is the wavelength of light beam in free space. When the phase 

difference satisfies the condition i.e. 
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  (8) 

then a resonance dip can be observed in the transmitted spectrum [64], which is given by  

  (9) 

Where k is an integer value. The wavelength spacing between the transmission dips can be expressed 

as,  

  (10) 

For VOC detection, the B and L values of the sensing film change upon exposure to VOCs. Thus the 

wavelength shift of polarization mode interference is modulated by the change in PMF length and/or 

refractive index. By demodulating the wavelength shift, the sensitivity towards target VOCs can be 

determined. 

2.3 Mach-Zehnder interferometer  

The Mach-Zehnder (MZ) Interferometer was developed independently by Ludwig Zehnder [65] and 

Ludwig Mach [66]. It is one of the most common interferometric techniques employed for sensing 

applications [67]. The MZ interferometer provides a flexible and robust platform for sensing 

applications that can be fiber-coupled and implemented on a microchip. There are three different 

variants of the MZ interferometer: Open path, fiber-based, and planar waveguide-based interferometers 

are shown in Figure 4. The MZ interferometer has been exploited for temperature [68][69], pressure 

[70], strain [71][72], seismology [73], vibration [74], current [75], magnetic field [76], water salinity 

[77] and bio-sensing applications [78].  

In MZ interferometers, a coherent collimated light beam is split into two; one acts as a reference arm 

while the other acts as a sensing arm. The two light beams are then recombined to obtain an interference 

signal, as shown in figure 4. The sensing arm is exposed to the measurand (temperature, pressure, gas 

molecules) which causes modulation of the interference signal. The phase difference for MZ 

interferometer is given by  

  (11) 

Where n1 and n2 are effective refractive indexes of the two optical paths, L1 and L2 are transmission 

length of the two optical paths and ϕo is the initial phase. The phase difference is then demodulated to 

measure the concentration of gas molecules.  
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Figure 4: Schematic of Mach-Zehnder Interferometer (A) open space interferometer. (B) Chip-based MZ interferometer. (C) 

Fiber-based MZ interferometer. 

2.4 Pohl interferometer 

The Pohl interferometer is an amplitude splitting interferometer in which light beam from a point source 

is reflected from the surfaces with different optical properties (refractive index, reflectivity) forming an 

interference pattern [79]. The Pohl configuration offers a simple, quick and efficient approach for 

measuring the wavelength [38]. It has been applied for shop testing conditions, phase measurement and 

parallelism measurement of transparent surfaces [80][81][82]. For sensing applications, a simple Pohl 

configuration is constructed by depositing a sensing film on a substrate. For instance in Figure 5, the 

light reflected from the three interfaces form an interference pattern on the screen, which can be 

represented as [83], 

  (12) 

  (13) 

where k is the wavenumber, y is the position of the fringe on the screen, θi is an angle between I1 and I3 

and Δϕ is the phase difference, given by.  

  (14) 

Where n2 and n3 are the refractive indexes of glass substrate and PDMS film respectively. When VOCs 

interact with sensing film, d1 and n3 changes, which causes a change in Δϕ inducing a shift in the fringes 

pattern. 

 

Figure 5. (A) Pohl optical arrangement for VOC detection. (B) The interference pattern is formed by light beams reflected 

from air-substrate interface, substrate-sensing film interface and air-sensing film interface. 
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3 Interferometry for VOC detection 

3.1 Sensing films for Interferometry  

Optical properties and volume of a sensing film change when it is exposed to gas molecules. 

Interferometry quantifies these variations in terms of phase difference inferred from changes in the 

optical path length. The commonly used sensing films for VOCs are PDMS and zeolite. Other types of 

sensing films including polymethyl-methacrylate (PMMA), polychloro-para-xylylene (Parylene-C), 

SU-8, polyethylene glycol (PEG 400), PEG-1000, Norland optical adhesive (NOA 81) have also been  

reported for VOCs applications.  

3.1.1 PDMS sensitive thin film 

Poly(dimethylsiloxane) (PDMS), -[O-Si(CH3)2] is a silicone-based elastomer and is widely used in 

microfluidics and biomedical applications due to its features like optical transparency, chemical 

inertness, biocompatibility, low cost, flexibility, elasticity and tunable permeability [84] [85]. It is 

optically transparent in the wavelength range 230-800 nm [86][87]. PDMS has relatively stable physical 

properties in contrast to polymers with organic backbone, with a large free volume due to absence of 

crystallites which facilitate diffusion [88]. It undergoes volume and/or refractive index changes when it 

interacts with VOCs. Although the swelling of PDMS is not desired in many microfluidics applications, 

this property can be exploited for sensing applications when employed as a sensing film [89][90]. 

3.1.2 Zeolite sensitive thin film 

Zeolites are microporous alumino-silicate crystal with uniform nanometric-scale pores systems. It 

discriminates molecules through size exclusion or shape selectivity. It can selectively adsorb molecules 

depending on the crystal structure, framework Si/Al ratio and type of framework cations [91], and has 

excellent chemical and optical properties. Zeolites have been extensively investigated for use in 

separation [92] and electrochemical sensors [93][94]. It is an excellent material for optical sensors due 

to a high surface-to-mass ratio, chemical selectivity and flexibility for surface chemistry modification. 

The optical properties of zeolites changes when molecular species are loaded on it depending on the 

type, amount and state of the molecules [95]. Zeolites exhibit different sensitivities towards different 

molecules depending on the molecule sieve. Thin films of zeolite integrated with different optical 

methods have been successfully applied for trace organic vapours detection [96][97]. 

3.2 Application of Interferometry for VOC detection 

Different interferometric techniques have been applied for detection of various gases, for instance, 

hydrogen [47], CO2 [98], ammonia [99], N2O [100], HS [101] and a number of VOCs. Recently, there 

is a growly interest in the use of interferometry for VOC detection. We review here different 

interferometric approaches deployed for VOC detection, as summarized in Table 3. Fibre-based 

interferometry is discussed first followed by chip-based interferometers and then other types of 

interferometers. 
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An FP gas sensor was developed by Liu et al. [102] using a metal-coated FP cavity for detection of 

VOCs such as hexanol, methanol and acetone. The interferometer was fabricated by depositing silver 

and a gas-sensing film sequentially at the end of an optical fiber, and FP cavity was realized by silver-

polymer and polymer-air interfaces as shown in figure 6. Polyethylene glycol (PEG-400) and Norland 

optical adhesive (NOA-81) were applied as a sensing film due its optical and chemical properties. The 

sensitivity of 3.5 picometers(pm)/ppm with a detection limit of 1 ppm was reported using PEG-400 as a 

sensing film. The design was extended to integrate with µGC for on-column detection of toluene, 

decane, methanol and Dimethyl-methyl-phosphonate (DMMP) [103]. The sensitivity was enhanced to 

sub-nano gram level, and limit of detection down to 50 pg (105.6ppb for µGC with length and diameter 

of 1.9m and 0.25mm respectively) was achieved for DMMP. A sensitivity of 4.75 mV/ng and 77 mV/ng 

was reported for decane and DMMP respectively.  

 

Figure 6. (A) Schematic of the FP sensor integrated with µGC column, light source and detector. (B) Schematic of the FP 

sensor formed by coating sequentially the end of the fiber with silver and polymer. Adapted from [103].with permission 

American Chemical Society. 

Ning et al. [104] demonstrated a sensitive FP and Sagnac Interferometer functionalized with PDMS for 

simultaneous multiple VOC detection. Ethanol and 2-propanol were detected and differentiated using a 

second-order inverse matrix method. An in-line FP sensor was fabricated by using a single-mode hollow 

optical fiber (diameter = 125 μm and length = 50μm) with a PDMS (thickness=15μm) coating on the tip 

of fiber. The FP cavity was formed by the fiber end face and the interface between air and PDMS. A 

sensitivity of 1.17×10-3 nm/ppme and 1.61×10-3 nm/ppm was reported for ethanol and 2-propanol 

respectively. A Sagnac interferometer was fabricated by splicing a polarization-maintaining fiber (PMF) 

with a length of 10 cm between the SM fibers and coated with PDMS similar to Figure 3. The Sagnac 

interferometer showed a non-linear response for different concentration of VOCs. A sensitivity of 

9.02×10-4 nm/ppm and 2.71×10-3 nm/ppm was measured for ethanol and 2-propanol respectively. The 

diffusion of 2-propanol from the PDMS was a drawback of Sagnac interferometer for repeated use. The 

 
e nm/ppm(nanometer/part-per-million) 
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FP sensor demonstrated fast and reproducible response compared to Sagnac interferometer and was 

attributed to the miniature size of FP cavity and thin coating of PDMS. 

A similar approach was adopted by the same group to demonstrate an FP interferometer by replacing 

the PDMS coating with zeolite for detection of 2-propanol [105]. An arc-shaped inline FP cavity was 

formed by zeolite film and the spherical end of the fiber as shown in figure 7. The wavelength shift is a 

function of the refractive index of zeolite film. A sensitivity of 0.92 nm/ppm towards 2-propanol for 

concentration 0-70 ppm was recorded. The sensor demonstrated good thermal stability, repeatability and 

fast response with response time less than 2 sec. 

 

Figure 7. Schematic of the experimental setup with zeolite coated FP interferometer. BBS and OSA represent BroadBand Light 

Source and Optical Spectrum Analyser, respectively. Reprinted from the [105] with permission from Elsevier. 

Wu et al. [106] applied a zeolite coated FP interferometer for 2-propanol and formaldehyde detection. 

The fiber spherical shape (diameter, 192μm) and zeolite coating (thickness, 25 μm) constituted the FP 

cavity as shown in figure  8(A). The sensitivity of 281.9 pm/ppmf and 4.99 pm/ppm was found for 2-

propanol and formaldehyde respectively. The sensor was 56 times more sensitive towards 2-propanol 

than formaldehyde owing to their molecular sizes in comparison with the zeolite size. The sensor was 

tested for a mixture of 2-propanol with different concentrations of formaldehyde (0-150 ppm) as shown 

in figure 8 (B) and good stability and repeatability was reported. 

 
f pm/ppm(pico-meter/part-per-million) 
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Figure 8. (A) Structure of Zeolite-coated FP cavity. (B) The effect of different formaldehyde concentrations for isopropanol 

measurement. Reprinted from [106]  with permission from Elsevier.  

An extrinsic FP interferometer made by a micro air-cavity in PDMS at the fiber-end was demonstrated 

by Kacik et al. [108] for toluene detection. The surface interface between the fiber/air and air/PDMS 

served as mirrors and the reflected beams formed an interference pattern. The micro air-cavity (diameter, 

70 μm) was fabricated by treating the fiber end with paraffin wax and then coated with PDMS as shown 

in figure 9. The sensor showed sensitivity of 0.15 nm/g-m-3 to 1.4 nm/g-m-3 for concentration of 0.833 

g-m-3 to saturation in 5 sec response time. The sensor was compact, simple-to-fabricate and had a fast 

response. The same group developed a PDMS microfiber Mach-Zehnder interferometer coupled 

between an SM fiber for nano-range detection [107]. A PDMS microfiber and air were used as a test 

arm and a reference arm respectively. The spherical shaped head of the SM fiber was used as a beam 

splitter/coupler as in figure 10. The interferometer demonstrated a nanometric level variation up to 250 

nm when exposed to VOCs. 

     

 

Figure 9. (a) Schematic of the FP cavity. Air cavity inside PDMS constitutes the FP cavity. (b) Micrograph of the fabricated 

PDMS FP sensor. Reprinted from [108] with permission from Elsevier. 
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Figure 10. (a) Schematic of MZ interferometer. PDMS microfiber works as a sensing beam. (b) Micrograph of fabricated MZ 

interferometer. Reprinted from [107] with permission from Elsevier.  

A PMMA (Polymethyl methacrylate) functionalized FP interferometer was developed by Yu et al. [109] 

for ethanol and acetone detection with good selectivity. The FP cavity was created by coating PMMA 

on the end of a glass tube and then inserting the SM fiber into the tube, as shown in figure 11. A 

sensitivity of 2.7 pm/ppm and 2.17 pm/ppm was measured for ethanol and acetone respectively. The 

sensor distinguished different VOCs with good repeatability and showed low sensitivity towards 

inorganic molecules such as NH3, CO and H2. 

 

Figure 11. Schematic of FP interferometer. The FP cavity is formed by the end of fiber and PMMA film. Reprinted from [109] 

with permission from the Optical Society(OSA) publishing.  

A Sagnac interferometer functionalized with PDMS was designed by Wu et al. [110] for detection of 2-

propanol with a limit of detection of 19.3ppm. A PMF (length =8 cm) functionalized with PDMS was 

inserted between the two ends of SM fiber and was exposed to VOCs. The mixing ratio of the PDMS 

precursor and curing agent was investigated, and sensitivity of 0.001nm/ppm and 0.002 nm/ppm was 

found for mixing ratios of 10:1 and 5:1 respectively. A sensitivity of 1.03 pm/ppm was observed for 

concentrations in the 0-6000 ppm range with a response time of 1 min. 

A chip-size VOCs sensor was developed by Reddy et al. [111] using FP array inside a μGC microfluidic 

channel. The FP array was integrated with the μGC column and tested for four VOCs mixture: acetone, 

methanol, heptane and toluene as shown in figure 12. Each FP sensor (200 μm × 200 μm with a depth 

of 1.3 μm) was fabricated inside a microfluidic channel by coating a thin polymer layer into pre-etched 

wells in a silicon substrate as shown in figure 13. Four polymers (i.e. OV-1(PDMS), OV-73 (diphenyl-

dimethylsilicone), OV-215(trifluoropropylmethylsilicone) and OV-1701 (dimethylphenyl cyano 

substituted)) were coated as a sensing film, and each polymer exhibited a different response to different 

analytes. The VOCs mixture was separated by μGC and then injected into the sensor module. The air-

polymer and polymer-substrate interface formed an FP cavity whose resonance length changed when 

exposed to VOCs. The sensor had good sensitivity, and detection limits of 0.79pg (28 ppb) and 0.64pg 
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(25 ppb) were obtained for toluene and heptane respectively. Pattern analysis was used to analyse the 

data from the multiple FP sensors to discriminate the different VOCs. The sensitivity was improved 

compared to two FP sensors array with PDMS and SU-8 layer developed by the same group [112]. In 

that study, a sensitivity of 2900 μV/ngg (limit of detection of 1.7ppm) was achieved for toluene using a 

PDMS layer.  

 

Figure 12. (A) Schematics of FP sensors array integrated with µGC. (B) Schematic of the optical detection setup. The laser is 

integrated with the FP sensor using optical fiber. The CMOS imager provides quantitative information about the polymer 

response to the vapour analytes. Reprinted from [111] with permission from Royal Society of Chemistry. 

                     

Figure 13. (A) Cross-section view of FP sensors array (B) Top-view of array (C) Image of the sensors array with overall size 

of 8 mm × 6 mm (D) Image of 4 wells with separation distance of 800 um. Reprinted from [111]  with permission from Royal 

Society of Chemistry. 

 

A novel on-chip VOCs sensor was demonstrated by St-Gelais et al. [113] using deformable silicon FP 

interferometer. The FP interferometers were functionalized with PDMS and PDMS-

polydiphenylsiloxane copolymer (PDMS-PDPS) and were tested to detect m-xylene and cyclohexane. 

A deformable FP sensor was constructed using silicon air Bragg reflectors with a sensing polymer 

between the two mirrors as shown in figure 14. The monolithic integration of the microfluidics system 

and optical fiber alignment grooves was realized by the vertical mirrors and in-plane optical axis. A 

detailed analytical model with numerical analysis was developed, and it was found that mechanical 

 
g μV/ng(micro-volt/nano-gram) 
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deformation was the dominant sensing mechanism. The sensor demonstrated high sensitivity of 0.023 

nm/ppm for m-xylene. A limit of detection of 34ppm was achieved which was limited by the flowmeters 

used in the study. According to the author, a limit of detection of 1.6 ppm and 6.3 ppm can be obtained 

for m-xylene and cyclohexane respectively. The on-chip interferometer can potentially be extended to 

multiple parallel interferometers without the need of laborious alignment process. 

 

 

Figure 14. (A) Optical micrograph of a polymer-coated device showing monolithically integrated microfluidics system and the 

optical fiber alignment groove with FP interferometer. (c) Schematics of FP interferometer with working principle. A shift in 

the resonance wavelength is observed upon absorption of the sample into the polymer. Adopted from [113] with permission 

from Elsevier. 

A miniaturized complementary metal-oxide semiconductor (CMOS)-MEMS based FP interferometer 

with photocurrent readout was designed by Maruyama et al. [114] for detection of ethanol. 

Polychloro-para-xylene (Parylene-C) was used as a sensing film which bulged upon exposure to ethanol. 

An FP cavity was formed by the thin flexible Parylene-C film (350nm), air gap (300nm) and the silicon 

oxide film (400nm) on the top of the silicon substrate as shown in figure 15. A novel signal transduction 

was employed by using the FP interferometer to convert the mechanical deformation of sensing film to 

a change in light transmittance detected by a photodiode. The sensor size was 5 mm2 with a LED source. 

A signal processing circuit was integrated to quantify the exposed gas molecules. The sensor 

demonstrated a good sensitivity of 50nm deformation of the film for 80 ppm of ethanol. 

 

Figure 15. (a) Schematics of the MEMS FP interferometer sensor. (b) The working mechanism of the sensor. The deformation 

model of sensing film due to Coulomb repulsion. Reprinted from [114].  

Martinez et al. [83] developed an open path interferometer using Pohl configuration for detection of 

alcohol, ether and alkanes. A PDMS film (thickness, 8 μm) was deposited on the backside of glass while 
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front side was exposed to a light beam. The reflected light from three interfaces, i.e. air-glass, glass-

PDMS and PDMS-air formed an interference pattern. The sensor showed a sensitivity of 0.14 nW/ppmh 

and 0.12 nW/ppm for propyl acetate and octane respectively for concentration range 0-24000 ppm with 

good reproducibility. The sensor demonstrated good selectivity towards esters compared to alcohols. 

The response of the sensor was dominated by the volume change in comparison to refractive index 

change. It was found that a higher molecular volume caused a higher volume change of PDMS due to 

molecular diffusion.  

Spectral interferometry was used to detect alkanes and halogenated hydrocarbons by employing a thin 

film of polysiloxane with good linearity [115]. The detection limits down to 100 ppm with time response 

less than 1 sec was demonstrated. A good linearity of 40-2600 ppm and up to 104 ppm was obtained 

using DMPS layer for tetrachloroethene and perfluroethylene respectively. 

A Michelson interferometer was tested by Marzuarman et al. [116] for detection of benzene and ethanol 

without employing sensing film. The number of fringes shift (pixels) was used to calculate the 

concentration of gas molecules. A sensitivity of 0.006 pixels/ppm and 0.015 pixels/ppm with good 

linearity of 1611-32210 ppm and 964-19290 ppm was found for ethanol and benzene respectively. 

4 Comparison and challenges in the interferometric sensors 

Different interferometry techniques have been applied as discussed for trace level detection of VOCs 

with good sensitivity, i.e. limit of detection from 28ppb to 20ppm have been obtained. Most of the 

techniques are based on FP interferometry. Optical-fiber and chip-based interferometers were designed 

to achieve miniaturization, robustness, multiplexing, ease of fabrication and integration. A 

comprehensive comparison of different interferometric techniques is summarized in Table 3. Different 

performance parameters, i.e. sensitivity, linearity and time response of each technique with sensing film 

employed are presented. Most of the techniques used are fiber-base interferometry due to its ease of 

operation, fabrication and integration with the different component of the interferometer. A detection 

limit down to 28 ppb was demonstrated for toluene using FP interferometer coupled with µGC column 

[117]. 

Interferometric based VOC detection techniques are simpler and have a flexible structure, good 

mechanical properties, easy fabrication process without the need of different optical fiber processes (i.e. 

polishing, chemical etching, and tapering process). However, demodulation of interference spectrum 

and periodic output signal are the drawbacks with the use of interferometry for gas sensing applications. 

For instance, the existence of multi-mode in MZ interferometer will make the extraction of peaks from 

the spectrum prone to errors. In Sagnac interferometer, the fiber is prone to external factors like 

 
h nW/ppm(nano-watt/parts-per-million) 
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temperature, humidity and vibration which can introduce errors in the measurement. In FP 

interferometer, the disadvantages are the large transmission losses, cavity size limitation due to coupling 

losses and offset of the fiber end-faces. 

4.1 Existing challenges of the sensors 

4.1.1 Sensing film 

The sensitivity of an interferometer depends on the interaction between the analyte and the sensing film, 

which in turns depend on several factors including the polarity of the gas and sensing film, the volatility 

of the analyte, the presence of functional groups, the gas molecular weight and size. Uniformity, surface 

roughness, thickness, thermal stability and development process of the sensing film also affect the 

response of film-mediated sensors [118]. For instance, the mixing ratio of PDMS elastomer and hardener 

affects the absorption of gases into the PDMS. Ning et al. [104] investigated the effect of mixing ratio 

of elastomer and hardener for PDMS and found that better sensitivity is achieved at a ratio of 5:1 as 

shown in figure 16. The curing temperature can also change the optical properties of PDMS [119]. The 

thermal and chemical stabilities of sensing film can affect the lifetime of the sensor. 

The partition coefficient (Kpa) of each polymer-analyte combination is taken into account for selecting 

a sensing film. A higher Kpa value yields a higher sensitivity, but it also increases the retention time 

(lower diffusion constants) [120]. St-Gelais et al. [113] demonstrated that PDMS has a faster time 

response towards cyclohexane than for m-xylene. However, the sensitivity is decreased four-fold for 

cyclohexane than m-xylene. The disparity is due to the difference in the partition coefficient values of 

the film and analyte. Sensitivity is improved by using sensing film with a uniform surface and high 

surface area for absorption/desorption. For instance, the sensitivity of an FP interferometer was 

improved by using an arc-shaped head which increased the interfacial area between the zeolite and fiber 

head. One of the solutions to enhance the gas detection specificity is to use a polymer matrix with 

different properties, as different polymers respond differently according to the polarity, partition 

coefficient and refractive index. These polymer matrices can be tailored according to the desired class 

of analytes. 
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Figure 16. Comparison of wavelength change for the PDMS with different development process, i.e. mixing ratio of elastomer 

and hardener. Reprinted from [104] with permission from Optical Society (OSA) publishing.  

4.1.2 Slow time response 

The time response and recovery time is a drawback for continuous real-time gas monitoring in 

interferometric film-mediated sensors. For PDMS, the recovery time is slow which can affect the 

repeatability and continuous use of the sensor. The time response and repeatability can be improved by 

using thinner PDMS film or by optimizing the development process of PDMS film. The sensor response 

is mainly determined by the gas diffusion into the polymer. A thinner sensing film will absorb/desorb 

the analyte quickly as the diffusion time inside the solid sensing film is proportional to the square of 

length. For example, the Sagnac interferometer developed by Ning et al. had a slow time response 

compare to the FP interferometer due to the high volume of PDMS on it [104]. 

4.1.3 Temperature and humidity influences 

The physiochemical properties of sensing film are sensitive to temperature, and a variation can induce 

uncertainties in the measurement. The diffusion and partition coefficient of PDMS depends upon 

temperature [121]. Humidity has a negative effect on both the sensitivity and response rate of the sensing 

film. The adsorbed H2O into PDMS or zeolite reduces the diffusion rate of VOCs into the sensing film. 

For a durable sensor, suitable and robust packaging is needed. 

4.1.4 Nonlinear output 

Non-Linear response of a sensor is not a desired characteristic since the calibration becomes complicated 

while the quantification becomes risky. In addition, linearity is often subjected to environmental factors 

like temperature, pressure, humidity and external vibration. For example a non-linear behaviour was 

observed with FP interferometer for different toluene concentration as shown in figure 17 [108]. The 

reason was attributed to the non-linear relationship between the toluene absorption and physiochemical 

properties of the sensing film. The film thickness can also cause changes in the response time. 

 

Figure 17. Variation of sensitivity with the gas concentration of toluene. Reprinted from [108] with permission from Elsevier.   
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4.1.5 Data acquisition and analysis 

The data analysis of an interferometry based sensor can be resource-intensive. For most of the 

interferometric techniques, a high-resolution Optical Spectrum Analyzers (OSA) were employed, which 

is not a cost-effective approach to meet the challenge of miniaturization and portability. Using a high 

sensitive OSA at a portable scale is a large challenge for future requirements. 

Direct phase retrieval techniques, i.e. phase stepping interferometry and heterodyne interferometry is a 

good candidate for phase measurement [122]. A resolution up to λ/1000 can be achieved with heterodyne 

interferometry [123]. In phase stepping technique a known phase steps are introduced into one of the 

beams, and the phase is retrieved by different phase-retrieval methods, for example, three-step method, 

four-step method, five-step method and Carre method [124]. Phase stepping technique is suitable for 

liquid flow measurement and is not recommended for gas analysis. In heterodyne interferometry, a 

frequency shift is introduced into two beams using acoustics optics modulators. A modulated signal with 

a frequency difference between the two beams is acquired either by CMOS or CCD detector. Recently 

such a heterodyne interferometry approach has been explored for VOC detection [125]. 

5 Future Prospects and Conclusion 

The ideal features for sensors are simplification, miniaturization and multiplexing with high sensitivity 

and selectivity, wide operating range and good precision. In film-mediated sensors, selectivity is 

considered as one of the main challenges for real-life applications where the sensing film can 

absorb/adsorb a number of molecules. The recent progress in artificial intelligence, machine learning 

and data analysis offers a solution to tackle the selectivity of sensors [126]. For instance, the different 

VOCs can be differentiated by using inverse matrix methods [104] or by employing artificial neural 

networks [127]. The addition of a separation column and pre-concentration with the gas sensor can also 

enhance the sensitivity and selectivity of sensor. The higher sensitivity achieved by Reddy at al. and Liu 

et al. are attributed to the integration of interferometer with µGC columns [112] [103][117]. In order to 

achieve high accuracy and precision of measurement, the effects of external factors such as temperature, 

pressure, humidity, gas dynamics around the sensor have to be well-understood. Most of the 

interferometric techniques are single-point which means that the sensor is targeting the molecules in a 

limited domain. For real-life application, a multipoint detection of gas molecules covering the whole 

gas domain and a maximum interaction of gas molecules with a sensor surface is desired. The different 

technique can be employed for enhancing the interaction of gas molecules with sensor. Kacik et al. 

increase the interaction of gas molecules with the sensing film by slowly rotating the gas chamber having 

the FP sensor [108]. Some of the new methods such as slow light [128], whispering gallery mode [129] 

and Vernier effect [130] can provide a solution to increase the interaction of gas molecules with light 

beam. The exposure limits for carcinogenic VOCs like benzene and formaldehyde are in the sub-ppb 

range as shown in table 1. It can be challenging to detect such a low concentration with only 
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interferometry. However, detection of such an ultra-low concentration can be realized by employing 

interferometry with a pre-processing of the gas mixture for instance separation or pre-concentration. 

The recent advancement in material science has given an opportunity to deploy new materials as a 

sensing film. Recently state-of-art materials such as metal-organic framework (MOF) have shown 

tremendous potential for gas sensing applications. It can be tailored according to desired applications 

and can be exploited for gas sensing using interferometric sensors [131][132][133]. 

In this study, different interferometry technique for the detection of VOCs are discussed. The sensor 

design, working principle and different analytical performance parameters including sensitivity, 

linearity, and response time were presented in details. Different sensing films and materials employed 

for the target VOCs, pros and cons of each technique were outlined. New approaches for improving the 

performance of sensor concerning the material selection, data acquisition and analysis are suggested. 

Interferometry has good potential to achieve a highly precise and sensitive gas sensor for domestic and 

industrial applications. Today the emerging growth in the area of electronics, optics, materials science 

and data analysis have open new avenues for research and can be extended to interferometry to realize 

an interferometric sensor with high precision and sensitivity. 

Acknowledgments 

This work is supported by European Union’s Horizon 2020 research and innovation programme under 

the Marie Skłodowska‐Curie Innovative Training Network-MIGRATE (Miniaturized Gas flow foR 

Applications with Enhanced Thermal Effects), grant agreement No. 643095 [H2020-MSCA-ITN-2014]. 



24 

 

Table 3. Comparison of different interferometry techniques for VOCs detection. 

S 

No 
Interferometer Type Molecules detected Sensing film 

Linear response 

range 
Sensitivity Time response Remarks Ref 

1 
FP 

Interferometer 

Fiber-

based 

Hexanol, methanol 

and acetone 

Polyethylene glycol(PEG 

400) and Norland optical 

adhesive (NOA 81) 

0-4000 ppm 

 

3.53pm/ppm for methanol with PEG sensing 

film. Limit of detection(LOD):1ppm and 

0.1 pm/ppm with NOA sensing film (LOD: 

10ppm)    

10 seconds for pulse mode 
The sensor was tested in 

continuous and pulse mode 
[102] 

2 
FP 

Interferometer 

Fiber-

based 

Toluene, decane, 

methanol and 

Dimethyl-

methylphosphonate 

(DMMP) 

PEG 1000 and PDMS 

0-20 ng for DMMP. 

0-50 ng for decane 

using PEG 1000 

4.75 mV/ng for decane and 

77 mV/ng for DMMP (LOD :50 pg(105.6 

ppb)) 

- 

FP sensor can be easy to 

integrate with the GC 

column and can be tailored 

as per analytes. 

[103] 

3 
FP and Sagnac 

interferometer 

Fiber-

based 

Ethanol and 2-

propanol 
PDMS 0-6800 ppm 

9.02 x 10-4 to 5.14x10-4 nm/ppm for ethanol. 

and 2.71 x 10-3 to 7.78 x10-4 nm/ppm for 2-

propanol  

15 sec for FP interferometer, 

40 min for Sagnac 

interferometer 

Multiple VOC were 

simultaneously measure by 

using a second-order 

matrix inverse algorithm. 

[104] 

4 
FP 

interferometer 

Fiber 

based 
Isopropanol Zeolite 0ppm-70ppm 0.92 nm/ppm 2 sec - [105] 

5 
FP 

interferometer 

Fiber 

based 

Isopropanol and 

formaldehyde 
Zeolite 

0-1000 ppm for 

formaldehyde 

281.9 pm/ppm for isopropanol and 4.99 

pm/ppm for formaldehyde 
2 sec - [106] 

6 
FP 

interferometer 

Fiber 

based 
Toluene PDMS 

0.833 g.m-3 to 140.8 

g-m-3. 
1.4 nm/g-m-3 

Response time 5 sec 

Recovery time 40 sec 
- [108] 

7 
FP 

Interferometer 

fiber 

based 
Ethanol and acetone 

Polymethyl methacrylate 

(PMMA) film 

0 ppm -1800 ppm for 

Ethanol and acetone 

2.7 pm/ppm for ethanol and  

2.17 pm/ppm for acetone 
NA 

Good selectivity. 

Insensitive to inorganic 

compounds 

[109] 

8 
Sagnac 

interferometer 

Fiber 

based 
Isopropanol PDMS 0ppm-6000 ppm 

1.03 pm/ppm 

LOD: 19.3 ppm 
1 min - [110] 

9 
FP 

interferometer 

Chip- 

based 

with μGC 

Acetone, methanol, 

heptane and Toluene 

1. OV-1 (PDMS) 

2. OV-73 

(diphenyldimethylsilicone) 

3. OV-215 

(trifluoropropylmethylsilic

one)  

4. OV-1701 (dimethylphenyl 

cyano substituted)  

10ng-100 ng for 

methanol. 

0.5ng -10 ng for 

acetone. 

0.1ng -1ng for 

heptane. 

0.1 to 1 ng for 

toluene. (Approx.*)  

LOD for toluene, 

0.79 pg (28 ppb) using OV-1. 

 

Sub second 
The interferometer was 

employed with µ-GC 
[117] 

10 
FP  

interferometer 

Chip-

based 
Toluene and acetone PDMS and SU-8 

0-20ng for toluene 

0-150 ng for acetone 

using PDMS. 

 

2900uV/ng(LOD 1.7 ppm) for toluene  and 

46 uV/ng (LOD 202 ppm)using PDMS. 

4uV/ng(LOD 2336 ppm) for acetone using 

SU-8 

0.9 sec for toluene 

0.5 sec for acetone using 

PDMS 

- [112] 
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11 
FP 

interferometer 

Chip-

based 

m-xylene and 

cyclohexane 
PDMS and PDMS-PDPS 

0 ppm-3500 ppm for 

cyclohexane. 

0 ppm-1000 ppm for 

xylene (Approx.*) 

Sensitivity for m-xylene: 0.0133 nm/ppm 

(approx.*) 

LOD for: 

m-Xylene 1.6 ppm 

cyclohexane 6.3ppm 

40 sec for cyclohexane. 

150 sec for m-xylene 
- [113] 

12 
FP 

interferometer 

Chip 

based 
Ethanol 

Polychloro-para-xylylene 

(Parylene-C) 
NA 0.625nm/ppm for ethanol NA 

LED and Photodiode were 

used as a source and 

detector 

[114] 

13 
Spectral 

interferometry 

Fiber-

based 

Pentane, hexane, 

heptane, octane, 

chloroform, 

tricholormethyl,  

trichloroethane,  

Tetrachloroethene 

(TCE), 

Dichrolomethane 

Polysiloxane, 

dimethylpolysiloxane 

(DMPS) 

1000ppm for 

heptane.  

104 ppm for 

perfluroethylene. 

2600 ppm for TCE 

100ppm (Approx.) Less than one sec  

The sensor was also test 

tested for dynamic 

observation of immune 

reactions. The 

multicomponent analysis 

was performed using a 

combination of different 

polymers 

[115] 

14 
Pohl 

Interferometer 

Open 

space 

Alcohol (Methanol, 

ethanol, propanol), 

ethers (methyl 

acetate, propyl 

acetate) and alkanes 

(heptane, octane) 

PDMS 0 ppm-24000 ppm 

< 0.02 nW/ppm for methanol, ethanol, 

propanol and methyl Acetate. 

0.14 nW/ppm  for  Propyl Acetate 

0.05 nW/ppm  for  heptane 

0.12 nW/ppm  for  Octane 

Initial response is fast for 240 

sec approx. 

The details of the PDMS 

variation and its correlation 

with the BTEX molecules 

is not available. 

Limitations of the sensor 

are explained. 

[83] 

15 
Michelson 

interferometer 

Open 

space 
Benzene and ethanol No sensing film was used 

1611 ppm-32210 

ppm and 964 ppm-

19290 ppm was 

found for ethanol 

and benzene, 

respectively.  

 

0.006 pixels/ppm for ethanol and 0.015 

pixels/ppm for benzene. 
NA 

No sensing film was 

employed. 
[116] 
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