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CHAPTER 1. INTRODUCTION 

 

Gas sensing has a great impact across a wide range of application in both 

industry and academia: Petrochemical and automotive industry[1], where sensors 

are used to ensure the safety, monitor process and control the pollution; Medical 

application[2-4], where exhaled gases are analyzed for diagnosis; Indoor air quality 

supervision[5-7], where some of the toxic gases are detected, such as carbon 

monoxide; Atmospheric science[8-10], where the profile and pathways of different 

gas species are monitored for environmental studies. In the past several decades, 

various of technologies have been established, such as laboratory analytical 

equipment gas chromatographs[11, 12], ultra-low-cost pellistors[13], metal oxide 

semiconductor (MOS) sensors[14-16], electrochemical sensors[17-19], acoustic 

sensors [20-22] and optical sensors[23-25]. However, each technology has its 

strengths and weaknesses. Table 1.1 summarizes the advantages, disadvantages and 

the application fields for different gas sensing technologies.   

Table 1.1 Summary of common gas sensing technologies[26] 

Technologies	 Advantages	 Disadvantages	
Target	Gases	and	

Application	Field	

Gas	

Chromatograph	

(a)	Excellent	separation	

performance	

(b)	High	sensitivity	and	

selectivity	

(a)	High	cost	

(b)	Difficulty	in	

miniaturization		

Typical	laboratory	

analysis	
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As listed in Table 1.1, in contrast to the other technologies, gas sensors based 

on optics can achieve high specificity, minimal drift, fast response and much longer 

Pellistors	
(a) Robust;	

(b)	Harsh	environment		
Zero	drift	at	ppm	level	

Flammable	gases	in	

combustion	

Metal	Oxide	

Semiconductor	

(a)	Low	cost	

(b)	Short	response	time	

(c)	Wide	range	of	target	

gases	

(d)	Long	lifetime	

(a)	Relatively	low	

sensitivity	and	selectivity	

(b)	Sensitive	to	

environmental	factors	

(c)	High	energy	

consumption	

Industrial	applications	

and	civil	use	

Electrochemical	

Sensors	

(a)	High	sensitive	

(b)	High	specificity	
Short	lifetime	

Industrial	applications	

and	civil	use	

Acoustic	

Sensors	

(a)	Long	lifetime	

(b)	Avoiding	secondary	

pollution	

(a)	Low	sensitivity	

(b)	Sensitive	to	

environmental	change	

Components	of	Wireless	

Sensor	

Networks	

Optical	Sensors	

(a)	High	sensitivity,	

selectivity	and	stability	

(b)	Long	lifetime	

(c)	Insensitive	to	

environment	

change	

(a)	Difficulty	in	

miniaturization	

(b)	High	cost	

(a)	Remote	air	quality	

monitoring	

(b)	Gas	leak	detection	

systems	with	high	

accuracy	and	safety	

(c)	High‐end	market	

applications	
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lifetime. Moreover, the measurement can be conducted in real time and in-situ 

without disturbing the system (e.g. combustion system).  

In this chapter, optical gas sensing techniques will be reviewed. Among them, 

surface plasmon resonance (SPR) based techniques will be discussed in details, 

especially, the reported applications and challenges of surface enhanced infrared 

absorption (SEIRA) spectroscopy. Then a new nano-porous material, metal-organic 

framework (MOF) will be introduced as well as its application in sensing 

techniques.  

1.1. Optical Gas Sensing Techniques 

Common optical gas sensing techniques can be categorized into two groups: 

absorption based techniques and non-absorption based techniques. Absorption 

based techniques are more common, non-absorption based techniques are usually 

used for special applications. 

Absorption based techniques are conceptually simple, which is based on 

Beer-Lambert law[27]: 

ܫ ൌ  ሻ                                          (1.1)ܮߙሺെ݌ݔ଴݁ܫ

where I is the intensity of the light to have passed through the sensor or gas sample, 

I0 is the intensity of the incident light, α is the absorption coefficient of the gas (a 

function of the gas concentration and wavelength) and L is the optical path-length. 

Most of the gases of interest have characteristic infrared absorption bands between 

2 μm and 20 μm, such as CO, CO2, CH4, NO, N2O, NO2, NH3, HCN, HF, SO2, 
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SF6, H2S, volatile organic compound and water vapor. Absorption based 

techniques include Non-dispersive infrared (NDIR)[28], UV absorption[29], 

Fourier transform infrared (FTIR) spectroscopy[30], tunable diode laser 

spectroscopy (TDLS)[31], Photoacoustic spectroscopy (PAS)[32] and Cavity 

ring-down spectroscopy (CRDS)[33]. 

 

 

Figure. 1.1. (a) Illustration of NDIR measurement setup. (b) The absorption 

spectrum of CO2 is superimposed on the transmission spectra of active and 

reference channel filters[34]. 
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The NDIR technique is one of the simplest gas sensing techniques. Typically, 

it contains a broadband light source, a gas cell, two filters and detectors. Light from 

the broadband source first passes through two filters, one covering the whole 

absorption band of the gas sample (active channel) and the other covering a 

neighboring non-absorbing region (reference channel). Both filters must be 

carefully selected to ensure that no other gas species’ absorption band within their 

transmitted windows. Figure 1.1 shows a typical filter characteristics for CO2 

sensing, as an example. Then the transmitted lights of both channels are collected 

by the detectors. The reference channel is used to compensate the fluctuation of the 

light source, which is assumed to affect both channels in equal proportion. 

Although the configuration of the NDIR sensor is very simple, several issues limit 

its application, especially in near-infrared (NIR, 0.8 μm ~ 2.5 μm) region: (1) 

Broadband light sources are usually highly divergent. Therefore, the detection limit 

over a long path length will depend on the emission power of the light source at the 

absorption band region. (2) At NIR region, the absorption bands of some gases (e.g. 

CO2 and CO) are not well separated. Filters need to be selected very carefully to 

avoid the cross-response. (3) The absorption bands at NIR region are typically the 

overtones or combinations of the fundamental vibration bands in mid-infrared 

(MIR), which are much weaker and require longer path length to obtain desired 

detection limit[34]. 
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Figure 1.2. The photograph of a Brewer spectrophotometer[35]. 

UV absorption is mainly used for O3 detection, which has strong absorption 

at 254 nm. Stratospheric O3 plays a very important role in protecting life from 

harmful UV. Mercury lamps as the source are used widely in ambient AQ 

monitoring, which can determine O3 with sub-ppb level. O3 is also monitored in 

process stream in water treatment, food processing and other industries. Figure 1.2 

shows an example of the detection systems that use solar radiation as the source to 

monitor O3 in the upper atmosphere, which is called as Brewer 

spectrophotometer[35].  



7 

 

 

Figure 1.3 Schematic of FTIR interferometer[36]. 

 

FTIR spectrometer is the most commonly used commercial infrared 

absorption spectroscopy system. Typically, it is based on the Michelson 

interferometer[37] as shown in Figure 1.3. The interferometer consists of a beam 

splitter, a fixed mirror, and a mirror that translates back and forth, very precisely. 

The beam splitter is made of a special material that transmits half of the radiation 

striking it and reflects the other half. Radiation from the source strikes the beam 

splitter and separates into two beams. One beam is transmitted through the beam 

splitter to the fixed mirror and the second is reflected off the beam splitter to the 

moving mirror. The fixed and moving mirrors reflect the radiation back to the beam 

splitter. Again, half of this reflected radiation is transmitted and half is reflected at 

the beam splitter, resulting in one beam passing to the detector and the second back 

to the source. Finally, a Fourier transform analysis on the interferogram will be 

performed to obtain the spectrum.  
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Compared to a scanning spectrometer (monochromator), there are three 

advantages for an FT spectrometer[38]: First, the multiplex advantage. This arises 

from the fact that information from all wavelengths is collected simultaneously, 

which results in a higher signal-to-noise ratio for a given scan time. In practice 

multiple scans are often averaged, increasing the signal-to-noise ratio by the square 

root of the number of scans. Second, the throughput advantage. This results from 

the fact that in a dispersive instrument, the entrance and exit slits restrict the amount 

of light passing through it, while the interferometer throughput is only determined 

by the diameter of the collimated beam coming from the source. Lastly, the 

wavelength accuracy advantage. The wavelength scale is calibrated by a laser beam 

of known wavelength that passes through the interferometer. This is much more 

stable and accurate than in dispersive instruments where the scale depends on the 

mechanical movement of diffraction gratings. In practice, the accuracy is limited 

by the divergence of the beam in the interferometer, which depends on the 

resolution. 

 

Figure. 1.4. Conventional configuration of TDLS: (a) direct line scan and (b) 2nd 

harmonic wavelength modulation spectroscopy[34]. 
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In order to achieve very high spectral resolution, tunable diode lasers are used 

instead of the broadband light source in spectroscopic system, which is called 

TDLS. As shown in Figure 1.4, in TDLS, light from a laser is transmitted through 

a sample containing the target gas and by tuning the wavelength to one of the gas’s 

absorption lines and measuring the absorption, the concentration of the gas can be 

determined. By accurately controlling the laser temperature and the drive current, 

the wavelength may be tuned precisely to a specific absorption line that can be 

selected to be free of interfering absorption from other compounds, thus conferring 

high specificity[35]. Working at such high resolution provides TDLS several 

advantages: high signal to noise ratio resulting from fully resolved absorption lines 

and narrow effective baselines, high specificity to the gas samples and fast 

operation speed with up to MHz modulation frequency. 

The major issue that limits the detection sensitivity of TDLS is the optical 

interference fringes caused by mirrors, lenses, optical fiber end, detector and laser 

head windows. Since the gas absorption line is very narrow, to resolve the 

individual lines, the use of lasers with narrower emission line are required. 

However, the narrow laser emission linewidth will result in a long coherence length, 

which means these interference effects are unavoidable for such high-resolution 

spectroscopy[34]. 
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Figure 1.5. Schematic photoacoustic spectroscopy system[39]. 

 

PAS and CRDS are more specialized techniques. PAS relies on the fact that 

gases will expand when they absorb IR radiation, as shown in Figure 1.5. If the gas 

is pulsed at audio frequencies by an IR source when enclosed in a sealed container, 

pressure pulses are created which can be detected by a high-sensitivity microphone. 

By enclosing the gas sample in a cylindrical chamber/cell, the sound signal is 

amplified by tuning the modulation frequency to an acoustic resonance of the cell. 

PAS is highly stable and sensitive and can achieve sub-ppb limits of detection for 

some gases. A disadvantage of photoacoustic systems is that they are highly 

sensitive to background acoustic noise and vibrations. In field use, this can be the 

performance-limiting feature, yet it can vary from site to site and is hard to 

predict[34].  
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Figure 1.6. Schematic drawing of the cavity ring-down instrument[40]. 

 

CRDS system (Figure 1.6) uses a laser to illuminate a high-finesse optical 

cavity, which consists of a sample cell with two highly reflective mirrors on both 

ends. The laser is turned off to allow the measurement of the exponentially 

decaying light intensity leaking from the cavity. During this decay, light is reflected 

back and forth many thousands of times between the mirrors, yielding an effective 

path-length in the order of a few kilometers. When a gas that absorbs the light is 

inside the cavity, the light intensity decreases faster than without gas, and the CRDS 

system measures the time taken for the light to decay to 1/e of its initial intensity, 

the “ringdown time”, which is used to determine the gas concentration. Because 

of the very large effective path-length, it is exceptionally sensitive and can 

determine some compounds at ppt levels.  

In contrast, non-absorption techniques are less common and usually used in 

special applications. There are three commonly used non-absorption techniques: 

gas chemiluminescence (CL), UV fluorescence and Raman spectroscopy. CL is a 
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process whereby a gas reacts with another compound to emit light. The intensity of 

emission is related to the concentration of target gas. CL is mostly used in low 

concentrations of NOx detection, particularly in the ambient air quality control. The 

NO in air reacts with O3 and is oxidized to produce NO2 and O2. And as excited 

NO2 molecules return to the ground state, they emit light with a peak at around 

1200 nm, which is usually detected by a photomultiplier tube. UV fluorescence also 

mainly used in air quality control for low level SO2 detection. When irradiated by 

UV light, the SO2 gas molecules absorb the light between 190 and 230 nm, creating 

excited SO2 molecules. When the excited SO2 molecules decay to a lower energy 

state, fluorescence light at longer wavelengths (230 ~ 420 nm) will be emitted, 

whose intensity is proportional to the SO2 concentration[35]. Raman shift is also a 

“fingerprint” of molecules which can be used to detect and identify gases. Raman 

spectroscopy is especially useful for detection of hydrogen gas, because the 

hydrogen molecule does not have absorption bands from the near ultraviolet to near 

infrared that can be used for optical absorption based detection[41].  

Recent years, the trend has been moved away from large stand-alone 

analytical systems (chromatographs and IR spectrometers, etc.). The need for 

miniature devices has rapid grown. These miniaturized devices are portable, low-

power, low- weight, low-cost and integratable with other devices. Thank for the 

development in nanotechnology, a great deal of research has been directed toward 

the miniaturization of gas sensors. Recently, new sensing concept, surface plasmon 
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resonance, appeared which offers good promises for the design of robust miniature 

sensors[42]. 

1.2. Plasmonic Based Gas Sensing 

1.2.1. Surface Plasmon Resonance  

Surface plasmon resonance (SPR) refers to the collective oscillations of the 

conduction electrons in metallic nanostructures[43]. The intensity and the position 

of resonance strongly depend on the physical parameters and material properties of 

the nanostructures, as well as the dielectric properties of the surrounding 

environment. Due to this variety of responsive variables, in the past decade, SPR 

has developed various applications. SPR occurs in two distinct cases: propagating 

surface plasmon polaritons (SPPs) and localized SPR (LSPR) as shown in Figure 

1.7. SPPs are the propagating charge oscillations on the surface of thin metal films. 

SPPs cannot be excited by free-space radiation. It requires momentum matching, 

such as through periodicity in a nanostructure, for resonance excitation. In contrast, 

LSPR occurs when the dimensions of a metallic nanostructure are less than the 

wavelength of incident light, leading to collective but non-propagating oscillations 

of surface electrons in the metallic nanostructure[44].  
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Figure 1.7 (a) Surface plasmon polaritons at metal and dielectric interface; (b) 

localized surface plasmon resonance at the metal nanoparticle surface[45]. 

 

Both SPPs and LSPR strongly depend on the refractive index of the 

surrounding medium, and can also concentrates the incident electromagnetic (EM) 

field around the nanostructure. The local EM field can influence optical processes 

such as fluorescence, Raman scattering and infrared absorption. By utilizing LSPR 

and/or SPP, numerous plasmonic metallic nanostructures have already been 

developed for sensitive optical sensing, such as plasmon-enhanced fluorescence 
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(PEF)[46-52], surface-enhanced Raman scattering (SERS)[53-55] and surface-

enhanced infrared absorption (SEIRA) spectroscopy.  

SPPs and/or LSPR based sensing techniques can be divided into two 

categories: transducer or signal amplifier. For functioning as a transducer, the main 

application is refractive index sensing, since the resonance position (wavelength or 

angle) is sensitive to the refractive index of the surrounding medium. Other signals, 

such as chemical reaction, biological binding or physical adsorption can be 

transduced to the change of resonance position. For the signal amplification, the 

main application is spectroscopy. As mentioned before, the EM field will be 

concentrated around the nanostructure, which will enhance the light-matter 

interaction, resulting in an enhanced spectroscopic signal. For example, Raman 

scattering is proportional to the forth order of the electric field, and infrared 

absorption is proportional to the square of the electric field.  

1.2.2. Plasmonic Gas Sensing 

When the plasmonic effect are adapted for gas sensing application, two 

sensing schemes emerge[56]: direct sensing and indirect sensing. In indirect 

sensing schemes, the plasmonic structure is located adjacent to some reagent-

sensitive material and simply probes the dielectric changes in that system. In direct 

sensing configurations, the gas samples actively influence the plasmonic entity, 

changing its material properties and in turn its optical response. Several 

representative applications of both schemes will be introduced in the following 

paragraphs. 
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Most of the indirect sensing approaches rely on the gas-induced refractive index 

changes in the vicinity of plasmonic structures. Since the adsorption of gas molecules 

or the generation of new product during the chemical reaction causes large refractive 

index changes. For example, Bingham et al.[57] utilized high-resolution localized 

surface plasmon resonance spectroscopy on arrays of silver nanoparticles to detect gas-

induced refractive index changes in the 10-4 range. When the gas sample was switched 

from He to the target gas, a spectral shift was observed in the extinction spectrum. The 

shift was determined by the weight and concentration of the target gas. Buso et al.[58] 

have utilized a SiO2 matrix containing Au and NiO nanoparticles for sensitive detection 

of hydrogen, where the SiO2 matrix was chosen due to its extremely high specific 

surface area. They found a plasmon resonance peak at 563 nm, which underwent a 

drastic blue shift of 22 nm when exposing it to 1 vol.% H2 in dry air. Liu et al.[59] have 

reported an approach by putting a single palladium nanoparticle at the nanofocus of a 

gold nanoantenna. The strong near-field of the gold nanoantenna will sense the small 

refractive index change when H2 molecules were adsorbed by palladium nanoparticle. 

Tang et al. investigated Au/Pd core-shell particles with different shapes, faceting, and 

Pd shell thickness for hydrogen sensing. A pronounced spectral redshift on the order 

of 25 nm was observed by using Au/Pd core-shell triangular plate.  

In order to further improve the performance of plasmonic sensors, recent designs 

have moved towards complex or hybrid nanostructures, which can provide a way to 

improve the two main limiting factors for the sensitivity: the linewidth (quality factor) 

of the plasmon resonance spectrum and the background close to the resonance. For 

example, Nau et al.[60] used Au nanowires on top of a gasochromic WO3 waveguide. 
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The coupling between the broad plasmon peak and the narrow waveguide mode leads 

to a sharp extinction dip, which is ideally suited for sensing due to its low FWHM. 

Powell et al. have used sliver nanocubes on top of silver thin film with a dielectric 

space layer between them. The gap plasmon mode generated strong field which is 

extremely sensitive to the refractive index of the surrounding environment.  

On the other hand, the direct sensing application are mainly focused on simple 

optical transmission, absorption or reflection measurement. For example, Ando et 

al.[61] have demonstrated a plasmonically functionalized Au-CuO nanocomposite film 

for CO sensing. The absorbance measurements at a temperature of 300°C showed a 

plasmonic absorbance peak around 800 nm, which increased upon exposure of the film 

to 1000 ppm and 1% CO in dry air. A similar approach was presented by Sirinakis et 

al.[62], who used gold nanoparticles embedded in an yttria-stabilized zirconia matrix. 

Ohodnicki et al.[63] have utilized an Au/TiO2 nanocomposite film for hydrogen 

detection at 850°C. The nanocomposite was prepared through sol-gel deposition 

techniques. A pronounced reversible and reproducible transmittance change was 

observed when expose to 4 vol.% H2 in N2 and Air alternatively. Ma et al.[64, 65] used 

an array of triangular silver nanoparticles fabricated by nanosphere lithography for 

chloroform vapor detection. A clear plasmon resonance around 670 nm, which 

decreased in magnitude upon exposure to increasing concentrations of chloroform 

vapor. Maeda et al.[66] utilized an array of rectangular subwavelength holes in a 

palladium film, fabricated by electron beam lithography, for hydrogen detection. When 

it was exposed to a concentration of 2 vol.% hydrogen, a decrease of the transmittance 

was observed.  
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Another important application of direct sensing scheme is the amplification of 

Raman scattering signals from molecules adsorbed on roughened or nanostructured 

metal surfaces, which is also referred as SERS.  Different material and morphology of 

the nanostructures have been developed for SERS spectroscopy, which can reach the 

enhancement factors in the 1010 range. For example, Li et al.[67] have utilized small 

silica-coated gold nanoparticles to perform shell-isolated nanoparticle-enhanced 

Raman spectroscopy for hydrogen detection. Rae et al.[68] have used a mixed Ag/Pd 

nanoparticles substrate for CO and N2O sensing. The SERS enhancement factor 

achieved were 4×105 and 1×105, respectively. Similar to SERS spectroscopy, SERIA 

spectroscopy is another possible direction application scheme for gas sensing. 

However, due to the intrinsically low absorption coefficient of gas molecules, there are 

not many reported results. Only Nishijima at el.[69] have demonstrated a ∼27 times 

increase using metal nano-hole array for SF6 gas detection. 

1.2.3. Surface Enhanced Infrared Absorption Spectroscopy 

Infrared absorption spectroscopy probes the vibrational modes of various 

molecular bonds, which can provide structural information of chemical and 

biological compounds in a label-free manner[70, 71]. Infrared absorption is 

governed by Beer-Lambert law. Given specific molecules, it requires either a long 

absorption path or a high density of target molecules to achieve significant infrared 

absorption. However, for molecules with small infrared absorption cross sections 

or very thin samples such as monolayers, conventional infrared absorption cannot 

provide good sensitivity.  
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Figure 1.8. Different nanostructures applied to SERIA: (a) Nanowire array, (b) 

nano-hole array, (c) Au grating, (d) cross-shape absorber, (e) nano-disk array, (f) 

fan-shape antenna, (g) nano-crescent and (h) nano-triangle array[72-79]. 
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To overcome this challenge, SEIRA spectroscopy, which leverages the strong 

light-matter interaction and subwavelength localization enabled by plasmonic 

resonances of metallic nanostructures, was first reported by Hartstein et al.[70] and 

Hatta et al.[80] in the 1980s. Initial studies in SEIRA focused on rough metal 

surface[81], metal island films[82] and metal nanoparticles (NPs)[83]. However, 

the extinction spectra were relatively broad and the plasmonic resonant 

wavelengths were difficult to control due to the random morphology and 

distribution of these metallic nanostructures. In recent years, rationally patterned 

metallic nanostructures with narrow extinction spectra and precisely determined 

resonant wavelengths due to the dipole-to-dipole interaction (such as nanowire[75], 

nanohole[77], strip grating[78], cross-shaped perfect absorber[79], nanodisk[72], 

fan-shaped nanoantennas[74], nanocrescents[76], and triangle-shaped 

nanoantennas[73] were applied to SEIRA) as shown in Figure 1.8. However, 

existing applications of SEIRA are exclusively focused on mid-infrared sensing of 

biomaterials or large chemical molecules, such as proteins or polymers.  

SEIRA for gas detection, which is another Holy Grail application for infrared 

absorption spectroscopy, is yet not very successful due to several intrinsic 

drawbacks of SEIRA. First, the localized optical field of plasmonic nanostructures 

limits the light-matter interaction between gas molecules and the optical field. The 

enhanced infrared absorption can only come from the gas molecules located within 

the “hot-spots” of plasmonic nanostructures, which usually have very limited 

volume. Second, the absorption coefficients of gases are intrinsically lower than 
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solid or liquid materials due to the low molecular density. In order to extend the 

scope of SERIA to gas sensing, the solution we found is metal-organic framework 

(MOF).  

1.3. Metal-Organic Framework for Optical Sensing Application 

 

Figure 1.9. (a) Schematic of MOF; (b) The SEM image of MOF crystals[84, 85]. 

 

MOF is a new type of nanoporous crystalline materials consisting of metal 

ions and organic ligands as shown in Figure 1.9. MOFs possess many unique 

material properties such as high surface areas, tailorable chemistry and tunable 

nano-cavities, which make them very promising for different applications, such as 

gas storage[86-89], chemical separation[90-92], catalysis[93, 94], molecular 

recognition[95-97], drug delivery[98-100] and sensing[101-104]. Among all the 

applications, we are particularly interested in combining MOF with optical sensing 

techniques.  
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One of the application of MOF in optical sensing is SERS spectroscopy. 

Metallic colloids were widely employed as SERS substrates due primarily to ease 

of preparation and large SERS signal enhancement. A major challenge in using any 

surface enhanced spectroscopy for detection purposes is delivering the molecules 

of interest to the enhancing region, so-called hot spot. In SERS, the Raman signal 

of a molecule can be enhanced by many orders of magnitude, but close proximity 

(<3–5 nm) to a plasmonic surface or nanoparticle is key[105]. Most of the SERS 

application are focused on molecules that have strong affinity to plasmonic metal 

surfaces at ambient temperatures. However, many other molecules show low 

affinity toward the metal, thus limiting the use of SERS techniques in their 

detection. To address this issue, various techniques have been developed to capture 

molecules with low affinity for SERS detection. For example, a capture layer can 

be coated on the metal surface to bind the analytes. However, detection of non-

adsorbing molecules in the vapor phase remains a challenge for SERS. One 

approach was developed by using MOF coated nanoparticles, which can adsorb the 

vapor phase analytes from the ambient environment and preconcentrate them. In 

addition, MOF can protect nanoparticles from aggregation[103, 106].  

Another application of MOF is gas sensing based on refractive index change. 

Surface plasmon resonance has revolutionized optical sensing with its ability to 

measure extremely small changes in refractive index, which results in a variety of 

applications. The vast majority of work has focused on biological sensing, which 

can achieve the detection limits below 100 protein molecules. The low limits of 
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detection in these applications are possible due to the relatively large changes in RI 

associated with binding of bulky biomolecules. However, there are a limited 

number of reports of small molecule sensing, such as gas molecules, which is 

significantly more challenging due to small changes in RI. To solve this problem, 

MOF was integrated on the sensor surface to preconcentrate the gas molecules. 

With the help of MOF, a 14-fold signal enhancement was achieved[107].  

1.4. Thesis Organization 

Chapter 2 will show the characterization of the MOFs used in the work. The 

optical properties including refractive index and absorption are studied. The surface 

morphology of MOF thin films is also presented in this chapter. 

In Chapter 3, in order to demonstrate capability of MOF being used in gas 

sensor, an ultra-short near-infrared fiber optic gas sensor using MOF was developed. 

The fabrication of the sensors and the experimental measurement results are 

presented in this chapter. Fiber-optic gas sensor with high sensitivity can be 

potentially applied for distributed sensing network.  

 Chapter 4 presents the development of plasmonic nano-structure fabricated 

on sapphire substrate hybrid with MOF for infrared absorption based gas sensing. 

This hybrid plasmonic-MOF device can effectively increase the infrared absorption 

path of on-chip gas sensors by adsorbing the gas molecules inside the MOF porous 

structures.  

In Chapter 5, a suspended silicon nitride (Si3N4) nano-membrane device 

integrating plasmonic nano-patch antennas with MOF, which efficiently improved 
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the plasmonic enhancement comparing to the device presented in Chapter 4 by 

reducing the effective RI of the substrate. This device successfully extends the 

SEIRA to gas sensing for the first time, which proves a promising strategy for future 

on-chip gas sensing with ultra-compact size. 

Chapter 6 presents an ultra-compact, cost-effective on-chip near-infrared 

spectroscopy system for CO2 sensing using narrow-band optical filter array based 

on plasmonic gratings with a waveguide layer. The experimental results for 

resolving the vibrational bands of CO2 at 2.0 μm wavelength proves the potential 

for future on-site IR spectroscopy system. 

A brief summary and conclusion will be presented in Chapter 7. 
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CHAPTER 2. CHARACTERIZATION OF METAL-ORGANIC 

FRAMEWORK 

 

In this chapter, we present the characterization of two different MOFs used in 

the experiment. The first MOF used is Cu-BTC (BTC=benzene-1,3,5-tricarboxylic 

acid), which is the most widely studied MOF material in thin-film form and has 

good adsorption capacity for CO2. The other MOF used is zeolitic imidazolate 

framework-8 (ZIF-8), which has been extensively investigated due to its excellent 

thermal stability and selectivity toward CO2. Besides, due to the hydrophobic 

surface property, water molecules can only be adsorbed at the outer surface, while 

CO2 can diffuse into the inner pores. 

2.1. Optical Property of Metal-Organic Framework  

Since the application of MOFs in this work are optical sensing, obviously, the 

optical properties of MOF are very important for the design and device performance. 

Therefore, the optical properties are characterized at the very beginning. As shown 

in Figure 2.1(a), the refractive index of a roughly 200 nm Cu-BTC thin film are 

measured by an ellipsometry. The Cu-BTC thin film was grown on a Si wafer, 

which was used to obtain large RI difference between the sample and substrate, 

resulting in a more accurate result. Due to the high porosity nature of MOF, the RI 

of MOF is relative small, which is smaller than most of the commercially available 

substrates. From Figure 2.1(a), we can also find that the imaginary part of the RI is 

zero within the measured wavelength range. This is desired property for the 
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application, because there will be no absorption at this wavelength range to 

influence the absorption signals from CO2 gas.  

       

 

Figure 2.1. (a) The ellipsometry result of Cu-BTC thin film. (b) The absorption 

spectrum of 100 nm Cu-BTC thin film. 
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To further ensure this, the absorption spectrum of a 100 nm Cu-BTC thin film 

on sapphire substrate was measured by UV-vis-NIR spectrometer, as shown in 

Figure 2.1(b). Since the sapphire substrate is transparent at NIR region, if there is a 

absorption signal, it will be caused by the MOF. As shown in Figure 2.1(b), one 

absorption peak was observed around 700 nm, which is attributed to the d-d band 

absorption of typical copper carboxylate complexes in the crystal structure of Cu-

BTC MOF. At CO2 absorption band (1565–1585 nm), the absorption is very close 

to zero. Due to the approach that UV-Vis-NIR spectrometer measuring the 

absorbance, Figure 2.1(b) actually represents both absorption and scattering. 

Considering the highly rough surface of MOF layer, the small portion of 

“Absorbance“ that is decreasing with wavelength is actually the scattering. 

 

Figure 2.2 The ellipsometry result of ZIF-8 thin film. 
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Similarly, the RI of ZIF-8 thin film is measured by ellipsometry, as shown in 

Figure 2.2. Due to the same reason, the RI of ZIF-8 is also smaller than most of the 

commercially available substrates. The imaginary part of ZIF-8 is also zero within 

the measured wavelength which means no absorption caused by ZIF-8.  

2.2. Surface Morphology of Metal-Organic Framework Thin Film  

MOF thin film is formed by dense NPs. Therefore, the surface morphology 

will not be perfectly smooth as sputtered or thermally evaporated thin film. For 

optical devices, there are two major losses: absorption and scattering. Since we 

already determined that the two MOFs do not have absorption at the interested 

wavelength region, the next step will be determining the surface morphology of the 

two MOFs. 

  

Figure 2.3 The (a) top view and (b) cross-section view of Cu-BTC thin film. 

 

Figure 2.3(a) and 2.3(b) are the top view and cross-section view of the 

scanning electron microscopy (SEM) images of Cu-BTC thin film. As we can see, 
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the Cu-BTC NPs are densely packed on the substrate forming a thin film. There are 

no obvious voids on the thin film. The cross-section view was used to calibrate and 

growth rate and the final film thickness. To quantitively determine the roughness 

of the Cu-BTC thin film, the surface morphology was investigated by atomic force 

microscope (AFM), as shown in Figure 2.4. The root mean square of the surface 

profile is 64.1 nm. 

 

Figure 2.4. AFM image of ZIF-8 thin film. 

    

Figure 2.5. (a) SEM image and (b) AFM image of ZIF-8 thin film. 
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Comparing to Cu-BTC MOF, ZIF-8 thin film has much smoother surface, as 

shown in Figure 2.5(a). The NPs of ZIF-8 MOF is much smaller and denser. The 

surface roughness of ZIF-8 thin film is determined by AFM, which is only 10 nm, 

as shown in Figure 2.5(b). 

2.3. Summary 

In conclusion, the optical property and the surface morphology of two MOFs 

used in this work were studied. The RI of both MOFs are relative small due to the 

high porosity nature. The real part of the RI of both MOFs is around 1.3, which is 

lower than most of the commercially available substrates. Besides, both MOFs 

show no absorption at the interested wavelength range, which will not interfere the 

CO2 gas absorption. The surface roughness of both MOFs is determined to evaluate 

the loss due to the scattering. Cu-BTC MOF has higher surface roughness about 64 

nm, while the ZIF-8 MOF’s roughness is only 10 nm. These parameters are very 

important for the device design and the analysis of the device performance. 
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CHAPTER 3. ULTRA-SHORT NEAR-INFRARED FIBER-

OPTIC GAS SENSOR USING METAL-ORGANIC 

FRAMEWORK 

 

In order to demonstrate the capability of MOF being used in gas sensor, in 

this chapter, an ultra-short NIR fiber-optic gas sensors for CO2 detection by 

depositing a thin layer of MOF on the core of fiber is presented. In this NIR fiber-

optic sensors, the 100 nm thick Cu-BTC MOF film coated at the surface of the fiber 

core absorbs CO2 in the ambient environment, and effectively increases the local 

CO2 concentration at the surface of the optical fiber, which essentially enhances the 

interaction between the evanescent field and the gas analyte. As a result, we 

successfully increased the NIR detection sensitivity with an ultra-short length of 

optical fiber.  

3.1. Overview of optical fiber based sensor   

Optical fiber sensors are playing significant roles in many engineering 

applications due to the unique advantages such as light weight, low cost, compact 

size, immunity to electromagnetic interference, high sensitivity, large bandwidth 

and remote sensing capability. In the past four decades, various technologies have 

been developed for measuring a number of different physical parameters, such as 

strain[108, 109], temperature[110, 111], pressure[112, 113], current[114, 115], 

voltage[116, 117], gas[23, 25, 118, 119], chemical [120, 121], rotation[122, 123], 
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vibration[115, 124], acceleration[125, 126], bending[127, 128], torsion[122, 129, 

130], displacement[126, 131, 132], etc.  

 

 

Figure 3.1. Schematic of an optical fiber[133].  

 

An optical fiber is an optical waveguide generally made of glass. It is 

composed of three parts: core, cladding, and coating or buffer. The size of fibers 

can be very different. The most common cladding diameter is 125 μm, while the 

core size ranges from 10 to 50 μm. The basic structure of an optical fiber is shown 

in Figure 3.1. The core material has a refractive index lower than the cladding layer. 

Therefore, light propagates along the core based on total internal reflection. The 

cladding decreases the loss of light from core into the surrounding air and scattering 

at the surface of core. It also protects the fiber from absorbing surface contaminants, 
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and adds mechanical strength. The coating or buffer is a layer used to protect the 

optical fiber from physical damage, usually made of plastic material.  

The sensors are generally based either on measuring an intensity change or 

on the phase changes caused by interference. Thus, they can be categorized into 

either intensity sensors or interferometric sensors. Techniques used based on 

intensity sensors include light scattering, spectral transmission changes, micro 

bending or radioactive losses, reflectance changes, and changes in the modal 

properties of the fiber. Interferometric sensors have been demonstrated based upon 

the magneto-optic, the laser-Doppler, or the Signac effects[134]. Among all the 

application, gas spectroscopy sensing is of great interests because of the importance 

and wide application, such as industrial production (e.g., methane detection in 

mines), automotive industry (e.g., detection of polluting gases), medical 

applications, indoor air quality monitoring and environmental studies[26]. The 

most common approach is evanescent field sensor. Since this sensing mechanism 

relies on the penetration of the evanescent field of a total internally reflected light 

into the absorbing medium, it suffers low sensitivity due to the small percentage of 

the optical power carried by the evanescent field. This issue becomes even worse 

for gas sensing due to the low molecule density. Compared with infrared (IR) 

absorption through a gas cell, the sensitivity of an equivalent length evanescent 

field fiber-optic sensor is typically three to four orders of magnitude lower. To 

resolve this challenge, we combine the optical fiber with MOF. The MOF film 

coated at the surface of core adsorbs gas and effectively increases the local gas 
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concentration at the surface of the optical fiber, which essentially enhances the 

interaction between the evanescent field and the gas molecules.  

3.2. Fiber-Optic Gas Sensor Fabrication 

 

Figure 3.2. Schematic of MOF coated optical fiber gas sensor. 

 

The fiber-optic sensor was fabricated by growing nanoporous Cu-BTC MOF 

on the surface of the core of an optical fiber. Briefly, a 1 m long optical fiber was 

fixed on a silicon substrate by UV epoxy after removing the polymer coating layer 

by flame. Standard buffered oxide etchant (BOE) was then used to etch away the 

cladding layer of the optical fiber by immerging the silicon substrate into the BOE 

solution. During the etching process, the fiber was connected to a 1.55 μm laser 

diode and an optical power meter was used to monitor the optical transmission 

through the optical fiber. When the transmitted optical power dropped 1.5~2 dB, 

the etching process was stopped by taking out the silicon substrate from the BOE 

and rinsing with deionized water.  
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MOFs were grown on both the surface of etched region of optical fiber and a 

piece of sapphire substrate by layer-by-layer (LBL) method[135], as shown in 

Figure 3.2. The optical fiber was first treated by oxygen plasma and then immersed 

in a 300 mL ethanol solution which contains 10 mM metal precursor Cu(OAc)2 for 

20 min. Subsequently, the optical fiber was immersed in another 300 mL ethanol 

solution which contains 1 mM organic ligand BTC for 40 min. Between each step, 

the fiber was rinsed with ethanol to remove the unreacted precursor ions or 

molecules to ensure the uniform growth and then naturally dried at room 

temperature (295.5 K) for 10 minutes. Cu-BTC MOF thin film on optical fiber was 

grown by 40 cycles LBL method.  

For comparison, bulk Cu-BTC synthesized via a typical solvothermal method 

in a batch reactor was also prepared. A solution of Cu(NO3)2 (3.6 mM) in 60 mL 

of ethanol and BTC (8.1 mmol) in 60 mL of ethanol were both stirred for 10 min 

in a 250 mL beaker, separately. A 50/50 mixture of Cu(NO3)2 and BTC solution 

was stirred for 10 min, then was placed in a Teflon autoclave. The sealed autoclave 

was heated to 120 °C, held for 18 h in a convective oven, and cooled to room 

temperature naturally. The collected reaction products were washed with ethanol 3 

times and were dried under vacuum for 24 h at 70 °C. Nitrogen sorption/desorption 

isotherm was measured at -196 °C with a Micromeritics ASAP 2010 analyzer. The 

samples were degassed in vacuum for 2 h at 150 °C prior to analysis. The Brunauer-

Emmett-Teller (BET) surface areas were obtained from the amount of N2 

physisorbed at different relative pressures (P/P0), based on the linear part of the 6 
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points sorption data at P/P0 = 0.02 - 0.10. The total pore volume was calculated by 

the Horvath Kawazoe method at P/P0 = 0.99. The mesopore volume and micropore 

volume were obtained by the Barrett-Joyner-Halenda sorption and the t-plot 

methods, respectively. The pore size distribution was evaluated by the original 

density functional theory model.  

3.3. Experimental Demonstration 

3.3.1. Multi-Mode Optical Fiber Based Sensor 

 

Figure 3.3. Schematic of the experiment setup for CO2 sensing. 

 

The first MOF coated optical fiber based gas sensor was made by multi-mode 

fiber (MMF). A fluorine-doped silica cladded/silica core MMF (Thorlabs AFS 

105/125Y) was used, which has about 8 cm etched region. The experiment setup 

for CO2 sensing is shown in Figure 3.3. A tunable semiconductor laser diode (HP 

8168) with a standard single mode (SMF28) fiber pigtail was used as the light 
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source. The output light was first split by a 1×2 10:90 coupler. 10% of the light was 

coupled into a power meter (Thorlabs, Inc. PM20) as the reference, and the other 

90% was coupled into the fiber-optic sensor by a buffered fiber adapter (FIS 

F18294). The sensor was placed inside a gas cell, which was connected to the CO2 

and Ar gas tanks. The transmitted light through the sensor was directly coupled to 

another power meter (Thorlabs, Inc. S122C), and the data was collected by a 

personal computer through a USB power and energy meter interface (Thorlabs, Inc. 

PM100USB). Gas flows were controlled by two mass flow controllers (MFC) 

(Aalborg, GFC 17) with 0-20 ml/min flow range. Different CO2 concentration was 

achieved by varying the mixing ratio of CO2 and Ar flows. 

  

Figure 3.4. Optical images of etched fiber (a) before and (b) after coating MOF. (c) 

Optical scattering image of the MOF-coated fiber illuminated by a 635 nm red laser. 

Before conducting the CO2 sensing experiment, the device was first 

characterized. Optical microscopy images of the optical fiber before and after 

growing Cu-BTC MOF are shown in Figure 3.4 (a) and 3.4(b). The silica core of 

the optical was coated with MOF which shows a light blue color due to the copper 

ions. The optical image of the MOF-coated optical fiber illuminated by a 635 nm 



38 

 

semiconductor laser in Figure 3.4(c) confirms the strong optical scattering of Cu-

BTC MOF. 

 

Figure 3.5. N2 gas isotherm of the bulk Cu-BTC MOF. 

Table 3.1. Texture properties of the Cu-BTC MOF bulk and thin film 

Cu‐BTC	bulk	 Cu‐BTC	film
SBET	

(m2	g‐1)a	
Pore	volume	(cm3	g‐1)	 Thickness

(nm)	
Length
(cm)	

Volumee
(um3)	

Surface	area	
(m2)f	Vtotalb Vmesoc	 Vmicrod

886	 0.441 0.078	 0.364 100 5 3x106 0.93x10‐3	
aBET surface area. bTotal pore volume. cMesopore volume. dMicropore volume. 
eTotal volume of MOF film on fiber. fEstimated from SBET of bulk Cu-BTC. 

Figure 3.5 shows the N2 gas sorption-desorption isotherm of the bulk Cu-BTC 

MOF. Isotherm shows a typical characteristic of microporous materials rapidly 

increased at a lower P/P0, with a small hysteresis loop associated with capillary 

condensation in the mesoporous structures, most probably from intra agglomerate 

voids in the particle. Physical properties of Cu-BTC MOF bulk and thin film are 

summarized in Table 3.1. The estimated surface area of the Cu-BTC thin film on 

the surface of SMF fabricated in this work was 0.93 × 10-3 m2. 
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Fig. 3.6.  Optical transmission spectra of the tunable laser, MMF, MOF-coated 

MMF in Ar and in CO2, respectively. 

 

To test the performance of the sensor, the gas cell was first purged by ultra-

pure Ar for 2 hours to remove water vapor inside the MOF. Then, the gas flow was 

switched from pure Ar to CO2 with a flow rate of 5 sccm for 5 minutes. The 

wavelength of the tunable laser was continuously scanned from 1571.5 nm to 

1583.5 nm with 0.02 nm resolution. The optical transmission spectra of the tunable 

laser, MMF fiber only, MOF-coated MMF fiber with pure Ar and with pure CO2 

were plotted in Figure 3.6. Compared with the tunable laser, the MMF without 

MOF had 8 dB optical insertion loss due the optical coupling at the fiber connectors 

and the optical scattering caused by surface roughness at the sensing region. Also, 

the spectrum was no longer flat and smooth due to the modal noise of MMF. After 

coated with MOF and purged with Ar, the optical loss further increased to 21 dB 

due to extra optical scattering by MOF. When switched the gas flow to pure CO2, 
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the optical transmission spectra dropped around 1 dB due to the CO2 absorption. 

As a comparison, if the MMF is not coated with MOF, switching Ar to CO2 will 

not induce any observable change of the optical transmission since the fiber is not 

long enough to induce detectable NIR absorption. 

 

Fig. 3.7.  Real-time response of the fiber-optic sensor to alternating Ar and CO2 

flows at (a) 1572.5 nm, (b) 1500 nm; Response time of the fiber-optic sensor for (c) 

absorbing and (d) desorbing CO2. 
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To further study the dynamic response, real-time data of the fiber-optic sensor 

was measured. The wavelength of the tunable laser was fixed at 1572.5 nm. Then, 

pure Ar and CO2 gas flows were switched alternately every 5 minutes. In Figure 

3.7(a), the grey regions and white regions represent the time slots when CO2 and 

Ar flows, respectively. The average transmission power difference between 

flowing Ar and CO2 is about 1.6 μW. As a comparison, the absorption measurement 

was repeated at 1500 nm in Figure 3.7(b) with average absorption around 1.1 μW. 

This observation implies that the absorption spectrum of CO2 in MOF might be 

different from the gas in free space, which should have orders of magnitude higher 

absorption rate in the 1572.5 nm absorption lines than in 1500 nm. Interestingly, 

when we used 635 nm laser diode as the light source, we did not observe any 

meaningful absorption. Our results confirmed that the optical absorption at 1572.5 

nm and 1500 nm were caused by the CO2 absorption in MOF, which may have 

different spectral widths than the few narrow lines as predicted by HITRAN. The 

response time of the sensor was measured for both the absorption and desorption 

process as shown in Figure 3.7(c) and (d). The absorption time (from 90% to 10%) 

was approximately 40 seconds and the desorption time (from 10% to 90%) was 

approximately 75 seconds. It should be noticed that these results the overall 

response times including purging the gas cell with volume of 7 cm3. The MOF layer 

is only 100 nm thick, and the absorption time and desorption time for CO2 is 

therefore likely to be negligible compared with the time to purge the gas cell. 
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Fig. 3.8. Average ΔTransmission as a function of CO2 volume concentration in 

Ar. Inset: zoomed-in plot for low concentration (log scale). 

 

The detection limit of the fiber-optic sensor was tested by measuring the 

change of the transmitted optical power (ΔTransmission) as a function of CO2 

concentration. Different CO2 concentrations were obtained by controlling the flow 

rates of pure Ar and CO2. From the plot of Figure 3.8, we can clearly observe the 

relation between ΔTransmission and the CO2 concentration. The slope at higher 

concentration (>5%) is smaller than that at lower CO2 concentration. This is 

because higher concentration CO2 will saturate the nanoporous MOF film, which 

is consistent with the reported results[136]. The inset figure shows zoomed-in plot 

of ΔTransmission vs. CO2 volume concentration in log-scale. The lowest CO2 

concentration we measured is 500 ppm, which is limited by the noise of the MMF, 

which caused signal fluctuation that is comparable with low concentration CO2 



43 

 

absorption. Using a single-mode optical fiber coated with MOF should further 

improve the detection limit. 

3.3.2. Single-Mode Optical Fiber Based Sensor 

Previously, we developed an ultra-short NIR fiber-optic CO2 sensor through 

Cu-BTC MOF thin films to enhance the intrinsically low sensitivity of NIR 

spectroscopy. The proof-of-concept has been demonstrated by an 8-cm long 

multimode fiber (MMF) sensor coated with 100 nm thick Cu-BTC MOF thin film. 

However, many fundamental issues related to the sensing mechanism of CO2 in 

MOF have not been revealed, and the detection limit of 500 ppm is still above the 

CO2 concentration in the ambient atmosphere. In order to solve these issues, we 

prepared Cu-BTC MOF thin films on standard single-mode fibers (SMFs) to 

enhance the sensitivity.  

 

Figure 3.9. Schematic of the experimental setup for CO2 sensing used in this study. 

ASE: Amplified spontaneous emission; OSA: Optical spectrum analyzer; MFC: 

Mass flow controller. 
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The experimental setup for CO2 sensing is shown in Figure 3.9, which is 

slightly different from the MMF based sensor. A tunable semiconductor laser diode 

(HP 8168) and an amplified spontaneous emission (ASE) light source (Thorlabs, 

Inc. S5FC1550S-A2) were used to couple light into the fiber-optic sensor by fusion 

splicing another SMF with the gas sensor. Fusion splicing improved the coupling 

stability by 20 dB compared with optical coupling using 3-axis stages and therefore 

enhanced the signal-to-noise ratio (SNR). The gas sensor was placed inside a gas 

cell, which was connected to CO2 and Ar gases. The transmitted light through the 

sensor was directly coupled to a power meter (Thorlabs, Inc. S122C) or an optical 

spectrum analyzer (Thorlabs, Inc. OSA203), and the data were collected by a 

personal computer. Flow rates of gas were controlled by mass flow controllers 

(MFC) (Aalborg, GFC 17) with 0-20 mL min-1 flow range. Different CO2 

concentration was achieved by varying the mixing ratio of CO2 and Ar flows. 

 

Figure 3.10. Absorption spectra of (a) CO2 bound inside MOF and (b) gas phase 

CO2 inside quartz gas cell. 
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ASE light source and OSA were used to obtain the absorption spectrum for 

the MOF-coated SMF sensor. Prior to the measurement, the sensor was purged with 

pure Ar gas for 12 hours to remove all the gas molecules, especially the water vapor 

inside the porous structures. After that, the transmission spectrum was collected as 

the reference. Then, the gas flow was switched from pure Ar to pure CO2. The 

transmission spectrum was collected when it became stable. The absorption 

spectrum was calculated based on Beer-Lambert law and is shown in Figure 3.10(a). 

As a comparison, the absorption spectrum of gas phase CO2 in a 10 cm quartz gas 

cell (PIKE Technologies Inc. 162-1810) was also measured, as shown in Figure 

3.10(b). For gas phase CO2, it exhibited both vibrational bands and rotational fine 

lines which matched with the theoretical results from HITRAN database. However, 

for CO2 adsorbed MOF film, unlike the gas phase CO2, a broad absorption peak 

between 1568 nm ~ 1572 nm was observed. The missing rotational fine lines of the 

absorption spectrum was attributed to energy transition change of the rotational 

states caused by the bonding effect of the gas molecules inside the MOF pores. The 

discrepancy of the peak position of these two spectra can also possibly be caused 

by the interaction between CO2 molecules and sorption sites in MOF[137]. Besides, 

the multiple peaks between 1576 nm and 1588 nm should be the other vibrational 

band at 1576 nm ~ 1583 nm, since these peaks are repeatable in the experiments. 

However, we still do not fully understand why the absorption peak splits into 

multiple peaks and why these absorption peaks are weaker than the one at 1568 nm 

~ 1572 nm. It is possible that the bonding state also changed the symmetry of the 
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vibrational bands. Further quantitative investigation will be conducted in the future 

work. 

 

 

Figure 3.11. Dynamic responses of the MOF-coated SMF sensor for alternating 

pure Ar and CO2 – containing flows: (a) sorption time and desorption time as a 
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function of CO2 concentration; (b,c) sorption time and (d,e) desorption time for 

pure CO2 and 30 ppm CO2, respectively. 

 

To investigate the dynamic response of the sensor, the light source and 

detector were changed to a tunable laser diode and a power meter. The wavelength 

of the tunable laser was fixed at 1569 nm, which is the absorption peak of CO2 in 

MOF as shown in Figure 3.10 (b). The real-time response was studied by 

monitoring the transmission power when switching pure Ar and CO2 flows 

alternatively. As shown in Figure 3.11(a), the response time for low and high 

concentration CO2 are significantly different. At low concentration, both sorption 

and desorption time are much longer than that of at high concentration CO2. Figures 

3.11(b) and 3.11(d) show the optical transmittance of CO2 during sorption and 

desorption processes with 100% CO2 and 100% Ar flowing. It can be seen that at 

high concentration, the sorption (from 90% to 10%) and desorption time (from 10% 

to 90%) are 10 seconds and 12 seconds, respectively. However, at low 

concentration (30 ppm CO2 in Ar), both processes become much slower as shown 

in Figure 3.11(c) and 3.11(e). 

This significant difference can be explained by different sorption and 

desorption kinetics at high and low CO2 concentration[138-140]. At high 

concentration, most of the gas molecules are physically adsorbed inside the MOF 

pores. Due to the relatively small activation barrier of physisorption, the sorption 

and desorption rate can be very fast, which is determined by the concentration 
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gradient. Moreover, the process is reversible, as shown in Figure 3.10 (b) and 3.10 

(d). On the other hand, at low concentration CO2, chemical bonding becomes 

dominant instead of physical bonding. This chemisorption behavior inside Cu-BTC 

pore is expected to be complicated, since there are three sorption sites exhibiting 

different interaction energy: (1) unsaturated metal site (UM), (2) tetrahedral cage 

opening site (TCO) and (3) center of tetrahedral cage site (CTC)[141]. The most 

stable site is the UM site (sorption energy: -28.2 kJ mol-1), where CO2 molecules 

interact with Cu2+. The TCO and CTC are less stable than UM sites, whose 

interaction energies are almost the same, about 5 kJ mol-1 less stable than UM sites. 

When CO2 is flowed, CO2 molecules are preferentially first adsorbed on the twelve 

UM sites in a unit cell. Only after all the UM sites are occupied (CO2:Cu2+ ratio > 

12:12), TCO sites will start to sorb gas molecules. When the CO2:Cu2+ ratio is 

greater than 20:12, CTC sites will start to sorb gas molecules. If the concentration 

is even higher, the large pores will also start to sorb CO2 molecules in the pores. 

Although bonding energy will not act as an activation barrier, the sorption 

activation barrier for chemical bonding is still higher than physical bonding, which 

will lead to a longer response time. For the desorption process, since certain amount 

of energy is required to break the chemical bonding and release the CO2 molecules, 

therefore longer response time are needed. 
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Figure 3.12. (a) Response time of the SMF sensor when purged by pure N2 and 

CO2. (b) Setup for mixing water vapor with CO2. (c) The absorption spectra of 

CO2 with and without vapor. 

 

For real gas sensing, the interference from other gases such as nitrogen (N2) 

and water vapor cannot be ignored. In this paper, the effect of these two most 

significance gases were also studied. The experiments are conducted under room 

temperature (295.5 K). For N2, the purging gas was changed from Ar to N2, and the 

response of the sensor for pure (100%) CO2 is shown in Figure 3.12(a). Compared 
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to Ar, the response time of N2 purging became much longer. Unlike Ar which is 

not adsorbed by MOF at all, N2 can still be adsorbed in MOF pores, although the 

adsorbing affinity is lower than CO2. Therefore, after purging with N2, some of the 

pores in MOF will remain occupied. When changing the flow gas to CO2, the CO2 

gas molecules have to repel the N2 molecules in the pores, which results in a much 

longer response time. For real engineering applications, neither Ar nor N2 purging 

are efficient methods. To quickly reset the SMF gas sensor, heating and/or vacuum 

are anticipated to be a better way to release the adsorbed CO2 from the MOF pores. 

Water vapor is another major interference since the sorption affinity to MOF 

is much higher than CO2. Especially for Cu-BTC, which is hydrophilic, both 

theoretical and experimental investigations have shown a strong affinity of water 

molecules[142, 143]. The effect of water vapor is qualitatively studied using a 

simple setup shown in Figure 3.12(b). Briefly, pure (100%) CO2 gas passes through 

a water bath before entering the gas cell. If the inlet gas tube is immersed below the 

water surface, water vapor close to the saturation pressure at room temperature will 

be mixed with CO2. If the inlet gas tube is placed above the water surface, water 

vapor pressure in the mixed gas will be less than the saturation pressure. The 

spectral response of the sensor is shown in Figure 3.12(c). It is seen that adding 

water vapor into the CO2 flow will drastically alter the sensor response. Due to the 

competitive sorption between CO2 and water vapor, more water vapor is taken by 

MOF and occupies most of the sorption sites. Therefore, the amount of CO2 

molecules that can be adsorbed by MOF is significantly reduced. In addition, the 
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NIR absorption coefficient of water vapor at 1.57 µm is about two orders of 

magnitude lower than that of CO2 according to HITRAN database. As a result, the 

CO2 absorption band becomes less observable and the overall NIR absorption is 

reduced as the water vapor in the CO2 flow increases. Based on our experimental 

work, a desiccation process is necessary to remove the water vapor. Actually, many 

gas sensors suffer the interference from water vapor when working in real 

environment[144]. In order to eliminate the effect of water vapor, several methods 

have been developed, such as silica gel desiccant dryer[145], thermoelectric 

cooler[146] and vapor separation membrane[147-149]. Among them, the Nafion 

membrane has the best performance and is widely used for water vapor separation. 

Therefore, for the future practical application, a Nafion membrane can be used to 

wrap around the gas sensor to remove the water vapor, which is very 

straightforward. 

 

Figure 3.13. (a) Average absorption and (b) enhancement factor as a function of 

CO2 volume concentration in Ar. 
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The detection limit was studied by measuring the change of the transmission 

power as a function of CO2 concentration. Different CO2 concentration was 

controlled by diluting with Ar. As shown in Figure 3.13(a), the lowest concentration 

that can be detected was about 20 ppm, which is one order lower as compared with 

the previously reported MOF-coated MMF sensor[150]. The enhancement factor γ 

was calculated based on the Beer-Lambert law, as shown in Figure 3.13(b). The γ 

is not a linear function of CO2 concentration, and is larger at lower concentration. 

Usually, the evanescent field optical sensors have lower γ (<1) due to the weaker 

light-matter interaction. However, MOF can concentrate CO2 inside the pores 

resulting in a much higher CO2 molecule than the ambient environment. Therefore, 

the actual γ (>1) is the combined result of evanescent field and CO2 concentration 

effect in MOF pores.  

Table 3.2. Key parameters of the sensor 

Detection	
Limit	(ppm)	

FOM	
(ppm∙cm)	

Noise	Level	
(µW)*	

Response	Time	
(s)	

Sensor	
Length	(cm)	

20	 100	 ~	0.2	
8 ~ 625	/	10	~	

710	
5	

* Above the noise level, the power change of the transmission light due to the 

absorption can be detected. 

 

Here we define the figure-of-merit (FOM) = sensitivity × optical pathlength. 

Therefore, the FOM of our gas sensor is 100 ppm·cm. D. Sonnenfroh et al.[151] 

reported CO2 sensor with 0.09 ppm sensitivity using a 20 cm integrated cavity at 

2.0 µm wavelength. However, the actual optical length reaches ~50 m which results 
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in FOM = 450 ppm·cm. Besides, the absorption coefficient at 2.0 µm is about 70 

times higher than that of at 1.57 µm. E. Hawe et al.[152] used an integrating sphere 

to achieve 200 ppm sensitivity. The optical length is 114 cm which gives FOM = 

2.28 × 104 ppm·cm. Compared with these recently reported NIR CO2 sensors, our 

sensor shows the best FOM. Table 3.2 lists the key parameters of the sensor. 

3.4. Summary 

In summary, we have developed ultra-short NIR fiber-optic gas sensors based 

on MOF-coated optical fiber for CO2 sensing. For the MMF based sensor, we 

achieved a detection limit of 500 ppm by only 8 cm sensing length, and the overall 

real-time response was found to be only 40 seconds for absorption and 75 seconds 

for desorption in a gas cell designed in this study. For the SMF based sensor, we 

obtain high-resolution NIR spectroscopy of CO2 adsorbed in MOF, which indicates 

an interesting phenomenon that the tightly confinement gas molecules inside MOF 

do not show rotation side bands as they are in free space. Real-time measurement 

of the sorption and desorption time at low and high concentration of CO2 further 

reveals the complex sorption mechanism of CO2 in Cu-BTC MOF. Moreover, the 

detection limit is improved down to 20 ppm with only 5 cm sensing region. 
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CHAPTER 4. PLASMONIC NANO-ANTENNA INTEGRATED 

METAL-ORGANIC FRAMEWORK ON SAPPHIRE 

SUBSTRATE 

 

In Chapter 3, we have already demonstrated the preconcentrating capability 

of MOF, which can be very useful for gas sensor application. In this chapter, we 

integrated MOF with plasmonic nanostructure to extend the SEIRA spectroscopy 

technique to gas sensing. A nanophotonic device consisting of plasmonic nano-

patch array with integrated metal-organic framework (MOF) for enhanced infrared 

absorption gas sensing was proposed. By designing a gold nanopatch array (Au-

NPA) on a sapphire substrate, we are able to achieve enhanced optical field that 

spatially overlaps with the MOF layer, which can adsorb CO2 with high capacity. 

Experimental results show that this hybrid plasmonic-MOF device can effectively 

increase the infrared absorption path of on-chip gas sensors by more than 1,100-

fold. The demonstration of infrared absorption spectroscopy of CO2 using the 

hybrid plasmonic-MOF device proves a promising strategy for future on-chip gas 

sensing with ultra-compact size. 
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4.1. Theoretical Study  

 

Fig. 4.1. Schematic of the MOF integrated plasmonic nanopatch array. For 

geometrical parameters, P is the gold nanopatch period, G is the nano-slit width, H 

is the MOF thickness and T is the gold thickness. Iin and Iout stand for the intensity 

of the incident and transmitted light. 

 

The device consists of a gold Au-NPA on a sapphire (nsapphire = 1.721) 

substrate, which is covered by a thin layer of MOF (nMOF = 1.326), zeolitic 

imidazolate frameworks (ZIFs) or ZIF-8, as shown in Figure 4.1. Light is launched 

from the MOF side, and the transmitted light is collected from the substrate. When 

the light is coupled into the device normal to the surface, surface plasmon 

resonances (SPRs) are excited at the Au/MOF interface and coupled with the 

Fabry–Pérot (FP) modes in the MOF layer as well. Since the Au-NPA is symmetric, 

the device is polarization independent. Based on the design, the parameters that can 
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be modified are the periodicity (P) of the Au-NPA, gap width (G) between Au-NPs, 

the thickness (H) of the MOF layer and the Au thickness (T). In order to achieve 

high optical field enhancement within the MOF layer, optimization is performed by 

the DiffractMOD of Rsoft photonic component design suite, which is based on 

rigorous coupled-wave analysis (RCWA)[153]. Among these parameters, the MOF 

thickness (H) is the most important one. The optical effect of the parameters is well-

studied in the literature for plasmonic nano-antennas[154]. The periodicity (P) of 

the Au-NPA determines the peak wavelength; the gap (G) affects the transmission 

intensity and also the spectrum width; the Au thickness (T) also has an influence 

on the transmission intensity. In this paper, we focused on the detailed study of the 

MOF thickness (H) as it not only affects the optical field enhancement, but also 

determines the infrared absorption path. 
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Fig. 4.2. (a) The effect of the MOF thickness H, with fixed P, T and G. The color 

bar represents the transmission intensity. Electric distribution of z direction for (b) 

H = 0.5 µm, (c) H = 1.5 µm and (d) H = 2.7 µm. (e) Simulated transmission 

spectrum, and the electric field distribution of (f) x direction, and (g) the summation 

of all directions at the peak A (λ = 2.7 µm) with green arrow. 

 

A scanning of the MOF thickness (H) is performed by fixing other parameters. 

The transmission intensity results are shown in Figure 4.2(a). The major peak 

(indicated by the white arrow) shows a red-shift when the MOF thickness (H) 

increases from 0.4 µm to 3.0 µm. For real applications, the transmission intensity 
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should be high enough to obtain good signal-to-noise ratio. Thus, the three peaks 

in the simulated transmission spectrum for H=2.7 um shown in Figure 4.2(b) with 

over 50% transmission efficiency provide excellent measurement condition. In 

order to verify whether the thickness (H) is appropriate, three different values are 

selected from the three regions represented by the white dash lines. The electric 

field distributions of the three thickness at peak at 2.7 µm after modifying the period 

are shown in Figure 4.2(c-e). For H = 0.5 µm, it has the highest field intensity, but 

most of the enhanced field is in air instead of in the MOF layer, which is not 

preferred by gas sensing. For H = 1.5 and 2.7 µm, most of the field is confined in 

the MOF layer. If we only consider the plasmonic field, then H = 1.5 µm is better 

than H = 2.7 µm. However, we need to consider the amount of adsorbed gas by 

MOF in our design. In other words, a thinner MOF layer means less gas molecules 

are adsorbed. Therefore, the relatively thicker MOF is more desirable to allow more 

gas molecules to interact with the optical field. Finally, after comprehensive 

consideration of the plasmonic effect, MOF’s adsorbing property, transmission 

intensity and also growth time for the MOF layer, the parameters are determined to 

be P = 2.11 µm, G = 250 nm, H = 2.7 µm, and T = 40 nm. The simulated 

transmission spectrum is shown in Figure 4.2(b), which has three resonant peaks in 

the shorter wavelength range and one sharp edge at the longer wavelength. Peak A 

is the desired coupled mode with ~ 60% transmission efficiency with a relatively 

higher Q-factor of 27.44. The electric field distributions at peak A are shown in 

Figure 4.2(e) (Ez only, corresponding to the plasmonic resonance of the Au NPA), 
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Figure 4.2(f) (Ex only, corresponding to the F-P resonance in the MOF thin film) 

and Figure 4.2(g) (total hybridized electric field). The maximum intensity 

enhancement is 7.31. Essentially, the coupled mode extends the highly localized 

plasmonic field to the entire MOF layer, resulting in an increase of the interaction 

between gas molecules inside the MOF and the optical field. Peak B and C are the 

higher modes of peak A, and the sharp edge D represents the Rayleigh anomaly at 

the substrate side[155].  

4.2. Experimental Demonstration  

 

Fig. 4.3. (a) SEM image of fabricated Au- NPA. The inset is the optical image of 

the Au-NPA. (b) The SEM image of Au-NPA after growing MOF. (c) AFM image 

of the ZIF-8 thin film. (d) The refractive index of MOF thin film. 
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The device is fabricated by focused ion beam (FIB) etching followed by 

monolithic growth of a MOF thin film. The selected MOF is the zeolitic imidazolate 

framework-8 (ZIF-8s), which has been extensively investigated due to its excellent 

thermal stability and selectivity toward CO2[156]. Besides, due to the hydrophobic 

surface property, water molecules can only be adsorbed at the outer surface, while 

CO2 can diffuse into the inner pores. Besides, the hydrophobic surface makes ZIF-

8 even more attractive for chemical sensing in environments where water vapors 

are pervasive[156].  The growth process is described here briefly. Before growing 

the ZIF-8 film, the substrate with Au-NPA is cleaned in piranha solution 

(H2SO4/H2O2, 70/30 v/v%) at 70 °C for 30 minute. Then it is washed thoroughly 

by deionized water and dried under nitrogen flow. To grow ZIF-8 thin film, the 

cleaned Au-NPA sample is immersed in a freshly mixed methanolic solution of 2-

methylimidazole and Zn(NO3)2 for 30 min at room temperature, followed by 

washing using methanol and drying under nitrogen flow. To obtain 2.7 μm MOF 

layer, this process is repeated 32 cycles. The scanning electron microscope (SEM) 

images of the fabricated Au-NPA before and after growing MOF are shown in 

Figure 4.3(a) and 4.3(b), respectively. As we can see, the MOF layer fully covers 

the Au-NPA and the MOF forms a relative smooth thin film with surface roughness 

about 10 nm, which is measured by atomic force microscopy (AFM) as shown in 

Figure 4.3(c). The refractive index of MOF thin film coated on a silicon wafer was 

measured by elliposometry as shown in Figure 4.3(d). 
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Fig.4.4. (a) Schematic of the experimental setup for gas sensing. Experimentally 

obtained transmission spectra of CO2 for (b) Au-NPA coated with MOF at different 

CO2 concentrations and (c) the reference. (d) Illustration of data analysis. 
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In order to quantitatively determine the enhancement provided by the hybrid 

plasmonic-MOF device, a CO2 sensing measurement was performed by a Fourier 

transform infrared (FTIR) spectrometer system shown in Figure 4.4(a). The gas cell 

used in the system is home built with 4 mm light path length. One side of the gas 

cell is sealed by a sapphire window and the other side is sealed by the device. 

Different CO2 concentrations are obtained by mixing with nitrogen (N2) using two 

mass flow controllers. Figure 4.4(b) shows the absorption spectra of different CO2 

concentration. As a reference, the hybrid plasmonic-MOF device is replaced by 

bare sapphire window. As a comparison, the absorption spectra of the reference 

without any device are shown in Figure 4.4(c). In order to determine the 

enhancement provided by the device, an analysis was performed as illustrated in 

Figure 4.4(d). Since the reference does not have any enhancement, the absorption 

is purely due to the CO2 inside the gas cell. According to the Beer-Lambert law, 

the absorption coefficient α of the CO2 inside the gas cell without the hybrid 

plasmonic-MOF device can be calculated using the following equation: 

Iout / Iin = exp (- α • L)                                      (4.1) 

where L is the path length of the gas cell. For the gas cell with the hybrid 

plasmonic-MOF device, besides the CO2 absorption in the gas cell, there is extra 

IR absorption from CO2 molecules adsorbed inside the MOF. Therefore, the total 

IR absorption can be expressed as: 

Iout / Iin = exp (- α • L - α’ • H)                                (4.2) 
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where α’ is the enhanced IR absorption coefficient of the CO2 adsorbed inside 

MOF layer, which is larger than α. Since the IR absorption is only exponentially 

proportional to the product of absorption coefficient and optical path length, 

Equation (4.2) can be rewritten as Equation (4.3): 

Iout / Iin = exp (- α • L - α • L’)                               (4.3) 

 

Fig.4.5. Enhancement factor of Au-NPA coated with MOF as a function of CO2 

concentration. 

 

In Equation (4.3), L’ is the equivalent optical path length provided by the 

plasmonic-MOF device, which has a physical length of H. Therefore, the 

enhancement factor (EF) is defined as EF = L’/H. The EF includes both the 

plasmonic field enhancement effect and also the gas concentrating effect from the 

MOF film. The calculated EF as a function of CO2 is shown in Figure 4.5 using the 
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experimental data in Figure 4.4, with the highest EF over 1,100. The nonlinear trend 

is due to the nonlinear absorption behavior of MOF, which is possibly due the 

different adsorption mechanism at high and low CO2 concentration as we discussed 

in Reference[157]. At high concentration, most of the gas molecules are physically 

adsorbed inside the MOF pores, which are limited by the available space. While at 

low concentration CO2, chemical bond adsorption becomes dominant[23, 25], 

which can provide a large gas concentration factor. 

4.3. Summary 

In summary, we present a hybrid plasmonic-MOF device by integrating 

plasmonic NPA with nano-porous ZIF-8 MOF thin film. Compared with plasmonic 

NPs-enhanced MOF film, this new type of rationally designed nanophotonic 

devices provide enhanced optical transmission, higher Q-factors, stronger light-

matter interaction, and tunable plasmonic resonances to match the vibrational 

spectra of the analytes. In this work, the hybrid plasmonic NPA-MOF thin film 

device was integrated with a gas cell for CO2 sensing at 2.7 μm wavelength. Based 

on Beer-Lambert law, the total enhancement factor was calculated according to the 

experimental results. The highest EF obtained is about 1,100. This device can be 

applied for on-chip IR gas sensing, which can potentially reduce the absorption 

length of conventional gas cells by several orders of magnitude.  
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CHAPTER 5. PLASMONIC NANO-ANTENNA INTEGRATED 

METAL-ORGANIC FRAMEWORK ON SI3N4 MEMBRANE 

 

In Chapter 4, we successfully applied SEIRA spectroscopy to gas sensing by 

integrating MOF with plasmonic nanostructure. However, most of the enhancement 

came from MOF’s preconcentrating effect. The plasmonic effect only provided 2~3 

times enhancement factor, which was majorly due to the low RI comparing to the 

substrate. In order to improve the plasmonic enhancement, in this chapter, we 

present a suspended silicon nitride (Si3N4) nano-membrane device integrating 

plasmonic nano-patch antennas with metal-organic framework (MOF), which can 

efficiently adsorb CO2 through its nanoporous structure. Unlike conventional 

SEIRA sensing relying on hot-spots of plasmonic nanoantennas or NPs, the device 

in this chapter engineered the coupled surface plasmon polaritons in the metal-

Si3N4 and metal-MOF interfaces to achieve strong optical field enhancement across 

the entire MOF film. We successfully demonstrated on-chip gas sensing of CO2 

with more than 1,800× enhancement factors within a 2.7 μm thin film. 

5.1. Theoretical Study 

 

Figure 5.1. (a) Schematic of the device. (b) The cross-section of the device. 
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The proposed device is depicted in Figure 5.1(a), consisting of a gold nano-

patch array (Au-NPA) covered by a thin layer of MOF. The whole device structure 

is fabricated on a Si3N4 nano-membrane suspended on a silicon substrate. Since the 

Au-NPA is symmetric in the x-y plane, the incident light is polarization 

independent. When light is normally irradiated onto the device, surface plasmon 

polaritons (SPPs) can possibly be excited at both the Au/MOF/air and Au/Si3N4/air 

interfaces. To obtain enhanced infrared absorption for gas sensing, we prefer strong 

light-matter interaction between the plasmonic field with gas molecules within the 

entire MOF layer, rather than only enhancing small volume hot-spots around the 

corners of plasmonic nanostructures, which has been investigated by many other 

groups. Previous research has shown that the optical field intensity of the SPPs at 

metal-dielectric interfaces is related to the RI of the substrate material[158-160], 

i.e. lower RI will usually result in higher plasmonic field. However, the plasmonic 

field at the SPPs at the Au/MOF/air and Au/Si3N4/air interfaces becomes much 

more complex in our suspended nano-membrane device. In this paper, we conduct 

in-depth study of the SPPs at the top and bottom interfaces with respect to the 

thickness of the MOF and Si3N4 film, and reveal for the first time that the interaction 

between theses SPPs will lead to strong cross coupling. Contrary to thick-substrate 

plasmonic nanostructures which prefer low-index substrate for strong localized 

optical field, we discover that nano-membrane Au-NPA achieves ultra-high 

plasmonic field enhancement near the coupling region, where the SPPs at the 

Au/MOF/air and Au/Si3N4/air interfaces form strong interference. By engineering 
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the coupled SPPs near the coupling region, we are able to achieve a high Q-factor 

of 203 to precisely match the vibrational band of CO2 at 2.7 μm wavelength while 

still maintaining the peak transmission efficiency above 60%. Therefore, Au-NPA 

on nano-membrane shows exclusive advantages over plasmonic nanostructures on 

conventional glass substrates[78, 158].   

In order to thoroughly study the SPP modes at both the Au/MOF/air and 

Au/Si3N4/air interfaces and the coupling between them, we scan the design 

parameters using the rigorous coupled mode analysis (RCWA) method[153]. The 

cross-sectional view of the device is shown in Figure 5.1(b). The parameters that 

can be modified in the suspended structure are the Au-NPA periodicity P, gap G, 

MOF thickness H, Au thickness T and the Si3N4 substrate thickness d. Among these 

geometry parameters, the plasmonic effect of Au NPA has been well-studied in the 

literature[154]: The periodicity P of the Au-NPA determines the peak wavelength 

due to the well-known extraordinary optical transmission (EOT) effect[161]; the 

gap G affects the transmission intensity and also the Q-factor; the Au thickness T 

also has an influence on the transmission intensity. The effective RI of the SPP 

modes on both interfaces are calculated using equation λspp = neff • P to understand 

the mechanism of the optimization. The thickness of the MOF film and the Si3N4 

nano-membrane, on the other hand, determines the hybridization of the SPPs with 

the waveguide modes, and more importantly, affects the coupling between each 

other, which has not been systematically investigated. Therefore, this paper focused 

on optimizing the MOF thickness H and the Si3N4 substrate thickness d to achieve 
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a device with ultra-high field enhancement within the entire MOF layer while still 

maintaining high transmission intensity. 
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Figure 5.2. (a) Transmission spectra as functions of Si3N4 thickness with all other 

parameters fixed: P = 2.08 μm, G = 250 nm, T = 40 nm and H = 2.7 μm. Mt (dash 

line), Mb (dot line) and Mth (dash dot line) represent the SPP mode at the top 

Au/MOF/air interface, the SPP mode at the bottom Au/Si3N4/air interface, higher 

order SPP mode at Au/MOF/air interface, respectively. The white rectangular 

represents the coupling region. The color bar represents the transmission intensity. 

(b-i) The intensity of the electric field distribution of the representative points 

shown in (a). (j) Calculated effective RI of the mode of Mt and Mb. (k) Insertion 

loss (transmission) and absorption as a function of the Si3N4 thickness. The gray 

region is the coupling region. 

 

As shown in Figure 5.2(a), there are three distinct modes in the interested 

wavelength range: the SPP mode at the top Au/MOF/air interface (Mt, dash line), 

the SPP mode at the bottom Au/Si3N4/air interface (Mb, dot line) and the top SPP 

(Mth, dash dot line) which hybrids with the high order MOF waveguide mode. The 
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SPP mode Mt always locates around 2.7 μm with small deviation, which results in 

an effective RI with little change. The intensity of the electric field distribution in 

Figure 5.2(b) and 5.2(c) clearly verified that the SPP modes are majorly localized 

within the MOF layer. At slightly shorter wavelength range, the top SPP mode 

hybrids with higher order waveguide mode of the MOF layer, which is marked as 

Mth in Figure 5.2(a). Figure 5.2(d) and 5.2(e) represent the electric field intensity 

of Mth with a thick (TH1) and thin (TH2) Si3N4 membrane, which shows little 

difference in effective RI. For the SPP mode Mb, when the Si3N4 thickness is above 

400 nm, it appears at longer wavelength compared to Mt because Si3N4 (1.960) has 

a higher RI than that of MOF (1.326). When the Si3N4 thickness is less than 250 

nm, the mode Mb moves to much shorter wavelength range. This is because the 

effective RI of the bottom SPP is strongly influenced by the thickness of the Si3N4 

membrane. The intensity of the electric field distribution in Figure 2(f) and 2(g) 

indicates the transition from a thick membrane to a thin membrane. When the Si3N4 

thickness is between 250 ~ 400 nm, however, the effective RI of the top SPP Mt 

and the bottom SPP Mb are so close to each that strongly coupled modes are formed. 

In Figure 5.2(a), the region enclosed by the white rectangle represents the coupled 

mode region, where Mt and Mb cross each other. Within the rectangular region, H1 

represent the coupled mode between Mth and Mb, while H2 represents the coupled 

mode between Mt and Mb. Clearly, the coupled modes have much lower Q-factors 

and the electric field intensity is very weak as shown in Figure 5.2(h) and 5.2(i). 
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We calculate the effective RI as a function of the thickness of Si3N4 

membrane, which is shown in Figure 5.2(j). In the coupled mode region, however, 

the Q-factors are low and there are no distinct transmission peaks. Therefore, the 

effect indices of the coupled modes are not defined. To verify the effect of SEIRA 

of the suspended nanostructure, an absorption coefficient k = 1.315×10-4 is added 

into the imaginary part of the RI in the MOF layer to mimic the absorption of CO2. 

The value of the imaginary part is calculated from HITRAN database. The total IR 

absorption and optical transmission at 2.7 μm wavelength as a function of the Si3N4 

thickness is shown in Figure 5.2(k). The largest IR absorption appears when the 

Si3N4 thickness is around 250 nm, which is close to the edge of the coupled mode 

region. If the Si3N4 membrane becomes thinner, the IR absorption will actually 

decrease. This conclusion is different than Au-NPAs on thick substrates, where low 

RI will lead to higher plasmonic field enhancement in analogy that thinner Si3N4 

membrane will decrease the effective RI of the bottom substrate. However, the 

insertion loss at this Si3N4 thickness is -3.4 dB, which is too high. From the 

engineering point of view, sufficient transmission intensity and mechanical support 

are also needed. If the Si3N4 membrane becomes thicker, the IR absorption will first 

slightly increase due to the Q-factor increase. Then it will stabilize at a relative low 

IR absorption. This is induced by the higher effective RI of Si3N4, where more field 

tends to locate. Thus, the optimized value is chosen as the cross point of the 

transmission and absorption curve, which is d = 200 nm. Within the hybrid region, 

due to the low Q-factor, the absorption is very small. 
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Figure 5.3. (a) Calculated effective RI of mode Mt and Mb. (b) Insertion loss 

(transmission) and enhanced absorption as a function of MOF thickness. (c) The 

simulated transmission spectrum (overlapped with CO2 absorption band). The inset 

is the electric field distribution at the peak wavelength. (d) The scanning of MOF 

thickness. 

 

The thickness of the top MOF layer is another critical parameter. Thicker 

MOF means more adsorption of gas molecules and longer path of IR absorption. 

However, if the MOF layer is too thick, more higher order modes in MOF layer 

will show up (Figure 5.3(d)), which are sensitive to the angle deviation of the 
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incident light and device size[162, 163]. When the incident light is not perfect 

collimated or the device size is too small, the Q-factor of modes will become much 

lower, which will reduce the field enhancement. Therefore, an optimized thickness 

is studied by scanning the MOF thickness while other parameters fixed. As shown 

in Figure 5.3(a), since the Si3N4 thickness d is fixed as 200 nm, the effective RI of 

mode Mb is always smaller than mode Mt. As the MOF thickness H reduces, the 

effective RI of Mt becomes closer to air. When the MOF layer becomes thinner 

than 500 nm, mode Mt will be cutoff. Notably, there is a sudden change around H 

= 2.0 μm. It is possibly induced by the cavity effect of MOF layer. Similarly, an 

imaginary part of the RI is added to MOF layer to mimic the CO2. The absorption 

as a function of the MOF thickness is shown in Figure 5.3(b). Since the thickness 

of MOF layer is the absorption path length, thicker MOF layer will result higher 

absorption. Considering the transmission intensity, the highest point happens at 

around H = 1.6 μm. As mentioned before, if the adsorption effect of MOF is 

considered, thicker MOF layer is preferred. However, thicker MOF layer means 

longer growth time and also possibly difficult for gas molecules to diffuse into 

MOF. Therefore, after considering all these factors, the optimized MOF thickness 

is chosen as H = 2.7 μm, which has similar transmission intensity as H = 1.6 μm, 

and meanwhile all the electric field is still confined inside the MOF layer. After 

comprehensive study of all the parameters, the final parameters are chosen to be P 

= 2.08 µm, G = 250 nm, H = 2.7 µm, T = 40 nm and d = 200 nm. The transmission 
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spectrum of final design, as well as the theoretical CO2 absorption spectrum is 

shown in Figure 5.2(c). The inset is the electric field distribution at the peak.  

5.2. Experimental Demonstration 

     

            

 
Figure 4. (a) AFM image of ZIF-8 thin film. SEM image of Au-NPA (b) before 

and (c) after coating MOF. The optical images of Au-NPA (d) before and (e) after 

coating MOF.  
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The MOF used in this device is ZIF-8 (zeolitic imidazolate frameworks), 

which has been extensively investigated due to its excellent thermal stability and 

selectivity toward CO2[164]. Since the surface roughness is relative small for ZIF-

8, it is suitable for the application in thin film devices. This is demonstrated by the 

atomic force microscopy (AFM) shown in Figure 5.4(a), which shows a 9.8 nm 

roughness. Besides, due to the surface property, water molecules can only be 

adsorbed on the outer surface of ZIF-8 MOF, while CO2 can diffuse into the inner 

pores. This hydrophobic surface makes ZIF-8 even more attractive for field sensing 

application[156]. The ZIF-8 MOF was also characterized by ellipsometry to 

determine the bulk RI. The Au-NPA is fabricated by focused ion beam (FIB) 

etching. The scanning electron microscope (SEM) images and optical images of the 

fabricated Au-NPA before and after coating MOF are shown in Figure 5.4(b-c) and 

Figure 5.4(d-e). As shown, the MOF layer fully covers the Au-NPA.  

 

Figure 5.5. The schematic of testing system with home-made gas cell. 
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To demonstrate the functionality of the device and the enhancement provided 

by the hybrid plasmonic-MOF device, a quantitative CO2 absorption measurement 

was performed by a commercial Fourier transform infrared (FTIR) spectrometer. 

A home-made gas cell was used in the test, which has 4 mm path length, as shown 

in Figure 5.5. One side of the gas cell is sealed by a sapphire window and the other 

side is sealed by the device. Different CO2 concentrations are obtained by mixing 

with nitrogen (N2) using two mass flow controllers (MFCs). The experimentally 

obtained transmission spectrum is shown Figure 5.6(a), which is broader than the 

simulation result. The main reason of this broadening effect is the angle deviation 

of the incident light. Small incident angle will cause spectrum shift and split as 

shown in Figure 5.6(b). Since the light source of the commercial FTIR is not well 

collimated, the transmission spectrum will be an integration of all spectra 

corresponding to different incident angles. To determine the enhancement of the 

device, the absorption spectra of different CO2 concentration were collected as 

shown in Figure 5.6(c). The contribution of MOF and plasmonic effect was 

determined by two reference samples: both sides of the gas cell sealed by sapphire 

window; only MOF coated suspended substrate. The absorption spectra of the two 

references are shown in Figure 5.6(d) and 5.6(e).  
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Figure 5.6. (a) The experimental transmission spectrum. (b) The effect of incident 

angle deviation. The absorption spectra of (c) Au-NPA coated with MOF, (d) bare 

window and (e) MOF on bare window with different CO2 concentration. (f) The 

calculated enhancement factor as a function of CO2 concentration. (g) The noise 

analysis of the three devices. 

 

Considering the bare sapphire window reference, since there is no 

enhancement, the absorption is purely from CO2 in the gas cell. The absorption 

coefficient α of CO2 calculated from this reference will be the actual value under 

the experimental conditions. For the other reference, due to the presence of MOF, 

more CO2 molecules were adsorbed inside the MOF layer, which essentially 

increases the local absorption coefficient. For the integrated device, in addition to 

the effect of MOF, the adsorbed CO2 molecules also interacted with the hybrid field 

of SPP mode Mt and waveguide mode in MOF, which provides extra enhancement. 

By comparing the device with the two references, the enhancement factors (EFs) 

of the device and the contribution of MOF were calculated as shown in Figure 5.6(f). 
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Noticeably, the major contribution is provided by MOF. The enhancement from 

plasmonic field is smaller than the simulation, which is caused by the lowered Q-

factor. As mentioned before, the broadening is mainly caused by the incident angle 

deviation. Thus, the EF from plasmonic field can be dramatically improved by 

using a well collimated light source. Moreover, due to the huge mismatch between 

the light spot size of the commercial FTIR spectrometer (~ 7 mm in diameter) and 

the device size (1 mm2), the power collected by the detector is relative low, which 

limit the lowest detectable CO2 concentration in the experiment. However, 

detection limit can be estimated by analyzing the noise of system. The noise mainly 

comes from the fluctuation of light source and the dark current noise of the detector. 

When the transmission intensity is strong enough, the signal will be much higher 

than the dark noise level. In this case, the major noise will be the fluctuation of the 

light source. But when the transmission intensity is too weak and the signal is just 

slightly higher dark noise, the two noise sources will both affect the signal, which 

is our case. The noise levels (3 times of standard deviation) of the two references 

and the device are shown in Figure 5.6(g). Since the absolute transmission intensity 

for the two references is far above the noise level of the detector, the noise will 

mainly come from light source fluctuation. Therefore, the noise level of three 

samples are: bare window < MOF on bare window < device. To estimate the 

detection limit, the Beer-Lambert Law is simplified for low CO2 concentration 

situation: I ≈ I0(1-α•L), which means the absorption is linearly proportional to CO2 

concentration. Thus, the cross point of the linear fitting line of the absorption data 
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at low concentration with the noise level will be the estimated detection limit. As 

shown in Figure 5.6 (g), the purple dash line represents fitting line and the cross 

point is labeled by the arrow, which represents the estimated detection limit about 

0.0192% (192 ppm). This value can be improved by using a light source with spot 

size comparable to the device size. 

5.3. Summary 

In this chapter, we present a suspended Si3N4 nano-membrane device 

integrating plasmonic nano-patch antennas with MOF, which can efficiently adsorb 

CO2 through its nanoporous structure. Comparing to the conventional SEIRA 

sensing relying on localized hot-spots of plasmonic nanostructures, this device 

engineered the coupled surface plasmon polaritons in the metal-Si3N4 and metal-

MOF interfaces to achieve strong optical field enhancement across the entire MOF 

film. We successfully demonstrated on-chip gas sensing of CO2 with more than 

1,800× enhancement factors within a 2.7 μm thin film. 
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CHAPTER 6. ON-CHIP GAS SPECTROSCOPY USING HIGH 

RESOLUTION PLASMONIC FILTER ARRAY 

 

In the previous chapters, we demonstrated the possibility of on-chip gas 

sensing by integrating MOF with plamonic nanostructures. However, in an infrared 

spectroscopy system, besides the sensor part, wavelength dispersion component is 

also very critical. In order to realize whole miniaturized device for future field 

sensing, in this chapter, we present an ultra-compact, cost-effective on-chip near-

infrared spectroscopy system for CO2 sensing using narrow-band optical filter array 

based on plasmonic gratings with a waveguide layer. By varying the periodicity of 

the gratings, the transmission spectra of the filters can be continuously tuned to 

cover the 2.0 µm sensing window with high spectral resolution around 10 nm. Our 

experimental results show that the on-chip spectroscopy system can successfully 

resolve the two symmetric vibrational bands of CO2 at 2.0 μm wavelength, which 

proves its potential to replace the expensive commercial IR spectroscopy system 

for on-site gas sensing. 

6.1. Overview of On-Chip Spectroscopy System 

Optical spectroscopy is a key technology for the detection of a wide variety 

of atoms and molecules in different applications, such as chemistry, biology and 

environmental sciences. As compared to many other types of sensing technologies, 

spectroscopic techniques have the advantage of high selectivity from the 

“fingerprint” of the spectrum. Absorption spectroscopy, fluorescence spectroscopy 
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and Raman spectroscopy all provide complementary information about the identity 

and concentration of the molecules. Despite the advantages spectroscopic 

techniques, most commercially available IR spectroscopy systems, such as FTIR 

spectroscopy[165] and TDLS[166], are expensive bulky desktop instruments, 

which is not suitable for field sensing. If the key parts of the spectroscopy system 

could be integrated on a small chip, the system will be dramatically miniaturized 

and cost-effective, with the potential of massive parallelism and multiplexing. 

Therefore, the effort for developing low cost portable IR spectroscopy system is 

continuously growing.  

Several on-chip spectroscopy methods have been reported to realize high 

resolution based on different configurations, such as arrayed waveguide grating 

(AWG)[167], Echelle diffraction grating (EDG)[168], superprism-based photonic 

crystal[169], microresonator array[170], filter array based on Fabry-Perot (FP) 

cavity[171] and so on. However, these techniques suffer from the tradeoff between 

spectrum resolution and operating bandwidth, as well as complicated fabrication 

process, which limits their practice applications. In addition to these techniques, 

optical filter based on surface plasmon resonance is also very promising, due to 

their high tunability and simple fabrication. Plasmonic filters composed of metal 

film with subwavelength-size periodic hole arrays or slot arrays act as optical filters 

owing to the interference of SPPs between adjacent holes or slots, which is also 

referred as extraordinary transmission (EOT). The transmission properties of 

plasmonic filters are mainly defined by their physical structure. This means that by 
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simply changing the size, shape, and separation of the hole or slot, the transmission 

spectra can be easily controlled. Owing to this feature, plasmonic filters are very 

cost competitive. Furthermore, due to the fabrication process of plasmonic filters, 

they can be easily integrated with CMOS technologies. 

6.1.1. Extraordinary Transmission 

EOT was first discovered by Ebbesen in 1998[161]. In the experiment, a 

broadband light was incident on a periodic silver hole array, whose diameter was 

1/10 of the wavelength. A strong transmission peak was observed which was 

several orders higher than the value predicted by the classic diffraction theory. 

According to the classic diffraction theory[172], the transmission is proportional to 

the forth order of the hole’s radius 
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where λ is the wavelength of the incoming light, being r the radius of the hole. This 

enhanced abnormal transmission peak is the origin of the name of EOT.  

The commonly accepted theory of EOT is the coupling between SPPs and the 

incident light[173]. When the momentum matching condition between incident 

light and SPPS is met, traveling SPPs or localized SPPs will be created which will 

bind the energy of optical field into one side of the metal surface with the help of 

the periodic hole or slot array. The trapped energy will spread to the other side of 

the metal film and then radiates out. When the metal film is thin enough, the 

coupling between the SPPs on both side of the metal film will lead to resonance 
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mode, resulting in an enhanced transmission at specific wavelength. Studies also 

revealed that the transmission spectrum is determined by the metal material and the 

structure parameters of the hole or slot array, such as period, the shape and size of 

the holes, the thickness of metal film and the medium adjacent to the metal film.  

By applying the momentum-matching conditions, the peak positions λmax at 

normal incidence for a two-dimensional array can be approximately determined. 

For a hole with square array, the λmax of the transmission spectrum can be estimated 

by the following equation 
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where integers i and j are the resonance mode along x axis and y axis respectively, 

εm and εd are the dielectric constant of metal and surrounding medium respectively, 

and P is the period of the array. For a triangular array, the λmax is determined by  
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For structure with different periods in x and y axes, the λmax can be estimated by  
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where integers a and b are the period in x axis and y axis respectively. 

Although EOT is very attractive for optical filter application, the transmission 

spectra of the EOT devices are typically too broad for spectroscopy. Thus, they are 
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mainly used as color filters. In this chapter, we propose a new design to achieve 

narrow transmission peak by coupling the EOT with waveguide mode.  

6.2. Theoretical Study 

 

Figure 6.1. The configuration of the plasmonic filter. 

 

The configuration of the plasmonic filter is shown in Figure 6.1, which 

consists of a gold (Au) thin film with periodic nano-slits on a quartz (nsub=1.45) 

substrate. A layer of UV cured SU-8 (nSU-8=1.57) photoresist covers the Au thin 

film, serving as a waveguide layer. Transverse magnetic (TM) polarized light will 

be launched from the substrate side and normally incident on the filters. By varying 

the period P of the nano-slit, the transmission peak can be continuously tuned. The 

periodicity P also slightly affects the peak transmission intensity. However, within 

our interested wavelength range (1.98 ~ 2.04 µm), the effect is minor. 
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Figure 6.2. (a) Scanning electron microscope image of Au film with nano-slit. Inset 

is the optical image of the filter array. Transmission spectra of the plasmonic filter: 

(b) the effect of SU-8 thickness, (c) slit width and (d) Au film thickness. (e) The 

full width half maximum (FWHM) of the transmission spectrum as a function of 

SU-8 thickness. (f) An example of the transmission spectrum using the optimized 

parameters. (g) Hybrid electric field distribution of major peak and (h) side-band. 

The electric filed amplitude is normalized to that of the incident light E0. Dash lines 

represent the design parameters used in the experiment. 

 

The scanning electron microscope (SEM) image of the Au film with nano-slit 

is shown in Figure 6.2(a). There are three parameters that affect the transmission 

spectrum: the slit width G, Au thin thickness H and SU-8 thickness T, which are 

scanned to achieve small full width half maximum (FWHM), high transmission 

amplitude and less side-bands effects based on rigorous coupled-wave analysis 

(RCWA). As shown in Figure 6.2(b-d), the effects of the SU-8 thickness, slit width 
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and Au film thickness to the transmission spectrum are studied. It is found that the 

thickness of SU-8 plays the most important role. It not only influences the FWHM, 

but also contributes to the transmission amplitude and side-bands. Thinner SU-8 

layer may cause cut-off (discontinuity) of the waveguide mode, while thicker film 

will generate higher order waveguide modes and the coupling between higher order 

waveguide modes and Rayleigh Anomaly (RA). RA is associated with light 

diffracted parallel to the grating surface, which is determined by dielectric constant 

of the substrate, surrounding medium and the grating pitch[155]. In our case, the 

RA happens on the substrate side. The FWHM of the spectrum as a function is 

shown in Figure 6.2(e). For the slit width, it only slightly affects the transmission 

amplitude and FWHM. Wider slit width will allow more light passing through, but 

the FWHM will also increase. For Au film thickness, thinner film shows larger 

transmission amplitude and larger FWHM. However, if the Au thickness is too thin, 

the overall noise level of the spectrum will increase. Besides, at certain thickness, 

the cavity resonance in the nano-slit and the surface plasmon polariton on Au 

surface will have deconstructive interference, which will cause the discontinuity 

shown in the Figure 6.2(d)[174-178]. Finally, the three parameters are chosen to be 

G = 100 nm, H = 40 nm and T = 1.2 µm (dash line). Although the FWHM at T = 

1.2 µm is slightly larger than that at T = 1.3 µm (< 1 nm), the side-band effect is 

less at T = 1.2 µm. An example of the transmission spectrum using the chosen 

values is shown in Figure 6.2(f). There are two transmission peaks on the spectrum, 

representing two different modes. The major peak (#1) at ~2.0 µm represents the 
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coupling mode between surface plasmon at SU-8/Au interface and the narrow-band 

waveguide mode supported by the SU-8 waveguide layer. The side band (#2) at ~ 

1.91 µm is due to the Rayleigh Anomaly in the glass substrate[162, 179-182]. The 

normalized electric field amplitude distribution of the two modes is shown in Figure 

6.2(g) and 6.2(h). 

6.3. Experimental Demonstration 
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Figure 6.3. (a) Numerically simulated and (b) experimentally obtained transmission 

spectrum of each filter. G = 100 nm, H = 40 nm, T = 1.2 µm and the period varies 

from 1313nm to 1354nm with 4 nm step. 

 

The filters are fabricated by focused ion beam (FIB) etching followed spin-

coating SU-8. As shown in the inset of Figure 6.3(b), eventually, there are 15 filters 

in total. The size of each filter is 100 µm × 100 µm and the total area of the filter 

array is less than 1 mm2. The transmission spectrum of each filter is calibrated by 

an optical spectrum analyzer (OSA). Figure 6.3(a) and 6.3(b) show both the 

numerically simulated and experimentally obtained transmission spectrum of each 

filter. Comparing the two sets of spectra, two discrepancies between simulation and 

experiment: (1) the amplitude of the transmission spectra in the experiment 

fluctuate from filter to filter. It is mainly due to the non-uniformity of the SU-8 film. 

(2) The FWHM of the experimental obtained spectrum (10 ~ 12 nm) is slightly 

larger than the simulation (7 ~ 9 nm), which is induced by the variation of both the 

nano-silt width and imperfection of the thermal evaporated Au thin film. 
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Figure 6.4. (a) Experiment setup for CO2 sensing; (b) experimental absorption 

spectrum of CO2; (c) Signal received by oscilloscope; (d) noise level of the top and 

bottom flat region after filtering. (e) Normalized transmission as a function of CO2 

concentration. 

 

To demonstrate the capability of the filter array for gas sensing application, a 

spectroscopy system using the filter array is built as shown in Figure 6.4(a). The 

collimated light from a supercontinuum light source (NKT Photonics, 400 nm ~ 

2400 nm, 10 kHz) first passes through a linear polarizer (Thorlabs Inc., LPNIR050) 

to obtain TM light. A bandpass filter (Thorlabs Inc., FB2000-500) is used to shrink 

the wavelength range to 1750 nm to 2250 nm to avoid undesired side bands. Due 

to the large beam diameter of the light source comparing to the filter, a simple beam 

expander is reversely used to shrink the beam size to obtain high power density. 
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The shrunk light passes then through a 10 cm quartz gas cell. The light transmitted 

through the filter is collected by a multi-mode fiber (MMF) and delivered to a PbS 

photodetector (Thorlabs, Inc., PDA30G). Since the photodetector is AC coupled, a 

chopper is applied to convert the CW light to pulsed light. Finally, the electric 

signal from the photodetector is sent to an oscilloscope. It should be noted that, 

although in the experiment setup, an MMF is used to collect the light transmitted 

through the filters, it can be replaced by a charge-coupled device (CCD) or 

photodetector array placed directly behind the filter array. In this way, signals from 

each filter can be collected simultaneously, which allows high speed detection. 

Moreover, without MMF, there will be no alignment or coupling stability issue, 

which may induce extra noise. 

The transmitted power of each filter through a gas cell filled with CO2 is 

recorded. The same measurement for Ar is taken as the reference. Since Ar does 

not absorb any light around 2.0 µm, the subtraction between the transmitted power 

of CO2 and Ar will be the NIR absorption due to CO2. The absorption spectrum of 

CO2 obtained by this system (black line with red square) is shown in Figure 6.4(b). 

As a comparison, the experimental data from conventional FTIR (blue lines) is also 

shown. It is clearly seen that the two vibration bands are resolved, which matches 

the experimental results using conventional FTIR. The slight variation (~1nm) 

between these two experimental methods can possibly come from fabrication 

variation and the limited resolution of the filter array.  
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To evaluate the capability of current system, the noise of the signal is studied. 

After chopping, the signal received by the oscilloscope is a square wave as shown 

in Figure 6.4(c). The voltage difference between the top and bottom flat regions 

will represent the actual voltage associated with transmitted light. The top region 

represents the signal when light is blocked by the chopper, and the bottom region 

represents the signal when the light is unblocked. It is noticed that, in the bottom 

region, there is a regular low frequency (~10 kHz) variation in addition to the high 

frequency noise. This variation is caused by the frequency of the pulsed light source. 

Such regular variation can be easily filtered out, as shown in Figure 6.4(d). The 

noises of the top and bottom flat regions are represented by the standard deviation 

σt and σb, both of which are 0.0027V. When there is absorption caused by CO2, the 

bottom trace will move up. In order to distinguish the signal change due to the CO2 

absorption, the voltage change has to be at least 3σt + 3σb[183, 184]. Therefore, the 

minimum detection is defined to be σ = 3σt + 3σb. The voltage change at the peak 

absorption is 0.7537 V, which is about 46.52 times of σ. We measured the 

normalized transmission as a function of different CO2 concentration, which is 

shown in Figure 6.4(e). A good linearity is observed, which matches the law of 

Beer-Lambert absorption.  Here, we also define the sensitivity to be minimum 

detectable CO2 concentration × optical absorption length. Therefore, for our current 

system, the sensitivity is about 214,957 ppm·cm. Michael E. Webber et al.[185] 

reported 144,000 ppm·cm sensitivity for vent gas in a bioreactor and 5,000 

ppm·cm[186] for combustion gas using distributed feedback laser. It should be 
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noted that as the noise level is relatively constant, the voltage change due to the 

CO2 absorption is proportional to the intensity of the input light. Higher input light 

intensity will achieve lower detection limit. Therefore, the sensitivity of our on-

chip NIR spectroscopy system can be improved by increasing the input light 

intensity or using a more stable light source. A lock-in amplifier to detect only the 

chopping frequency can also improve the signal-to-noise ratio and hence improve 

the detection limit. 

6.4. Summary 

In summary, we have designed and experimentally demonstrated an NIR on-

chip spectroscopy system for CO2 by an array of narrow-band plasmonic filters 

with 10 ~ 12 nm spectral resolution. The two vibrational bands of CO2 are resolved, 

which matches the theoretical data from HITRAN database. By evaluating the noise 

level of the system, the sensitivity of current system is estimated to be 214,957 

ppm·cm. The sensitivity can be further improved by suppressing the noise using 

lock-in amplifiers. Due to the advantage of compactness, low-cost and easy-to-

fabricate, this plasmonic filter array shows great potentials to replace the expensive 

and bulky FTIR spectroscopy system for mobile NIR gas sensing. 
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CHAPTER 7. CONCLUSIONS 

 

Surface-enhanced infrared absorption (SEIRA) is capable of identifying 

molecular fingerprints by resonant detection of infrared vibrational modes through 

the coupling with plasmonic modes of metallic nanostructures. However, SEIRA 

for on-chip gas sensing is still not very successful due to the intrinsically weak 

light-matter interaction between photons and gas molecules. This dissertation has 

dealt with the development of on-chip device by integrating plasmonic 

nanostructures with nanoporous material to achieve ultra-long absorption length. 

The solution we proposed is integrating nanoporous material MOF with 

periodic plasmonic nanostructures, which can provide two sources of enhancement: 

(1) high plasmonic field enhancement due to the high Q-factor resonance; (2) 

preconcentrating effect of MOF. Before the integration, the optical properties of 

MOF material were characterized in Chapter 2 for future device design. To 

demonstrate the capability of MOF used for a gas sensor, in Chapter 3, a simple 

evanescent field based optical fiber gas sensor was experimentally demonstrated by 

coating MOF onto the partially etched fiber surface. The experimental results show 

20 ppm detection limit of CO2 within only 5 cm sensing length, which prove the 

high potential for optical sensing application.  

Chapter 4 and Chapter 5 discuss the two design of integrating MOF with 

periodic plasmonic nanostructures for CO2 detection. Both designs are 

experimentally demonstrated to have a high enhancement factor due to the coupled 
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SPPs mode in the entire MOF layer and the preconcentrating effect of MOF. The 

two designs show a route for future on-chip gas sensing devices based on SEIRA 

spectroscopy.  

For future application of on-chip spectroscopy system, a simple narrow-band 

plasmonic filter array with 10 ~ 12 nm spectral resolution was designed and 

demonstrated in Chapter 6. This plasmonic filter array shows great potentials to 

replace the expensive and bulky FTIR spectroscopy system for portable on-chip 

gas spectroscopy system.  

In summary, our work integrating plasmonic nanostructures with nanoporous 

material has successfully extend the powerful SEIRA spectroscopy to on-chip gas 

sensing. The plasmonic enhancement of this devices need to be further improved 

by using a well collimated infrared light source. The limit of detection requires 

small light spot size to achieve high signal-to-noise ratio. Such device will need to 

be improved in the future work by designing a sharp plasmonic resonance peak 

with low incident angle dependence. The fabrication method also need to be 

improved to achieve relative larger device to tolerance large spot size of common 

light source on the market, such as LED.  
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