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ABSTRACT 

 

Mid-infrared (MIR; 3-20 μm) spectroscopy is based on fundamental vibrational and rotational 

modes associated with most organic and inorganic molecules interacting with MIR photons, 

and provides inherent molecular selectivity, which is particularly attractive for sensing 

applications.  

 

Based on advanced quantum heterostructure technology, quantum cascade lasers (QCLs) 

provide high output power within narrow spectral bands, compact dimensions, a long lifetime, 

broadly tunable emissions, and access to almost the entire MIR spectral range. QCLs are 

nowadays widely accepted as the most advanced light source technology available to MIR 

sensors. 

In this thesis, progress towards on-chip MIR sensing technology is reported facilitating ultra-

sensitive chemical sensing in the mid-infrared spectral regime by combining microfabricated 

GaAs/Al0.2Ga0.8As waveguides and sensing structures with QCLs. Epitaxial growth methods 

including molecular beam epitaxy (MBE) and metal–organic vapor-phase epitaxy (MOVPE) 

were applied facilitating the development of on-chip MIR GaAs/Al0.2Ga0.8As semiconductor 

slab waveguides, which were then structured via reactive ion etching (RIE) and/or focused ion 

beam milling (FIB) for establishing a variety of on-chip GaAs/Al0.2Ga0.8As waveguide 

geometries. Then, a QCL lasing at a wavelength of 10.3 μm was combined with thus obtained 

planar waveguide slabs and strip waveguides, respectively. The exemplary detection of acetic 

anhydride deposited at the surface of strip waveguides results in a limit of detection (LOD) of 

0.05 pL. 

Furthermore, the first planar waveguides made from mercury− cadmium−telluride (MCT) were 

established, a material to date exclusively used for MIR detector elements. MCT on-chip MIR 
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evanescent field transducers in combination with tunable quantum cascade lasers (tQCLs) 

emitting in the spectral regime of 5.78−6.35 μm were then combined into functional sensing 

systems. This novel MIR sensing concept utilizes structured MCT chips fabricated via MBE as 

waveguides for evanescent field absorption spectroscopy, as demonstrated by the detection of 

1 nL of acetone. With the first demonstration of chemical sensing using on-chip MCT 

waveguides, monolithically fabricated IR sensing systems directly interfacing the waveguide 

with the MCT detector element may be envisaged.  

In a next step, the first combination of MIR tQCLs with thin-film diamond strip waveguides 

(DSWGs)�suitable for advanced chemical sensing/biosensing strategies was demonstrated. The 

sensing�system is composed of thin diamond films grown at surface-passivated Si wafers�via 

chemical vapor deposition (CVD), and microstructured using inductively�coupled plasma (ICP) 

etching serving as photonic waveguides for radiation emitted by a tQCL (5.78−6.35 μm). The 

characterization of the free-standing diamond waveguides revealed excellent transmission 

properties across a broad MIR band. As a proof of concept, the detection of acetone in D2O via 

evanescent field absorption was demonstrated achieving a limit of detection (LOD) as low as 

200 pL, which indicates a significant sensitivity improvement compared to conventional MIR 

slab/strip waveguides reported to date. Providing characteristic absorption features within the 

tuning range of the tQCL, studies using anisaldehyde as an exemplary analyte further 

corroborated the potential of tQCL-DSWG-based chemical sensors/biosensors.  

Finally, the first mid-infrared Mach-Zehnder interferometers (MIR-MZI) were designed, 

fabricated, and functionally verified in combination with a suitable tQCL. Besides, the design 

and microfabrication of first MIR optical resonators was initiated providing an outlook towards 

next-generation miniaturized MIR sensor devices based on more sophisticated substrate–

integrated semiconductor waveguide structures and geometries.  
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ABSTRAKT 

 

Die Mittlere Infrarot-Spektroskopie (mittleres Infrarot: MIR; 3-20 μm) basiert auf der 

Anregung der grundlegenden Schwingungs- und Rotationsmoden der meisten organischen und 

anorganischen Moleküle durch Wechselwirkung mit MIR-Photonen. Aufgrund der 

resultierenden inhärenten molekularen Selektivität eignet sich die MIR-Spektroskopie 

insbesondere für sensorische Anwendungen. 

Basierend auf fortschrittlicher Quanten-Heterostrukturtechnologie bieten Quanten-

Kaskadenlaser (QCLs) eine hohe Ausgangsleistung in engen Spektralbändern, kompakte 

Abmessungen, eine lange Lebensdauer, weitgehend abstimmbare Emissionen und Zugang zu 

nahezu dem gesamten MIR-Spektralbereich. QCLs sind heutzutage weithin als modernste 

Lichtquellentechnologie anerkannt, die für MIR-Sensoren zur Verfügung steht. 

In dieser Arbeit werden die durch Kombination von mikrogefertigten GaAs / Al0.2Ga0.8As-

Wellenleitern und QCLs erzielten Fortschritte bei der hochempfindlichen chemischen 

Erfassung im MIR-Spektralbereich aufgezeigt. Moderne Verfahren wie die Molekularstrahl-

epitaxie (MBE) und die metallorganische Dampfphasenepitaxie (MOVPE) ermöglichten das 

Aufwachsen von MIR GaAs/Al0.2Ga0.8As-Halbleiterwellenleiterplatten auf Halbleiterkristallen, 

welche anschließend durch reaktives Ionenätzen (RIE) und/oder fokussiertes Ionenstrahlfräsen 

(FIB) zur Herstellung einer Vielzahl von substrat-integrierten Wellenleitergeometrien aus 

GaAs/Al0.2Ga0.8As strukturiert wurden. Ein bei einer Wellenlänge von 10,3 μm emittierender 

QCL wurde mit planaren Wellenleiterplatten bzw. Streifenwellenleitern kombiniert. Der 

beispielhafte Nachweis von Essigsäureanhydrid auf Streifenwellenleitern ergab eine 

Nachweisgrenze (LOD) von 0,05 pL. 

Des Weiteren umfasst die vorliegende Arbeit die ersten Planarwellenleiter aus Quecksilber-

Cadmium-Tellurid (MCT), einem Material, das bisher ausschließlich für MIR-
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Detektorelemente zum Einsatz kam. Kombiniert mit im Spektralbereich zwischen 5,78 µm und 

6,35 μm abstimmbaren Quantenkaskadenlasern (tQCLs) dienen die MCT-Wellenleiter als auf 

dem Halbleiterkistall befindliche MIR-Evaneszenzfeld-Messfühler. Dieser neuartige MIR-

Messansatz verwendet über MBE als Wellenleiter strukturierte MCT-Chips. Wie der Nachweis 

von 1 nL Aceton zeigt, wird dadurch die Erfassung über evaneszente 

Feldabsorptionsspektroskopie ermöglicht,. Mit dieser ersten Demonstration der chemischen 

Erfassung unter Verwendung chip-integrierter MCT-Wellenleiter können in naher Zukunft auch 

monolithisch hergestellte IR-Sensorsysteme, in denen der Wellenleiter direkt mit dem MCT-

Detektorelement verbunden ist, in Betracht gezogen werden. 

Wir zeigen ferner die erste Verknüpfung von MIR tQCLs und Diamant-

Dünnfilmstreifenwellenleiter (DSWGs), welche sich für eine fortschrittliche chemische 

Detektion eignet. Das Sensor-System besteht aus dünnen Diamantfilmen, die durch chemische 

Dampfabscheidung (CVD) auf oberflächenpassivierten Si-Wafern aufgewachsen und unter 

Verwendung induktiv gekoppelten Plasmas (ICP) so mikrostrukturiert wurden, dass sie als 

photonische Wellenleiter für Strahlung dienen können, welche von einem tQCL (5,78-6,35 μm) 

emittiert wird. Die Charakterisierung der freistehenden Diamantwellenleiter zeigt 

ausgezeichnete Übertragungseigenschaften über ein breites MIR-Band. Als 

Machbarkeitsbeweis dient der Nachweis von Aceton in D2O mittels evaneszenter 

Feldabsorption, wobei ein LOD von nur 200 pL erreicht wurde − eine signifikante 

Empfindlichkeitssteigerung gegenüber bisherigen MIR-Platten-/Streifenwellenleitern. 

Aufgrund der charakteristischen Absorptionsmerkmale im Tuningbereich des tQCL 

untermauern Studien mit Anisaldehyd als Analyt das Potential von chemischen 

Sensoren/Biosensoren auf der Basis von tQCL-DSWG zusätzlich. 

Die ersten MIR Mach-Zehnder-Interferometer (MIR-MZI)�werden entworfen, hergestellt und 

mittels tQCL funktionsgeprüft. Schließlich wird die Entwicklung und Mikrofertigung erster 
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neuartiger optischer MIR-Resonatoren gezeigt, welche einen Ausblick auf miniaturisierte MIR-

Sensorvorrichtungen der nächsten Generation (d.h., auf Grundlage substrat-integrierter 

Halbleiter-Wellenleiter) ermöglichen. 
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CHAPTER 1  
 
INTRODUCTION 
 

1.1 OPTICAL SENSORS 

Chemical sensors can be categorized into four main transduction principles: mass sensitive, 

electrochemical, thermal, and optical sensors.  Optical chemical sensors are taking advantage 

of the interaction between analyte(s) and light, which results in a change in one or several 

properties of light, e.g., intensity, wavelength, phase, polarization, etc. Based on these principles, 

optical chemical sensors are usually not only able to detect the chemical/physical property of a 

species, but also to continuously monitor any associated changes.  

 

1.1.1 DEVELOPMENT OF OPTICAL CHEMICAL SENSORS 
 

An optical chemical sensor is generally composed of three main units: the input unit, the 

transducer, and the signal detecting/processing unit. The input unit mainly supplies light 

emanating from a light source via a series of optics to the sample matrix of interest.  A 

detectable signal generated by light-sample interaction within a transducer segment is 

subsequently captured by a photon detection unit and converted into a corresponding output 

signal.   

The development of chemical sensors is an area of extensive research, and has gained steady 

progress particularly since the mid 1980s (Janata and Bezegh 1988; Janata et al 1990, 1994).   

A broad range of review articles and books have highlighted the advantages of optical sensing 

vs. alternative transduction methods (Wolfbeis et al 1991, 2006; Orellana et al 2005; Baldini et 

al 2006). Among the optical sensing principles the most widely used techniques are based on 

light absorption and luminescence phenomena. Alternative techniques are based on changes of 

less molecularly specific optical parameters such as reflectivity and refractive index.  Recent 

developments in the field of optical chemical sensors have been particularly influenced by 
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miniaturized optoelectronic light sources and detectors at decreasing cost yet increasing quality, 

advanced techniques in microfluidics and imaging, and trends towards the perspective of 

ubiquitous sensor networks.  

 
1.1.2 INFRARED SENSORS 
 
While the generic optical principles applied for chemical sensing have remained without 

substantial change for decades, infrared sensors gained significant attention benefiting from 

advanced light source technologies and fiber-optic communication evolving towards longer 

wavelengths.� Modern near infrared (NIR; 0.8-3 µm) sensors readily interface� with 

microfluidics and may be integrated for establishing lab-on-chip device technologies. A variety 

of transduction principles have been used in optical sensing including refraction, absorbance, 

surface plasmon resonance, fluorescence, etc. Among these transduction schemes, near- and 

mid-infrared sensing systems take particular advantage of absorption-based sensing principles 

due to the inherent potential of label-free detection, and of continuous qualitative and/or 

quantitative analysis (Yang et al. 2007). Miniaturized MIR (3-20 µm) sensing systems 

frequently have to consider a decreased optical path length, e.g., when integrated on-chip, 

which limits the photon-sample interaction length, and thereby leads to a decrease in sensitivity 

for absorption-based sensors. Hence, it is essential maximizing the signal-to-noise ratio, and 

using highly efficient optical waveguides and optical amplification schemes. Consequently, 

novel photonic components were introduced for mitigating this problem including advanced 

waveguide geometries, photonic crystals, etc. (Hawkins and Schmidt 2008; Mortensen et al. 

2008), which may enhance the interaction between the guided radiation and the target sample 

via locally highly pronounced or enhanced evanescent field, or an extended effective absorption 

path length. For example, optical microresonators are attracting significant attention in IR 

evanescent field sensing, and have been proposed as powerful optical structures for approaching 

label-free detection of only few molecules in the long wavelength regime. 
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1.2 MIR Sensors 

Mid-infrared (MIR; 3-20 μm) spectroscopy is based on the excitation of fundamental 

vibrational, rotational, and vibro-rotational modes associated with most organic and inorganic 

molecules interacting with MIR photons, and provides inherent molecular selectivity, which is 

particularly attractive for sensing applications (Mizaikoff 2003). Despite the potential for 

optical sensing, early applications of MIR spectroscopy were mostly confined to a laboratory 

environment due to the dimensions of conventional spectroscopic equipment (Rotermund et al. 

2000). Considering the already realized miniaturization/integration of UV/Vis and near-infrared 

(NIR) optical devices, the potential of miniaturized MIR sensors is immediately evident, in 

particular for in-situ and on-site sensing, as well as biomedical applications. However, for 

establishing portable sensing systems appropriate technologies enabling 

miniaturizing/integrating each optical building block are required in order to facilitate lab-on-

chip-style MIR sensor technology (Kim et al. 2008; Mizaikoff 2013). 

Most optical sensor systems are composed of optical components at macroscopic dimensions, 

and are analyzed and designed based on geometric optics. Geometric optics treat optical rays 

as lines with zero width (Jenkins and White 1976). While this is a quite bold approximation to 

represent the nature of light, it has proven quite successful when dealing with practical optical 

system based on macroscopically sized optical components. Hence, likewise most MIR optical 

sensors are initially designed based on the assumptions and limitations of geometric optics. The 

resulting optical sensors usually turn out to be effective devices in applications where the size 

of the optical sensing system or the amount of analyte available to the analysis are of no 

concerns for obtaining a useful analytical result. Motivated by the widespread applicability of 

chem/bio sensors and also MIR sensors branching out into new areas of application inherently 

imposes new restrictions including e.g., miniaturization, portability, biocompatibility, or 

extremely small quantities of analyte available to the measurement. With the introduction of 

nanophotonics, the obtainable scale may suffice such challenging demands, thereby enabling 
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novel applications for optical sensors, e.g., in the field of nanomedicine (Kim et al. 2008). 

Evidently, integrating photonic devices operating in the mid-infrared spectral range provides 

substantial benefits enabling a more ubiquitous access and use of optical sensing technologies 

based on molecular vibrations. While fabrication of photonic sensors at the nanoscale has 

already matured due to advancements in nanotechnology and microfabrication of silicon 

electronics, the design and simulation of such devices based on geometric optics fails, if the 

dimensions of the building blocks within the optical system approach the wavelength of light 

propagated within these structures. Furthermore, geometric optics does not provide any 

information on interference or diffraction phenomena of the involved photons. Inevitably, 

modeling approaches based on wave optics have to be applied for analyzing and designing 

nanophotonic sensors and their key components such as, e.g., waveguides.  

   

1.2.1 QUANTUM CASCADE LASERS - A REVOLUTION IN MIR 
SENSOR TECHNOLOGY 

 
For simplicity, MIR sensing system may be considered comprising four major components: (i) 

light source, (ii) waveguide(s), (iii) wavelength selection device, and (iv) detector.  Similar to 

NIR devices, photons emitted from the light source are guided via a radiation delivery system 

comprising optimal elements (e.g., lenses, mirrors, waveguides etc.), and are coupled to an 

active sensing interface/compartment, where signal–generating interaction of electro-magnetic 

radiation with the target analyte(s) occurs. The generated signal - in most cases an optical signal 

- is further guided through a wavelength selection device (e.g., gratings, filters etc.) if 

broadband radiation is utilized, and finally collected onto an appropriate MIR-sensitive 

photonic detector.   

Among the most commonly applied MIR radiation sources are broadband-emitting black-body 

(e.g., SiC) filaments, which provide incoherent radiation throughout the entire MIR spectrum.  

However, blackbody radiation sources generally provide limited radiation intensity. While most 
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absorption frequencies characteristic for, e.g., organic analytes are addressable within relatively 

narrow frequency bands, the radiation energy of such light sources is distributed across the 

entire spectral regime, thus providing comparatively low energy at the wavelengths of interest 

for detecting low analyte concentrations. Additionally, broadband light sources usually require 

wavelength modulation or wavelength selection devices for obtaining wavelength-resolved 

spectral information, which translates into a sizeable footprint of the sensing system. 

Next to gas lasers (e.g., CO and CO2 laser), which are usually bulky as well, and in contrast to 

broadband light sources, narrow bandgap semiconductor laser diodes (e.g., PbS,  PbSe, PbTe, 

SnSe, SnTe, or CdS) were developed as alternative MIR light sources. However, until recently 

their application was limited by the available lasing wavelength, the output power, potential 

cooling requirements, and the lifetime. Quantum cascade lasers (QCLs), which were initially 

conceptualized by Kazarinov and Suris (1971), and experimentally demonstrated for the first 

time by Faist et al. (1994), are nowadays widely accepted as the most advanced light source 

technology available in MIR sensor technology. QCLs are semiconductor lasers generating 

light emission via intersubband transitions of electrons in the conduction band within a series 

of quantum heterostructures, rather than electron-hole recombination characteristic for 

conventional lasing schemes (Saleh and Teich 2007). In contrast to conventional laser diodes, 

the lasing wavelength of QCLs is controlled by the thickness of the quantum well structure, and 

not by the composition, thus providing access to the entire MIR spectral range applying 

bandstructure engineering. In contrast, for example lead salt lasers are limited in emission 

wavelength by the energy bandgap defined by their material composition. Furthermore, QCLs 

provide superior output power within narrow spectral bands, which facilitates the detection of 

low concentrations and provides for phase-related detection schemes owing to the coherent 

nature of the emitted photons. Additionally, QCLs provide compact dimensions (i.e., few 

hundreds of micrometers), extended lifetimes, robustness, stability of the emitted wavelength, 

and tunability. The first commercialized QCL was reported by Alpes Laser (St Blaise, 
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Switzerland, www.alpeslasers.ch), while Daylight Solutions (San Diego,U SA, 

www.daylightsolutions.com) has developed the first commercialized broadly tuning external 

cavity quantum cascade lasers (EC-QCLs). With an angle-scanned grating, EC-QCLs have 

achieved tuning ranges nowadays exceeding 400 cm-1 lasing across almost the entire MIR 

range (Capasso et al. 2002; Maulini et al. 2004; Young et al. 2009).  

While QCLs remain significantly more expensive compared to corresponding light sources in 

the Vis and NIR, it is anticipated that their increased adoption for military applications and in 

MIR sensor technology will reduce costs to a competitive level. The utility of QCLs in MIR 

chemical/bio sensing enable advanced studies for gas/liquid phase analysis (Chen et al. 2005; 

Charlton et al. 2005b, 2006; Kim et al. 2008). These promising studies indicate that the 

combination of high optical output power within a narrow spectral band, and the compact size 

of QCLs along with wavelength-matched waveguide technology provides a promising trend in 

miniaturized MIR sensing platforms addressing gas phase and condensed phase samples with 

unsurpassed sensitivity and inherent molecular selectivity.   

 
1.2.2 TRENDS IN MINIATURIZATION 
 

The introduction of QCLs has significantly contributed to the miniaturization of MIR sensing 

systems. Next to appropriate radiation sources, efficient interaction of MIR radiation with the 

target analyte is required and may be achieved by scaling the remaining optical components as 

well. It should be noted that only decreasing the dimensions of e.g., the waveguides, which are 

commonly applied as active transducer, will lead to a decrease of interaction path length, and 

consequently, reduce the achievable sensitivity. Hence, the following paragraphs will briefly 

summarize the required efforts toward ‘small-but-smart-and-sensitive’ component scaling for 

miniaturizing MIR sensing systems potentially without sacrificing sensitivity categorized into 

waveguides, detectors, and spectrometers. 

In gas phase sensing, conventional multi-pass gas cells are commonly applied for extending the 
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optical path length; they are composed of a set of mirrors folding the IR beam for achieving an 

extended optical path length within an acceptable device footprint, and thus provide exquisite 

sensitivity. However, these gas cells (e.g., White cell, Herriott cell, etc.) do not fit the 

requirement of miniaturization, as their physical size requires comparatively large sample gas 

volumes (i.e., at least several hundreds of milliliters). Hollow waveguides (HWGs) are 

alternatives to conventional gas cell with a significantly smaller volume ensuring highly 

efficient photon-analyte interaction within the hollow waveguide core (Charlton et al. 2003). 

The fact that HWGs behaves as both waveguide and absorption render them ideal candidates 

for miniaturized IR gas sensors. Recently, novel HWG concepts based on photonic structures 

have been introduced termed photonic band gap hollow waveguides (PBG-HWGs). These 

waveguides are composed of alternating dielectric layers that provide a deliberately designed 

refractive index contrast, thereby establishing an optical stop band, rather than a metallic 

reflection coating, which is commonly coating the inside of conventional HWGs. Thereby, 

PBG-HWGs minimize propagation losses within a designed narrow optical frequency region, 

and achieve even smaller gas sensing volumes paired with the sensitivity characterizing HWGs. 

Recently, the first combination of PBG-HWGs with QCLs was demonstrated (Charlton et al. 

2005c), and establishes a milestone on the way toward miniaturized MIR gas sensing 

techniques.  

As this thesis focuses on liquid phase sensing schemes, solid-state waveguide design will be 

predominantly discussed omitting new trends in hollow core waveguide technology. Attenuated 

total reflection (ATR) crystals are commonly used as MIR waveguides for probing liquid phase 

samples taking advantage of the evanescent field generated via internal total reflection for 

absorption-based sensing applications. If the surface of the ATR waveguide is chemically 

modified (e.g., with a polymer coating), (i) target analyte molecules may additionally be 

enriched for enhanced sensitivity, (ii) water may be excluded from interaction with the 

evanescent field, if hydrophobic membranes with a thickness exceeding the penetration depth 
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of the evanescent field are selected, and (iii) the waveguide may be protected e.g., against 

degradation in harsh sensing environments. Alternatively, fiberoptic waveguides such as e.g., 

solid core fibers made from polycrystalline silver halide (AgBr-AgCl, usually abbreviated as 

‘AgX’) or chalcogenide glasses (As-Se-Te) have been used for evanescent field absorption 

sensing in aqueous solutions. For example, the research group of Gmachl has reported progress 

on liquid phase sensing by combining QCLs with silver halide fiber segments (Chen et al. 2005). 

Significant progress has been contributed by the research group of Mizaikoff and collaborators 

focused on developing an entire new generation of MIR waveguides based on semiconductor 

technology. For example, they have shown the first combination of QCLs with thin film planar 

silver halide waveguides, and the first planar single-mode MIR GaAs/AlGaAs waveguides 

entirely fabricated on-chip. Recently, a new generation of strip-waveguides has been 

microfabricated from GaAs/AlGaAs semiconductor wafers demonstrating outstanding 

analytical performance probing minute sample amounts with unsurpassed sensitivity (Wang et 

al. 2012). Furthermore, the first on-chip MIR Mach-Zehnder interferometer was reported 

providing single mode photon propagation and excellent surface sensitivity (Sieger et al. 2013). 

Most recently, mercury-cadmium-telluride (MCT) semiconductor composites, which are 

predominantly known as MIR detector materials, have demonstrated their utility as MIR 

waveguide materials (Wang et al. 2013). Moreover, progress has further extended to IV 

semiconductor material by combining thin-film diamond strip waveguides (DSWG) with EC-

QCL for spectral analysis in mid-infrared evanescent field chem/bio sensing (Wang et al. 

2014).  

Next to detectors, also entire IR spectrometers are nowadays increasingly miniaturized and 

integrated facilitating e.g., the development of compact FT-IR spectrometers for deep-sea 

applications (Mizaikoff 1999; Kraft et al. 2003). Furthermore, quantum well engineering, 

which has enabled QCLs has also recently triggered the development of quantum cascade 

photodetectors (QCDs) (Gendron et al. 2005; Graf et al. 2006), which share similar materials 
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and active structures with QCLs.  

Based on the development of these key components, MIR sensing systems increasingly reveal 

their potential for integration toward monolithic on-chip level photonic device. As already 

evident with the development of integrated UV/Vis and NIR optical sensors, systemic design 

and fabrication of individual components requires considerable experimental efforts that may 

substantially be assisted by modeling and simulation of MIR photonic structures. 
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CHAPTER 2  

SIMULATIONAL STUDY OF MIR SENSORS

2.1 INTRODUCTION  

Most optical sensor systems are composed of optical components at macroscopic dimensions, 

and are analyzed and designed based on geometric optics. Geometric optics treat optical rays 

as lines with zero width (Jenkins and White 1976). While this is only an approximation to 

represent the nature of light, it has proven useful when dealing with the design of practical 

optical systems based on macroscopically sized optical components. Hence, also most mid-

infrared optical sensors are initially designed considering the assumptions and limitations of 

geometric optics. Such optical sensors usually turn out to be very effective devices in practical 

applications where the size of the optical sensing system or the amount of analyte available to 

the analysis are no major concerns for obtaining a useful analytical result. Motivated by the 

widespread applicability of chem/bio sensors, branching out into new areas of application 

inherently implies novel demands including e.g., miniaturization, portability, biocompatibility, 

or extremely small quantities of analyte available to the measurement. With the introduction of 

nanophotonics, the obtainable scale may suffice such challenging demands, thereby enabling 

novel applications for optical sensors e.g., in the field of nanomedicine (Kim et al. 2008). 

Evidently, integrating photonic devices operating in the mid-infrared spectral range provides 

substantial benefits enabling a more widespread access and use of optical sensing technologies 

based on molecular vibrations. While fabrication of photonic sensors at the nanoscale has 

already matured due to the advance in nanotechnology and microfabrication of silicon 

electronics, the design and simulation of such devices based on geometric optics fails, if the 

dimensions of the building blocks within the optical system approach the wavelength of light 

propagating within these structures. Furthermore, geometric optics do not provide any 
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information on interference or diffraction phenomena of the involved photons. Therefore, it is 

inevitable to introduce modeling approaches based on wave optics for analyzing and designing 

nanophotonic sensors and their key components such as e.g., waveguides.  

This chapter will summarize basic knowledge required for understanding commonly used 

simulation methods, i.e., finite element modeling (FEM) theory, and will highlight its utility 

using exemplary applications in near-infrared sensor design. Trends in mid-infrared sensor 

technologies are discussed thereafter along with simulation approaches that may contribute to 

advancing mid-infrared optical sensor technology toward next-generation mid-infrared 

chem/bio sensor design with optimized sensor performance.  

 
2.2 BASIS OF FEM MODELING THEORY 
 
 
2.2.1. ELECTROMAGNETIC WAVE EQUATION 
 

Classical electromagnetics are considered among the most elegant theories in physics.  The 

following Maxwell’s equations and additional constitutive relationships are sufficient to 

interpret most classical electromagnetic phenomena observed in nature. The summary of 

Maxwell’s equations in their differential forms (Jaskson 1999) writes as 

 

             (2.1) 
 

             (2.2) 
 

            (2.3)
 

 

            (2.4)
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magnetic flux density, and magnetic field, respectively.  and  are sources for such effects; 

i.e., charge density and current density. 

 
              (2.5) 

 
              (2.6) 

 
The two equations above are constitutive relationships, which define the properties of electric 

and magnetic fields in media with electric polarization and magnetization.  and  are 

called electric permittivity and magnetic permeability, respectively. Electromagnetic wave 

equations are derived in two steps; i.e., curl operation on both sides of equation (10.3) and 

substitution of  with equation (10.4). After rearranging the terms, we obtain the wave 

equation (10.7) for an electric field from Maxwell’s equations. 

 

         (2.7) 

 
Similarly, the wave equation for  may be obtained. 

 

           (2.8) 

 
In the followings, the general monochromatic phase expressions for , , , and  are 

given.  and  again represent the electric permittivity and magnetic permeability in 

vacuum, and  is the relative permittivity. 
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equation to the time independent Helmholtz equation. 

 
             (2.13) 
 

         (2.14) 
 

 and  are wave numbers in a medium and in vacuum, respectively.  is the refractive 

index of the medium. The expression above represents a general 3-dimensional case. However, 

if we are interested in supporting a light mode within a cross section of an optical waveguide 

such as e.g., an optical fiber or channel waveguide, a 2-dimensional analysis is usually sufficient. 

The 3-dimensional Helmholtz equation may thus further be reduced to the 2-dimensional case 

after assuming that the electromagnetic wave propagates along the z-axis. 

 
        (2.15) 

 

            (2.16) 

 

              (2.17) 

 
β is defined as propagation constant, which is a component of wave number  along the wave 

propagation direction. The effective index  is the ratio of the propagation constant in the 

medium to the wave number in vacuum. 

 
2.2.2. BACKGROUND ON FEM 

Most natural phenomena may be sufficiently described by using partial differential equations. 

Therefore, finding solutions for such partial differential equation is relevant to predict the 

outcome prior to an experimental trial in science and engineering. Exact analytical solutions 

are only obtained in a limited number of cases, especially for system with a high degree of 

symmetry. Yet, perturbation theory allows determining approximate solutions for systems with 

‘broken’ symmetry, however, a general procedure to determine analytical solution for partial 
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differential equations is not well established to date. In the early 1940s, A. Hrennikoff and R. 

Courant suggested a substantially different way to obtain approximate solutions for partial 

differential equations for almost any system regardless of its complexity (Hrennikoff 1941; 

Pelosi 2007). Their suggested strategy is to “first divide a continuous region of space into many 

smaller meshed elements, and summing up the approximate solutions of each individual 

meshed element”. This method was increasingly adopted to solve engineering problems during 

the late 1950s. This strategy was particularly suitable to work with emerging computer 

technology that was introduced around the same time. Finite difference methods (FDM), which 

are an alternative to finite element methods (FEM) for solving partial differential equations, 

also depend on the strategy of dividing a continuous space into many smaller elements (Kawano 

and Kitoh 2001). 

FDM is another numerical way of solving differential equations by introducing difference 

equations that are considered an approximation of the original differential equation. However 

In FDM, the domain is discretized into small lattice domains using rectangular grids, and a 

rectangular grid is not suitable for boundaries with curve or interfaces. Moreover, FDM is not 

suitable for problems with very steep variations of fields. FEM tries to obtain an approximation 

of the exact solution via integral equations. Basically, there are two different sub-schemes to 

solve partial differential equations numerically in FEM, i.e., the variational method and the 

weighted residual method. In the variational method, the solution for the partial differential 

equation is obtained by solving an integral equation imposing stationary conditions onto the 

differential equations of interest, which is equivalent to solving the initial differential equation. 

Alternatively, the weighted residual method takes the error residual of the trial solution 

multiplied by some weight function, which is then minimized to find an approximate solution 

for the initial differential equation. In both cases, it is essential though to divide the space of 

interest into small elements (i.e., finite elements), which is called a mesh. All of the element 

contributions to the system are assembled to form the functional.  The functional essentially 
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consists of the field values at the n notes and boundary conditions at the peripheral nodes; and 

the n-th order linear simultaneous equations are obtained. The solutions of the simultaneous 

equations give the unknown field values to be determined. Figure 2-1 shows more direct 

comparisons of FEM and FDM in building up the domain for flow around a fish. 

  

Figure 2-1. Domain for flow around a fish (left) FEM is to divide the domain into triangles 
(elements) and seek a polynomial approximation to the unknown functions on each triangle, 
the method glues these piecewise approximations together to find a global solution; (right) 
FDM applies regular rectangular grids and simpler implementation, with lager discretization 
error especially in fields with steep variations (https://tel.archives-ouvertes.fr/tel-01188688v1/bibtex, 
citation with the author’s permission of Dr. Nestor Cerpa). 
 

 
2.3 NIR EVANESCENT FIELD SENSORS: FROM SIMULATION TO 
APPLICATION 
 

Modern near infrared (NIR) sensors readily interface with microfluidics and may be integrated 

toward lab-on-chip device technology. A variety of transduction methods have been used in 

optical sensing applications including refraction, absorbance, surface plasmon resonance, 

fluorescence, etc. Among these, near- and mid-infrared sensing systems take particular 

advantage of absorption-based sensing principles due to the inherent potential of label-free 

detection, and for qualitative and/or quantitative analysis (Yang et al. 2007). For example, 

optical microresonators are attracting significant attention for IR evanescent field sensing, and 

have been proposed as powerful optical structures approaching label-free detection of only few 

molecules. However, the development of such sophisticated sensing schemes requires 

fundamental understanding and complementary modeling of photonics and waveguide optics. 

Appropriate computational simulation of critical photonic components will not only contribute 
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to optimized design of such sensing devices, but also theoretically predict the achievable 

sensitivity levels prior to constructing such devices. In particular, FEM simulations are among 

the most suitable methods for advanced mode analysis and mode propagation within optical 

waveguides owing to complicated waveguide structures/geometries and arbitrary refractive-

index profiles. Moreover, FEM simulations are also applicable to thermal or stress analysis of 

optical waveguides. This chapter will highlight examples relevant to near-infrared evanescent 

field sensors, and will illustrate how FEM contributes to the design and development of NIR 

sensing system. 

 

2.3.1 EXAMPLE 1 

Recently, group of Vahala has reported substantial progress on label-free, single-molecule 

detection using optical mircocavities (Armani et al. 2007). By confining photons in resonant 

recirculation within optical cavities the probability for photons to interact with target molecules 

is significantly increased. Figure 2-2a shows the setup of a microtoroid resonator combined 

with an optical fiber. The tapered fiber couples IR laser radiation (single mode, tunable cavity 

laser with an emission wavelength centered at 681.5 nm) into the whispering-gallery mode of 

the silica microtoroid. The resonantly confined mode generates an evanescent field penetrating 

into the surrounding liquid environment, here, water. Moreover, radiation within the 

microtoroid will generate periodic resonance peaks with an intensity correlated to the frequency. 

Such resonance peak shifts are highly sensitive to environmental changes, and may be used as 

a readout mechanism during a sensing process. For example, in the present experiments the 

silica surface was sensitized with antibodies for capturing target antigens. The binding behavior 

was monitored in real time by following the shift of the resonance peak. Using COMSOL 

Multiphysics (COMSOL, Burlington, MA, USA), finite element modeling was applied to study 

the intensity distribution of the electromagnetic filed within the microtroid resonator. 

Simulation results shown in Figure 2-2b reveal that the majority of the optical field is confined 
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within the toroid with the portion of the evanescent field leaking into the ambient environment 

indicated by a white arrow. Moreover, the intensity profile of the evanescent tail is 

asymmetrically distributed across the surface of the toroid, which proposes a non-uniform 

system response, if target molecules bind to regions of variable evanescent field intensity. This 

prediction was experimentally verified by studying a distribution of response signals according 

to localized binding events during real time monitoring.  

 

 
Figure 2-2. (a) A rendering showing the microtoroid resonator coupled to a tapered optical fiber 
with highlighted whispering gallery mode in the microtoroid resonator. (b) FEM modeling of a 
4 μm minor diameter microtoroid resonator immersed in water. (Armani et al. 2007) 
 

The other key contribution of FEM simulations is the potential optimization of the toroid 

geometry, i.e., the major (D) and minor (d) toroid diameter, as indicated in Figure 2-3a. The 

intrinsic thermal-optical properties of the microtoroid result in a shift of the resonance 

frequency, which is also the key parameter for sensing binding of the target molecules. However, 

the ambient aqueous environment counteracts the shift due to the positive value of its thermal-

optical coefficients. Hence, it is necessary to neutralize the overall thermal shift contributed by 

the silica and the surrounding water matrix such that the detection of the binding interaction is 

not affected by the external shift. This condition was computed via the spatial overlap of the 

whispering gallery mode with water using FEM simulations provided by the Chemical 

Engineering Module within COMSOL Multiphysics. 

 

Figure S1: The detection set-up consisted of an ultra-high-Q microtoroid resonator coupled to a 
low-loss tapered optical fiber. In the rendering, the microtoroid resonator is shown operating on-
resonance, when light is coupled into the whispering gallery mode of the microcavity.  Solutions 
were added into the micro-aquarium surrounding the resonator via a series of syringes at one 
end. 
 

 
Figure S2:  The microtoroid optical resonator coupled to a tapered optical fiber.  (A) An optical 
micrograph of the microtoroid immersed in water coupled to a tapered optical fiber. (B) A 
rendering showing the microtoroid resonator coupled to a tapered optical fiber and highlighting 
the location of the whispering gallery mode in the microtoroid resonator. 
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Label-Free, Single-Molecule
Detection with Optical Microcavities
Andrea M. Armani,1 Rajan P. Kulkarni,2 Scott E. Fraser,1,2* Richard C. Flagan,3* Kerry J. Vahala1

Current single-molecule detection techniques require labeling the target molecule. We report a
highly specific and sensitive optical sensor based on an ultrahigh quality (Q) factor (Q > 108)
whispering-gallery microcavity. The silica surface is functionalized to bind the target molecule;
binding is detected by a resonant wavelength shift. Single-molecule detection is confirmed by
observation of single-molecule binding events that shift the resonant frequency, as well as by the
statistics for these shifts over many binding events. These shifts result from a thermo-optic
mechanism. Additionally, label-free, single-molecule detection of interleukin-2 was demonstrated
in serum. These experiments demonstrate a dynamic range of 1012 in concentration, establishing
the microcavity as a sensitive and versatile detector.

Single-molecule fluorescence experiments
have improved our understanding of many
fundamental biological processes, such as

protein folding kinetics (1), molecular transport
(2, 3), and aspects of DNA replication (4).
However, all of these breakthrough experiments
required labeling of the target molecule (5, 6). In
the case of surface-enhanced Raman spectrosco-
py (SERS), total internal reflection fluorescence
microscopy (TIRF) and confocal microscopy, this
label behaves as an amplifier for an otherwise
undetectable single-molecule signal; however, it
also restricts an experiment’s scope, because there
must be prior knowledge of the target’s presence
and the target molecule must be modified to
incorporate the label (7–12). There have been
several attempts to overcome this need to label the
analyte by developing label-free sensing technol-
ogies, ranging from fiber-optic waveguides (13)
and nanowires (14) to nanoparticle probes (15),
biochips (16), and mechanical cantilevers (17),
but none has achieved single-molecule sensitivity.

Optical microcavities have been proposed as a
powerful method to achieve label-free detection
of single molecules because the resonant recircu-
lation of light within a microcavity allows the
light to sample target molecules manymore times
(18–21). For example, in a simple optical wave-

guide sensor, the input light has only one oppor-
tunity to interact with the target molecule. In
contrast, by using a planar microcavity with a
quality (Q) factor of 108 (Fig. 1A), themolecule is
sampled more than 100,000 times. This increased
sampling manifests itself both as a shift of the
resonant wavelength and as a decrease in the Q
factor as the target molecules directly change the
optical path length and/or the cavity loss of the
sensor (18, 19). The current work extends these
ideas by adding a newmechanism through which
molecules can induce a resonant wavelength shift.
In particular, it will be shown that a thermo-optic
mechanism greatly enhances detection sensitivity.
Biochemically functionalizing the surface of the
resonator to recognize the target molecule should
provide an excellent platform for ultrasensitive

detection and specific identification of dissolved,
unlabeled target molecules (22, 23).

We fabricated planar arrays of silica micro-
toroid whispering-gallery resonators (Fig. 1A)
using a simple three-step process: (i) circular
oxide pads were lithographically defined; (ii) the
silicon wafer was selectively etched with xenon
difluoride, forming arrays of silica microdisks;
and (iii) the microdisks were reflowed with a CO2

laser (24, 25). Microtoroids offer Q factors in ex-
cess of 100 million for enhanced detection sen-
sitivity, and their silica surfaces are readily
functionalized for specific detection of biomol-
ecules (23). The microtoroids were coupled to a
tunable laser and detector by a tapered optical fiber
waveguide and were immersed in water within a
microaquarium with syringe inlets for introducing
samples (26). The tapered optical fiber waveguide
launches light into the whispering-gallery mode at
the periphery of the microtoroid. The resonant
whispering-gallery mode is partially confined in-
side the silica microtoroid, but it evanesces into
the liquid environment (Fig. 1B). Thus, the light
interacts strongly with themolecules once they are
captured on the toroidal surface, in a manner sim-
ilar to the way that a surface plasmon resonance
(SPR) sensor interrogates a sample (27). The silica
surfaces were sensitized either with biotin or anti-
bodies to capture specific molecules [avidin or the
target antigen, respectively (26)]. This binding
interaction creates red shifts of the resonant wave-
length that can be monitored in real time (26).
In the static condition without the presence of
biological molecules, the opposing thermo-optic

1Department of Applied Physics, MC 128-95, California
Institute of Technology, Pasadena, CA 91125, USA.
2Division of Biology, MC 139-74, California Institute of
Technology, Pasadena, CA 91125, USA. 3Division of
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fornia Institute of Technology, Pasadena, CA 91125, USA.

*To whom correspondence should be addressed. E-mail:
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Fig. 1. The microtoroid resonator biological sensor. (A) A scanning electron micrograph (SEM) image of
the UHQ microtoroid optical resonator. The silica microtoroid is fabricated on a silicon wafer using planar
lithography and reflowed using a CO2 laser. The typical microtoroid diameter used in this work was 80mm.
(B) A finite element model [FEMLAB (COMSOL, Burlington, Massachusetts, USA)] of a 4-mm minor
diameter microtoroid resonator immersed in water. Although the majority of the optical field resides in
the silica toroid, a portion of the field evanesces into the environment (indicated by a white arrow). The
interaction of the whispering-gallery mode with the environment, specifically molecules bound on the
surface of the toroid, enables the ultrasensitive detection.

www.sciencemag.org SCIENCE VOL 317 10 AUGUST 2007 783
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Figure 2-3. (a) SEM picture of the microtoroid and identified major (D) and minor (d) 
diameters. (b) FEM modeling of the optical mode in the toroid at a series of major and minor 
diameters.  Modeling was performed at discrete microtoroid major/minor diameters.  Lines 
were added to show the overall trend based on the modeling.  Plot shows the power overlap 
with the dielectric microcavity versus minor diameter. (Armani et al. 2007) 
 
While the details on how the model was developed are not provided, a series of results are 

illustrated in Figure 2-3b. The portion of optical power confined within the toroid is determined 

by the combination of major and minor diameters. For large diameters, a higher percentage of 

optical power is confined within the toroid. Therefore, the silica properties will dominate the 

shift of the resonance peak; a red shift, as predicted by theory. Accordingly, with decreasing 

dimensions a steadily enhanced evanescent field overlaps with the surrounding water matrix, 

and the shift will be counter-tuned in opposite direction. A close-to-neutral-shift condition is 

evident at D = 80 μm and d = 8 μm, as shown in Figure 2-4. The theoretical prediction based 

on the FEM simulation is indicated as dashed lines, while the corresponding experimental data 

are marked as discrete symbols. An excellent agreement between the FEM simulation and the 

experimental data is achieved across a variety of toroid dimensions and optical input powers. 

 
Figure S4: Surface sensitization and experiment outline: i) immerse toroid in water, ii) expose to 
Protein G (red), iii) Expose to anti-IL2 (blue), iv) expose to pure serum (various components in 
serum will bind to protein G, indicated by triangles), v) expose to series of serum solutions 
containing known amounts of IL-2 (green).  
 

 
Figure S5: Scanning electron micrograph which highlights the geometry of the microtoroid and 
identifies the major (D) and minor (d) diameters which were varied to achieve the neutrality 
condition. 
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Figure S6: FEMLAB modeling of the optical mode in the toroid at a series of major and minor 
diameters.  Modeling was performed at discrete microtoroid major/minor diameters.  Lines were 
added to show the overall trend based on the modeling.  Plot shows the power overlap with the 
dielectric microcavity versus minor diameter and with major diameter as a parameter. 
 

        
Figure S7: Measured tuning of the whispering gallery mode versus coupled optical power. Each 
data set corresponds to the major and minor radii indicated (in microns). Larger radii experience 
a red shift while smaller radii experience a blue shift with increasing coupled power. At a 
diameter of about 80 microns, the neutrality condition is observed.  The dashed lines are the 
predictions based on the model. 
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Figure 2-4. Tuning of the whispering gallery mode versus coupled optical power. Each data set 
corresponds to the major and minor radii indicated (in microns). Larger radii experience a red 
shift while smaller radii experience a blue shift with increasing coupled power. (Armani et al. 
2007) 
 
 
2.3.2 Example 2 
 

Another example for a NIR evanescent field sensor was reported by the group of Lipson and 

collaborators (Nitkowski et al. 2008). They have demonstrated both integrated and broadband 

NIR sensing with a combination of microring resonators and microfluidic channels. As shown 

in Figure 2-5a, the device comprises a silicon microring resonator covered by a fluidic channel. 

Similar to the previously discussed microtorid resonant cavity, incoupled light propagates 

within the inlet strip waveguide, and evanescently couples into the ring resonator. At resonance, 

light circulates within the ring structure and interacts with the ambient environment several 

times until the mode is extinguished. Target analytes present within the evanescent field may 

interact with the electromagnetic field, which leads to damping of the radiation in a 

transmission-absorption experiment.  

 
Figure S6: FEMLAB modeling of the optical mode in the toroid at a series of major and minor 
diameters.  Modeling was performed at discrete microtoroid major/minor diameters.  Lines were 
added to show the overall trend based on the modeling.  Plot shows the power overlap with the 
dielectric microcavity versus minor diameter and with major diameter as a parameter. 
 

        
Figure S7: Measured tuning of the whispering gallery mode versus coupled optical power. Each 
data set corresponds to the major and minor radii indicated (in microns). Larger radii experience 
a red shift while smaller radii experience a blue shift with increasing coupled power. At a 
diameter of about 80 microns, the neutrality condition is observed.  The dashed lines are the 
predictions based on the model. 
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Figure 2-5. (a) Illustration of the photonic device consisting of straight waveguide and ring 
resonator covered by fluidic channel (b) Mode analysis of quasi TM sing mode intensity profile 
on cross section of of a silicon waveguide. (Nitkowski et al. 2008) 
 
FEM simulations were applied aiding the design of the optical waveguide in order to maximize 

the interaction with the cladding fluid, i.e., to achieve maximum photon energy within the 

evanescent field vs. the intensity of guided light. Mode analysis with finite element modeling 

at a cross-section of the ring waveguide is shown in Figure 2-5b. Silicon was selected as the 

core material of the waveguide with a cladding layer made from silica. Water was selected as 

upper cladding layer to mimic the aqueous environment within the microfluidic channel. The 

waveguide is designed for single-mode TM polarized light. The Ey mode profile is indicated as 

a well-defined single-mode distribution of the electromagnetic field within the silicon core, and 

the evanescent field distributed within water and silica. Considering the fact that the evanescent 

field within silica does not contribute to actively sensing analyte molecules, the integrated 

intensity of the evanescent tail within the water matrix should be maximized to enhance the 

analytical sensitivity of the device. For a NIR light source emitting at 1.5 μm, optimization of 

the waveguide dimension was applied with respect to width and height of the silicon structure. 

Waveguides with dimensions of 450 nm vs. 250 nm were computed as the final parameters for 

subsequent microfabrication. Experimental analysis revealed outstanding performance of such 

integrated on-chip NIR sensors enabling the determination of less than 2 nL of fluid using a 

sensing footprint of <0.03 mm2. 

18. J. T. Robinson, L. Chen, and M. Lipson, "On-chip gas detection in silicon optical microcavities," Opt. 
Express 16, 4296-4301 (2008). 

 

1. Introduction  

Optofluidic techniques where microfluidics are integrated with photonic components are 
gaining widespread use in biosensing and chemical analysis applications [1].  Incorporating 
advanced fluid handling techniques at the micron scale with highly sensitive photonic devices 
has the potential to provide compact, effective sensors for lab-on-a-chip tools [2].  Many 
optofluidic transduction methods for sensing and analysis have been demonstrated including 
refraction [3], absorbance [4], fluorescence [5], surface-plasmon-resonance [6], and 
interferometric [7] measurements.  Absorbance-based optofluidic techniques are particularly 
attractive since they offer the potential to provide label-free spectral information for detection 
and identification of an analyte [8].  However, the miniaturization of microfluidic devices 
reduces the optical path length for absorption based sensors as compared to macroscopic 
experiments.  A shortened optical path reduces the interaction length of light with a fluid and 
thus limits the sensitivity of a device and its ability to detect an absorbing species.  Several 
methods have been proposed to mitigate this problem including using slow-light in photonic 
crystals [9] or novel waveguide geometries [10].  It has been shown that high quality factor 
cavities, both passive [11-13] and active [14], can be used to enhance the interaction length 
between the guided light and an analyte.  Previous work has required large scale components 
thus negating much of the benefit of using a microresonator or has involved detection at a 
particular wavelength thus providing little spectral information.  In this work we demonstrate 
both integrated and broadband absorption spectroscopy in the near infrared using microring 
resonators and microfluidic channels.   

2. Device design and fabrication 

The proposed device is a silicon microring resonator covered by a microfluidic channel, as 
shown in Fig. 1(a).  We design the device so that the evanescent light traveling in the ring 
resonator interacts with the upper fluidic cladding.  At resonance, light circulates many times 
within the ring which leads to a large enhancement in the interaction length between the 
evanescent field and the cladding liquid.  Any losses present in the fluid will alter the quality 
factor and extinction ratio of the transmission resonance.  By extracting the absorption 
contribution of an analyte to a resonance and repeating this process for many resonances over 
a range of wavelengths, an absorption spectrum for an analyte can be measured.   

 
 
 
 
 
 
 
 
 
 
 
 
 

                      (a)                                                                                  (b) 
 

Fig. 1. (a). Illustration of our device design with a straight waveguide coupled to a ring 
resonator and a microfluidic channel on top.  (b)  The electric field mode profile for the quasi 
TM mode propagating in a silicon waveguide in an aqueous environment. 

The device was designed to maximize interaction with the cladding fluid. The cross 
section of the ring and waveguide are 450 nm wide by 250 nm tall which supports a single 
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2.4 SIMULATION OF MIR EVANESCENT FIELD WAVEGUIDES  
 

Without simulations, significant enhancements of already existing photonic devices barely 

substantiate as radical new ideas. Given the required experimental efforts, usually only few 

integrations of a novel optical design are verified, in particular if sophisticated fabrication 

techniques are required including, e.g., epitaxial growth, reactive ion etching or focused ion 

beam milling to name just a few. Hence, cost- and time-efficient development of novel photonic 

sensing approaches should take advantage of scalable simulations that provide insight on the 

governing parameters for design, device, and performance optimization at reduced 

experimental efforts. 

 

2.4.1 PLANAR WAVEGUIDES 
 

2.4.1.1 WAVEGUIDE OPTICS 
 
Due to the need of portable systems, system miniaturization and integration are of 

paramount importance for in-situ and on-site monitoring applications. Yet, most 

conventional MIR spectroscopy equipment is still bound to operation at laboratory 

conditions given its physical dimensions. 

Condensed phase sensing in the MIR region frequently takes advantage of total internal 

refection (i.e., evanescent field absorption) spectroscopy propagating photons within 

attenuated total reflection (ATR) crystals or infrared transmitting optical fibers. IR 

absorbing analytes interact with the evanescent field generated at the waveguide-sample 

interface, thus resulting in attenuation of the propagating wave at analyte-specific 

absorption frequencies. Thereby, an ATR (a.k.a., evanescent field) absorption spectrum is 

generated. In contrast to conventional transmission absorption spectroscopy illuminating 

the sample contained within a cuvette, the evanescent field penetrates exponentially 

decaying into the adjacent medium by only a few micrometers, thereby enabling probing 
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IR-opaque media such as e.g., water within a quasi thin-film cell extending at the surface 

of the waveguide. The absorbance within the evanescent field follows a pseudo Lambert-

Beer relationship  

     A = (εcl)r           (2.18) 

where  is the molar absorptivity,  is the concentration of the analyte,  is the 

equivalent optical path length, and  is the fraction of power residing outside the 

waveguide core. Consequently, enhancing the intensity of the evanescent field directly 

affects the obtainable signal-to-noise ration (SNR) of the absorption measurement, and thus, 

the achievable sensitivity. The intensity of the evanescent field is directly dependent on the 

dielectric constant at the interface waveguide-sample, and on the cross-sectional dimensions 

of the waveguide, which are affecting the mode propagation. As the dielectric constant is 

determined by the involved materials, the most significant sensitivity gain is thus expected 

from tailoring and optimizing the waveguide structure and geometry. 

Condensed phase MIR waveguides are usually fabricated from a limited set of available IR-

transparent materials dominated by polycrystalline silver halides, and amorphous 

chalcogenide glasses. For example, the research group of Mizaikoff and collaborators have 

recently demonstrated the first MIR evanescent field sensing application taking advantage 

of thin film, planar silver halide waveguide combined with an InGaAs/AlInAs/InP 

distributed feedback (DFB) quantum cascade laser (QCL) (Charlton et al. 2005b). In their 

research, the collaborating research group of Katzir has fabricated planar silver halide 

waveguides (PWGs) by press-tapering a cylindrical fiber with a diameter of 700 µm at 

elevated temperatures (170 °C).  The PWG with finally thickness of 300 µm was 

exemplarily tested with acetic anhydride as an analyte, due to the CH3-C absorption feature, 

which overlaps with the emission frequency of a 974 cm-1 QCL available to this study. 

Droplets of acetic anhydride containing a series of concentrations diluted in acetonitrile 
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were deposited onto the planar waveguide surface. Using the 3s criterion (i.e., defining a 

detectable signal as an analytical signature with a magnitude at least 3 times the standard 

deviation), acetic anhydride was detected with a limit of detection (LOD) of 0.01 µL (10.8 

µg). These results were compared with a setup using a FT-IR as the light source at the same 

PWG. PWGs have been proved to enhance the evanescent field at the waveguide surface 

compared to non-tapered waveguide structures. Taking a closer look at the tested silver 

halide waveguide with a thickness around 100 µm, compared to conventional ATR crystal 

structures radiation still propagates within the waveguide via total internal reflection, as 

schematically shown in Figure 2-6. Waveguide with geometric parameters significantly 

larger than the wavelength of the propagating photons will result in multimode distribution 

of propagated light. In order to match the single mode emission characteristics provided by 

QCLs and to achieve well-defined single mode propagation within a planar waveguide, the 

thickness of the waveguide has to be decreased to the order of magnitude of the propagated 

wavelength. 

 

Figure 2-6. Illustration of radiation propagation within a conventional ATR crystal (top) and a 
single-mode thin-film waveguide (bottom). Multi-reflection within ATR crystals usually results 
in discrete active sensing spots at the waveguide surface, while single-mode thin-film 
waveguides support well-defined evanescent field uniformly distributed along the waveguide 
surface. 
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Figure 2-7. Cross-section of a free-standing thin film waveguide with corresponding 
refractive indices. 
 
2.4.1.2 REVIEW OF PROGRESS 
 
Simulation studies by Charlton et al. have used beam propagation methods (BPM) to 

determine an optimum waveguide thickness for QCL sensing applications (Charlton 2005a) 

using the Olympios software by C2V (Enschede, Netherlands) for simulating waveguide 

design based on mode optics calculations. In this design, a free-standing waveguide with an 

analyte layer at the waveguide surface was constructed, as shown in Figure. 2-8. 

A radiation source couples light into the waveguide from the left with a Gaussian profile, 

(TM (0,0) mode, l = 10 µm). By decreasing the waveguide thickness, single-mode 

propagation is revealed by the Gaussian profile of the intensity decreasing from the core of 

waveguide to the edges. 

The intensity of the evanescent field is an important parameter closely related to the 

obtainable analytical sensing performance via the signal-to-noise ratio, which may be 

accessed by integrating the intensity of the evanescent field outside the waveguide core and 

within the analyte layer. System parameters of planar waveguide that may affect the 

evanescent field intensity include the waveguide thickness, the refractive index, the in-

coupling angle, and wavelength of light. While omitting the optical details, only crucial 

parameters affecting the evanescent field intensity, and thus, the achievable sensitivity are 

104 

 

Figure 5-1: Refractive index profile for BPM simulations. 

 

The setup shown in Figure 5-1 is treated as an infinite slab assuming that the profile into 

the plane is considered to be homogenous and infinite resulting in no radiation 

confinement in this direction. The free-standing waveguide was considered to be 

surrounded by air with a refractive index of 1, while the analyte layer was assigned a 

refractive index of 1.35, which is approximating the refractive index of an arbitrary 

analyte solution.    

 

The radiation source is coupled into the waveguide at the left side of Figure 5-1, and has 

a Gaussian profile.  To avoid coupling losses, the source is located inside the waveguide 

material in the simulation, and changes in size with the waveguide dimensions to 

completely fill the waveguide.  In order to simulate the output of a QCL used in the 

experimental studies of this thesis, the source was defined to emit TM modes at a 

wavelength of 10 !m unless otherwise specified.   
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pinpointed herein.  

The intensity of the evanescent field strongly depends on the geometry of waveguide, as 

discussed in previous studies (Simhony et al. 1988; Messica et al. 1996). Decreasing the 

thickness of a planar waveguide results in an increase of evanescent field intensity prior to 

reaching an optimum value at a certain wavelength Charlton 2005a . The optimum 

thickness for maximum evanescent field intensity linearly scales with the wavelength of 

light. In conclusion, to maximize the evanescent field intensity for sensing purposes, the 

waveguide thickness should exhibit at least comparable dimensions to the wavelength of 

the photons that shall be propagated, or potentially even smaller dimensions.  

Based on the argument above, AgX planar waveguide with a thickness of several 

micrometers should provide ideal waveguide structures combined with QCL light sources. 

However, further tapering of such waveguides is difficult to achieve with silver halides due 

to the intrinsic material property resulting in inhomogeneous thicknesses and mechanical 

instability of the waveguide when approaching a thickness of only few micrometers. Hence, 

for practically handling thin-film waveguides it appears essential that the waveguiding layer 

is deposited at an appropriately refractive index matched substrate such as, e.g., a wafer 

surface providing a structurally rigid supporting. 

Using advanced deposition methods such as e.g., physical vapor deposition (PVD), 

chemical vapor deposition (CVD), or molecular beam epitaxy (MBE), thin-film planar 

waveguide may be fabricated with well-defined thickness and composition. Accordingly, 

Mizaikoff and collaborators have reported a new generation of semiconductor 

(GaAs/AlGaAs) thin-film IR waveguides grown via MBE and later via metal-organic vapor 

phase epitaxy (MOVPE) providing a useful spectral window up to 13 µm at a waveguide 

thickness of 6 µm (Charlton et al. 2006). As shown in Figure 2-8 (left), a Si-doped GaAs 

wafer was used as substrate, and a 6 µm Al0.2Ga0.8As cladding layer was epitaxial grown 

on top followed by a 6 µm GaAs waveguide core layer completing the epitaxial growth. A 
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290 nm Si3N4 was optionally grown via plasma-enhanced chemical vapor deposition 

(PECVD) to potentially passivate the waveguide surface.  

Figure 2-8. (left) Schematic cross-section of the GaAs/AlGaAs waveguide structure with 
epitaxially grown AlGaAs layer (cladding) and GaAs waveguide layer (core). (right) 
Calculated mode intensity profile of thin film GaAs/AlGaAs waveguides without silicone 
nitride coating. (Charlton et al. 2006) 
 
The optical mode profile for TM polarized light was computed and is shown in Figure 2-8 

(right) also indicating the corresponding refractive index of the waveguide. The mode is 

predominantly confined by the GaAs core layer, and partially guided by Al0.2Ga0.8As. The 

evanescent field shares 0.23% of the intensity with a gaseous species (set at n = 1); this 

value drops to 0.16% with the Si3N4 layer on top. Analytes with a higher refractive index 

therefore result in an increase of that overlap value. It should be noted though that the 

geometric parameters in Figure 2-8 are not optimized for achieving maximum evanescent 

field intensity. The corresponding waveguide absorption is calculated to be only 0.27 cm-1, 

which enables single-mode propagation along even a few centimeters of waveguide length 

at yet acceptable losses. 

 However, an improvement of sensitivity is not the only goal of advanced waveguide design. 

Additionally, it is of interest to improve the control on the evanescent field in order to 

facilitate quantitative measurements. For light propagating within a multimode waveguide, 

each guided mode has its individual evanescent field profile. Furthermore, each mode 

Quantum cascade lasers (QCLs)16 have successfully been
applied in sensing formats due to their wide coverage of MIR
emission frequencies17-19 and have recently demonstrated their
suitability for evanescent field MIR sensing.20,21 Distributed
feedback (DFB) QCLs provide narrow emission line width (∼0.006
cm-1)22 by incorporating a grating exposed23 or buried24 at the
surface of the laser ridge, thus facilitating the selection of
overlapping analyte bands.

Infrared transmitting fibers25 are fabricated from materials such
as polycrystalline silver halides, amorphous chalcogenide glasses,
single-crystal sapphire, fluoride glasses, and tellurium halides.
Silver halides4,5,9,20 and chalcogenide glasses13 are the predominant
materials for MIR liquid-phase fiber-optic sensing applications.1

The present study demonstrates MIR evanescent field sensors
with a new generation of GaAs thin-film planar waveguides
designed and fabricated to match the emission band of a QCL
light source. These single-mode IR waveguides are designed to
improve the sensitivity of evanescent field absorption measure-
ments and to provide a platform for the development of a highly
integrated and miniaturized MIR liquid-phase sensing system
aimed at incorporating QCL and waveguide on a single chip. The
GaAs material has the advantage of exhibiting very low absorption
across the whole mid-infrared to a wavelength of 16 µm where
the first multiphonon absorption features are present. The re-
strahlen band will completely eliminate radiation at approximately
λ ) 25-40 µm.26 Low loss waveguides can be epitaxially grown
utilizing the relatively large refractive index step between AlxGa1-xAs
and GaAs materials.

EXPERIMENTAL SECTION
Chemicals. Acetic anhydride was purchased from Sigma

Aldrich (Milwaukee, WI) at 99.9% purity, and acetonitrile was
obtained from VWR (West Chester, PA) at HPLC grade.

Waveguide Fabrication. Waveguides were fabricated by
molecular beam epitaxy on a Si-doped GaAs wafer substrate. The
doped substrate was selected to effectively absorb and thereby
suppress stray light occurring outside the optical waveguide, as
its free carrier absorption is over 300 cm-1 at λ ) 974 cm-1. The
waveguide consisted of a 6-µm Al0.2Ga0.8As cladding layer, followed
by a 6-µm GaAs core layer that completed the epitaxial growth.
To passivate the surface against potential etching or corrosion
by the sample solution being sensed, a 300-nm Si3N4 layer was
deposited by PECVD at the surface of some waveguide samples.

A schematic of the refractive index distribution of the waveguide
structure and a computed optical mode profile for TM polarized
light is displayed in Figure 1. The computed overlap of the
evanescent field with a gaseous species (assuming n ) 1) is 2.3
× 10-3, decreasing to 1.6 × 10-3 with the additional Si3N4

overlayer. In the presence of a liquid with a higher refractive index,
the overlap value increases accordingly. Larger overlap is achieved
for more tightly confined waveguides, however, with the compro-
mise of a large numerical aperture for the mode. The computed
waveguide absorption is only 0.27 cm-1, which is limited by
leakage of the mode inside the n+ doped substrate. This low value
of losses enables the application of single-mode planar waveguides
with a length of a few centimeters at yet acceptable losses.

Finally, processed wafers were cleaved into strip waveguides
by scoring along the crystal axis with a diamond knife and
breaking along the score. The waveguides were each 0.5 cm wide
and varied in length from 1 to 2.5 cm. The optical quality of the
end facets was verified by scanning electron microscopy. FT-IR
spectra were recorded at strip waveguides with a length of 1 cm
and a width of 0.5 cm.

FT-IR Measurements. Coupling into waveguide segments
was achieved by focusing the collimated unpolarized beam from
a FT-IR spectrometer (Bruker IFS 66, Bruker Optics, Billerica,
MA) onto the waveguide end facet using an off-axis parabolic
mirror with a focal length of 3 in. Light emanating from the distal
end of the waveguide was collected by pigtail coupling of the
waveguide to the ZnSe window of a liquid nitrogen cooled MCT
detector (Kolmar Technologies, Newburyport, MA).

QCL Measurements. Evanescent field measurements with
GaAs waveguides were demonstrated by coupling with a DFB-
QCL (Alpes Lasers, Neuchatel, Switzerland) emitting TM polar-
ized light at 974 cm-1 (10.3 µm), which overlaps with the CH3-C
bending vibration of acetic anhydride.20 The laser was operated
at a temperature of 10 °C and modulated at a pulse duration of 40
ns with a period of 2.64 µs. During the pulse, the amplitude was
controlled by an external power supply set to 22 V. The QCL was
pigtail coupled to the waveguide as shown in Figure 2. Radiation
from the distal end of the waveguide was collected by a MCT
detector, similar to the FT-IR experiments.

Acetic anhydride was deposited at the waveguide surface in
0.5-µL droplets, each covering a length of 3 mm at the center of
the waveguide surface as shown in Figure 2. Sequential addition

(16) Faist, J.; Capasso, F.; Sirtori, C.; Sivco, D. L.; Hutchinson, A. L.; Cho, A. Y.
Science 1994, 264, 553-558.

(17) Kosterev, A.; Tittel, F. IEEE J. Quantum Electron. 2002, 38, 582-591.
(18) Gmachl, C.; Capasso, F.; Sivco, D. L.; Cho, A. Y. Rep. Prog. Phys. 2001,

64, 1533-1601.
(19) Charlton, C.; Temelkuran, B.; Dellemann, G.; Mizaikoff, B. Appl. Phys. Lett.

2005, 86, 194102-194104.
(20) Charlton, C.; Katzir, A.; Mizaikoff, B. Anal. Chem, 2005, 77, 4398-4403.
(21) Chen, J. Z.; Liu, Z.; Gmachl, C. F.; Sivco, D. L. Opt. Express 2005, 13,

5953-5960.
(22) Zahniser, M. S.; Fraunhofer IPM QC Laser Workshop, 2001.
(23) Faist, J.; Gmachl, C.; Capasso, F.; Sirtori, C.; Sivco, D. L.; Baillargeon, J.

N.; Cho, A. Y. Appl. Phys. Lett. 1997, 70, 2670-2672.
(24) Gmachl, C.; Faist, J.; Baillargeon, J. N.; Capasso, F.; Sirtori, C.; Chu, S. N.

G.; Cho, A. Y. IEEE Photonics Technol. Lett. 1997, 9, 1090-1092.
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Press: Bellingham, WA, 2004.
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Figure 1. Computed optical mode profile. Refractive index profile

(right axis) and optical mode profile (left axis) for a waveguide without

silicone nitride overlayer.
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intensity profile relies on the coupling conditions, which in turn indicates that improving 

mode control should yield an improved reproducibility of quantitative measurements. 

Accordingly, sing-mode waveguides designed and fabricated to support a selected mode 

only provide a well-defined evanescent field, thereby ensuring optically robust sensing 

conditions resulting in an analytical response independent of the coupling parameters.  

Figure 2-9. Mode profiles of GaAs fundamental mode (Solid) compared with selected AgX 
high order mode (long dash), and AgX fundamental mode (short dash). (Charlton et al. 2006) 
 

Figure 2-9 shows the relative mode intensity along the direction of exponential evanescent 

field decay perpendicular to the propagation direction of a TM polarized light beam. The 

electromagnetic field of the evanescent wave extends in the negative direction from the zero 

point at the air-core interface, where a discontinuity of the electromagnetic wave exits. The 

single-mode profile of a GaAs planar waveguide is shown in comparison to a multimode 

AgX waveguide with a low-order mode (n = 1) and a high-order mode (n = 13). In this 

exemplary calculation, the fundamental mode of AgX shares only a minute fraction of the 

guided beam, and thus, generates a significantly weaker evanescent field compared to that 

of the 13th-order mode. On the contrary, a GaAs planar waveguide supports only the 

fundamental mode (solid line, n = 1) with a well-defined intensity profile. The characteristic 
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intensity distribution of this single mode close to the surface is substantially higher than 

any mode supported by a silver halide waveguide. Hence, these calculations predict a 

substantially enhanced sensitivity for detecting analyte molecules present at or near the 

surface of the waveguide. 

Experimental studies have been performed using single-mode GaAs/Al0.2Ga0.8As 

waveguides using laser radiation sources such as e.g., distributed feedback quantum cascade 

lasers (DFB-QCL). The QCL (Alpes Lasers, Neuchatel. Switzerland) applied in these 

studies emits TM00 polarized light at a wavelength of 10.3 µm (974 cm-1), which overlaps 

with molecular selective absorption features (CH3-C bending vibration) of acetic anhydride. 

The emitted light from the QCL was pigtail-coupled into the GaAs planar waveguide, and 

radiation emitted at the distal end of the waveguide was detected via a liquid nitrogen cooled 

MCT detector (Kolmar Technologies, Newburyport, MA). Acetic anhydride was analyzed 

by depositing droplets with a volume of 0.5 µL onto the waveguide surface with each 

droplet covering a diameter of approx. 3 mm. Sequential deposition of additional identical 

droplets along the light propagating direction leads to further decreasing the light intensity 

propagating along the waveguide (I/I0). According to Eq. (2.18), the absorbance is linearly 

related to the absorption path length, i.e., here, the coverage length at the waveguide surface. 

For comparison, the deposition of acetic anhydride was repeated at the surface of a 300 µm 

thick multi-mode silver halide waveguide. The slope of the response function obtained at 

the GaAs waveguide was 0.24, as compared to 0.05 obtained for the silver halide waveguide. 

Based on the fact that the sensitivity of an analytical measurement is proportional to the 

slope of the response function, an enhancement factor of 5 is obtained for the GaAs 

waveguide compared to the multi-mode AgX waveguide. As predicted by computation, this 

enhancement is attributed to an increase of r, i.e., the fraction of power residing outside the 

waveguide core within the evanescent field. It should be emphasized that the tested GaAs 

waveguide is a design optimized for low propagating losses rather than maximized 
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evanescent field intensity. Consequently, the latter parameter is suspected to further 

improve the sensitivity of evanescent field absorption measurements by at least one order 

of magnitude, as discussed in (Paper I). 

In summary, guided by the motivation of more sensitive, robust, and potentially integrated 

MIR sensors it is evident that advanced waveguide design and fabrication leading to 

propagating photons along single-mode frequency-matched GaAs/AlGaAs planar 

waveguides is a superior technology paving the way toward on-chip MIR sensing systems. 

Using unstructured waveguide slabs, this technique facilitates the one-dimensional (i.e., 

vertical to the direction of propagation) confinement of individual light modes providing a 

well-defined evanescent field and enhanced sensitivity during quantitative analytical 

measurements of molecules present at or in the immediate vicinity of the waveguide surface. 

These next-generation MIR planar waveguides hold promising potential for on-chip 

infrared sensing platform, which may integrate mode-matched QCLs and detectors 

providing highly integrated and sensitive chem/bio sensing platforms. 

A logical next step is to further enhance the intensity of the evanescent field, thereby 

ensuring more efficient interaction with the analyte molecules at the waveguide surface. 

Hence, three-dimensional structuring of the waveguide leading to further enhanced mode 

confinement and control appears to be a viable strategy. 

 

2.4.2 STRIP /SLOT WAVEGUIDES 

Most recently, ultra-sensitive evanescent field chemical sensing was demonstrated in our 

research group based on microstructured GaAs/AlGaAs strip waveguides (Wang et al. 2012, 

paper I in chapter 3). The resulting two-dimensional confinement of the MIR beam was 

compared to the previously demonstrated one-dimensional confinement using a slab 

GaAs/AlGaAs waveguide. As schematically shown in Figure 2-10a, the same QCL MIR 

source and MCT detector were used to repeat the measurement of acetic anhydride at the 



	 40	

surface of a 5x10 mm GaAs/AlGaAs planar waveguide. Instead of the previously mentioned 

MBE technique, metal-organic vapor phase epitaxy (MOVPE) was used for next-generation 

waveguide chips. Due to the much shorter deposition time, MOVPE is the method of choice 

for larger scale MIR waveguide fabrication at low cost and with sufficient layer quality. For 

testing the sensitivity of subsequently microstructured waveguide strips, a microcapillary 

was introduced facilitating the liquid droplet deposition process generating droplets with a 

coverage length of approx. 50 µm at the waveguide surface. The transversal distribution of 

the optical intensity at the waveguide surface was experimentally mapped via evanescent 

field absorption measurements after depositing adjacent droplets of acetic anhydride at four 

consecutive regions of the waveguide across the waveguide (i.e., along lines A, B, C and D 

shown in Figure 2-10). The absorbance profile along each line is shown in Figure 2-10b, 

and reveals the intensity distribution of the evanescent field, which reflects the propagation 

of the beam within the GaAs core layer. The absorbance profile in the y-axis becomes 

broader along the beam propagation direction due to the absence of any lateral confinement 

of EM field. Therefore, the sensing performance of a planar slab waveguide strongly 

depends on the analyte coverage length and position, thereby demanding for a two-

dimensional mode confinement for enhanced mode control and sensitivity. 
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Figure 2-10. (a) Measurement scheme and (b) sensor response to acetic anhydride via 
absorbance within the evanescent field deposited perpendicular to the radiation propagation 
axis along the lines A–D at the surface of a planar GaAs/Al0.2Ga0.8As slab waveguide (5x10 
mm) without lateral confinement. 
 
To realize 2-D mode control of MIR photons, strip waveguides were designed and 

fabricated via photolithography and reactive ion etching (RIE). The etching depth was 

controlled to approx. 12 µm. Strip waveguides with widths of 200, 50, and 10 µm were 

fabricated and IR absorption measurements were performed at the strip waveguide surface 

using the same measurement setup already described for the analysis of slab waveguides. 

The system was aligned such that individual target waveguides may be addressed for 

optimizing light throughput of individual waveguide strips. In this study, acetic anhydride 

could be detected with a limit of detection (LOD) of 18 pL (19.4 ng) at the surface of a 200 

µm wide waveguide, which indicates a dramatic enhancement in sensitivity by three orders 

of magnitude compared to the sensitivity obtained at multi-mode silver halide planar 

waveguides.  
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Further measurements were performed at waveguides with a width of 50 µm, whereby each 

droplet provides a coverage length of 50 µm. The penetration depth of the evanescent field 

was calculated to be only 0.6 µm, which in turn indicates that the analytical interaction 

volume of the molecules is in fact not corresponding to the entire droplet volume, but to a 

0.6 µm thin liquid film. Based on this argument, the LOD may be recalculated according to 

the effective interaction volume, thereby achieving an effective LOD of 0.05 pL for acetic 

anhydride, which is among the most sensitive direct evanescent field absorption 

measurements with mid-infrared sensor systems reported to date.  

In the following, one may ask the question if the intensity increase within the evanescent 

field would further continue, if e.g., the width of the strip waveguide is further decreased 

to few micrometers or below. While experiments using such minute sample quantities 

require further refinement of the experimental setup, simulations on the governing 

parameters may assist in identifying potential sensitivity gains from tailoring and 

optimizing the waveguide structure for predicting achievable LODs. 

In order to model the behavior of such strip waveguides, COMSOL Multiphysics 4.1 

(COMSOL, Burlington, MA, USA) was used taking advantage of the radio frequency (RF) 

module, which simplifies modeling of electromagnetic wave propagation. For brevity, 

simulation details have to be omitted here focusing on the obtained results; the left side of 

Figure 2-11 shows a two-dimensional solution of the electric field strength of the 

propagating mode that can be expected in a 10 µm wide GaAs strip waveguide with a core 

thickness of 6 µm. The refractive index for the GaAs core layer was set as n = 3.3. The 6 

µm thick cladding (Al0.2Ga0.8As) was assigned a refractive index of n = 3.2, while the 

surrounding environment was assumed to be air with n = 1; the structural support was 

considered a doped GaAs wafer, which was represented by n = 3.2 as material parameter. 

As the associated experimental studies are anticipated to be performed with an external 

cavity coupled QCL (EC-QCL) (Daylight solutions, Poway, CA, USA) providing a tuning 
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range of 1570-1735 cm-1 centered at 6.01 µm (1665 cm-1), all calculations were performed 

in this wavelength regime. The element size parameter of the mesh was set as 0.015 µm 

(minimum) and 2 µm (maximum), as shown in Figure 2-11b. In order to complete the 

simulation, the minimum mesh size is required to be at least smaller than 1/5 of the set 

wavelength, whereby a finer mesh results in significantly longer computing times critical 

in particular for 3-D simulation models. The simulation result of the Ey mode intensity 

profile is shown in Figure 2-11c, and represents the fundamental TM00 mode. The 

evanescent field is evident within the GaAs core and within the ambient environment (air). 

Integration of electromagnetic field intensity was computed across the surrounding 

environment, and was compared to the total intensity integrated across the entire cross-

section area. The intensity ratio results in a value of approx. 0.01 %. A similar simulation 

was performed for Ex polarized light generating an intensity ratio of 0.12 %.  

 

(a)      (b)      (c) 

Figure 2-11. FEM simulation of a 10 µm wide GaAs/AlGaAs strip waveguide: (a) Strip 
waveguide schematic with ambient environment (air), (b) finite element meshing process, 
and (c) mode analysis of quasi TM single mode intensity profile. 

 

Model TM00 Ex 

Analysis of evanescent field distribution with the above model is applied on a 5 µm wide 

GaAs/AlGaAs strip waveguide. From the mode analysis of TM00 Ex mode intensity profile 

shown in Figure 2-12a, much obvious evanescent field region is discovered. In order to 
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obtain more statistical data from the model, the intensity of electromagnetic field across the 

waveguide along the y-axis is calculated, and shown in Figure 2-12b. Most of the light was 

apparently confined inside the GaAs core, and was partially guided by the AlGaAs cladding 

with less than 0.01% lost in the GaAs wafer. 

The intensity fraction of the evanescent field vs the total beam intensity was calculated to 

be 0.06 % along the cross-section. The penetration depth of the evanescent wave was about 

0.5 µm from the air-GaAs core interface.  
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Figure 2-12. 2D mode analysis with 5 µm wide GaAs/AlGaAs strip waveguide. (a) Mode 
profile: Red line stands for the cross-section in y-axis; Red arrow stands for the direction 
of electrical field Ex along x-axis. (b) Ex distribution along the cross-section with effective 
mode index of neff = 3.22. Arc length (0 - 2): evanescent field, (2 - 8): core, (8 - 14): cladding, 
(14 - 16): substrate.  

Further analysis of the evanescent field distribution along the x-axis across the GaAs core 

layer is applied on the same model, and shown in Figure 2-13. The fraction of the evanescent 

field is calculated to be 0.3 % for each interface along the cross-section. The penetration 

depth Dp of the evanescent field is estimated to be 1 µm in the simulation. Comparing the 

fraction of evanescent field with the results from Figure 2-12, a large portion of the 

absorbance signal will be contributed by the evanescent field penetrating at the lateral 

surface of the strip, if the strip is surrounded by a liquid analyte.   
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Figure 2-13. 2D mode analysis with 5 µm wide GaAs/AlGaAs strip waveguide. (a) Mode 
profile: Red line stands for the cross-section in y-axis; Red arrow stands for the direction 
of electrical field Ex along x-axis. (b) Ex distribution along the cross-section with effective 
mode index of neff = 3.22. Arc length (0 – 3.5): evanescent field; (3.5 - 8.5): core; (8.5 - 14): 
evanescent field. There is discontinuity of Ex on interface between the core and air (x = 3.5, 
8.5).  

Based on the model above, the evanescent field ratio was then studied after tuning the width 

of the strip waveguide. As shown in Figure 2-14, the Ey mode shows a dramatic 

enhancement of the evanescent tail, if the width of the waveguide approaches the cutoff 

width for Ey single mode behavior. Cutoff width in this context means that if the strip 

waveguide is narrowed beyond the cutoff value, propagation of a single mode is not 

supported anymore, which results from the asymmetric structure of the waveguide in 

vertical direction. As an example, at 6.01 µm a cutoff value of 3.5 µm is calculated with an 

intensity ratio of 1.1%. 

 

Figure 2-14. Computed evanescent field ratio versus width of the strip waveguide. Ex 
defines the in-plane horizontally polarized electric field, while Ey is polarized along the in-
plane vertical direction. The wavelength in these simulations was set at 6.01 µm resulting 
in a cutoff width of approx. 3.5 µm for associated strip waveguides.  

In contrast, Ex polarized light maintains a stable value or an only slight increase of the intensity 

ratio when approaching the cutoff width. The differed performance of strip waveguides with Ey 

and Ex polarized light is attributed to the structure of the strip waveguide. In conclusion, tight 
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2-D confinement of photons within strip waveguides leads to a significant additional 

enhancement of the intensity of the associated evanescent field. By tuning the width of strip 

waveguides toward the cutoff width and maintaining the TM00 mode of Ey polarized MIR light, 

the evanescent field appears enhanced by at least one order of magnitude compared to wider 

strip waveguides.  

While these examples show the behavior of single modes within GaAs/AlGaAs strip 

waveguides realizing 2-D confinement, one may ask the question whether higher order modes 

are supported within such strip waveguide and whether their behavior is affected by the width 

of the strip waveguide in a similar fashion. Exemplarily, the mode analysis of a 20 µm wide 

strip waveguide is shown in Figure 2-15 indicating four different mode profiles from the first 

order fundamental mode (Figure 2-15a) to the forth order mode (Figure 2-15d).  

Figure 2-15. Mode analysis of a 10 µm wide GaAs/AlGaAs strip waveguide. Possible 
modes supported for 6.01 µm MIR radiation are: (a) TM(0,0) fundamental mode, (b) TM(1,0), 
(c) TM(2,0) and (d) TM(3,0).

To explain the existence of different modes within the waveguide structure, one needs to 

introduce the concept of the effective mode index, neff. In homogeneous media, the refractive 
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index n is defined to quantify the change of wavelength, if light propagates through the medium. 

The effective refractive index neff is analogously applied for light propagation in a waveguide, 

and is a function of the propagation constant  of the waveguide: 

            (2.75) 

From Eq. 75, it is evident that the effective refractive index depends on both the wavelength 

and the mode within a certain multi-mode waveguide. Moreover, it is not just a property of the 

materials, but reflects the entire waveguide design.  

Consequently, mode analysis was applied to GaAs/AlGaAs strip waveguides at a series of 

waveguide widths. The effective mode indices and corresponding guided modes are plotted in 

Figure 2-16. The Ey mode shows a cutoff width of 3.5 µm for the TM(00) fundamental mode, 

which fits well with the results shown in Figure 2-14. With an increase of the waveguide width, 

only the TM(0,0) mode is supported with rising effective mode index until the second order mode 

becomes apparent at a width of approx. 9.5 µm. As the waveguide further increases in width, 

higher order modes are evidently supported. Using the 20 µm wide strip waveguide as an 

example, four low-order modes could be identified with their corresponding mode profiles 

shown in Figure 2-15.  

 

€ 

β



	 49	

Figure 2-16. Mode study with effective mode index vs. a series of waveguide widths.  
Further expanding on the results obtained in this study (Wang et al. 2012) providing yet 
unachieved sensitivity in MIR evanescent field absorption spectroscopy, further 
enhancements appear possible by, e.g., taking advantage of the evanescent field intensity 
present within slot-waveguide structures, as shown in the simulation epexemplified in Figure 
2-17.  

 

Figure 2-17. (left) 2-D mode propagation study showing the electric field amplitude of a 
confined mode in a slot-waveguide. (right) Evanescent field ration vs. depth of the trench 
created within a 10 µm wide strip waveguide. Exemplarily, the results for trench widths of 200 
nm and 600 nm are demonstrated in comparison. 

Introducing a trench structure within a strip waveguide results in a so-called slot-waveguide 

(Barrios et al 2007). Mode analysis applied on the cross-section of such slot-waveguides with 

comparable parameter settings from previously simulated strip waveguides reveal that the 

electric field protrudes from the GaAs-air boundaries with a particularly high intensity inside 

the slot (Figure 2-17 (left)). With increased depth, both trenches (200 and 600 nm) show an 

overall trend toward an enhanced evanescent field, as shown in Figure 2-17 (right).  These 

simulations predict significant further sensitivity enhancements by up to one or two additional 

orders of magnitude compared to strip waveguides without additional slot structure. Hence, 

another example is provided where simulations may guide future waveguide designs and 

experiments prior to arbitrarily generating – frequently complex to fabricate – optical structures. 

Accordingly, such slot-structures will be investigated in the near future for further enhancing 

the performance of real-world MIR sensing devices corroborating the central role of FEM 

simulations in accelerating the development of advanced waveguide designs. 
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CHAPTER 3  

EXPERIMENTS 
 
 
3.1 EXPERIMENTAL OVERVIEW  

 
This thesis is focused on the design and development of novel MIR waveguides, which are 

particularly suited for the combination of advanced MIR light sources, i.e., QCLs and tQCLs 

(a.k.a., EC-QCLs) towards miniaturized MIR chemical/bio sensing platforms and lab-on-chip 

systems. Figure 3-1 illustrates the key components and experimental topics investigated within 

the framework of this thesis. 

 

 
Figure 3-1. Key components and research topics in miniaturized MIR sensing platforms 
investigated within the framework of this thesis.   
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IR Light source 
 
QCL: An InGaAs/AlInAs/InP distributed feedback (DFB) QCL (Alpes Lasers SA, 

Neuchatel, Switzerland), one of the very first prototyped QCLs, was used providing 

monomode (TM00) polarized radiation at an emission wavelength of 10.3 µm (974 cm-1). 

Combined with a temperature controling unit, the DFB-QCL was operated in pulsed mode 

at a temperature of 10 °C with a pulse duration of 50 ns at a frequency of 50 kHz. This laser 

served for early studies with GaAs/AlGaAs slab and strip waveguides (Paper I).   

tQCL: As one of the earliest broadly tuning external cavity QCLs, a tQCL light source (Daylight 

Solutions Inc., San Diego, CA, USA) providing MIR radiation in the spectral range of 5.78-

6.35 µm (1570-1735 cm-1) was used at a spectral resolution of 0.01cm-1. The EC-QCL provides 

stable MIR single mode lasing in pulsed mode and  CW mode; CW mode operation 

requires circulated water-cooling at 20 °C. Peak output power exceeds 200 mW at max. 900 

mA current; this light source was used for sensing applications in Paper IV and Paper V. Step-

scanning mode via an external control unit enabled spectra acquisition within few minutes for 

addressing characteristic absorption features of selected analytes (Paper V). 

FTIR: A VERTEX 70 FTIR spectrometer (Bruker Optics GmbH, Ettlingen, Germany) offers 

IR spectra analysis within the entire MIR range, i.e., typically at 400-4000 cm-1. The data 

acquisition is based on two-channel ADCs with 24-bit dynamic range, which are operated in 

parallel and integrated into the detector preamplifier electronics. Utilizing appropriate ATR 

accessories, liquid phase sensing providing high quality spectra of analytes were enabled for 

contrasting tests with the developed EC-QCL sensing systems.  

 

IR Detectors 

MCT detector: A liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector 

(Kolmar Technologies, Newburyport, MA, USA) with a bandwidth of 50 MHz was used. 

The fast response of the detector enabled monitoring individual laser pulses with minimal 
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time delay of the detector and preamplifier, while the signal was evaluated using an 

oscilloscope 

MIR camera and Power detector: A MIR camera InSb 640 SM/M (Thermosensorik Erlangen, 

Germany) was applied for demo testing mode analysis, and monitoring of the beam propagation 

in waveguides with spatial resolution of 2 µm; details of the performance are provided later in 

this chapter. The power detector (Gentec Electro-Optics, Quebec City, Canada) provides a 

power range of 5 pW up to 3 W, USB connectivity, and real time/ histogram data display, which 

was used for optics alignment and routine tests. 

 
Fabrication of waveguides 

Reactive Ion Etching (RIE) and Photolithography: Microfabrication of GaAs/AlGaAs 

waveguides and optical components developed in the thesis was based on surface epitaxial 

growth using GaAs/Al0.2Ga0.8As wafers, with subsequent structuring via photolithography 

and reactive ion etching (RIE). Photoresist (AZ ECI 3027, MicroChemicals, Ulm, Germany) 

was spin-coated onto the wafer followed by UV exposure via a manual mask aligner (SUSS 

MicroTec MJB3, Garching, Germany). After the development process, the photoresist strip 

waveguide patterns were transferred to the wafer via RIE (Oxford Plasmalab System 100, 

Yatton, UK).  RIE was predominantly used for development of  GaAs/AlGaAs SWGs 

(Paper I) and MZIs  (Paper II), as well as hybrid fabrication of novel optical components 

(Paper III).  

Focused Ion Beam (FIB) microscopy: Helios Nanolab 600 und Quanta FEG 3D (FEI Company, 

Hillsboro, Oregon USA) are dual-beam SEM/FIB microscopes equipped with an electron 

column and ion column arranged at a 52º angle. Both beams share a coincident focus point at 

the eucentric plane. Maskless microfabrication of waveguides and integrated optical devices 

via gas-assisted etching and milling, and assisted by monitoring or analysis via the electron 

beam was performed (Paper II and III).  
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MIR waveguide categories 

For the development of miniaturized MIR sensors, three main categories of MIR materials were 

developed and investigated: (a) GaAs/AlGaAs (Paper I), (b) MCT/CT (Paper IV), and (c) 

diamond (Paper V), as summarized in Figure 3-1. GaAs, MCT, and diamond are well known 

materials applied widely in semiconductor industry. However, waveguides and integrated 

optical devices based on these materials were rarely reported for chemical/bio sensing 

applications in the MIR. The present thesis expands upon conventionally available waveguide 

materials used in the MIR including amorphous chalcogenide glasses, polycrystalline silver 

halides, and epitaxially grown single crystalline metameterials. Microfabrication technqiues 

enable advanced sensing applications based on precise mode control within strip 

waveguides towards innovative integrated MIR devices based on  micro-/nanooptics.   

In addition, novel waveguide design and fabrication methods were investigated within this 

thesis via  (d) directional couplers and tapered waveguides, (e) microresonators, and (f) Mach-

Zehnder interferometers (partial contribution in Paper II), as shown in Figure 3-1. Next to 

published studies, additional experiments are summarized in the remainder of this chapter.  

 
3.2 NOVEL STRUCTURES BASED ON GALLIUM ARSENIDE 

WAVEGUIDES 

 
3.2.1 TAPERED WAVEGUIDE 
 
 
A tapered waveguide  (TWG) is defined as a waveguide in which a physical or electrical 

characteristic changes continuously with distance along the axis of the waveguide. It is widely 

used for design of directional couplers in various optical devices such as Mach-Zehnder 

Interferometers (Lechuga et al 2004; Prieto et al 2003; Blanco et al 2006; Ingenhoff et al 1993), 

ring resonators, photonic crystal devices (Bienstman et al. 2003) etc. Theoretical studies and 



	 54	

simulations (Okamato 2006; Tichit et al 2009) have explained coupled mode theory and how 

to improve the coupling efficiency via waveguide taper engineering. Massaro’s group has 

reported tapered waveguide for photonic crystal slab coupling (Massaro et al 2007).   

Based on strip waveguide fabricated by RIE, FIB milling is proved a fast prototype method in 

TWG design and fabrication. Milling profile is created by software Layout Editor and imported 

to the FIB milling program. Exemplary fabrication of TWG on a 20 µm strip waveguide is 

shown in Figure 3-2. FIB Quanta 3D system applied 30kV Ga3+ with XeF2 etching gas 

atmosphere surrounding the milling area. XF will react with bounbartment particles ejected by 

Ga+ during the milling scan, so as to avoid redeposition of residues, which might in turn 

contaminate the etched surface and lower the quality of fabricated waveguide.   

 
Figure 3-2.  TWG designed and fabricated via FIB.  (a) TWG with  a small tapered angle  
(b) TWG with a large tapered angle (failed). 
 

Structral parameters of the 20 µm SWG before and after FIB milling are listed in Table 3-1a , 

the  incoupling width stays the same through RIE process,  while the out-coupling width 

show a slight varification after FIB milling due to the over etching from the Ga+ beam (5µm vs 

4.6 µm). For the linear tapered transformation, the tapered angle is designed as 1.65 degree 

after a series of prototype with various angle. Figure 3-2b show one of the earlier TWGs 

structuered from much broader SWG (200µm tapered to 20 µm) with a multi-step fabrication, 

��� ���
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combination of broad SWG and large tapered angle usually results in failed TWGs. 

TWG via FIB Design Fabrication 

In-coupling width (µm) 20 20  

Out-coupling width (µm) 5 4.6  

Tapered length (µm) 265  265 

Tapered angle (degree) 1.65  1.65  

 

Table 3-1. Structural parameters of GaAs/AlGaAs tapered waveguides.  

Tapered waveguide has been experimentally applied to guide beam and enhance the evanescent 

field for the in-coupling end of the waveguide often requires relatively large cross-section to 

obtain higher coupling ratio of beam entering the waveguide. On the other hand, combination 

of TWG with MIR camera will assist mode analysis and study of cut-off wavelength or width 

of SWG.  Evanescent field of MIR beam will reach maximum when the width of waveguide 

is approaching to cut-off width at certain wavelength for a certain type of waveguide. As 

discussed in Chapter 2, GaAs/AlGaAs waveguide is tested to have cut off width of about 3.5 

µm.  

 
 

Figure 3-3. Tapered waveguide fabricated via FIB milling (30 kV, 9.0 nA, IEE). Etching depth 
is measured to be around 12 µm.  

��� ���
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Figure 3-3 shows images of the out-coupling end of a tapered waveguide with a designed width 

of 4 µm. Out-coupling end facet was processed by cross-cleaning kits function from FIB in 

order to achieve clean, smooth cross section. A series of TWGs with different structural 

parameters: tapered angle 1.34-1.65 degree, width of out-coupling end (3-10 µm) were tested 

by EC-QCL sensing system, laser power coupled though the TWG is above 86% of that through 

SWG.

 
3.2.2 DIRECTIONAL COUPLER 
 
 
Directional coupler or waveguide directional coupler (WDC) is a structure of paramount 

importance for the construction of practical optical components, since waveguide technologies 

have been deployed to implement a variety of integrated optical devices. The WDC has not 

only be used in stand-alone components such as filters and optical switches, but it also behaves 

as a key structure in integrated optical devices such as Mach-Zehnder interferometers (MZI), 

resonators for sensing applications (Takato et al. 1988, Siegel et al. 2013, Sun et al 2010.). For 

the construction of such practical optical devices, evanescent field enhanced waveguide and 

efficient coupling of light between two waveguides or optical fibers are often required 

(Okamoto 2006). To achieve enhanced evanescent field for GaAs/AlGaAs waveguide, tapered 

waveguide has been developed in the above section. Coupling efficiency is closely related to 

structural parameter of each directional coupler device and here a simplified directional coupler 

designed on GaAs/AlGaAs wafer will explain the principle of a WDC. Figure 3-4 demonstrates 

a schematic configuration of a WDC consisting of two identical strip waveguides, parallel 

adjacent with a gap (width of g) in between. Input beam couples into the GaAs core layer and 

propagates along the single waveguide with length of Lst. Light entering the coupling region 

with length of Lcpl will gradually couple into the other waveguide.  Dashed arrows denote 

positions of cross section and the intensity distribution is indicated for three typical moments: 

Within the single waveguide region, all the intensity of light is confined in one waveguide; two 
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waveguides share equally the intensity of light; light couples totally to the second waveguide. 

As the two waveguides are structurally identical, light can couple back to the inlet waveguide 

with periodic swing between the two waveguides if the coupler length Lcpl is long enough. The 

periodic length Lp is defined as the distance for certain light covering a coupling period. For the 

example in Figure 3-4, Lcpl = 1.5 Lp, and belong to the case that Lcpl = (n-0.5) Lp (n=1, 2, 3…), 

in theory the beam will 100% couple into the second waveguide of the directional coupler.  If 

Lcpl = n× Lp (n=1, 2, 3…), then the light will couple out from the first waveguide, with no light 

remaining in the second wave. In other cases, light will have power distribution in both 

waveguides after the coupling region.  

 

 

Figure 3-4. Principle of GaAs/AlGaAs directional coupler. 
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3.2.2.1 Waveguide design  

In design of GaAs/AlGaAs directional coupler, tapered waveguide is indispensable components 

to enhance evanescent field of light and enable efficient coupling performance of the directional 

coupler.  

In fabrication of WDC, RIE is fast neat and mass productive for 2-D structures in range of a 

few micrometers up to centimeters on the GaAs/AlGaAs waveguide wafer, and often have to 

achieve an etching depth of 12 µm, which is sum of the core and cladding layer. However, 

GaAs/AlGaAs directional coupler demands for gaps with sub-micron scale and high quality of 

anisotropic etching. It turns to be deep but narrow etching task for RIE in fabrication of the gap 

of the WDC, and proved hard to realize. On contrary FIB show extraordinary privilege in 

microfabrication of structures in micron and submicron range, with precise control and 

excellent milling quality, especially with the assistance of etching gas. However, FIB relies on 

beam milling and the fabricated volume is roughly proportional to time at certain current. 

Therefore, fabrication on the waveguide wafer (often 1cm× 1cm) with 12 µm etching is a 

substantial milling task for FIB. Through experimental trials and experience, fabrication of 

WDC combining RIE and FIB milling is proved efficient and productive. 
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Figure 3-5. Waveguide directional coupler designed and fabricated by hybrid method of RIE 
combined with FIB milling.
 

Figure 3-5 shows maturely designed WDC, strip waveguide of 20 µm tapered down to 4µm, 

and the coupling region has Lcpl=260 µm. The waveguide wafer was fabricated by RIE followed 

with FIB milling of the gap. 5 gaps with a series width of 500 nm, 600nm, 700nm, 800nm and 

900nm were fabricated for each WDC. A WDC was tested with EC-QCL (at wavelength of 6 

µm, pulse mode) before and after the FIB milling. The WDC behave as a quasi-strip waveguide 

before FIB milling, light propagates through the conjugated section of the waveguide, and extra 

light loss resulted from step change to the width of waveguide. Due to practical damage during 

the whole process in RIE microfabrication and post treatment defects of waveguide through 

backside polishing, cleaving etc, there is high chance that a waveguide got structural defect and 
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not available for further measurements. Results of though put intensity measured with EC-QCL 

sensing platform are summarized in Table 3-2. Owning the same Lcpl , but slightly different in 

width of gaps, WDC show relatively large variation in quasi coupling efficiency (ratio of 

intensity).  The WDC with 700 nm gap achieve a ratio of 30% (1.7/3.6), which indicate already 

a promising performance of GaAa/AlGaAs directional coupler. Variation may derive from the 

slight change in gap width, fabrication control as well as alignment precision.  

WDC\Through put Before FIB (a.u.) After FIB (a.u.) 

WDC 1. (g=500 nm) 4.4 0.8 

WDC 1. (g=600 nm) 4.3 0.5 

WDC 1. (g=700 nm) 5.6 1.7 

WDC 1. (g=800 nm) 3.8 1.0 

WDC 1. (g=900 nm) 4.7 Defect 

 
Table 3-2 Contrast of throughput intensity of WDC before and after FIB milling, measured 
with EC-QCL platform.  
 
Systematic study on GaAa/AlGaAs directional coupler calls for huge database from vast of new 

designed structures, photo masks and control tests, yet to figure out specific Lc , in a function 

of wavelength, and width of gaps as well as beam mode. However, with the assistance of MIR 

camera, indications of light propagation could be monitored and show direct evidence of 

efficient beam coupling.  

 

3.2.2.2 MIR camera assisted measurements 

 
Due to the intrinsic property of MIR beam, it is invisible to human eyes. This often brings extra 

efforts in aligning and monitoring among the development of MIR sensors.  MIR camera with 

sensitive sensing chips has been well assisted to development of MIR waveguide such as strip 

waveguide, tapered waveguide, as well as directional coupler.  
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Mode analysis of EC-QCL 
 

The IR sensor setup was composed of a tunable QCL light source (Daylight Solutions Inc., San 

Diego, CA, USA) providing MIR radiation in the spectral range of 5.78-6.35 µm (1570-1735 

cm-1) at a spectral resolution of 0.01cm-1. A MIR camera from Thermosensorik (Table 3-3) was 

applied for mode analysis, beam tracking and imaging. 

Thermosensorik  
InSb 640 SM/M 

Parameters 

Detector material indium antimonide(InSb) 

Focal plane array 640×512 

Pixel pitch 15×15 µm 
 

Microscope lens 1× (2.5×, 5×, 10×) 

Spatial resolution < 2 µm 

 
Table 3-3.  Parameters of MIR camera (Thermosensorik InSb 640 SM/M) 
 

EC-QCL  (6 µm, pulse mode, 100kHz) was measured via direct exposure, with the MIR 

camera positioned in front of the EC-QCL, the chips of sensing elements are set the same height 

as the out–coupling collimated laser beam, as shown in Figure 3-6. Pulse mode beam image 

show a typical TM (00) beam profile in Figure 3-6a, with FWHM of intensity calculated to be 

1.5 mm. This means more than 80% of the beam power will pass through an aperture with 1.5 

mm diameter. As a contrast, the beam profile abtained from CW mode shows quasi-elliptical 

distribution of power in Figure 3-6 b. This might arise from the resonance property of the 

external cavity during the tuning process.  
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Figure 3-6. Mode analysis of EC-QCL via MIR camera: (a) pulse mode and intensity profile 

(b) CW mode and intensity profile. 
 

Waveguide analysis 

In the EC-QCL sensing platform, the collimated laser radiation from EC-QCL was focused via 

a ZnSe lens onto the end facet of the MIR waveguide. MIR photons propagated along the core 

waveguide layer, and coupled out at the distal end of the waveguide. Radiating emitted at that 

waveguide facet was adjusted by a ZnSe lens and converted to be parallel beam. A MIR camera 

with the sensing chips directly exposed to the beam can monitor the existence of MIR beam 

through a waveguide structure, furthermore with relatively high resolution of pixels, more 

properties of the MIR beam such as mode profile, intensity distribution is able to be captured.  
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Demo tests with MIR camera were introduced into the sensing system to verify single mode 

propagation with GaAs/AlGaAs strip waveguide. Laser beam from tQCL (6 µm, pulse mode) 

propagated through an 8 µm wide GaAs/AlGaAs strip waveguide. Divergent beam coupled 

out of waveguide was further adjusted by a ZnSe lens (0.5” focus length), converted to be 

parallel and further exposed to the built-in chips of detectors in the MIR camera, where the 

camera lens was taken off to realize the direct exposure. Figure 3-7 shows the image of the 

out-coupled beam through an exemplary 8 µm wide GaAs/AlGaAs strip waveguide. 

Intensity of light exposure in the image was tuned by software especially developed for the 

camera: the reddish colour stands for higher intensity compared to the yellowish colour 

region of lower exposure. The image well clarifies single mode propagation supported by 

GaAs/AlGaAs waveguide. And only TM00 mode propagation was discovered within the 8 

µm wide waveguide for the MIR beam (6 µm wavelength).  

Measurements with even narrower strip waveguides down to 2 µm wide via a series of 

directional couplers suggest a cut-off width of about 3 µm for the GaAs/AlGaAs strip 

waveguide, well verify the simulation results of TM (00) demonstrated in Figure 2-16.  

 

wafer

GaAs

AlGaAs
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Figure 3-7. MIR image of MIR beam coupled through a 8 µm width strip waveguide. 
Dashed red lines were post-treated to demonstrate the relative position with cross-section 
of GaAs/AlGaAs waveguides. This is considered as experimental evidence of single-mode 
propagation in MIR strip waveguides. 

The first reported MIR GaAs/AlGaAs directional coupler is highly supported by the evidential 

video captured by MIR camera. Structural parameters are listed in table 3-2 and a demonstrating 

overview is shown in Figure 3-8, where blue dashed frame stands for the area observed by the 

MIR camera with 10x objective lens. Collimated beam generated by EC-QCL is coupled into a 

tapered waveguide (in-coupling arm). The beam propagates in region 1 and behaves similar as 

in a strip waveguide. Waveguide narrow down in the tapered region 2 and intensity of 

electromagnetic field got enhanced as light propagate further in narrower region, thereby, light 

enters into region 3 get enhanced evanescent field and larger penetration depth Dp. A second 

waveguide strip, with the same structure and parameter, is closely adjacent, parallel arranged 

in region 3, the two-strip waveguide form a structure of directional coupler. According to the 

theory of waveguide optics, electromagnetic field of the beam will penetrate through the gap of 

the two waveguides from one arm to the other and coupled back and so on during the 

propagation process, until the beam propagates out of the co-existing region of the two 

waveguides.  
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Figure 3-8. Image of WDC via MIR camera: (a) Out-coupling from rare end of WDC; (b) 
scattering from the coupler.    

 

When the EC-QCL was turned on, from the out-coupling end of the waveguide, a shining spot 

appeared and was recorded by the MIR camera in Figure 3-8a. Moreover, video recorded for 

region in the middle of the wafer, where the directional coupler is located, has observed a spot 

from the end tip of the inlet arm, as indicated by red circle in Figure 3-8b. This means part of 

the beam energy did not couple into the outlet arm but radiated out to the air. In order to clarify 

the exception that the above radiation further couples into the outlet arm from the tapered part, 

the end facet (cross-section) of the inlet arm was treated to be tilted via FIB milling.  

Unfortunately, the MIR camera is not yet able to illustrate the intensity distribution of light 

propagation within the waveguide; therefore, it is not clear how the MIR laser radiation travels 

within the directional coupler.  However theoretical calculation based on waveguide optics 

and 2D simulation from COMSOL is expected to supply more data and information for the 
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specified case, still a systematic experimental analysis and proof is required when further study 

is carried on.  

 
3.2.3 MICRO-RING RESONATORS 
 
 
Miniaturized MIR sensing systems frequently have to deal with a decreased optical path length, 

which limits the photon-sample interaction length, and thereby leads to a decrease in sensitivity 

for absorption based sensors. Consequently, novel photonic components were introduced for 

mitigating this problem including alternative waveguide geometries and photonic crystals 

(Hawkins and Schmidt 2008; Mortensen et al. 2008), which may enhance the interaction 

between the guided light and the target sample via a locally enhanced evanescent field or an 

extended effective absorption path length.  

Among those optical devices taking advantage of resonating electromagnetic field, optical 

microresonators are attracting significant attention for IR evanescent field sensing, and have 

been proposed as powerful optical structures approaching label-free detection of only few 

molecules (Armani et al. 2007). Microresonators can be categorized as two-dimensional 

resonators e.g. pillar, disk, or ring (Armani et al 2007; Zhu et al 2007; Nitkowski et al 2008) or 

three-dimensional sphere (Teraoka et al 2003), novel structures such as asymmetric microspiral 

(Poon et al 2008), racetrack resonators etc. (Xia et al 2006; Dell'Olio et al 2008). In practical 

optical device, there is usually not a single resonator but the combination of a group of 

resonators to enable control of light for integrated photonic circuits or sensing devices. 

 
3.2.3.1 Microresonator design 

Based on the experience from tapered waveguides and directional couples, GaAs/AlGaAs show 

cut-off width of about 3.5 µm with light wavelength of 6 µm (1665 cm-1).  Considering the 

spectral range of 5.78-6.35 µm for the EC-QCL, the waveguide parameter is set at width of 4 

µm and depth of 12 µm in order to enable the propagation of the entire MIR beam in the 
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waveguide of device while the evanescent field is enhanced approaching to maximum.  

However, according to resonance of electromagnetic field predicted in the theory, the optical 

components requires state to art quality of the waveguide, including high anisotropic structural 

fabrication, minimized surface roughness, and optimized parameters for the coupler and scales 

of the resonator. In previous study of GaAs/AlGaAs strip waveguide via reactive ion etching 

(paper 1), RIE was proven as the method of choice for obtaining high quality strip waveguides, 

i.e., high anisotropy and high surface quality at acceptable etching rates, low cost, and 

scalability of the process. In the MIR range, wavelength of light source is usually much larger 

than surface roughness of the SWG fabricated via RIE. However, in optical resonator, light may 

travel thousands of circles where accumulated scattering loss can be fatal factor, as indicated in 

Figure 3-9 (left), RIE fabrication is restricted by process of photoresist in lithography and 

stability of ion source during 2 hours’ ion etching. Although the SWG was measured with 

acceptable throughput in the EC-QCL sensing platform, MIR camera image discovered striking 

scattering from the etched side-surface as well as defects on top of the waveguide. Those defects 

mainly arise from impurity of photoresist and manipulation during lithography. 

 
Figure 3-9. GaAs/AlGaAs SWG microfabrication with RIE and FIB: (left) RIE with high 
anisotropy for SWG (20 µm wide); (right) lateral surface reprocessed via FIB with sufficient 
surface quality. 
For example, fabrication with ion beam current at 9.0 A is suitable for the milling task of WDC, 

however the rapid milling rate usually sacrifice the anisotropic structure of the waveguide, as 



	 68	

demonstrated in Figure 3-3: the shoulder edge of the waveguide is over etched due to the 

distribution density of Ga3+ in the beam spot. Therefore, the fabrication of resonator often 

requires additional milling step with lower beam current but smaller beam spot.  An exemplary 

design of ring resonator in Figure 3-10 shows step milling region created via software Layout 

Editor: Trench 1 and Trench 4 are 5µm wide regions for fast milling at 9 nA; Trench 2 and 3 

are 2µm wide regions for anisotropic modification at 0.9 nA; Trench 5 is applied to fabricate 

the strip waveguide for coupling, set at 9 nA. The FIB milling can sequentially follow trench 1, 

2, 4, 3, 5 or 4, 3, 1, 2, 5.  Due to the change of the ion beam parameters e.g. current, voltage 

etc between different trenches, focus point of the ion beam may has slight change, which will 

in turn influence precision of FIB milling.  Therefore, frequent realignment of the ion beam is 

required. Using the built-in software for the FIB milling, a step-milling file can be programmed 

with specific parameter setting for individual milling area. Reference marks are pre-milled on 

the non-functional area to facilitate automatic alignment and refocusing of ion beam. The red 

line across each mark area defines the scanning route of the ion-beam during the line-alignment 

process. 

 
 
 

Figure 3-10. Step-milling design for microring resonator. Two rectangular marks serve for 
alignment of FIB. 
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Figure 3-11. FIB milling of microring resonator. (a) 500× SEM image, demonstrating milling 

of resonator structure and alignment marks (b) completed microring resonator with indication 

of trenches.   
 

FIB step-milling Trench 1, 4, 5 Trench 2, 3 

Ion current (nA) 9.0  0.9 

Trench width 5 µm 2 µm 

Set etching depth (µm) 1.5 1.5 

Final etching depth (µm) 9.0 10.0 

IEE enhanced factor 6 6.7 

 
 
Table 3-4. Parameters of programmed FIB milling. 
 

From Figure 3-11b one could observe re-deposition surrounding the region of Trench 1 and 4. 

redeposited materials partially accumulate adjacent to the designed anisotropic structure of the 

SWG. The ring structure was well etched without obvious re-deposition on the waveguide 

surface nor on the sidewall in Figure 3-12a. However, milling of trench 5 also leads to clear 

neat surface though it shares the same parameters of FIB milling as trench 1 and 4. This 

phenomenon was repeated with the same ring structure in several other trials. The re-deposition 
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might arise from the milling of the core approaching to the junction of ring and strip waveguide, 

where the etching gas is not efficient to react with the materials milled away before fast re-

deposition takes place to the ambient sidewall.  

 

 
 
 
Figure 3-12. SEM image with 52° tilted angle, the anisotropic property of the ring was 

improved by adding the fine milling step. 
 

Miss alignment could happen even with the line-alignment strategy. This problem could result 

from either software or hardware. To make a precise milling pattern on relatively large area is 

still a challenge for the FIB. Normally a shallow etching is tried in the first round to test the 

alignment issue and followed by a targeted etching depth, which consume longer processing 

time. 

3.2.3.2 Hybrid microfabrication and measurements 

To test the performance of a resonator, waveguide wafer with the size of 1 cm × 1 cm is 

preferred in the EC-QCL sensing platform in facilitation of alignment and measurement. This 

means waveguide across the wafer will be in scale of a few millimeters.  Based on similar 

argument with waveguide directional couplers, hybrid fabrication of ring resonator is 

practically developed by the combination of RIE and FIB milling. 

A series of quasi “H” shaped waveguide units were fabricated on GaAs/AlGaAs waveguide 
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wafer, sharing the same etching protocol as the SWGs. The sections of strip waveguides take 

use of tapered waveguides for light guiding and evanescent field enhancement. Ports of the 

SWG own different widths from 10 µm to 20 µm and the tapered sections have a series of 

widths of 3.5 µm, 4 µm and 4.5 µm. In each waveguide unit, a rectangular area in the middle 

junction is left non-etched, where further fabrication of the resonator is achieved via FIB milling. 

Figure 3-13a shows several waveguide units after RIE process. Following the protocol of 

programmed FIB milling discussed above, single ring/racetrack resonator is fabricated adjacent 

to the tapered waveguide, as shown in Figure 3-13b and 3-13c respectively. Mode analysis of 

TM (00) mode has revealed single mode propagation of MIR (6 µm wavelength) supported in 4 

µm-wide GaAs/AlGaAs (Figure 3-13d), with lateral Dp of 1 µm. Directional coupler with gap 

of 700 nm, Lcpl=260 µm has enabled coupling between GaAs/AlGaAs strip waveguides. If light 

couples partially to the resonator, intensity of light coupling out from the end port will decrease 

accordingly. As there is no reference SWG available for the comparison, tests can be designed 

as follows:  

Dropping tests applied in the resonator area with liquid analyte can either change the refractive 

index of the ambient media of the resonator or introduce absorption from the interaction of the 

analyte with evanescent field surrounding the resonator. The above interactions will in theory 

change the coupling condition and result in obvious variation of light coupling out from the 

waveguide port.  Another evidence might come from the resonance pattern for certain 

frequencies of light when the EC-QCL is operated in step-scan mode (0.01cm-1 /step) to scan 

over the entire spectral range (5.78-6.35 µm). For the light of certain frequencies, light can be 

coupled into the resonator and trapped there with many propagating circles until it disappears 

due to absorption, scattering etc. Scanned spectra were recorded for the developed resonator 

devices and compared with spectra of GaAs/AlGaAs SWG as reference. The comparison does 

not find obvious evidence in approval of a successful MIR resonator device.   
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Figure 3-13. (a) SEM image of GaAs/AlGaAs waveguide wafer fabricated by RIE. (b) FIB 
milling (XeF2 assisted etching) to fabricate resonator structures (c) Exemplary ring-resonator 
with a diameter of 115 µm, with waveguide wall thickness of 4 µm and milling depth of 12 µm. 
(d) FEM simulation of single mode profile in GaAs/AlGaAs waveguide (Brightness is treated 
for display in black and white format). 
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CONCLUSIONS AND OUTLOOK 
 

This thesis was focused on design and development of novel MIR waveguides taking particular 

advantage of the combination of advanced MIR light sources (QCL and tQCL/EC-QCL) 

towards miniaturized MIR chemical/bio sensing platforms. 

Summary of simulation studies 

As a well-established simulation method, FEM fits well to complex optical domain structures 

and is particularly applicable to addressing situations where the electromagnetic fields are 

highly localized. Apart from the more common application in MIR light source and detector 

design, current research in IR chem/bio sensor technology is particularly focusing on 

waveguide design due to the demand for more sensitive and highly integrated infrared sensing 

platforms applied in e.g., increasingly extreme sensing environments, for increasingly complex 

sensing matrices, and where increasingly limited target analyte concentrations and/or volumes 

are present such as in biodiagnostics and bioassays. Complementary to the development of 

micro- and nanotechnology along with appropriate micro- and nanofabrication techniques, 

recent developments in opto-electronics have been paving the way toward nanophotonic sensor 

technology inherently including the transition from conventional geometric optics to nanooptics. 

This development clearly demands for appropriate modeling and simulation solutions, as 

provided by FEM, which is already an indispensable tool in UV/Vis device design. Given that 

NIR sensing techniques have significantly matured, and that MIR integrated photonics sensor 

are considered the most recent emerging optical platform, extending such modeling efforts to 

this spectral regime appears a logical consequence. While 3-D simulations of the comparatively 

large geometries in the MIR still do not necessarily facilitate a full-structure-simulation for 

waveguide design, 2-D FEM modeling for e.g., strip waveguides already fits well to the 

obtained experimental results for and assists in the design of next-generation evanescent field 

infrared sensing techniques.
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Additionally, multi-physics modeling based on FEM simulation will not only contribute to the 

analysis of the electromagnetic field distribution, but may combine optical simulations with 

e.g., thermal or stress analysis of optical waveguides, which is essential for finally 

manufacturing advanced mid-infrared chem/bio sensing and assay platforms of practical 

relevance. 

Summary of waveguide studies 

With the introduction of the quantum cascade laser, research into miniaturized MIR sensors has 

been enabled towards wafer-scale technologies, which is now complemented by dedicated MIR 

waveguide technologies.  

GaAs/Al0.2Ga0.8As waveguides: The first GaAs/Al0.2Ga0.8As strip waveguides have been 

designed and fabricated for combination with a mode-matched DFB-QCL at 10.3 µm, thus 

enabling MIR evanescent field liquid phase sensing with on-chip semiconductor components. 

The exemplary detection of acetic anhydride reveals a LOD of 18 pL with a 200 µm wide strip 

waveguide grown by MOVPE, thereby providing at least 3 orders of magnitude sensitivity 

increase in contrast to multimode silver halide planar waveguides.  

Based on such well-defined structures, GaAs/Al0.2Ga0.8As strip waveguides facilitate 2-D 

confinement of MIR radiation propagation with a uniform system response along the entire 

strip region. Consequently, such strip waveguides overcome the position-dependent system 

response of macroscopic planar waveguides, and therefore demonstrate outstanding 

performance for sensing in minute sample volumes. Strip waveguides with a width of 50 µm 

were experimentally evaluated and a LOD of 0.05 pL for acetic anhydride was derived from 

the interaction volume of the analyte with the evanescent field, which provides a sensitivity 

enhancement by one order of magnitude compared to planar slab waveguides.  

Based on the performance of GaAs/Al0.2Ga0.8As strip waveguides during both processing of 

these photonic microstructures and their analytical application, RIE was proven as the method 

of choice for obtaining high quality strip waveguides, i.e., high anisotropy and high surface 
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quality at acceptable etching rates, low cost, and scalability of the process. Novel optical 

components of directional coupler, microresonator and Mach-Zehnder interferometers have 

been developed based on GaAs/Al0.2Ga0.8As waveguide wafer with assistance of RIE and FIB 

techniques.  

MCT/CT slab waveguides: The first mercury-cadmium-telluride semiconductor waveguides 

have been designed and fabricated serving as a thin-film waveguide for MIR evanescent field 

liquid phase sensing combined with tunable QCLs. Most importantly, these types of 

semiconductor waveguides share their material composition with MCT detectors, which are the 

most commonly applied photoconductive IR detection devices. Exemplarily, the detection of 

acetone dissolved in isopropanol via evanescent field absorption revealed a measured LOD of 

1 nL, which is competitive to optimized GaAs/AlGaAs semiconductor waveguide. Using the 

3s-criterion, the lowest detectable volume was calculated at 90 pL.  

Complementary simulations of single-mode MCT waveguides indicate that further decreasing 

the thickness of the waveguide core layer < 1 µm should provide even more tightly confined 

single-mode photon propagation, thereby significantly enhancing the fraction of energy 

propagating within the evanescent field. Due to the optical property of the MCT waveguide 

material, high transmittance across the entire MIR region, and a large refractive index contrast 

of the core/cladding layers an additional signal enhancement by up to two orders of magnitude 

may be predicted.  

Diamond strip waveguides: In the present study, the first thin-film diamond strip waveguides 

are demonstrated along with their utility for mid-infrared evanescent field chem/bio sensing in 

combination with tunable quantum cascade lasers. Exemplarily, the detection of acetone 

dissolved in D2O revealed lowest detectable volume calculated at 18 pL, which is competitive 

to already optimized GaAs/AlGaAs semiconductor waveguides. Furthermore, broadband 

detection capabilities were demonstrated for anisaldehyde across a wavelength band of 1580-

1720 cm-1. 
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Based on the performance of diamond strip waveguides during both processing of these 

photonic microstructures and their analytical application, inductively coupled plasma (ICP) 

etching was proven as the method of choice for obtaining high quality strip waveguides, i.e., 

high surface quality at acceptable etching rates, low cost, and scalability of the process.  

Outlook for miniaturized MIR evanescent field sensors  

Thanks to the rapid development of QCLs in recent decade, the introduction of QCLs has 

significantly contributed to the miniaturization of MIR sensing systems. Furthermore, quantum 

well engineering, which has enabled QCLs, has also recently triggered the development of 

quantum cascade photodetectors (QCDs), which share similar materials and active structures 

with QCLs. Base on the development of these key components, MIR sensing systems 

increasingly reveal their potential for integration toward monolithic on-chip level photonic 

device. Next to the above components, efficient interaction of MIR radiation with the target 

analyte is required and has been achieved to a certain extent by scaling the waveguide based on 

extended MIR waveguide materials and novel optical structures. This first MIR Mach-Zehnder 

interferometer based on GaAs/AlGaAs waveguide has paved way to miniaturized MIR device 

and a promising development of more sophisticated high performance waveguide structures 

will be developed based on GaAs/AlGaAs as well as other MIR materials.  

Further microstructuring of MCT waveguide chips is facilitated via conventional wet/dry 

etching methods commonly used in semiconductor microfabrication, which are already in use 

for MCT detector chip fabrication. Hence, the generation of strip or ring waveguides, as well 

as grating couplers or resonant structures appears straightforward in a next development step, 

as already shown for UV/Vis, NIR, and MIR waveguide-based devices. Moreover a monolithic 

sensing platform facilitating integrated waveguide and detector structures based on the MCT 

materials system may be envisaged promising innovative approaches toward chip-level 

integration for infrared chem/bio sensing devices. 
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Owing to the outstanding properties of diamond at harsh environmental conditions and its 

intrinsic biocompatibility, a new generation of on-chip mid-infrared chem/bio sensing 

platforms is on the horizon taking advantage of advanced microfabrication and integration 

techniques. In addition, the integration of additional sensing modalities is anticipated e.g., 

combining mid-infrared spectroscopic with electrochemical sensing schemes via the deposition 

of boron-doped diamond layers at the surface of such strip waveguides serving as IR-

transparent electrodes, thereby providing advanced spectroelectrochemcial sensing tools 

ideally suited for higher-order lab-on-chip diagnostic platforms.  

It is anticipated that next generation waveguide structures such as e.g., slot-waveguides, 

microresonators, etc. will meet the demand of label-free detection in chem/bio sensing 

applications within portable MIR sensing systems, taking full advantage of on-chip transducer 

technology. Consequently, molecules may be detected with yet unachieved sensitivity in the 

MIR by determining e.g., a resonance peak shift, a change in Q-factor, or a change refractive 

index. This technology is considered particularly sensitive for future direct and label-free 

detection of biomolecular interactions within portable MIR sensing system taking advantage of 

the demonstrated progress toward on-chip mid-infrared photonics. 
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SUMMARY 

 
Mid-infrared (MIR; 3-20 µm) spectroscopy is based on the excitation of vibrational and 

rotational modes associated with most organic and inorganic molecules interacting with 

MIR photons, and provides inherent molecular selectivity. In ‘fingerprint region’ (10-20 

µm), most organic analytes owns charicteristic absorption spectra. Hence, this spectral 

regime is particularly attractive for optical sensing applications. However most applications 

of MIR spectroscopy - and particularly for liquid phase probing environments – remain 

confined to a laboratory environment due to the dimensions of conventional spectroscopic 

equipment. Appropriate strategies enabling miniaturizing/integrating each optical 

component of the sensing system are required in order to facilitate on-chip MIR sensor 

technology for advanced portable sensing systems, considering the already achieved level 

of miniaturization/integration of UV-Vis and near-infrared (NIR) optical devices: The 

opportunities for MIR sensor miniaturization are evident for in-situ and on-site monitoring, 

sensing, and surveillance. 

Quantum cascade lasers (QCLs) are among the most promising light source technologies in 

IR sensing. QCLs provide high output power within narrow spectral bands, high spectral 

density, compact dimensions, a long lifetime. Broadly tunable emission of tunable quantum 

cascade lasers (tQCLs) with high spectral resoluiton have accessed to almost the entire MIR 

spectral range. 

This thesis focuses on design and development of new generation MIR waveguides combined 

with novel QCLs and tQCLs, to meet the trend of miniaturized MIR sensor in condensed phase 

analysis based on evanescent field sensing principle. Waveguide development is assisted by 

simulation work of finite element modeling (FEM) and 2-D FEM modeling for e.g., strip 

waveguides already fits well to the obtained experimental results for and assists in the design 

of next-generation evanescent field infrared waveguides and devices. 
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Three main categories of MIR materials are developed based on (a) GaAs/AlGaAs (b) MCT/CT 

and (c) diamond. Work of this thesis is able to expand the available waveguide from traditional 

MIR material such as amorphous chalcogenide glasses, polycrystalline silver halides to 

epitaxially grown single crystalline metameterials: 

GaAs/AlGaAs strip waveguide: The strip waveguides have been designed with width of 200 

µm and tested with QCL at a wavelength of 10.3 µm. Acetic anhydride was detected with a 

limit of detection (LOD) of 18 pL (19.4 ng) deposited at the waveguide surface by overlapping 

of the vibrational absorption of the methyl group with the emission frequency of the QCL. 

Reducing the width of the strip waveguide to 50 µm resulted in further sensitivity enhancement 

for evanescent field absorption sensing yielding a calculated LOD of 0.05 pL for the exemplary 

analyte acetic anhydride. 

MCT/CT planar waveguide: The first planar waveguides made from mercury-cadmium-

telluride (MCT) was reported as on-chip MIR evanescent field transducer in combination 

with tunable quantum cascade lasers (tQCLs, 5.78-6.35 µm). This MIR sensing approach 

demonstrated the detection of 1 nL of acetone. Complementary finite difference time 

domain (FDTD) simulations fit well with the experimentally obtained data and predict an 

improvement of the limit of detection by at least 2 orders of magnitude upon implementation 

of thinner MCT waveguides.  

Diamond strip waveguide: The first combination of mid-infrared (MIR) tunable quantum 

cascade lasers (tQCLs, 5.78-6.35 µm) with thin-film diamond strip waveguides (DSWG) 

suitable for advanced chem/bio sensing is presented. The characterization of such 

freestanding diamond waveguides reveals excellent transmission properties across a broad 

MIR band. Exemplarily, the detection of acetone in D2O via evanescent field absorption is 

demonstrated achieving a limit of detection (LOD) as low as 0.2 nL. Providing characteristic 

absorption features within the tuning range of the tQCL, studies using anisaldehyde as 

analyte further corroborate the potential of tQCL-DSWG-based chem/bio sensors.   
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Other than the expansion of high quality waveguide materials, development of MIR 

waveguide components was mainly focused on novel structural design and fabrication in 

directional coupler, tapered waveguide, microresonators and Mach-Zehnder interferometers. 

This first MIR Mach-Zehnder interferometer based on GaAs/AlGaAs waveguide has paved 

way to miniaturized MIR device and a promising development of more sophisticated high 

performance waveguide structures will be developed based on GaAs/AlGaAs as well as other 

MIR materials.  
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We demonstrate ultra-sensitive chemical sensing in the mid-infrared spectral regime with

a combination of quantum cascade lasers (QCLs) with GaAs/Al0.2Ga0.8As strip waveguides fabricated

viametal–organic vapor-phase epitaxy (MOVPE) and reactive ion etching (RIE) using evanescent field

absorption spectroscopy. These strip waveguides have been designed with a width of 200 mm, thereby

facilitating 2-D confinement and mode-matched propagation of mid-infrared radiation emitted from

a distributed feedback (DFB) QCL at a wavelength of 10.3 mm. Acetic anhydride was detected with

a limit of detection (LOD) of 18 pL (19.4 ng) deposited at the waveguide surface by overlapping of the

vibrational absorption of the methyl group with the emission frequency of the QCL. The obtained

results indicate a remarkable enhancement in sensitivity by three orders of magnitude compared to

previously reported multimode planar silver halide waveguides. Further reduction of the waveguide

strip width to 50 mm resulted in an additional sensitivity enhancement yielding a calculated LOD of 0.05

pL for the exemplary analyte acetic anhydride, which is among the most sensitive evanescent field

absorption measurements with a miniaturized mid-infrared sensor system reported to date.

1. Introduction

Mid-infrared (MIR, 3–20 mm) spectroscopy is based on the

excitation of vibrational and rotational modes associated with

most organic and inorganic molecules interacting with MIR

photons, and thus provides inherent molecular selectivity.

Hence, this spectral regime is particularly attractive for optical

sensing applications.1 Despite its inherent potential, most

applications of MIR spectroscopy—and in particular when

probing liquid phase environments—remain confined to a labo-

ratory environment due to the dimensions of conventional

spectroscopic equipment.2 Considering the already achieved level

of miniaturization/integration of UV-Vis and near-infrared

(NIR) optical devices, the opportunities for MIR sensor minia-

turization are evident for in situ and on-site monitoring, chem/

bio sensing, and surveillance. However, appropriate strategies

enabling miniaturizing/integrating each optical component of the

sensing system are required in order to facilitate on-chip MIR

sensor technology for advanced portable sensing systems.3

Among the availableMIR radiation sources, quantum cascade

lasers are nowadays widely accepted as the most promising light

source technology in IR sensing applications.4,5 QCLs are semi-

conductor lasers generating light emission via intersubband

transitions of electrons in the conduction band within a series of

quantum heterostructures rather than conventional electron–

hole recombination.6 Next to high output power within narrow

spectral bands, QCLs provide compact dimensions (i.e., few

hundreds of micrometres), a long life time, wavelength

tunability—in part already exceeding 200 cm!1 for a single

device—and access to almost the entire MIR spectral band.7,8

The fundamental utility of QCLs in waveguide-based evanescent

field absorption sensing has recently been demonstrated.9–11

Condensed phase sensing in the MIR region frequently takes

advantage of total internal refection (i.e., evanescent field

absorption) spectroscopy based on attenuated total reflection

(ATR) crystals or infrared transmitting optical fibers.12 IR

absorbing analytes interact with the evanescent field generated at

the waveguide–sample interface resulting in attenuation of the

propagating wave at analyte-specific absorption frequencies,

thus generating an ATR absorption spectrum. In contrast to

conventional transmission absorption spectroscopy, the evanes-

cent field penetrates exponentially decaying up to a few micro-

metres into the adjacent medium, thereby enabling to probe

IR-opaque media such as water within a quasi thin-film cell. The

absorption within the evanescent field follows a pseudo-

Lambert–Beer relationship

A ¼ (3cl)r,

where 3 is the molar absorptivity, c is the concentration of the

analyte, l is the equivalent optical path length, and r is the

fraction of power residing outside the waveguide core.
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Albert-Einstein-Allee 11, 89075 Ulm, Germany. E-mail: boris.
mizaikoff@uni-ulm.de; Tel: +49 731 5022750
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Consequently, enhancing the intensity of the evanescent field

directly affects the obtainable signal-to-noise ration (SNR) of the

absorption measurement, and thus the achievable sensitivity.

The intensity of the evanescent field is directly dependent on the

dielectric constant at the waveguide–sample interface, and on the

cross-sectional dimensions of the waveguide, which affects the

mode propagation. As the dielectric constant is determined by

the involved materials, the most significant sensitivity gain is

expected from tailoring and optimizing the waveguide structure.

Infrared transmitting fibers are usually fabricated from

a limited set of IR-transparent materials dominated by poly-

crystalline silver halides13,14 and amorphous chalcogenide

glasses.15 Recently, single-mode fibers transparent up to a wave-

length of 4.5 mm have been reported along with single-mode

planar waveguides.16,17 The group of Mizaikoff and collabora-

tors have most recently reported a new generation of semi-

conductor (GaAs/AlGaAs) thin-film IR waveguides grown by

molecular beam epitaxy (MBE), thereby extending the useful

spectral window for semiconductor waveguides up to 13 mm.11

In the present study, this concept has been further advanced by

the preparation of epitaxially grown thin-film GaAs/

Al0.2Ga0.8As waveguides via efficient metal–organic vapor-phase

epitaxy (MOVPE). Subsequently, strip waveguide structures

with different widths have been microfabricated for establishing

optical conduits facilitating 2-D confinement of the propagating

mode. Finally, it has been shown that such miniaturized MIR

optical sensor platforms combined with QCLs provide yet

unachieved sensitivity for IR evanescent field absorption spec-

troscopy in a possibly small and highly integrated on-chip

format.

2. Experimental

2.1. Fabrication of strip waveguides

Waveguide wafers were grown via MOVPE in an AIX-200

(AIXTRON SE, Herzogenrath, Germany) horizontal reactor

setup using standard sources (trimethylgallium, triethylalumi-

nium, and arsine) at a low pressure of 100 mbar and at a growth

temperature of 750 #C. The GaAs wafer substrates were (100) n+

doped and misoriented 6# towards the [111]A plane. After the

growth of a 30 nm thick GaAs buffer layer, the 6 mm thick

Al0.2Ga0.8As optical cladding layer was deposited. An additional

6 mm thick GaAs deposition finalized the core layer of the

waveguide structure. In situ optical reflection spectroscopy

enabled monitoring and controlling the growth parameters

during the process.

Thereafter, strip waveguide patterns were defined at the

surface of the epitaxially grown GaAs/Al0.2Ga0.8As wafer via

photolithography and reactive ion etching (RIE). Photoresist

(AZ ECI 3027, MicroChemicals, Ulm, Germany) was spin-

coated at a thickness of 2.4 mm onto the wafer followed by UV

exposure via a manual mask aligner (SUSS MicroTec MJB3,

Garching, Germany). After the development process, the

photoresist strip waveguide patterns were transferred to the

wafer via RIE (Oxford Plasmalab System 100, Yatton, UK), i.e.,

a dry etching process. A mixture of SiCl4 and argon served as the

etching gas with flow rates of 10 sccm and 6 sccm, respectively.

The electrode RF power was set at 35 W, and the chamber

pressure was maintained at 15 mTorr during the entire RIE

process.

After RIE processing, the photoresist pattern was removed

from the surface of the strip waveguide, and the wafers were

cleaved along the crystal axis with a diamond knife. The post-

treated wafer segments shared a width of 5 mm at various lengths

ranging from 5 to 10 mm. In Fig. 1(a), a scanning electron

microscopy (SEM) image of a waveguide cross-section is shown

visualizing the individual layers by their different contrast. The

cleaved end-facet reveals sufficient surface quality ensuring effi-

cient optical coupling; the anisotropically etched ridge structure

establishing the strip waveguide appears well defined, and within

the desired optimized parameters. Likewise, the side walls of the

waveguide strips reveal adequate surface quality, and indicate that

the etching rate appears uniform forGaAs andAl0.2Ga0.8As using

the established RIE protocol, as shown for a typical waveguide in

Fig. 1(b). An average etching rate of 96.6 nmmin!1 was calculated

achieving etching depths in the range of 10–15 mm, as controlled

by the etching time.

2.2. Experimental set-up of the IR sensing system

An InGaAs/AlInAs/InP distributed feedback (DFB) QCL (Alpes

Lasers SA, Neuchatel, Switzerland) was used to provide mono-

mode (TM00) polarized radiation at an emission wavelength of

10.3 mm (974 cm!1), which overlaps with the absorption of acetic

anhydride resulting from the CH3–C bending vibration. The

DFB-QCL at a temperature of 10 #C was operated in pulsed

mode with a pulse duration of 50 ns at a frequency of 50 kHz.

Fig. 1 SEM images of strip waveguides: (a) cross-section of a MOVPE-

grown GaAs/Al0.2Ga0.8As strip waveguide obtained via cleaving along

the crystal axis. (b) Side wall quality of GaAs/Al0.2Ga0.8As strips after

RIE processing.

Fig. 2 Experimental IR sensor set-up combining a QCL with a GaAs/

AlGaAs strip waveguide chip (MCT—liquid N2-cooled mercury

cadmium telluride semiconductor detector).

This journal is ª The Royal Society of Chemistry 2012 Analyst, 2012, 137, 2322–2327 | 2323
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The amplitude of the laser pulse was controlled via a DC voltage

set at 22 V by an external power supply.

The setup shown in Fig. 2 directly couples QCL-emitted MIR

radiation into a strip waveguide via butt-coupling. The

Al0.2Ga0.8As cladding layer has a refractive index of 3.2 (vs. 3.3

for the core waveguide) at 10.3 mm, and serves as an optical

insulation layer between the 6 mm thick optical core GaAs layer

and the n-doped GaAs substrate.11 Radiation propagating

through the core layer was coupled out at the distal end of the

waveguide strip, and was collected by a liquid nitrogen cooled

mercury–cadmium–telluride (MCT) detector (Kolmar Technol-

ogies, Newburyport, MA, USA). The waveguide structure

designed herein supports single mode propagation at 10.3 mm. At

the interface of the GaAs waveguide with the optically rare

adjacent medium (air or liquid sample), an exponentially

decaying evanescent field was generated. Hence, MIR photons

may interact with analyte molecules present in the sample solu-

tion deposited at the waveguide surface via evanescent coupling,

thus attenuating the transmitted radiation (I0/I) via evanescent

field absorption as a function of the surface coverage and

concentration of the absorbing species. Planar GaAs/

Al0.2Ga0.8As slab waveguides cleaved from the same wafer

without any further microstructure were used for sensitivity

comparison. Considering comparable I0 obtained through strip

and slab waveguides over the same path length (i.e., length of the

slab or strip structure), RIE microfabricated strip waveguides

were shown to provide superior sensitivity given the much more

pronounced two-dimensional radiation confinement of the

structured waveguide, which positively affects the intensity of the

evanescent field.

Chemicals: acetic anhydride was purchased from Merck

(Darmstadt, Germany) at ‘degree for analysis’, and diethylene

glycol monoethyl ether (DGME) was obtained from Merck

Schuchardt (Hohenbrunn, Germany) at ‘degree for analysis’.

3. Results and discussion

3.1. IR sensors based on strip waveguides

3.1.1. Sensor calibration via analyte coverage. Using a micro-

capillary with a tapered tip, 2 nL droplets of liquid acetic

anhydride were sequentially deposited onto the surface of

a 200 mm wide strip waveguide resulting in a circular surface

deposit with approx. 400 mm in diameter. Sequentially, a total of

four surface deposits were added along the strip waveguide

generating a stepwise increase of the surface coverage with each

deposit sharing the same volume and coverage. Correspondingly,

the intensity of the radiation propagating through the waveguide

is dampened via evanescent field absorption following A ¼ !log

(I/I0). The relationship between absorbance and surface coverage

is shown in Fig. 3. Using a 200 mm wide GaAs/Al0.2Ga0.8As strip

waveguide as the sensing element, a slope of 0.63 a.u. mm!1

coverage length is derived from a linear fit (r2 of 0.997) describing

the obtained sensitivity. The error (each measurement was

repeated 3-times and averaged) associated with these measure-

ments is mainly attributed to the manual deposition of the

droplets.

Repeating this study at the surface of several different strip

waveguides with similar width revealed a reproducible analytical

response and sensitivity within <10% variance, which is again

attributed to the manual deposition procedure. The obtained

slope of 0.63 a.u. mm!1 at these strip waveguides already repre-

sents a significant sensitivity enhancement by one order of

magnitude compared to the previously reported sensitivity

(0.02 a.u. mm!1) observed for planar multimode silver halide

waveguides.10 During that study, also GaAs/Al0.2Ga0.8As planar

waveguides grown via MBE have revealed an enhanced sensi-

tivity of 0.10 a.u. mm!1, which is yet only approx. 20% of the

improvement reported here forMOVPE grown waveguide strips.

According to the pseudo-Lambert–Beer law, the fractional

evanescent field energy could be calculated considering the

coverage length of 1.6 mm at the absorption value of 1.0 in Fig. 3.

Fig. 3 Analytical response of a 200 mm wide GaAs/Al0.2Ga0.8As strip

waveguide as a function of coverage length after deposition of acetic

anhydride. Each 2 nL droplet provides for a surface deposit with

a diameter of approx. 400 mm.

Table 1 Comparison of the sensor response using different IR-transparent planar waveguide structures10,11

GaAs/Al0.2Ga0.8As
strip waveguide (MOVPE, 200 mm)

GaAs/Al0.2Ga0.8As
planar waveguide (MBE)

Silver halide
planar waveguide

Test in Fig. 3
Volume of analyte 2 nL 0.5 mL 1 mL
Coverage length (l) 0.4 mm 3 mm 10 mm
Slope of calibration model 0.63 mm!1 0.10 mm!1 0.02 mm!1

Fractional EM power residing
outside waveguide core (r)

2.2 0.42 —

Test in Fig. 4
Volume of analyte 2 nL — 1 mL
LOD based on volume of analyte 18 pL — 75 nL
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The extinction coefficient for acetic anhydride has a value of

2.69 L mol!1 mm, which was derived from IR transmission

measurements. Hence, a fractional evanescent field energy of

2.2% is achieved, which appears to be enhanced by at least

a factor of 5 compared to the previously reported MBE-grown

GaAs/Al0.2Ga0.8As planar waveguides,11 and corresponds to the

obtained sensitivity enhancements. The performance of these

three types of planar MIR waveguides is compared and

summarized in Table 1.

3.1.2. Calibration of IR sensors based on strip waveguides.

For establishing a calibration of strip waveguide-based IR

sensors, diluted acetic anhydride solutions were prepared in

DGME. DGME was used as the solvent due to its low volatility

at room temperature and transparency in the required MIR

spectral range. Fig. 4 shows the sensor response to 2 nL droplets

with a concentration of 0, 1.06, 2.12, 3.18, 5.30, and 10.59 M of

acetic anhydride in DGME. This series of droplets comprises

a volume of 0 nL, 0.2 nL, 0.4 nL, 0.6 nL, 1 nL, and 2 nL of acetic

anhydride, respectively. As a result, the reliable detection of

0.2 nL (216 ng) acetic anhydride is demonstrated. On the basis of

the 3s-criterion, the lowest detectable volume was determined to

be 18 pL (19.4 ng). This value represents an enhancement by

approx. 3 orders of magnitude compared to previously reported

limits of detection (LODs) of 75 nL (80.7 mg) using planar silver

halide waveguides10 (see Table 1).

3.2. MOVPE grown GaAs/Al0.2Ga0.8As planar slab

waveguides vs. strip waveguides

Further studies were performed using GaAs/Al0.2Ga0.8As planar

slab waveguides (dimensions: 5 $ 10 mm) directly cleaved from

the same waveguide wafer as the strip waveguides. A custom-

made tapered micro-capillary tube was fabricated to generate

droplets providing a coverage length of approx. 50 mm at the

waveguide surface. The transverse distribution of optical inten-

sity at the slab waveguide surface was experimentally mapped via

evanescent field absorption measurements after depositing

adjacent droplets of acetic anhydride at four consecutive regions

of the waveguide across the slab waveguide (along lines A, B, C

and D in Fig. 5(a)). The corresponding sensor response shown in

Fig. 5(b) reveals the absorbance profiles along each line of

droplet deposition. The absorbance profile is highly related to the

intensity of the radiation guided within the core layer of the

waveguide because the local evanescent field strength is

proportional to the local electric field strength inside the wave-

guide core underneath. The absorbance profile in the y-direction

becomes broader along the EM wave propagation direction, as

the EM wave diverges during the propagation due to the absence

of lateral confinement along the transverse direction within the

slab waveguide. Consequently, the strip waveguide structure is

anticipated to additionally confine the propagating modes along

the propagation axis, thereby enhancing the intensity of the

evanescent field.

In order to study the overall sensing performance of the planar

slab waveguide, 0.2 mL droplets of diluted acetic anhydride were

finally deposited along the central radiation propagation axis of

the planar waveguide, as shown in Fig. 6. Each droplet provided

for a coverage length of 3 mm, which ensures that the entire

evanescent field across the beam waist is addressed. As a result,

a linear calibration model (Fig. 6) has been established. It should

be noted that only molecules adjacent to the waveguide surface

andwithin the penetrationdepthof the evanescent field contribute

to the observed sensor response. Therefore, an interaction volume

of analyte with the evanescent field may be derived as:

V ¼ dpwl,

with the penetration depth dp of the evanescent field defined as

the distance where the electromagnetic field has exponentially

Fig. 4 Sensor response to solutions of acetic anhydride in diethylene

glycol monoethyl ether. Each 2 nL droplet covers a diameter of approx.

0.4 mm at the strip waveguide surface.

Fig. 5 (a) Measurement scheme and (b) sensor response to acetic

anhydride via absorbance within the evanescent field deposited perpen-

dicular to the radiation propagation axis along the lines A–D at the

surface of a planar GaAs/Al0.2Ga0.8As slab waveguide (5 $ 10 mm)

without lateral confinement due to a strip structure.

This journal is ª The Royal Society of Chemistry 2012 Analyst, 2012, 137, 2322–2327 | 2325
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decayed to 1/e2 of the initial intensity at the waveguide surface.

w describes the width of beam waist, which was derived from the

results shown in Fig. 5, with an average value of 500 mm. The

inset in Fig. 6 shows a schematic cross-section of the analyte at

the surface of the planar slab waveguide. The optical path length

l equals the coverage length during these measurements. A

summary of the measurement parameters in comparison to the

strip waveguide studies is given in Table 2.

For comparison, droplets of acetic anhydride were deposited

at the surface of 50 mm wide strip waveguides with each droplet

providing for a coverage length of 50 mm. The sensor response to

single droplet at different positions along three individual

waveguide strips uniformly revealed an absorbance value of 0.07.

Due to the two-dimensional confinement within the strip

waveguide providing a width of 50 mm, the beam waist was

decreased to approx. 1/10 compared to the slab waveguide.

Therefore, the strip waveguide confines the same amount of EM

power within a much smaller cross-section, thereby resulting in

an enhanced local intensity leading to a significantly enhanced

sensitivity. According to the 3s-criterion, an LOD of 0.05 pL for

acetic anhydride has been achieved during these measurements.

In summary, it is evident that narrower strip waveguides

enhance the achievable LOD based on enhanced local electric

fields resulting from the highly confining nature of these light

conduits. Consequently, strip waveguides with a width compa-

rable to the sensing wavelength provide an enhancement of the

evanescent field (r) at the sensing surface, due to the 2-D

confinement of the electromagnetic field within the waveguide

core.

Simulations based on the finite element method (FEM) have

revealed that the cut-off width of a useful waveguide at an

emission wavelength of 10.3 mm is roughly 5 mm considering

single mode radiation. In theory, this should result in an LOD

improvement by at least one order of magnitude compared to the

smallest strip waveguides fabricated to date with a width of

50 mm. In addition, parameters including the thickness of the

core/cladding layers, surface roughness, potential surface modi-

fication, etc. will further affect the properties of the evanescent

field, thereby modulating the achievable sensitivity during real-

world experiments.

4. Conclusions and outlook

The first thin-film GaAs/Al0.2Ga0.8As strip waveguides have

been designed and fabricated for combination with a mode-

matched DFB-QCL at 10.3 mm, thereby enabling MIR evanes-

cent field liquid phase sensing with on-chip semiconductor

components. The exemplary detection of acetic anhydride reveals

an LOD of 18 pL with a 200 mm wide strip waveguide grown by

MOVPE, thus providing at least 3 orders of magnitude sensi-

tivity increase compared to multimode silver halide planar

waveguides.

Based on such well-defined structures, GaAs/Al0.2Ga0.8As

strip waveguides facilitate 2-D confinement of MIR radiation

propagation with a uniform system response along the entire

strip region. Consequently, such strip waveguides overcome the

position-dependent system response of macroscopic planar

waveguides, and therefore demonstrate outstanding perfor-

mance for sensing in minute sample volumes. Finally, strip

waveguides with a width of 50 mm were experimentally evaluated

and an LOD of 0.05 pL for acetic anhydride was derived from the

interaction volume of the analyte with the evanescent field.

Based on the performance of GaAs/Al0.2Ga0.8As strip wave-

guides during both processing of these photonic microstructures

and their analytical application, RIE was proven as the method

of choice for obtaining high quality strip waveguides, i.e., high

anisotropy and high surface quality at acceptable etching rates,

low cost, and scalability of the process. Hence, based on the

present study next-generation two-dimensional MIR waveguides

for developing on-chip infrared photonics and sensing platforms

appear entirely feasible.

Future studies aim at resonant optical structures fabricated

from such thin-filmMIR waveguides, as inspired by the progress

in UV/Vis and NIR resonant cavities.18,19 In addition, grating-

assisted microstructures derived from these strip waveguides may

provide the first MIR sensing platforms based on mid-infrared

surface plasmon resonance, as currently investigated by our

research team and collaborators. Consequently, molecules may

be detected with yet unachieved sensitivity in the MIR by

determining e.g., a resonance peak shift, a change in Q-factor, or

a refractive index change. This technology is considered partic-

ularly sensitive for future label-free detection of biomolecular

interactions within portable MIR sensing systems, thereby

taking advantage of the demonstrated progress toward on-chip

mid-infrared photonics.

Fig. 6 Sensor response to solutions of acetic anhydride at a planar GaAs

slab waveguide. Each 0.2 mL droplet covered a diameter of approx. 3 mm

at the slab waveguide surface.

Table 2 Comparison ofMOVPE-GaAs/Al0.2Ga0.8As planar slab and 50
mm strip waveguides

GaAs/Al0.2Ga0.8As
planar waveguide
(MOVPE)

GaAs/Al0.2Ga0.8As
strip waveguide
(MOVPE, 50 mm)

Waist of the IR beam (w) 500 mm 50 mm
Coverage length (l) 3 mm 50 mm
Penetration depth of
evanescent field (dp)

0.6 mm 0.6 mm

Interaction volume (V) 0.9 nL 1.5 pL
LOD based on V 0.8 pL 0.05 pL

2326 | Analyst, 2012, 137, 2322–2327 This journal is ª The Royal Society of Chemistry 2012
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On-Chip Integrated Mid-Infrared GaAs/AlGaAs Mach−Zehnder
Interferometer
Markus Sieger,† Franz Balluff,† Xiaofeng Wang,† Seong-Soo Kim,† Lothar Leidner,‡ Guenter Gauglitz,‡

and Boris Mizaikoff*,†

†Institute of Analytical and Bioanalytical Chemistry, University of Ulm, Albert-Einstein-Allee 11, 89075 Ulm, Germany
‡Institute of Theoretical and Physical Chemistry, University of Tuebingen, Auf der Morgenstelle 15, 72076 Tuebingen, Germany

ABSTRACT: We report the design, fabrication, and first
functional verification of mid-infrared (MIR; 3−12 μm)
Mach−Zehnder interferometers (MZIs). The developed
MIR-MZIs are entirely chip-integrated solid-state devices
based on GaAs/AlGaAs technology waveguide fabricated via
conventional optical lithography and reactive ion etching
(RIE). Thus, fabricated MIR-MZIs were combined with a
broadly tunable quantum cascade laser (tQCL) providing a wavelength coverage of 5.78−6.35 μm. MIR-MZIs have been
designed with a waveguide width of 5 μm to ensure single mode behavior, avoiding optically undefined interference patterns.
Several structures with different opening angles of the Y-junction were fabricated and tested for maximizing IR radiation
throughput. This study demonstrates the feasibility of the very first chip-integrated mid-infrared Mach−Zehnder structures via
interference patterns produced by minute amounts of water deposited at different positions of the MIR-MZI structure.

The mid-infrared (MIR; 3−12 μm) spectral range is
particularly interesting for biosensing applications, since it

provides inherent molecular selectivity. MIR photons interact
with most organic and inorganic molecules by excitation of
vibrational and rotational modes.1Quantum cascade lasers
(QCLs) are the most promising light source technology for
IR sensing applications due to their compact dimensions, long
lifetime, and broad tunability when coupled with an external
cavity. Tunable QCLs (tQCLs) are nowadays commercially
available across almost the entire MIR band and are in part
tunable for a range exceeding 150 cm−1.2,3 Consequently, the
combination of tQCLs with frequency-matched thin-film MIR
waveguides for the first time facilitates the development of
miniaturized and potentially fully integrated MIR photonic
sensing structures applicable across the entire MIR spectrum
within a single on-chip device.
Most photonic devices relevant to analytical applications (i.e.,

chem-/biosensing) take advantage of the evanescent field
generated at the interface between a high-refractive-index
waveguide and a low-refractive-index sample medium, which
allows direct monitoring of small changes in optical properties
such as, e.g., refractive index changes without labeling of the
involved species. Among the evanescent field sensors,
interferometric arrangements such as, e.g., Mach−Zehnder
interferometers (MZIs) are the most suitable devices capital-
izing on integrated optics due to their high sensitivity and high
level of integration and miniaturization and due to the fact that
no moving components are needed. Chemicals or chemical
reactions may change the propagation properties of light in
optical transducers and within the evanescent field by affecting
the absorption coefficient or the refractive index in the vicinity
of a light path.4,5 Within an integrated MZI structure, photons

propagate along a waveguide and are divided by a symmetric Y-
junction into two light beams of equal intensity and phase.
After propagating through the parallel-arranged reference and
sensor arms, the recombined light waves create an interference
pattern (Figure 1). If an analyte or a chemical reaction is

performed at the surface of only one arm, the photons
propagating along that arm experience a change in phase.
Recombining this signal with the initial wave propagating in the
reference arm results in an interference pattern that is
dependent on the difference in effective refractive index at
both arms. The intensity (I) of the sinusoidal interference
signal depends on the interaction length (L) and the difference
of the effective refractive indices (ΔN) at the two arms
following4,5

∼ + · ΔΦI V[1 cos ]
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Figure 1. Configuration of a mid-infrared Mach−Zehnder interfer-
ometer.
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ΔΦ corresponds to the phase shift between the guided modes
of the two arms and correlates directly to L and ΔN; V
represents the visibility factor.

π
λΔΦ = · ·ΔL2 N

For facilitating data evaluation, the optical device should exhibit
monomode behavior. If several modes are present, both
variation of the outer medium and interference between the
modes create a rather unspecific interference pattern. In
comparison to indirect methods based on markers such as,
e.g., fluorescence- or radio-labeling, direct absorption-based
evanescent field sensing methods usually do not require specific
sample preparation, thereby providing substantial potential for
direct and real-time detection of interactions or binding of, e.g.,
biomolecules.4 The first biosensing approaches using integrated
MZIs were performed using glass substrates by immobilizing a
protein adlayer of a three-step biotin−avidin system and
analyzing the immobilization of biotinylated immunoglobulins.6

Later, Prieto et al.5 presented a MZI operating at a wavelength
of 633 nm which was fabricated from Si3N4 with an excellent
sensitivity (dΔΦ(2π))/dn = 1450 and implied a detection limit
of Δn = 7 × 10−6. Due to complementary metal-oxide-
semiconductor (CMOS) technology, the device was readily
integrated with a microfluidic system facilitating an effective
refractive index detection limit of Δn = 2 × 10−7, which
represents one of the most sensitive measurements obtained by
integrated optical interferometric approaches.7

Mizaikoff and collaborators have recently reported a new
generation of semiconductor GaAs/Al0.2Ga0.8As IR waveguides
with a useful spectral window up to 13 μm.8 These thin-film IR
waveguides are grown either by molecular beam epitaxy (MBE)
or via metal−organic vapor phase epitaxy (MOVPE).9 Due to
their wide spectral window, these semiconductor waveguides
are competitive to currently applied IR-transparent materials
such as, e.g., polycrystalline silver halides and amorphous
chalcogenide glasses.10 In the present study, integrated MIR-
MZIs have been developed on the basis of GaAs/AlGaAs thin-
film waveguide structures. A variety of MZI structures were
fabricated and tested in order to optimize the relevant design
parameters. Finally, functionality of such MIR-MZIs has been
demonstrated, thereby corroborating the potential for a novel
chem-/biosensing platform in the field of mid-infrared
integrated optics, which is not well established to date.

■ EXPERIMENTAL SECTION
MIR-MZI devices were microstructured from waveguide layers
deposited at the surface of a 1 mm thick GaAs (n = 3.3) wafer
with a 6 μm thick optical buffer layer comprising Al0.2Ga0.8As (n
= 3.2) and the actual GaAs waveguiding layer, again with a
thickness of 6 μm. The MZI structures were defined via optical
photolithography and were fabricated using reactive ion etching
(RIE). After spincoating a photoresist (AZ ECI 3027, AZ
Electronic Materials, Wiesbaden, Germany) onto the surface,
the wafer was exposed to UV radiation via a manual mask
aligner. The subsequent development process lead to photo-
resist MZI patterns, which were then transferred to the wafer
via RIE. Afterward, the photoresist pattern was removed, and
the back-side of the wafer was polished facilitating individual
device cleavage. MZI chips were cleaved along the crystal axis
with a diamond knife to obtain chip dimensions of
approximately 5 mm in width and 8 mm in length. The
waveguide width of the MZIs was selected at 5 μm, thereby

ensuring monomode behavior, which was confirmed by
simulations based on the finite element method. To avoid
optical coupling between the propagating modes within each
MZI arm, the distance between the arms of a MZI was selected
at 200 μm. Several structures with different opening angles of
the Y-junction (1−10°) were fabricated, thereby optimizing the
radiation throughput of the MIR-MZI structure (Figure 2a).

Thereafter, the structures were fine-tuned via focused ion beam
(FIB) milling for minimizing scattering losses at the Y-junction
and to increase the optical throughput (Figure 2b). For
avoiding redeposition of Ga, XeF2 was used as etch enhancing
gas during the FIB milling process (Figure 2c).
The optical setup comprised a tunable QCL light source

(Daylight Solutions Inc., San Diego, CA, USA) providing MIR
radiations in the range of 5.78−6.35 μm. The laser radiation
was focused via a ZnSe lens onto the MIR-MZI waveguide
entrance facet. A second lens was used to focus radiation
emanating at the distal end of the waveguide onto a liquid
nitrogen cooled mercury−cadmium−telluride (MCT) detector
(Kolmar Technologies, Newbury, MA, USA), which was
connected to an oscilloscope and high-speed digital transient
recorder (Saturn, AMO GmbH, Aachen, Germany).
First, experimental studies were focused on characterizing the

optical throughput of MIR-MZI structures in comparison to
straight waveguides (i.e., without Y-junction) fabricated at the
same chip. If the opening angle exceeds 6°, almost no radiation
was propagated through the device. To date, MIR-MZIs with
an angle of the Y-junction at 1° provide maximum throughput,
which was further enhanced by polishing the Y-junction via FIB
milling.
In order to demonstrate that the developed MIR-MZI

structures are indeed functional, sample droplets were
deposited at various locations along the MIR-MZI structure
(Figure 3a). Small amounts of Millipore water (5 μL droplets)
were deposited at the MIR-MZI surface and were analyzed at a
wavelength of 1694 cm−1 adjusted via the tQCL.
If the droplet was deposited at the incoupling straight

waveguide of the MZI structure, no interference pattern was
determined. Only an overall decrease in energy throughput due

Figure 2. Scanning electron microscopy (SEM) images of MIR-MZI
waveguides: (a) top view of GaAs/AlGaAs MZIs with an opening
angle of 9°. Y-junction before (b) and (c) after FIB milling process.
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to the absorption of IR radiation by water at that wavelength
was evident (Figure 3b). If droplets of water were deposited
directly onto the arms of the MIR-MZI structure, a sizable
interference signal was detected resulting from the change in
refractive index during the deposition process (Figure 3d). If a
water droplet was deposited directly onto the Y-junction
(Figure 3c), only a shorter section of the MZI arms interact
with the droplet, and the interference signal therefore
decreases, as expected from the linear correlation between
phase shift and interaction length. The droplets were present
within the penetration depth of the evanescent field (extending
approximately 6 μm along the MZI arm) within a few
milliseconds, which is in agreement with the determined
duration of the transient signals. The initial interference signal
results from the change in humidity once the droplet is near the
evanescent field, yet prior to deposition.

■ CONCLUSIONS

The first monolithically integrated on-chip Mach−Zehnder
interferometers for the mid-infrared wavelength band based on
GaAs/AlGaAs technology have been fabricated and tested. The
developed MIR-MZI devices provide monomode optical
behavior and exhibit exquisite surface sensitivity, which are
necessary prerequisites for developing a new generation of
chem-/biosensor platforms, taking advantage of the substantial
penetration depth (i.e., several micrometers) of the evanescent
field in the MIR and of the inherent molecular selectivity
provided in this spectral window, in particular if combined with
a tunable quantum cascade laser. It is anticipated that this
optical diagnostic platform will allow one to study, e.g., protein
conformation or (bio)molecular interactions in a label-free
assay format yet using minute quantities of the probed
molecules. Ongoing studies focus on the combination of
MIR-MZI devices with microfluidic architectures and on the
integration of grating structures for more efficient light coupling
into the device.
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Figure 3. (a) Measurement scheme producing interferometric signals by depositing droplets of water (b) at the incoupling straight MZI waveguide,
(c) at the Y-junction, and (d) at both arms of the MZI.
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ABSTRACT   

In this contribution, we discuss progresses on ultra-sensitive chemical sensing in the mid-infrared (MIR; 
3-20 µm) spectral regime by combining microfabricated GaAs/Al0.2Ga0.8As waveguides and sensing structures with 
quantum cascade lasers (QCL). Modern epitaxial grown methods including molecular beam epitaxy (MBE) and 
metal–organic vapor-phase epitaxy (MOVPE) were applied facilitating epitaxial growth of on-chip MIR 
GaAs/Al0.2Ga0.8As (6 µm core / 6 µm cladding) semiconductor slab waveguides, which were then structured with 
reactive ion etching (RIE) and/or focused ion beam milling (FIB) for establishing a variety of substrate-integrated 
GaAs/Al0.2Ga0.8As waveguide geometries. A distributed feedback (DFB) QCL lasing at a wavelength of 10.3 µm 
was combined with planar waveguide slabs and strip waveguides, respectively. Exemplary detection of acetic 
anhydride on strip waveguides (50 µm waveguide width) result in a limit of detection (LOD) of 0.05 pL, which is 
among the most sensitive direct evanescent field absorption measurements with substrate-integrated waveguides 
using MIR sensing systems reported to date. The first mid-infrared Mach-Zehnder interferometers (MIR-MZI) was 
recently design, fabricated, and functionally verified using a broadly tunable quantum cascade laser (tQCL) 
providing access to a spectral window of 5.78-6.35 µm. Finally, the development of first MIR ring resonators 
via microfabrication is shown providing an outlook toward next-generation miniaturized MIR sensor devices 
based on substrate–integrated semiconductor waveguides. 

Keywords: Mid-Infrared Sensors, On-Chip Mid-Infrared Waveguides, Mid-Infrared Photonics, Quantum Cascade 
Lasers, GaAs/AlGaAs Waveguides, Focused Ion Beam Milling, Finite Element Method, Mach-Zehnder 
Interferometers, Ring Resonators. 
 

1. INTRODUCTION  

Mid-infrared (MIR; 3-20 µm) spectroscopy studies the interaction of MIR photons with organic and inorganic 
molecules, and is based on the excitation of vibrational and rotational modes providing inherent molecular 
selectivity. Therefore, for optical chem/bio sensing applications [1] the MIR spectral regime is particularly 
attractive. However, most applications of MIR spectroscopy remain confined to a laboratory environment due 
to the comparatively bulky dimensions of conventional spectroscopic equipment [2]. Considering the already 
achieved miniaturization and on-chip-level integration of UV-Vis and near-infrared (NIR) optical devices, the 
opportunities for integrated MIR sensor are evident facilitating in-situ and on-site monitoring and sensing. 
However, miniaturizing/integrating each optical component of the sensing system requires appropriate material 
and microfabrication strategies facilitating on-chip MIR sensor technology toward advanced portable chem/bio 
sensing systems [3].  
 
MIR sensing systems generally comprise four major components: (i) a MIR radiation source, (ii) a waveguide 
structure, (iii) a wavelength selection device, and (iv) a MIR detector. Among the available MIR radiation 
sources, quantum cascade lasers (QCLs) have been widely accepted as the most promising light source for 
compact IR devices [4,5]. Based on advanced quantum heterostructure technology [6], QCLs provide high 
output power within narrow spectral bands, compact dimensions (i.e., few hundreds of micrometers), a long 
lifetime, broadly tunable emissions, and access to almost the entire MIR spectral range [7,8]. The utility of 
QCLs for waveguide-based evanescent field absorption sensing has recently been demonstrated [9-11]. Based 
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on quantum well engineering for QCLs, research on MIR detectors has recently initiated the development of 
quantum cascade photodetectors (QCDs) [12], which share similar materials and active structures thus 
providing a promising approach for miniaturized MIR detectors. Infrared transmitting waveguides are usually 
fabricated from a limited set of IR-transparent materials dominated by polycrystalline silver halides [13,14], 
and amorphous chalcogenide glasses [15]. Recently, single-mode fibers transparent up to a wavelength of 4.5 
µm have been reported along with single-mode planar waveguides [16,17]. The group of Mizaikoff and 
collaborators have pioneered a new generation of semiconductor (GaAs/AlGaAs) thin-film IR waveguides 
grown via molecular beam epitaxy (MBE) extending the useful spectral window up to 13 µm for on-chip MIR 
waveguide devices [11]. Very recently, the first substrate integrated GaAs/AlGaAs strip waveguides were 
reported with substantially enhanced sensitivity [18]. Furthermore, in 2012 the group of Mizaikoff has reported 
the first on-chip MIR Mach-Zehnder interferometer [19] taking advantage of advanced GaAs/AlGaAs 
microfabrication techniques.  
 
MIR sensing applications for detecting condensed phase analytes frequently takes advantage of total internal 
refection (i.e., evanescent field absorption) spectroscopy based on the fundamental principles of attenuated 
total reflection (ATR) utilizing IR crystals or infrared transmitting optical fibers [14]. IR absorbing analytes 
interact with the evanescent field generated at the waveguide-sample interface resulting in attenuation of the 
propagating wave at analyte-specific absorption frequencies, thus generating an ATR absorption spectrum. 
Figure 1 schematically shows the evanescent field penetrating exponentially decaying into the adjacent 
medium by a few micrometers (defined as the penetration depth dp), while analyte molecules diffuse into the 
range of dp and may interact with the evanescently guided radiation. Evanescent field sensing enables probing 
even IR-opaque media such as e.g., water within a quasi thin-film cell defined by dp. Surface modification of 
the waveguide e.g., by coating a thin polymer membrane (chemosensor) or by immobilizing linker molecules 
at surface for attaching bioreceptors (biosensor) may further selectively increase the number of target 
(bio)molecules within the evanescent field, and thus, enhance the performance of the sensing system for both 
qualitative and quantitative measurements. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 

Figure 1. Scheme of evanescent field sensing. (left) Total internal reflection explained via geometric optics. Incident 
and reflected wave interfere producing a standing wave penetrating into the adjacent medium with an exponential 
decay in intensity. (right) Black curve illustrates the intensity distribution of single mode radiation propagating along a 
waveguide. The interaction of (bio)molecules within the penetration depth (dp) of the evanescent field may lead to 
absorption or to a change of the effective refractive index for the evanescently guided mode.  

The absorption within the evanescent field follows a pseudo Lambert-Beer relationship , where ε is 
the molar absorptivity, c is the concentration of the analyte, l is the equivalent optical path length, and r is the 
fraction of power residing outside the waveguide, i.e., within the evanescent field. Consequently, by enhancing 
the intensity of the evanescent field, the obtainable signal-to-noise ration (SNR) of the absorption 
measurement will be accordingly increased, and thus, the achievable sensitivity. The intensity of the 
evanescent field is directly dependent on the dielectric constant at the interface waveguide-sample, and on the 
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cross-sectional dimensions. As the waveguide material determines the dielectric constant, the most significant 
sensitivity gain is expected from tailoring and optimizing the waveguide structure and/or geometry [20, 21]. 
Decreasing the thickness of a planar waveguide results in an increase of evanescent field intensity reaching an 
optimum value for any given wavelength. In conclusion, to maximize the evanescent field intensity for sensing 
purposes, the waveguide thickness should exhibit at least comparable dimensions as the wavelength of the 
photons accommodated by the waveguide. Studies using planar silver halide waveguides have indicated that a 
thickness of several micrometers should provide ideal waveguiding structures combined with QCL light 
sources. However, tapering of such waveguide materials to few micrometers in diameter or thickness is limited 
by the intrinsic material properties resulting in inhomogeneous thicknesses and mechanical instability of the 
waveguide. Therefore, it is essential to utilize refractive index matched substrates for thin-film waveguiding 
layers providing sufficient mechanical support next to the required optical properties.  
 
The concept of thin-film MIR transparent waveguides has recently been advanced via the preparation of 
epitaxially grown GaAs/Al0.2Ga0.8As waveguides via molecular beam epitaxy (MBE), and later via metal-
organic vapor-phase epitaxy (MOVPE). This contribution reviews current research progress on 
GaAs/Al0.2Ga0.8As waveguide design, micro-/nanofabrication, and selected sensing applications, thereby 
paving the way toward yet unachieved sensitivity for IR evanescent field absorption sensors and the 
opportunity of highly integrated IR-on-a-chip sensing and assay formats.  
 
!

2. MID-INFRARED SECMICONDUCTOR WAVEGUIDE TECHNOLOGY 

2.1. Planar GaAs/Al0.2Ga0.8As slab waveguides  

Using advanced deposition methods such as e.g., physical vapor deposition (PVD), chemical vapor deposition 
(CVD), or molecular beam epitaxy (MBE), thin-film planar waveguide may be fabricated with well-defined 
thickness and composition. Accordingly, Mizaikoff and collaborators have reported GaAs/AlGaAs thin-film IR 
waveguides grown via MBE providing a useful spectral window up to 13 µm [11]. As shown in Figure 2, a Si-
doped GaAs wafer was used as substrate, and simulated with a refractive index of r = 2.8. A 6 µm thick 
Al0.2Ga0.8As cladding layer (r = 3.2) was epitaxial grown on top serving as optical buffer layer followed by a 6 
µm GaAs waveguide core layer (r = 3.3) completing the epitaxial growth. Along the X-axis, the mode profile 
is characterized as single-mode, and the portion of the evanescent field is calculated as 2.3 × 10-3.  
 

 
 

Figure 2. Simulated optical mode profile for TM polarized light within a designed GaAs/Al0.2Ga0.8As waveguide. 
Reproduction (adapted) with permission from [11] (Copyright (2006) by The American Chemical Society). 
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Epitaxially grown waveguide layers deposited via MBE at the wafer surface were then cleaved into waveguide 
slab segments with dimensions of 1 cm × 0.5 cm. Figure 3 (left) shows the experimental set-up and a scheme 
of the sensing system. TM polarized light with a wavelength of 974 cm-1 emitted from a DFB QCL was pigtail-
coupled into the GaAs core layer. Radiation propagating through the waveguide is then pigtail-coupled to a 
MCT detector. Acetic anhydride was deposited as 0.5 µL droplets at the waveguide surface, and each droplet 
spread from the center of the waveguide producing a coverage length of approx. 
3 mm ensuring coverage of the evanescent field at the beam waist. Based on the observed intensity changes, 
absorption signals were calculated according to the coverage length, as shown in Figure 3 (right). Based on the 
same setup, a silver halide (AgX) slab waveguide with a thickness of 300 µm was analyzed and compared to 
the GaAs waveguide by evaluating the slope of linear fits to the recorded calibration data. The GaAs 
waveguide revealed a slope of 0.24 vs. 0.05 for the AgX slab, which proves an improvement in sensitivity by a 
factor of 5 using the GaAs structure. These pioneering measurements have established the utility of hybrid 
GaAs/AlGaAs structures serving as highly suitable semiconductor material for next-generation mid-infrared 
waveguide technology facilitating the development of miniaturized, integrated, on-chip MIR chem/bio sensors.  

 

 
 
 

Figure 3. (left) Set-up of MIR sensing system combining a QCL with a GaAs/AlGaAs waveguide chip. (right) 
comparison of the analytical response of an AgX and a GaAs waveguide to analyte depositions at the waveguide 
surface. Reproduction (adapted) with permission from [11] (Copyright (2006) by The American Chemical Society). 

 
2.2. GaAs/Al0.2Ga0.8As strip waveguides  

6 µm thin GaAs waveguides facilitate confinement of the MIR radiation in the direction perpendicular to the 
propagation direction; however, further studies on planar waveguides reveal that the mode profile changes 
along the beam propagating direction, if lateral confinement is not provided [18]. Therefore, microfabricated 
strip structures have been developed providing for highly confined GaAs waveguide elements revealing 
significantly enhanced analytical sensitivity.   
 
In the following, waveguide wafers were grown via MOVPE using similar materials, dimesnions, and 
structures as previously shown for MBE-grown waveguide layers. Measurements using planar waveguide 
samples from MOVPE grown wafers proved similar performance compared to MBE grown devices, albeit at 
significantly reduced growth times. The first series of designs were strip waveguide structures defining arrays 
of waveguides fabricated from epitaxially grown GaAs/Al0.2Ga0.8As layers via photolithography and reactive 
ion etching (RIE). The photoresist strip waveguide patterns were transferred to the wafer via RIE, i.e., a dry 
etching process using a mixture of SiCl4 and argon as the etching gas. 
 
After RIE processing, the photoresist pattern was removed from the surface of the strip waveguide, and the 
wafers were cleaved along the crystal axis. In Figure 4 (a), a SEM image of a waveguide cross-section is 
shown providing contrast for the individual layers. The cleaved end-facet (along crystal direction) provides 
sufficient surface quality for efficient optical coupling; the side walls of the waveguide strips likewise reveal 

of two more droplets of the same volume and surface area
increased the covered waveguide surface area, thereby generating
a response curve corresponding to the change in light intensity
through the waveguide (I/Io) as a function of the absorbing analyte
coverage length along the waveguide surface. For comparison,
the evanescent field absorption measurements were repeated at
the surface of a multimode silver halide planar waveguide with a
thickness of 300 µm (width, 3 mm; length, 35 mm). Light was
coupled into the silver halide waveguide at or near the critical
angle resulting in the most sensitive evanescent field measure-
ments achievable with this waveguide.

Acetonitrile, which does not absorb at the 10.3-µm emission
wavelength of the QCL20 was also deposited at the surface of both
waveguides verifying no damping of the laser radiation due to
the solvent. Hence, it was confirmed that the signal change in
the case of acetic anhydride deposition exclusively results from
molecule-specific absorption rather than, for exanple, refractive
index modulation effects.

RESULTS AND DISCUSSION
Figure 3 shows single-beam FT-IR transmission spectra

recorded by coupling radiation through the long axis of different
waveguides with and without silicon nitride overlayer, respectively.
For reference, a detector response curve without waveguide is
provided. All spectra show characteristic gaseous CO2 features
at ∼2300 cm-1, and water vapor bands at ∼1600 and ∼3700 cm-1

resulting from the ambient environment. The spectra recorded
through the waveguides are characterized by much lower signal-
to-noise ratios, due to the comparatively small amount of radiation
coupled into these thin-film planar waveguide structures. It is
evident that, besides the decrease in transmitted light energy, no
change of the spectral transmission window is occurring in
comparison between the GaAs waveguide and the detector
response curve. These spectra reveal that despite being optimized
to transmit light at 10.3 µm, broadband IR light is still propagated
by the waveguide. However, the spectra for the waveguide
overcoated with silicon nitride clearly reveal solid-state absorption
features centered at 2150 cm-1 and a shifted transmission cutoff
wavelength at 1250 cm-1 resulting from the additional Si3N4 layer.

Response curves for both waveguides are shown in Figure 4;
the circular symbols represent the response obtained with the
GaAs waveguide fitted with a linear regression function (solid
line). The response for the silver halide waveguide is indicated
with triangular symbols and a dashed linear regression fit. In
comparing the slopes of the two linear fits, it is shown that the
GaAs response function has a slope of 0.24, while the slope of
the response function for the silver halide waveguide is 0.05.
Hence, an improvement in evanescent field sensitivity by a factor
of 5 is clearly evident for the single-mode GaAs waveguide. This
increase in sensitivity obtained from the thin-film GaAs waveguide
is attributed to an increase in r, which is the fractional radiation
power guided outside the core of the single-mode waveguide. In
this context, it should be considered that the current waveguide
structure is optimized for low loss rather than maximum overlap.
Hence, it is expected that by increasing r an improved sensitivity
by 1 order of magnitude or more can be achieved.

The theoretical change in transmission achievable with the
GaAs waveguide was calculated at 0.803 using the Lambert-Beer
law based on an extinction coefficient for acetic anhydride of 2.69
L/mol‚mm. This value was obtained from IR transmission
spectroscopy of the pure analyte recorded at an optical path length

Figure 2. QCL coupled to GaAs waveguide. Experimental setup

for QCL-based evanescent field absorption measurements with the

QCL pigtail coupled to a GaAs waveguide and a droplet of absorbing

analyte at the waveguide surface.

Figure 3. FT-IR transmission spectra of GaAs waveguides. FT-IR

spectra recorded with (top) no waveguide, (middle) a GaAs waveguide,

and (bottom) a GaAs waveguide with silicone nitride overlayer.

Figure 4. Response curve. System response for GaAs waveguide

(b) and silver halide (AgX) waveguide (2) as a function of the

waveguide surface coverage area along with linear regression fits.
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adequate surface quality for avoiding scattering losses, and indicate that there is no selective etching occurring 
between GaAs and Al0.2Ga0.8As (Figure 4 (b)). An averaged etching rate of 96.6 nm/min was calculated for 
obtaining etching depths in the range of 10-15 µm, i.e., slightly beyond the optical buffer layer. 
 

 
!

Figure 4. SEM images of strip waveguides. (a) Cross-section of MOVPE-grown GaAs/Al0.2Ga0.8As strip waveguide 
obtained via cleaving along the crystal axis. (b) Anisotropically etched sidewall of a GaAs/Al0.2Ga0.8As waveguide strip 
after RIE processing. Reproduction (adapted) with permission from [18] (Copyright (2012) by The Royal Society of 
Chemistry). 

The setup of the MIR sensing system is nearly identical to the system used for studying GaAs planar slab 
waveguides discussed in the previous section. Initial measurements were performed at strip waveguides with a 
width of 200 µm. Acetic anhydride was dissolved and diluted in diehylene glycol monoethyl ether (DGME) for 
establishing calibration data sets. A micro-capillary with a tapered tip was used for generating 2 nL droplets at 
the waveguide surface providing a coverage length of approx. 0.4 mm, as shown in Figure 5. 
 
The calibration graph shows the sensor response to a sequence of deposited 2 nL droplets with a concentration 
of 0, 1.06, 2.12, 3.18, 5.30, and 10.59 M of acetic anhydride in DGME. Reliable detection of volumes < 0.2 nL 
(i.e., 216 ng of acetic anhydride) was demonstrated. Based on the 3σ-criterion, the lowest detectable volume 
was determined to be 18 pL (i.e., 19.4 ng of acetic anhydride). Further studies performed at 50 µm wide strip 
waveguides proved challenging, as droplets could not be reproducibly deposited without the aid of 
microfluidic system. However, it is calculated that the efficient volume of sample, which could interact with 
the evanescent field at the surface of a 50 µm wide waveguide should achieve a further improvement of the 
LOD approaching 0.05 pL for acetic anhydride. 
 
Each strip waveguide may be compared to an individual conventional ATR crystal waveguide, yet, with a well-
defined microstructure and 2-D confinement of the propagating MIR radiation ensuring a uniform analytical 
system response along the entire strip region. Hence, strip waveguides overcome the position-dependent 
system response of conventional planar waveguides such as ATR crystals or slab waveguides, and furthermore 
reveal outstanding analytical performance during direct absorption studies within minute sample volumes.  
 
Hence, ultra-sensitive (bio)sensing applications such as e.g., label-free bioassays based on direct spectroscopic 
detection of (bio)molecular interactions in extremely small sample volumes may be envisaged. In addition, 
using waveguide arrays provides a flexible and tailorable sensing platform for analyzing multiple species via 
individually modified waveguide strips. 
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Figure 5. Sensor response to solutions of acetic anhydride in diethylene glycol monoethyl ether deposited at the strip 
waveguide surface. Each 2 nL droplet covers a diameter of approx. 0.4 mm at the strip waveguide surface. 
Reproduction (adapted) with permission from [18] (Copyright (2012) by The Royal Society of Chemistry). 

 
2.3. GaAs/Al0.2Ga0.8As Mach-Zehnder interferometers 

Within an integrated Mach-Zehnder interferometer (MZI) structure, photons propagate along a waveguide and are 
divided by a symmetric Y-junction into two light beams of equal intensity and phase. If an analyte or a chemical 
reaction takes place at the surface of only one arm, the propagating photons will experience a change of the effective 
refractive index, and thus, a phase delay. Recombining this signal with the initial wave propagating in the reference 
arm results in a sinusoidal interference pattern. To avoid unspecific patterns due to interference between several 
modes within one arm, the optical device should ideally exhibit single-mode behavior [22,23]. 
 
Ingenhoff et al. have developed the first biosensing approaches using integrated MZIs using glass substrates by 
immobilizing a protein adlayer of a three-step biotin-avidin system, and analyzing the immobilization of biotinylated 
immunoglobulins [24]. Later, Prieto et al [23] have presented a MZI operating at a wavelength of 633 nm, which 
was fabricated from Si3N4 and yielded a detection limit of Δn = 7 x 10-6. Due to complementary metal-oxide-
semiconductor (CMOS) technology, the device was readily integrated with a microfluidic system facilitating an 
effective refractive index detection limit of Δn = 2 x 10-7, which represents one of the most sensitive measurements 
obtained by integrated optical interferometric approaches [25]. 
 
The Mach-Zehnder structures discussed here were microstructured via reactive ion etching (RIE) from a 6 µm thin 
GaAs waveguiding layer deposited via MOPVD on top of a 6 µm thin optical buffer layer comprising Al0.2Ga0.8As, 
which was previously deposited at a 1 mm thick GaAs wafer surface. 
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Figure 6. Scanning electron microscopy (SEM) images of GaAs/AlGaAs MIR-MZI waveguides with different opening 
angles α and a constant distance between the arms d. (a) top view of a Y-junction before, and (b) after FIB milling for 
optimizing radiation throughput. Reproduction (adapted) with permission from [19] (Copyright (2012) by The 
American Chemical Society). 

 
The waveguide width (w) of the MIR-MZIs was selected at 5 µm, thereby ensuring single-mode behavior, which 
was confirmed by simulations based on the finite element method. To avoid optical coupling between the 
propagating modes within each MIR-MZI arm, the distance (d) between the arms of each MIR-MZI was selected at 
200 µm. Optimum radiation throughput was achieved for structures with an opening angle (α) of approx. 1-5°. For 
further throughput enhancement, the devisor was shaped with circular bends with radii of approx. 2-5 mm. 
 
Thereafter, the structures were fine-tuned via focused ion beam (FIB) milling for minimizing scattering losses at the 
Y-junction, and to increase the optical throughput. For avoiding re-deposition of Ga - as evident in Figure 
6 (a) - XeF2 was used as etch-enhancing gas during the FIB milling process (Figure 6 (b)). The radius of the Y-
junctions edge was reduced from about 2 µm to less than 100 nm, thereby leading to a throughput enhancement of 
more than 30% in comparison to structures without FIB treatment.  
 
In order to demonstrate that the developed MIR-MZI structures are indeed functional, sample droplets were 
deposited at various locations along the MIR-MZI surface. Small amounts of Millipore water (5 µL droplets) were 
deposited at the MIR-MZI surface, and the resulting interference patterns were analyzed.  
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Figure 7. Measurement scheme producing interferometric signals by depositing droplets of water at (a) the incoupling 
straight MIR-MZI waveguide, (b) at the Y-junction, and (c) at both arms of the MIR-MZI. Reproduction (adapted) with 
permission from [19] (Copyright (2012) by The American Chemical Society). 

 
If droplets of water were deposited at the straight waveguide of the MIR-MZI, only an overall decrease in 
throughput was evident resulting from the absorption of evanescent IR radiation (Figure 7 (a)). If the droplets were 
deposited onto the Mach-Zehnder arms, a sizable interferometric response could be recorded (Figure 7 (b)). If a 
water droplet was deposited directly onto the Y-junction, the interferometric signal decreased due to the linear 
correlation between phase shift and interaction length (Figure 7 (c)). 
 
Hence, for the first time functional integrated on-chip Mach-Zehnder interferometers for mid-infrared wavelengths 
based on GaAs/AlGaAs technology have been fabricated and analytically tested. The developed MIR-MZI devices 
provide single-mode optical behavior, and exhibit exquisite surface sensitivity. These optical devices will allow 
studying e.g., protein conformation or (bio)molecular interactions providing a label-free bioassay format, yet 
requiring only minute quantities of probed molecules. Ongoing studies focus on the combination of MIR-MZI 
devices with microfluidic architectures, and on the integration of grating structures for more efficient light coupling 
into the device. 

 

3. FUTURE TRENDS AND OUTLOOK 

 
Current studies focus predominantly on resonant optical microstructures fabricated from GaAs/AlGaAs MIR 
waveguides toward on-chip mid-infrared photonics, as inspired by the progress in UV/Vis and NIR resonant cavities 
[26,27]. Figure 8 shows first fabrication prototypes of micro-resonators established via a combination of RIE and 
FIB processing. A 1 cm × 0.5 cm wafer was patterned with 15 to 20 individual waveguide designs providing for 
a tapered in-coupling waveguide toward the ring resonator structure. The resonator structure was fabricated via 
focused Ga+ ion beam milling. FIB provides the opportunity of prototyping individually designed resonator 
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structures in a direct mask-less microfabrication process, which entails substantial flexibility during the device 
design and testing phase. Furthermore, the etching quality of FIB (in particular if XeF2 is used as an assistive 
etching gas avoiding the re-deposition of Ga) provides for extremely high surface quality and fidelity along 
with anisotropic milling performance and high reproducibility. FEM simulations (Figure 8 (d)) reveal the 
distribution of the electromagnetic field within and outside of the waveguides, and are currently applied for 
theoretically characterizing the evanescent field intensity and penetration depth for different resonator designs 
optimizing e.g., evanescent coupling between the strip waveguide and the resonator structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. (a) SEM image of GaAs/AlGaAs waveguide wafer fabricated by RIE. (b) FIB milling (XeF2 assisted etching) 
to fabricate resonator structures (c) Exemplary ring-resonator with a diameter of 115 um, with waveguide wall 
thickness of 4 um and milling depth of 12 um. (d) FEM simulation of single mode profile in GaAs/AlGaAs waveguide 
(Brightness is treated for display in black-and-white format). 

It is anticipated that providing resonant optical structures ensuring that each photon is interacting with molecules at 
the waveguide surface multiple times will enable yet unachieved sensitivity for direct MIR measurements analyzing 
e.g., changes of the Q-factor, a resonance peak shift or a refractive index change, which is particularly pronounced 
in the MIR. In addition, using tunable QCL light sources enables simultaneous spectroscopic studies and the 
selection of molecularly selective absorbances. 
 
However, the development of such sophisticated sensing schemes requires fundamental understanding and 
complementary modeling of on-chip MIR photonics and waveguide optics. Hence, appropriate computational 
simulations of the critical photonic components will not only contribute to optimized device designs facilitating 
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next-generation MIR chem/bio sensor, but will enable theoretically predicting the achievable sensitivity levels prior 
to fabricating such devices. In summary, it is anticipated that GaAs/AlGaAs MIR waveguide technology ideally 
complements current advances in MIR light source development (i.e., QCLs, interband cascade lasers (ICLs), etc.) 
providing a particularly sensitive generic analytical platform for future direct and label-free detection of 
(bio)molecular interactions, (bio)assays and chemical sensors for portable MIR sensing systems taking advantage of 
on-chip mid-infrared photonics. 
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ABSTRACT: We report the first planar waveguides made from mercury−
cadmium−telluride (MCT)a material to date exclusively used for mid-
infrared (MIR) detector elementsserving as on-chip MIR evanescent field
transducers in combination with tunable quantum cascade lasers (tQCLs)
emitting in the spectral regime of 5.78−6.35 μm. This novel MIR sensing
approach utilizes structured MCT chips fabricated via molecular beam epitaxy
(MBE) as waveguide enabling sensing via evanescent field absorption
spectroscopy, as demonstrated by the detection of 1 nL of acetone.
Complementary finite difference time domain (FDTD) simulations fit well
with the experimentally obtained data and predict an improvement of the limit
of detection by at least 2 orders of magnitude upon implementation of thinner
MCT waveguides. With the first demonstration of chemical sensing using on-
chip MCT waveguides, monolithically fabricated IR sensing systems directly
interfacing the waveguide with the MCT detector element may be envisaged.

Mid-infrared (MIR; 3−20 μm) spectroscopy is based on
the excitation of vibrational and rotational modes

associated with most organic and inorganic molecules
absorbing MIR photons, and provides inherent molecular
selectivity. Hence, this spectral regime is particularly attractive
for optical sensing applications.1 Despite its inherent potential,
most applications of MIR spectroscopy, and in particular
analytical scenarios probing liquid phase environments, remain
confined to appropriately equipped laboratories due to the
dimensions of conventional IR spectroscopic equipment.2

Considering the already achieved level of miniaturization/
integration of UV−vis and near-infrared (NIR) optical devices,
the opportunities for miniaturization in MIR sensor and
photonics technology are evident enabling in situ and on-site
chem/bio monitoring, sensing, and surveillance. However,
viable strategies enabling miniaturizing/integrating each optical
component of the sensing system are required in order to
facilitate on-chip MIR sensor technology for advanced portable
sensing systems.3

Waveguide-based MIR sensing systems generally comprise
four major components: (i) an MIR radiation source, (ii)
waveguides for propagating the radiation and frequently also
serving as the transducer, (iii) a wavelength selection device,
and (iv) an MIR detector. Among the available MIR radiation
sources, quantum cascade lasers are nowadays widely accepted
as the most advanced light source in IR sensing.4,5 In brief,
QCLs are semiconductor lasers generating light emission via
intersubband transitions of electrons in the conduction band
within a series of quantum heterostructures, rather than

conventional electron−hole recombination.6 QCLs provide
high output power within narrow spectral bands, compact
dimensions (i.e., few hundreds of micrometers), a long lifetime,
tunable emission (in part exceeding 200 cm−1), and access to
almost the entire MIR spectral range.7,8 The utility of QCLs in
waveguide-based evanescent field absorption sensing has
recently been demonstrated in a variety of liquid phase
application scenarios.9−11

In the MIR regime, condensed phase sensing frequently takes
advantage of total internal reflection (i.e., evanescent field
absorption) spectroscopy based on conventional attenuated
total reflection (ATR) crystals or infrared transmitting optical
fibers.12 The evanescent field generated at the waveguide-
sample interface interacts with IR absorbing analytes present
within the penetration depth of the evanescent field, and results
in attenuation of the propagating wave at analyte-specific
absorption frequencies. The evanescent field penetrates with
exponentially decaying intensity a few micrometers into the
adjacent medium and is, thus, particularly capable of probing
analytes present in IR-opaque media such as water within this
quasi thin-film cell. The absorption within the evanescent field
follows a pseudo Lambert−Beer relationship A = (εcl) r, where
ε is the molar absorptivity, c is the concentration of the analyte,
l is the equivalent optical path length, and r is the fraction of
power residing outside the waveguide core. Consequently,
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enhancing the intensity of the evanescent field directly affects
the obtainable signal-to-noise ration (SNR) of the absorption
measurement, and, thus, the achievable sensitivity. The
intensity of the evanescent field is dependent on the dielectric
constant at the interface waveguide sample, and on the cross-
sectional dimensions of the waveguide, which affects the mode
propagation. As the dielectric constant is determined by the
involved materials, the most significant sensitivity gain is
expected from smartly tailoring and optimizing the waveguide
structure and geometry.
Infrared transmitting fibers are usually fabricated from a

limited set of IR-transparent materials dominated by poly-
crystalline silver halides (AgBr−AgCl, usually abbreviated as
AgX),13 and amorphous chalcogenide glasses (As−Se−Te).14
For example, the research group of Gmachl has reported
progress in liquid-phase sensing by combining QCLs with silver
halide fiber segments.9 Recently, single-mode fibers transparent
up to a wavelength of 4.5 μm have been reported along with
single-mode planar waveguides.15,16 The group of Mizaikoff and
collaborators has reported a new generation of semiconductor
(GaAs/AlGaAs) thin-film IR waveguides grown by molecular
beam epitaxy (MBE) extending the useful spectral window up
to 13 μm, yet maintaining single-mode behavior.11 Recently, a
new generation of strip waveguides has been microfabricated
from GaAs/AlGaAs semiconductor wafers, thereby demonstrat-
ing excellent analytical performance probing minute sample
amounts with unsurpassed sensitivity via evanescent field
sensing.17 Very recently, the first mid-infrared Mach−Zehnder
interferometers (MIR-MZI) combined with a broadly tunable
quantum cascade laser (tQCL) as an example of more delicate
optical structures have been developed.18

In the present study, epitaxially grown thin-film planar MCT
waveguides are reported serving as a transducer for MIR
chemical sensing applications. Both simulations and experi-
ments reveal the outstanding optical/analytical performance of
MCT waveguides promising highly miniaturized MIR optical
sensor platforms in combination with tQCLs. Based on these
findings, chip-level monolithic integration of MIR waveguides/
transducers with MCT detectors may be envisaged for the first
time.

■ FDTD SIMULATIONS
Two-dimensional finite difference time domain (FDTD)
simulations of the proposed waveguide structure were
performed using MEEP.19 The basic structure that was
simulated comprises a planar photonic waveguide immersed
in an aqueous solution (i.e., refractive index 1.3). The
waveguide itself is modeled at a substrate surface. Infrared
light was coupled into the waveguide and propagated through
the structure. In the FDTD model, a TE polarized point source
radiating at a wavelength of 6 μm was used as a simple light
source model launching radiation into the waveguide. A
perfectly matched layer (PML) at the boundary of the
simulated geometry was simulated to absorb light emitted by
the virtual light source that is not coupled into the waveguide
layer. Consequently, only light guided within the waveguide
along the propagating direction contributes to the final
considerations on the field distribution. Figure 1a shows the
resulting optical field in an exemplary structure of HgCdTe/
CdZnTe modeled for a light source emitting radiation at 6 μm.
Along the direction of photon propagation within the MCT

waveguide, the color scale changes from blue (i.e., negative
electric field) to white (i.e., zero field), and then to red (i.e.,

positive electric field). As expected, the main fraction of the
radiation is confined inside the waveguide. At the interface
between the waveguide and water, the evanescent electrical
field is evident. The evanescent field decreases exponentially in
intensity with increasing distance from the interface into the
ambient media. The penetration depth of the evanescent field
(dp) is defined as the distance from the interface at which the
power of the electric field has decreased to 1/e of its initial
value. From the model, a penetration depth of the evanescent
field of 0.8 μm (@ λ = 6 μm) can be calculated given the
present configuration.
Further calculations of the evanescent power ratio across a

broad MIR spectral window (5−16 μm) are shown in Figure 1
b. It is evident that the optical power within the evanescent
field does not steadily increase with increasing wavelength, in
particular at the shorter wavelength regime. This may be
explained by the fact that multimode photon propagation is
supported at the relatively large core waveguide layer
dimensions, especially with decreasing wavelength vs core
waveguide diameter. For designing optimized mode-matched
MCT waveguide structures with enhanced evanescent field
intensities, a series of MCT waveguides were modeled and
compared to already existing GaAs/AlGaAs waveguides, as
shown in the Supporting Information.

■ EXPERIMENTAL RESULTS
The MCT waveguides were grown via MBE on Cd0.96Zn0.04Te
substrates at a growth temperature of 185 °C using appropriate
sources. The epitaxial growth of the MCT layer was terminated
at a thickness of 5 μm. The MCT layer was analyzed with a

Figure 1. FDTD modeling of MIR propagation through a 5 μm thick
MCT waveguide: (a) Optical field distribution along a HgCdTe/
CdZnTe slab waveguide. The MCT layer has a refractive index of n =
3.5, and the CdZnTe substrate has a refractive index of 2.7. (b)
Evanescent power ratio in the 5−16 μm spectral region shown as the
percentage of the optical power within the evanescent field (i.e.,
interacting with the adjacent sample medium) vs the total optical
power coupled into the waveguide.
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calibrated MIR light source, and a refractive index of n = 4.0 at
5.2 μm was determined. A selectively grown CdTe layer on top
of the MCT layer serves as a protective layer. The CdTe layer
has a refractive index of n = 2.7 at 5.2 μm.
The MCT wafer (1 × 1 cm2) was cleaved along the crystal

axis, thus providing a waveguide chip with a footprint of 1 × 0.8
cm2. In Figure 2, a scanning electron microscopy (SEM) image

of an exemplary waveguide cross section is shown visualizing
the individual layers via their material contrast. The cleaved
end-facet also shows sufficient surface quality ensuring efficient
optical coupling at minimum scattering losses.
The IR sensor setup was composed of a tunable QCL light

source (Daylight Solutions Inc., San Diego, CA, USA)
providing MIR radiation in the spectral range 5.78−6.35 μm
(1570−1735 cm−1) at a spectra resolution of 0.01 cm−1. The
collimated laser radiation was focused via a ZnSe lens onto the
end facet of the MCT planar waveguide. MIR photons were
propagated along the core waveguide layer and coupled out at
the distal end of the waveguide. Radiation emitted at that
waveguide facet was refocused by a pair of ZnSe lenses onto a
mercury−cadmium−telluride (MCT) detector (Kolmar Tech-
nologies, Newbury, MA, USA) cooled with liquid nitrogen,
which was connected to an oscilloscope. The amplitude of the
transmitted laser light intensity was recorded for further data
processing. During experiments, an aperture was applied at
both ends of the MCT waveguide structure revealing only the
waveguide core facet, thereby eliminating contributions via
scattered (nonguided) radiation. Figure 3a shows the MCT on-
chip waveguide with the incoupling/outcoupling ZnSe lenses
aligned using 3-D translational stages, while Figure 3b
schematically illustrates the IR beam path.
The waveguide structure designed herein supports single-

mode propagation. At the MCT core waveguide interface with
the optically rare adjacent medium (e.g., air or liquid sample),
an exponentially decaying evanescent field is generated, as
schematically indicated in Figure 3b. Hence, MIR radiation may
interact with absorbing analytes present within a sample
solution deposited on top of the waveguide surface, thereby
attenuating the transmitted radiation via evanescent field
absorption as a function of the surface coverage and of the
concentration of the absorbing species.
Planar GaAs/AlGaAs slab waveguides, currently the only

alternative MIR semiconductor waveguide technology, cleaved

from an epitaxially grown wafer at similar dimensions were used
for sensitivity comparisons. The Al0.2Ga0.8As cladding layer has
a refractive index of 3.2 (vs 3.3 for the core waveguide) at 5.8
μm and serves as an optical buffer between the 6 μm core GaAs
layer serving as the actual waveguide and the n-doped GaAs
substrate.17

For establishing a calibration based on MCT waveguide-
based IR sensor prototypes, diluted solutions of acetone in
isopropanol were prepared. Isopropanol was selected as the
solvent due to its transparency in the required MIR spectral
window at 1710 cm−1, where a characteristic absorption peak of
acetone is located. The tQCL was therefore adjusted to emit at
1710 cm−1 (i.e., 5.8 μm) in pulsed mode (applied current: 833
mA; emitted peak power: 230 mW). A volume of 0.2 μL of
analyte solution was added via an Eppendorf pipet in the center
of the MCT waveguide surface. After deposition, the surface
tension caused the droplet to spread at the waveguide surface
resulting in a circular surface coverage with a diameter of
approximately 3 mm, which ensures that the entire evanescent
field across the beam waist is addressed. The propagation path
of the IR beam within the MCT waveguide was analyzed as
shown during previous studies.17

The series of analyte droplets deposited at the surface had
concentrations of 1.36, 2.72, 4.08, 5.44, 6.81, and 13.62 M of
acetone in isopropanol comprising a volume of 0.02, 0.04, 0.06,
0.08, 0.1, and 0.2 μL, respectively. Correspondingly, the
intensity of the radiation propagating through the waveguide
was dampened via evanescent field absorption following A =
log(I/I0). The relationship between absorbance and concen-
tration is shown in Figure 4. A linear fit (r2 of 0.996) is
obtained; the error bars (each measurement was repeated 3
times and averaged) associated with these measurements are
mainly attributed to the manual deposition of the droplets. The
actual contribution of the absorption results exclusively from
the very thin liquid film at the sample−waveguide interface,

Figure 2. SEM study at HgCdTe/CdZnTe waveguide grown on a
CdTe wafer substrate. (a) Cross section of the waveguide along crystal
axis of the CT wafer; (b) magnified view of the layer interface
revealing the contrast between the 5 μm thick MCT core layer and the
CdTe wafer substrate. Structures evident at the surface of the
waveguide within the magnified view are resulting from the cleaving
process.

Figure 3. Experimental IR sensor setup combining an MCT
waveguide with a tQCL. (a) MCT translational stage with a pair of
ZnSe lenses (0.5″ focal length). (b) Schematic light propagation via
MCT core waveguiding layer and interaction of analyte droplet with
the evanescent field. During experiments, an aperture was applied at
both ends of the MCT waveguide structure revealing only the
waveguide core facet, thereby eliminating contributions via scattered
(nonguided) radiation.
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and, more precisely, from the volume of analyte resulting in a
coverage length of 3 mm along the waveguide surface
considering a waist of the propagating beam below 1 μm and
a penetration depth of the evanescent field of 0.8 μm. This
results in a reliable detection of approximately 1 nL (i.e., 791
ng) of actone. On the basis of the 3σ-criterion, the lowest
detectable volume was calculated at 90 pL (i.e., 71.1 ng).
Similar studies were performed using a planar GaAs/AlGaAs

slab waveguide. Here, 0.2 μL of analyte solution prepared the
same way as described above was deposited at the center of the
GaAs waveguide surface. The obtained calibration functions for
the MCT and the GaAs waveguides are compared in Figure 4.
While the slope of the obtained linear calibration function is
apparently steeper for the GaAs-based IR sensor, the obtained
limits of detection are basically en par; i.e., the performance of
the first prototype MCT waveguide is almost at the same level
as the GaAs waveguide. Considering the modeling results (see
also Supporting Information), these first MCT thin-film chips
are not yet optimized for evanescent field sensing, as the
sensitivity could be significantly improved by further decreasing
the core MCT waveguide thickness below 1 μm.

■ CONCLUSIONS
In the present study, first mercury−cadmium−telluride semi-
conductor waveguides have been designed and fabricated
serving as a thin-film waveguide for MIR evanescent field liquid
phase sensing combined with tunable QCLs. Most importantly,
these types of semiconductor waveguides share their material
composition with MCT detectors, which are the most
commonly applied photoconductive IR detection devices.
Exemplarily, the detection of acetone dissolved in isopropanol
via evanescent field absorption revealed a measured LOD of 1
nL, which is competitive to the optimized GaAs/AlGaAs
semiconductor waveguide. Using the 3σ-criterion, the lowest
detectable volume was calculated at 90 pL.
Complementary simulations of single-mode MCT wave-

guides indicate that further decreasing the thickness of the
waveguide core layer <1 μm should provide even more tightly
confined single-mode photon propagation, thereby significantly
enhancing the fraction of energy propagating within the
evanescent field. Due to the optical property of the MCT
waveguide material, high transmittance across the entire MIR

region, and a large refractive index contrast of the core/cladding
layers, an additional signal enhancement by up to 2 orders of
magnitude may be predicted.
Moreover, further microstructuring of MCT waveguide chips

is facilitated via conventional wet/dry etching methods
commonly used in semiconductor microfabrication, which are
already in use for MCT detector chip fabrication. Hence, the
generation of strip or ring waveguides, as well as grating
couplers or resonant structures, appears straightforward in a
next development step, as already shown for UV/vis, NIR, and
MIR waveguide-based devices.20−22

Last but not least, a monolithic sensing platform facilitating
integrated waveguide and detector structures based on the
MCT materials system may be envisaged promising innovative
approaches toward chip-level integration for infrared chem/bio
sensing devices.
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ABSTRACT. The SI contains further FDTD modeling of a series of MCT waveguides for 

designing optimized single-mode MCT waveguides providing enhanced evanescent field 

intensities and an extended penetration depth (dp). Furthermore, an already experimentally 

proven GaAs semiconductor waveguide structure was modeled for comparison.   
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The effect of decreasing the thickness of the HgCdTe core waveguiding layer on the intensity 

of the evanescent field was studied. Figure S-1 shows the electric field distribution for two 

exemplary MCT waveguides. By comparing the electric field distribution within the waveguide 

and the evanescent field for (a) a 1 µm MCT waveguide layer, and (b) a 0.5 µm MCT 

waveguide, it is immediately visually evident at the interface waveguide/water that a much larger 

fraction of the photon energy is guided outside the waveguide (i.e., within the evanescent field) 

with decreasing waveguide thickness. Therefore, a significant improvement of the signal-to-

noise ratio during absorption measurements via the evanescent field at the waveguide surface is 

expected. Additionally the evanescent wave shows extended penetration into the ambient 

solution, as confirmed by the calculated value of dp for each MCT waveguide in Figure S-1.   

�

Figure S-1. Optical field distribution along HgCdTe/ CdZnTe slab waveguide with decreasing 
MCT waveguide layer thickness. (a) Thickness of 1 µm results in dp = 1.4 µm; (b) thickness of 
0.5 µm results in dp = 1.8 µm. 
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The absorbance is proportional to r, the fraction of power residing outside the waveguide core. 

However, for the MCT waveguides studied herein it has to be considered that only the 

evanescent power penetrating into the sample solution (i.e., water) will contribute to the 

interaction with the analyte applied at the waveguide surface, while the evanescent field 

penetrating into the substrate will not contribute to the analytical signal. Calculations of the 

evanescent power ratio for the waveguides modeled in this study are shown in Figure S-2�

covering a wavelength regime of 5-16 µm.  

 

Figure S-2. Optical power ratio of the evanescent field (i.e. within the adjacent sample 
medium) in the 5-16 µm spectral regime shown as a percentage of the total optical power 
coupled into the core of the waveguide after the photons have propagated a distance of 50 µm 
along the waveguide. 

Considering an individual wavelength, it is evident that particularly with increasing 

wavelength and decreasing thickness of the MCT core waveguiding layer, the optical power 

within the evanescent field dramatically increases. Considering A = (εcl) r at a wavelength of 5.8 

µm, which is characteristic for the absorption of acetone analyzed as an exemplary analyte within 

this study, r (i.e. the fraction of optical power within the evanescent field) is calculated as 0.14% 



 S-4

(@ 5 µm MCT waveguide thickness), 6.2% (@ 1 µm MCT waveguide thickness), and 19% (@ 

0.5 µm MCT waveguide thickness). Consequently, by simply decreasing the MCT core 

waveguiding layer thickness from 5 µm to 0.5 µm, an enhancement of the optical power by up to 

2 orders of magnitude is anticipated.�

 Furthermore, it is evident that for each individual waveguide structure, the optical power 

within the evanescent field increases with increasing wavelength. Hence, the achievable 

enhancement is also wavelength dependent, and waveguide structure optimized for evanescent 

field sensing must also consider the respective emission wavelength provided by the light source. 

Additionally, by decreasing the thickness of the MCT layer from 1 µm to 0.5 µm, at a 

wavelength of 5 µm the optical power within the evanescent field is approx. 3.6-times enhanced 

(from 4.5 % to 16 %), whereas only a 1.4-time enhancement (from 27% to 37%) at wavelength 

of 16 µm may be obtained. Consequently, the achievable optical enhancement is higher at shorter 

wavelengths with decreasing waveguide thickness.   

Finally, a GaAs/AlGaAs slab waveguide was modeled for comparison as the currently only 

alternative semiconductor MIR waveguide technology. This waveguide has been reported as the 

first single-mode IR semiconductor waveguide, and a series of analytical studies have confirmed 

the utility of this wafer structure [11,17,18]. The obtained photon propagation properties are 

shown in Figure S-3. Figure S-4 illustrates a comparison with the results obtained for the 5 µm 

MCT waveguide. 
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�

Figure 4. Optical field distribution along GaAs/ AlGaAs/GaAs slab waveguide. 6 µm GaAs 
core layer with refractive index n = 3.3, 6 µm AlGaAs cladding layer with n = 3.2 and doped 
GaAs substrate with n = 2.8 [11]. dp is calculated to be 0.5 µm. �

The optical power within the evanescent field reveals overall comparable values between the 

two types of waveguide material within the 5-16 µm spectral window. Moreover, it is evident 

that the optical power within the evanescent field does not steadily increase with increased 

wavelength, in particular at the shorter wavelength regime. This may be explained by the fact 

that multi-mode photon propagation is supported in both waveguides at this relatively large core 

waveguide layer dimensions. These fluctuations of the optical power within the evanescent field 

are evident until the wavelength is long enough such that exclusive single-mode propagation 

within the waveguide is ensured, or the core layer thickness supports only single-mode 

propagation in this frequency window, as is the case for a 0.5 µm thin MCT waveguide (see 

Figure S-2). 

Given these considerations, the design of single-mode waveguides tailored to the emission 

wavelength window of any light source is readily facilitated via controlling the waveguide core 

layer thickness. More importantly, this strategy enables precise control on the evanescent field 

and the fraction of optical power within this leaky mode, which is crucial for analytical 

applications such as e.g. chem/bio sensors or waveguide-based bioassay technologies in the 

MIR. 
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Figure S-4. Comparison of evanescent field power ratio between 6 µm GaAs/AlGaAs and 
5 µm MCT slab waveguide.   
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ABSTRACT: We report the first planar waveguides made from mercury−
cadmium−telluride (MCT)a material to date exclusively used for mid-
infrared (MIR) detector elementsserving as on-chip MIR evanescent field
transducers in combination with tunable quantum cascade lasers (tQCLs)
emitting in the spectral regime of 5.78−6.35 μm. This novel MIR sensing
approach utilizes structured MCT chips fabricated via molecular beam epitaxy
(MBE) as waveguide enabling sensing via evanescent field absorption
spectroscopy, as demonstrated by the detection of 1 nL of acetone.
Complementary finite difference time domain (FDTD) simulations fit well
with the experimentally obtained data and predict an improvement of the limit
of detection by at least 2 orders of magnitude upon implementation of thinner
MCT waveguides. With the first demonstration of chemical sensing using on-
chip MCT waveguides, monolithically fabricated IR sensing systems directly
interfacing the waveguide with the MCT detector element may be envisaged.

Mid-infrared (MIR; 3−20 μm) spectroscopy is based on
the excitation of vibrational and rotational modes

associated with most organic and inorganic molecules
absorbing MIR photons, and provides inherent molecular
selectivity. Hence, this spectral regime is particularly attractive
for optical sensing applications.1 Despite its inherent potential,
most applications of MIR spectroscopy, and in particular
analytical scenarios probing liquid phase environments, remain
confined to appropriately equipped laboratories due to the
dimensions of conventional IR spectroscopic equipment.2

Considering the already achieved level of miniaturization/
integration of UV−vis and near-infrared (NIR) optical devices,
the opportunities for miniaturization in MIR sensor and
photonics technology are evident enabling in situ and on-site
chem/bio monitoring, sensing, and surveillance. However,
viable strategies enabling miniaturizing/integrating each optical
component of the sensing system are required in order to
facilitate on-chip MIR sensor technology for advanced portable
sensing systems.3

Waveguide-based MIR sensing systems generally comprise
four major components: (i) an MIR radiation source, (ii)
waveguides for propagating the radiation and frequently also
serving as the transducer, (iii) a wavelength selection device,
and (iv) an MIR detector. Among the available MIR radiation
sources, quantum cascade lasers are nowadays widely accepted
as the most advanced light source in IR sensing.4,5 In brief,
QCLs are semiconductor lasers generating light emission via
intersubband transitions of electrons in the conduction band
within a series of quantum heterostructures, rather than

conventional electron−hole recombination.6 QCLs provide
high output power within narrow spectral bands, compact
dimensions (i.e., few hundreds of micrometers), a long lifetime,
tunable emission (in part exceeding 200 cm−1), and access to
almost the entire MIR spectral range.7,8 The utility of QCLs in
waveguide-based evanescent field absorption sensing has
recently been demonstrated in a variety of liquid phase
application scenarios.9−11

In the MIR regime, condensed phase sensing frequently takes
advantage of total internal reflection (i.e., evanescent field
absorption) spectroscopy based on conventional attenuated
total reflection (ATR) crystals or infrared transmitting optical
fibers.12 The evanescent field generated at the waveguide-
sample interface interacts with IR absorbing analytes present
within the penetration depth of the evanescent field, and results
in attenuation of the propagating wave at analyte-specific
absorption frequencies. The evanescent field penetrates with
exponentially decaying intensity a few micrometers into the
adjacent medium and is, thus, particularly capable of probing
analytes present in IR-opaque media such as water within this
quasi thin-film cell. The absorption within the evanescent field
follows a pseudo Lambert−Beer relationship A = (εcl) r, where
ε is the molar absorptivity, c is the concentration of the analyte,
l is the equivalent optical path length, and r is the fraction of
power residing outside the waveguide core. Consequently,
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enhancing the intensity of the evanescent field directly affects
the obtainable signal-to-noise ration (SNR) of the absorption
measurement, and, thus, the achievable sensitivity. The
intensity of the evanescent field is dependent on the dielectric
constant at the interface waveguide sample, and on the cross-
sectional dimensions of the waveguide, which affects the mode
propagation. As the dielectric constant is determined by the
involved materials, the most significant sensitivity gain is
expected from smartly tailoring and optimizing the waveguide
structure and geometry.
Infrared transmitting fibers are usually fabricated from a

limited set of IR-transparent materials dominated by poly-
crystalline silver halides (AgBr−AgCl, usually abbreviated as
AgX),13 and amorphous chalcogenide glasses (As−Se−Te).14
For example, the research group of Gmachl has reported
progress in liquid-phase sensing by combining QCLs with silver
halide fiber segments.9 Recently, single-mode fibers transparent
up to a wavelength of 4.5 μm have been reported along with
single-mode planar waveguides.15,16 The group of Mizaikoff and
collaborators has reported a new generation of semiconductor
(GaAs/AlGaAs) thin-film IR waveguides grown by molecular
beam epitaxy (MBE) extending the useful spectral window up
to 13 μm, yet maintaining single-mode behavior.11 Recently, a
new generation of strip waveguides has been microfabricated
from GaAs/AlGaAs semiconductor wafers, thereby demonstrat-
ing excellent analytical performance probing minute sample
amounts with unsurpassed sensitivity via evanescent field
sensing.17 Very recently, the first mid-infrared Mach−Zehnder
interferometers (MIR-MZI) combined with a broadly tunable
quantum cascade laser (tQCL) as an example of more delicate
optical structures have been developed.18

In the present study, epitaxially grown thin-film planar MCT
waveguides are reported serving as a transducer for MIR
chemical sensing applications. Both simulations and experi-
ments reveal the outstanding optical/analytical performance of
MCT waveguides promising highly miniaturized MIR optical
sensor platforms in combination with tQCLs. Based on these
findings, chip-level monolithic integration of MIR waveguides/
transducers with MCT detectors may be envisaged for the first
time.

■ FDTD SIMULATIONS
Two-dimensional finite difference time domain (FDTD)
simulations of the proposed waveguide structure were
performed using MEEP.19 The basic structure that was
simulated comprises a planar photonic waveguide immersed
in an aqueous solution (i.e., refractive index 1.3). The
waveguide itself is modeled at a substrate surface. Infrared
light was coupled into the waveguide and propagated through
the structure. In the FDTD model, a TE polarized point source
radiating at a wavelength of 6 μm was used as a simple light
source model launching radiation into the waveguide. A
perfectly matched layer (PML) at the boundary of the
simulated geometry was simulated to absorb light emitted by
the virtual light source that is not coupled into the waveguide
layer. Consequently, only light guided within the waveguide
along the propagating direction contributes to the final
considerations on the field distribution. Figure 1a shows the
resulting optical field in an exemplary structure of HgCdTe/
CdZnTe modeled for a light source emitting radiation at 6 μm.
Along the direction of photon propagation within the MCT

waveguide, the color scale changes from blue (i.e., negative
electric field) to white (i.e., zero field), and then to red (i.e.,

positive electric field). As expected, the main fraction of the
radiation is confined inside the waveguide. At the interface
between the waveguide and water, the evanescent electrical
field is evident. The evanescent field decreases exponentially in
intensity with increasing distance from the interface into the
ambient media. The penetration depth of the evanescent field
(dp) is defined as the distance from the interface at which the
power of the electric field has decreased to 1/e of its initial
value. From the model, a penetration depth of the evanescent
field of 0.8 μm (@ λ = 6 μm) can be calculated given the
present configuration.
Further calculations of the evanescent power ratio across a

broad MIR spectral window (5−16 μm) are shown in Figure 1
b. It is evident that the optical power within the evanescent
field does not steadily increase with increasing wavelength, in
particular at the shorter wavelength regime. This may be
explained by the fact that multimode photon propagation is
supported at the relatively large core waveguide layer
dimensions, especially with decreasing wavelength vs core
waveguide diameter. For designing optimized mode-matched
MCT waveguide structures with enhanced evanescent field
intensities, a series of MCT waveguides were modeled and
compared to already existing GaAs/AlGaAs waveguides, as
shown in the Supporting Information.

■ EXPERIMENTAL RESULTS
The MCT waveguides were grown via MBE on Cd0.96Zn0.04Te
substrates at a growth temperature of 185 °C using appropriate
sources. The epitaxial growth of the MCT layer was terminated
at a thickness of 5 μm. The MCT layer was analyzed with a

Figure 1. FDTD modeling of MIR propagation through a 5 μm thick
MCT waveguide: (a) Optical field distribution along a HgCdTe/
CdZnTe slab waveguide. The MCT layer has a refractive index of n =
3.5, and the CdZnTe substrate has a refractive index of 2.7. (b)
Evanescent power ratio in the 5−16 μm spectral region shown as the
percentage of the optical power within the evanescent field (i.e.,
interacting with the adjacent sample medium) vs the total optical
power coupled into the waveguide.
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calibrated MIR light source, and a refractive index of n = 4.0 at
5.2 μm was determined. A selectively grown CdTe layer on top
of the MCT layer serves as a protective layer. The CdTe layer
has a refractive index of n = 2.7 at 5.2 μm.
The MCT wafer (1 × 1 cm2) was cleaved along the crystal

axis, thus providing a waveguide chip with a footprint of 1 × 0.8
cm2. In Figure 2, a scanning electron microscopy (SEM) image

of an exemplary waveguide cross section is shown visualizing
the individual layers via their material contrast. The cleaved
end-facet also shows sufficient surface quality ensuring efficient
optical coupling at minimum scattering losses.
The IR sensor setup was composed of a tunable QCL light

source (Daylight Solutions Inc., San Diego, CA, USA)
providing MIR radiation in the spectral range 5.78−6.35 μm
(1570−1735 cm−1) at a spectra resolution of 0.01 cm−1. The
collimated laser radiation was focused via a ZnSe lens onto the
end facet of the MCT planar waveguide. MIR photons were
propagated along the core waveguide layer and coupled out at
the distal end of the waveguide. Radiation emitted at that
waveguide facet was refocused by a pair of ZnSe lenses onto a
mercury−cadmium−telluride (MCT) detector (Kolmar Tech-
nologies, Newbury, MA, USA) cooled with liquid nitrogen,
which was connected to an oscilloscope. The amplitude of the
transmitted laser light intensity was recorded for further data
processing. During experiments, an aperture was applied at
both ends of the MCT waveguide structure revealing only the
waveguide core facet, thereby eliminating contributions via
scattered (nonguided) radiation. Figure 3a shows the MCT on-
chip waveguide with the incoupling/outcoupling ZnSe lenses
aligned using 3-D translational stages, while Figure 3b
schematically illustrates the IR beam path.
The waveguide structure designed herein supports single-

mode propagation. At the MCT core waveguide interface with
the optically rare adjacent medium (e.g., air or liquid sample),
an exponentially decaying evanescent field is generated, as
schematically indicated in Figure 3b. Hence, MIR radiation may
interact with absorbing analytes present within a sample
solution deposited on top of the waveguide surface, thereby
attenuating the transmitted radiation via evanescent field
absorption as a function of the surface coverage and of the
concentration of the absorbing species.
Planar GaAs/AlGaAs slab waveguides, currently the only

alternative MIR semiconductor waveguide technology, cleaved

from an epitaxially grown wafer at similar dimensions were used
for sensitivity comparisons. The Al0.2Ga0.8As cladding layer has
a refractive index of 3.2 (vs 3.3 for the core waveguide) at 5.8
μm and serves as an optical buffer between the 6 μm core GaAs
layer serving as the actual waveguide and the n-doped GaAs
substrate.17

For establishing a calibration based on MCT waveguide-
based IR sensor prototypes, diluted solutions of acetone in
isopropanol were prepared. Isopropanol was selected as the
solvent due to its transparency in the required MIR spectral
window at 1710 cm−1, where a characteristic absorption peak of
acetone is located. The tQCL was therefore adjusted to emit at
1710 cm−1 (i.e., 5.8 μm) in pulsed mode (applied current: 833
mA; emitted peak power: 230 mW). A volume of 0.2 μL of
analyte solution was added via an Eppendorf pipet in the center
of the MCT waveguide surface. After deposition, the surface
tension caused the droplet to spread at the waveguide surface
resulting in a circular surface coverage with a diameter of
approximately 3 mm, which ensures that the entire evanescent
field across the beam waist is addressed. The propagation path
of the IR beam within the MCT waveguide was analyzed as
shown during previous studies.17

The series of analyte droplets deposited at the surface had
concentrations of 1.36, 2.72, 4.08, 5.44, 6.81, and 13.62 M of
acetone in isopropanol comprising a volume of 0.02, 0.04, 0.06,
0.08, 0.1, and 0.2 μL, respectively. Correspondingly, the
intensity of the radiation propagating through the waveguide
was dampened via evanescent field absorption following A =
log(I/I0). The relationship between absorbance and concen-
tration is shown in Figure 4. A linear fit (r2 of 0.996) is
obtained; the error bars (each measurement was repeated 3
times and averaged) associated with these measurements are
mainly attributed to the manual deposition of the droplets. The
actual contribution of the absorption results exclusively from
the very thin liquid film at the sample−waveguide interface,

Figure 2. SEM study at HgCdTe/CdZnTe waveguide grown on a
CdTe wafer substrate. (a) Cross section of the waveguide along crystal
axis of the CT wafer; (b) magnified view of the layer interface
revealing the contrast between the 5 μm thick MCT core layer and the
CdTe wafer substrate. Structures evident at the surface of the
waveguide within the magnified view are resulting from the cleaving
process.

Figure 3. Experimental IR sensor setup combining an MCT
waveguide with a tQCL. (a) MCT translational stage with a pair of
ZnSe lenses (0.5″ focal length). (b) Schematic light propagation via
MCT core waveguiding layer and interaction of analyte droplet with
the evanescent field. During experiments, an aperture was applied at
both ends of the MCT waveguide structure revealing only the
waveguide core facet, thereby eliminating contributions via scattered
(nonguided) radiation.
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and, more precisely, from the volume of analyte resulting in a
coverage length of 3 mm along the waveguide surface
considering a waist of the propagating beam below 1 μm and
a penetration depth of the evanescent field of 0.8 μm. This
results in a reliable detection of approximately 1 nL (i.e., 791
ng) of actone. On the basis of the 3σ-criterion, the lowest
detectable volume was calculated at 90 pL (i.e., 71.1 ng).
Similar studies were performed using a planar GaAs/AlGaAs

slab waveguide. Here, 0.2 μL of analyte solution prepared the
same way as described above was deposited at the center of the
GaAs waveguide surface. The obtained calibration functions for
the MCT and the GaAs waveguides are compared in Figure 4.
While the slope of the obtained linear calibration function is
apparently steeper for the GaAs-based IR sensor, the obtained
limits of detection are basically en par; i.e., the performance of
the first prototype MCT waveguide is almost at the same level
as the GaAs waveguide. Considering the modeling results (see
also Supporting Information), these first MCT thin-film chips
are not yet optimized for evanescent field sensing, as the
sensitivity could be significantly improved by further decreasing
the core MCT waveguide thickness below 1 μm.

■ CONCLUSIONS
In the present study, first mercury−cadmium−telluride semi-
conductor waveguides have been designed and fabricated
serving as a thin-film waveguide for MIR evanescent field liquid
phase sensing combined with tunable QCLs. Most importantly,
these types of semiconductor waveguides share their material
composition with MCT detectors, which are the most
commonly applied photoconductive IR detection devices.
Exemplarily, the detection of acetone dissolved in isopropanol
via evanescent field absorption revealed a measured LOD of 1
nL, which is competitive to the optimized GaAs/AlGaAs
semiconductor waveguide. Using the 3σ-criterion, the lowest
detectable volume was calculated at 90 pL.
Complementary simulations of single-mode MCT wave-

guides indicate that further decreasing the thickness of the
waveguide core layer <1 μm should provide even more tightly
confined single-mode photon propagation, thereby significantly
enhancing the fraction of energy propagating within the
evanescent field. Due to the optical property of the MCT
waveguide material, high transmittance across the entire MIR

region, and a large refractive index contrast of the core/cladding
layers, an additional signal enhancement by up to 2 orders of
magnitude may be predicted.
Moreover, further microstructuring of MCT waveguide chips

is facilitated via conventional wet/dry etching methods
commonly used in semiconductor microfabrication, which are
already in use for MCT detector chip fabrication. Hence, the
generation of strip or ring waveguides, as well as grating
couplers or resonant structures, appears straightforward in a
next development step, as already shown for UV/vis, NIR, and
MIR waveguide-based devices.20−22

Last but not least, a monolithic sensing platform facilitating
integrated waveguide and detector structures based on the
MCT materials system may be envisaged promising innovative
approaches toward chip-level integration for infrared chem/bio
sensing devices.
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ABSTRACT. The SI contains further FDTD modeling of a series of MCT waveguides for 

designing optimized single-mode MCT waveguides providing enhanced evanescent field 

intensities and an extended penetration depth (dp). Furthermore, an already experimentally 

proven GaAs semiconductor waveguide structure was modeled for comparison.   
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The effect of decreasing the thickness of the HgCdTe core waveguiding layer on the intensity 

of the evanescent field was studied. Figure S-1 shows the electric field distribution for two 

exemplary MCT waveguides. By comparing the electric field distribution within the waveguide 

and the evanescent field for (a) a 1 µm MCT waveguide layer, and (b) a 0.5 µm MCT 

waveguide, it is immediately visually evident at the interface waveguide/water that a much larger 

fraction of the photon energy is guided outside the waveguide (i.e., within the evanescent field) 

with decreasing waveguide thickness. Therefore, a significant improvement of the signal-to-

noise ratio during absorption measurements via the evanescent field at the waveguide surface is 

expected. Additionally the evanescent wave shows extended penetration into the ambient 

solution, as confirmed by the calculated value of dp for each MCT waveguide in Figure S-1.   

�

Figure S-1. Optical field distribution along HgCdTe/ CdZnTe slab waveguide with decreasing 
MCT waveguide layer thickness. (a) Thickness of 1 µm results in dp = 1.4 µm; (b) thickness of 
0.5 µm results in dp = 1.8 µm. 
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The absorbance is proportional to r, the fraction of power residing outside the waveguide core. 

However, for the MCT waveguides studied herein it has to be considered that only the 

evanescent power penetrating into the sample solution (i.e., water) will contribute to the 

interaction with the analyte applied at the waveguide surface, while the evanescent field 

penetrating into the substrate will not contribute to the analytical signal. Calculations of the 

evanescent power ratio for the waveguides modeled in this study are shown in Figure S-2�

covering a wavelength regime of 5-16 µm.  

 

Figure S-2. Optical power ratio of the evanescent field (i.e. within the adjacent sample 
medium) in the 5-16 µm spectral regime shown as a percentage of the total optical power 
coupled into the core of the waveguide after the photons have propagated a distance of 50 µm 
along the waveguide. 

Considering an individual wavelength, it is evident that particularly with increasing 

wavelength and decreasing thickness of the MCT core waveguiding layer, the optical power 

within the evanescent field dramatically increases. Considering A = (εcl) r at a wavelength of 5.8 

µm, which is characteristic for the absorption of acetone analyzed as an exemplary analyte within 

this study, r (i.e. the fraction of optical power within the evanescent field) is calculated as 0.14% 
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(@ 5 µm MCT waveguide thickness), 6.2% (@ 1 µm MCT waveguide thickness), and 19% (@ 

0.5 µm MCT waveguide thickness). Consequently, by simply decreasing the MCT core 

waveguiding layer thickness from 5 µm to 0.5 µm, an enhancement of the optical power by up to 

2 orders of magnitude is anticipated.�

 Furthermore, it is evident that for each individual waveguide structure, the optical power 

within the evanescent field increases with increasing wavelength. Hence, the achievable 

enhancement is also wavelength dependent, and waveguide structure optimized for evanescent 

field sensing must also consider the respective emission wavelength provided by the light source. 

Additionally, by decreasing the thickness of the MCT layer from 1 µm to 0.5 µm, at a 

wavelength of 5 µm the optical power within the evanescent field is approx. 3.6-times enhanced 

(from 4.5 % to 16 %), whereas only a 1.4-time enhancement (from 27% to 37%) at wavelength 

of 16 µm may be obtained. Consequently, the achievable optical enhancement is higher at shorter 

wavelengths with decreasing waveguide thickness.   

Finally, a GaAs/AlGaAs slab waveguide was modeled for comparison as the currently only 

alternative semiconductor MIR waveguide technology. This waveguide has been reported as the 

first single-mode IR semiconductor waveguide, and a series of analytical studies have confirmed 

the utility of this wafer structure [11,17,18]. The obtained photon propagation properties are 

shown in Figure S-3. Figure S-4 illustrates a comparison with the results obtained for the 5 µm 

MCT waveguide. 
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�

Figure 4. Optical field distribution along GaAs/ AlGaAs/GaAs slab waveguide. 6 µm GaAs 
core layer with refractive index n = 3.3, 6 µm AlGaAs cladding layer with n = 3.2 and doped 
GaAs substrate with n = 2.8 [11]. dp is calculated to be 0.5 µm. �

The optical power within the evanescent field reveals overall comparable values between the 

two types of waveguide material within the 5-16 µm spectral window. Moreover, it is evident 

that the optical power within the evanescent field does not steadily increase with increased 

wavelength, in particular at the shorter wavelength regime. This may be explained by the fact 

that multi-mode photon propagation is supported in both waveguides at this relatively large core 

waveguide layer dimensions. These fluctuations of the optical power within the evanescent field 

are evident until the wavelength is long enough such that exclusive single-mode propagation 

within the waveguide is ensured, or the core layer thickness supports only single-mode 

propagation in this frequency window, as is the case for a 0.5 µm thin MCT waveguide (see 

Figure S-2). 

Given these considerations, the design of single-mode waveguides tailored to the emission 

wavelength window of any light source is readily facilitated via controlling the waveguide core 

layer thickness. More importantly, this strategy enables precise control on the evanescent field 

and the fraction of optical power within this leaky mode, which is crucial for analytical 

applications such as e.g. chem/bio sensors or waveguide-based bioassay technologies in the 

MIR. 
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Figure S-4. Comparison of evanescent field power ratio between 6 µm GaAs/AlGaAs and 
5 µm MCT slab waveguide.   
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ABSTRACT: The first combination of mid-infrared (MIR) tunable quantum
cascade lasers (tQCLs) with thin-film diamond strip waveguides (DSWGs)
suitable for advanced chemical sensing/biosensing is demonstrated. The sensing
system is composed of thin diamond films grown on surface-passivated Si wafers
via chemical vapor deposition (CVD) and microstructured using inductively
coupled plasma (ICP) etching, serving as photonic waveguides for radiation emitted by a broadly tunable quantum cascade laser
(tQCL) in the spectral regime of 5.78−6.35 μm (1570−1730 cm−1). The characterization of the free-standing diamond
waveguides reveals excellent transmission properties across a broad MIR band. As a proof of concept, the detection of acetone in
D2O via evanescent field absorption is demonstrated achieving a limit of detection (LOD) as low as 200 pL, which indicates a
significant sensitivity improvement compared to conventional MIR slab/strip waveguides reported to date. Providing
characteristic absorption features within the tuning range of the tQCL, studies using anisaldehyde as an analyte further
corroborate the potential of tQCL-DSWG-based chemical sensors/biosensors.

The mid-infrared (MIR) spectral range extending from 2.5
μm to 20 μm is based on the excitation of inherently

molecularly specific fundamental vibrational and rotational
transitions associated with most organic and inorganic
molecules interacting with MIR photons. Hence, this spectral
regime is particularly attractive for optical chemical sensing/
biosensing applications of species present in the liquid phase
and in the vapor phase.1,2 However, because of the bulky
dimensions of conventional spectroscopic equipment, most
MIR spectroscopic instrumentation remains confined to a
laboratory environment.3 Consequently, optical sensor tech-
nology in the MIR is less mature, compared to other frequency
ranges. Considering the already achieved level of miniatur-
ization/integration of ultraviolet−visible (UV-vis) and near-
infrared (NIR) optical devices, the opportunities for MIR
chemical sensors/biosensors upon appropriate miniaturization
are immediately evident for molecularly selective in situ and on-
site monitoring, sensing, and surveillance applications. How-
ever, efficient strategies enabling miniaturizing and integration
of the optical components of the sensing systemfrom the
light source to the detectorare required to facilitate
development of miniaturized MIR portable sensing systems,
as detailed below.4

Quantum cascade lasers (QCLs) are among the most
promising light source technologies in infrared (IR) sensing.5−7

QCLs provide high output power within narrow spectral
bands, compact dimensions (i.e., few hundreds of micro-
meters), a long lifetime, broadly tunable emission, and access to
almost the entire MIR spectral range.8,9 The utility of QCLs for
waveguide-based evanescent field absorption sensing applica-
tions has recently been demonstrated.10−12 Attenuated total

reflection (ATR) crystals are commonly used as MIR
waveguides for probing liquid-phase and solid samples, by
taking advantage of the evanescent field generated via internal
total reflection. Alternatively, fiber-optic waveguides such as,
e.g., solid-core fibers made from polycrystalline silver halides
(AgBr−AgCl, usually abbreviated as AgX) or chalcogenide
glasses (As−Se−Te) have been used for evanescent field
absorption sensing in aqueous solutions.10,11,13

Light propagating within a waveguide generates a field at its
interface, which decays exponentially into the surrounding
media (i.e., an evanescent field) if the refractive index of the
surrounding medium is lower than the refractive index of the
waveguide. IR-absorbing analytes present at the waveguide/
sample interface may interact with the evanescent field, thereby
resulting in attenuation of the propagating wave at analyte-
specific absorption frequencies, generating an IR−ATR
absorption spectrum.14

At MIR wavelengths, the evanescent field penetrates a few
micrometers into the adjacent medium, thereby minimizing
matrix absorptions (e.g., in aqueous solution). Hence, a quasi-
thin-film cell extending from the waveguide surface is probed,
enabling quantification via a pseudo Lambert−Beer relation-
ship, following A = (εcl)r, where ε is the molar absorptivity, c
the concentration of the analyte, l the equivalent optical path
length, and r the fraction of radiative power residing outside the
waveguide core. Therefore, enhancing the intensity of the
evanescent field directly increases the obtainable signal-to-noise
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ration (SNR) in an absorption measurement, and thus, the
achievable sensitivity.
The intensity of the evanescent field is directly dependent on

the dielectric constants at the interface waveguide sample, and
on the cross-sectional dimensions of the waveguide, which, in
turn, governs the modal propagation of radiation inside the
waveguide (if the dimension of the waveguide ≫ MIR
wavelength, no mode separation occurs, which is the case in
commercially available ATR devices). As the dielectric
constants are determined by the involved materials, and since
the sample properties most frequently cannot be freely
modified, the most significant sensitivity gain is provided by
tailoring and optimizing the waveguide structure itself. The
most commonly used IR transmitting fiber-optics are
manufactured from amorphous chalcogenide glasses15 or
polycrystalline silver halides.16,17 Recently, single-mode fibers
transparent up to a wavelength of 4.5 μm have been reported,
along with single-mode planar waveguides.18

Alternatively, Mizaikoff and collaborators have recently
reported a new generation of semiconductor (GaAs/AlGaAs)
thin-film MIR waveguides grown via molecular beam epitaxy
(MBE), providing a useful spectral window up to 13 μm.12 The
same group has demonstrated a new generation of strip
waveguides microfabricated from GaAs/AlGaAs semiconductor
wafers, revealing excellent analytical performance probing
minute sample quantities with superior sensitivity.19 Further-
more, the first on-chip MIR Mach−Zehnder interferometer was
reported, providing single-mode propagation and excellent
surface sensitivity.20 Most recently, the utility of mercury−
cadmium−telluride (MCT) semiconductor composites, which
are predominantly known as MIR detector materials, has also
been demonstrated as MIR waveguide material.21

In the present study, for the first time, the feasibility of
microfabricated diamond strip waveguides (DSWGs) as optical
transducers for MIR chemical sensing applications is shown;
these have been prepared via chemical vapor deposition (CVD)
and inductively coupled plasma (ICP) etching. Diamond is an
ideal coating for a variety of optical applications with excellent
broadband transmission properties. Moreover, it is chemically
inert, mechanical strong, and coatings with exceptionally
smooth surfaces can readily be fabricated. Our results reveal
outstanding optical/analytical performance for evanescent field
sensing, which promise highly miniaturized MIR optical sensor
platforms in combination with appropriate tunable QCLs.

■ MIR EVANESCENT FIELD SENSING SYSTEM BASED
ON DIAMOND WAVEGUIDES

Fabrication of Diamond Waveguides. The diamond
waveguides used herein were prepared via thin-film deposition
techniques. A diamond film with a thickness of 14 μm was
grown by microwave plasma-assisted CVD on top of a 200-nm
Si3N4 layer and a 2-μm SiO2 cladding layer deposited onto a
thick (1 cm) 4-in. Si wafer substrate (Diamond Materials
GmbH). The latter facilitated overcoming problems associated
with the difference in thermal expansion coefficient between
diamond and Si, which otherwise may cause substantial
bending of conventional Si wafer substrates. After deposition
of the diamond layer and subsequent polishing, the Si wafer was
thinned down to a thickness of 600 μm. The silicon wafer was
also used as a carrier structure for the thin-film DSWGs, and it
was diced into segments with dimensions of 1 cm2 prior the
microfabrication of the diamond waveguides. Because of the
mismatch of the refractive index between diamond (n ≈ 2.38)

and Si (n ≈ 3.45) in the wavelength regime of interest, a
cladding layer had to be deposited for confining wave
propagation within the diamond waveguide. SiO2 (n ≈ 1.46)
and Si3N4 (n ≈ 2) were selected because of their refractive
indices, and with the dual role of Si3N4 to promote adhesion of
the deposited diamond film. Prior to further processing, all
samples were cleaned in hot piranha solution (H2O2 and
H2SO4), followed by rinsing with isopropanol.
The definition of the diamond waveguide structure was

performed using conventional optical lithography in combina-
tion with ICP etching of the diamond layer. In brief, 1 cm2

segments were coated with Al via sputter deposition. The
waveguide structures were defined in photoresist on top of the
Al layer, using standard UV photolithography. In the next step,
the waveguide structures were transferred into the Al layer
using ICP etching (i.e., chlorine chemistry). Thus, structured Al
layers were acting as a mask during subsequent diamond ICP
etching via O2/Ar/SF6 chemistry. Finally, the remaining
photoresist and the Al layer were removed using hot acids; a
more-detailed description of diamond etching can be found
elsewhere.22,23

Sections of the diamond waveguides were finally etched from
the backside through the silicon substrate via conventional deep
reactive ion etching to realize sections of free-standing DSWGs
(with minimum mode leakage to the substrate). Here, Al
masking was used to provide a silicon frame structure finally
supporting the strip waveguides facilitating handling. In a last
step, hydrofluoric acid (HF) was used to remove the exposed
oxide and nitride layers from the diamond structure. Thus, free-
standing waveguide structures were also used for comparison of
the power transmission with non-backside-etched waveguides.
Figure 1 shows optical and scanning electron microscopy

(SEM) images of the thus-obtained DSWGs. The SEM image

Figure 1. Diamond strip waveguides (DSWGs) grown on a passivated
silicon wafer substrate: (a) optical image of microfabricated diamond
waveguides with a series of strip widths (100−500 μm); (b) SEM
image at the in/out-coupling end facet for a 100-μm-wide waveguide
with a thickness of 14 μm; and (c) schematic of the thin-film diamond
waveguide structure.
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details the plasma-etched sidewalls of the diamond waveguide
(i.e., the in/out-coupling facet) in Figure 1b. Optically smooth
(i.e., root-mean-square (RMS) surface roughness of <200 nm)
of the coupling facets was achieved using a ICP etching process,
which has been described elsewhere.22

Experimental Setup. The MIR light source used in the
experimental setup was a broadly tunable QCL (tQCL)
(Daylight Solutions, Inc., San Diego, CA, USA) providing
MIR radiation in the range of 5.78−6.35 μm (1570−1735
cm−1) at a spectra resolution of 0.01 cm−1. Collimated laser
radiation was focused onto the coupling facet of the DSWGs,
using a ZnSe lens with a focal length of 0.5 in. (See Figure 2.)

An aperture placed in front of the ZnSe lens was used to define
a 2-mm-diameter spot size of the laser beam on the entrance
facet of the waveguide. With a refractive index of 2.38 for the
diamond waveguide, the half angle divergence of the beam
entering the waveguide is calculated at 0.19 rad. MIR light
propagation takes place via the diamond core layer to the out-
coupling facet at the far end of the waveguide. The emitted
light was refocused by a pair of ZnSe lenses onto a liquid-
nitrogen-cooled mercury−cadmium−telluride (MCT) detector
(Kolmar Technologies, Newbury, MA, USA), which was
connected to an oscilloscope for signal readout. The amplitude
of transmitted pulsed laser signal was recorded using a LabView
program for further data processing.
The waveguide structure used herein support multimode

propagation (up to six TE and TM modes) at MIR wavelengths
<2000 cm−1. At the interface between the diamond waveguide
and the optically rare adjacent medium (i.e., air or liquid
sample), an exponentially decaying evanescent field is
generated. Hence, MIR radiation may interact with absorbing
analyte molecules present in a sample solution deposited on
top of the waveguide surface, thereby attenuating the radiation
transmitted through the waveguide via evanescent field
absorption as a function of the sample surface coverage and
concentration of the absorbing species following a log(I0/I)
Beer−Lambert functional dependence.
GaAs/AlGaAs strip waveguides previously reported by our

research team12,19 were cleaved from an epitaxially grown wafer
and microstructured via photolithography and reactive ion
etching (RIE) and were used for sensitivity comparison. The
Al0.2Ga0.8As cladding layer has a refractive index of 3.2 (vs 3.3

for the core GaAs waveguide) at 5.8 μm and provides an optical
buffer layer between the 6-μm core GaAs layer serving as the
actual waveguide and the n-doped GaAs substrate.19

Analysis of Diamond Slab Waveguides by Fourier
Transform Infrared (FT-IR) Spectroscopy. A polycrystalline
diamond slab sample was prepared with dimensions of 4 mm ×
20 mm × 1 mm (width × length × thickness) using microwave
plasma-assisted chemical vapor deposition (Element Six, Ltd.)
for transmission studies via Fourier transform infrared (FT-IR)
spectroscopy. Transmission measurements were performed
using a Bruker IFS 66v/S FT-IR spectrometer (Bruker Optics,
Ettlingen, Germany) coupling radiation through the 4 mm × 1
mm facet of the diamond substrate. A pinhole (diameter of 0.9
mm) was placed in front of the diamond edge to ensure that
only radiation coupled through the diamond substrate was
analyzed. Associated background spectra were recorded by
simply removing the diamond substrate from the beam path.
The corresponding transmission spectrum is shown in Figure 3.

The polycrystalline diamond sample revealed typical
absorption bands between 1500 cm−1 and 3700 cm−1 resulting
from two-phonon absorptions within the diamond material.
Beyond 3700 cm−1, diamond is transparent up to 4.4 × 104

cm−1 (i.e., 225 nm), because of the band gap of diamond (5.5
eV). Below ∼1750 cm−1, diamond reveals a useful analytical
window extending well beyond 10 cm−1. Herein, the trans-
mission spectrum shows a cutoff at 600 cm−1 at the long
wavelength end, which is determined by the characteristics of
the MCT detector. The inset in Figure 3 details the
transmission window in the range of 1570−1735 cm−1, which
corresponds to the wavelength band emitted by the tQCL used
in the present study. Note that the transmission is lower than
expected in the wavelength regime investigated; this can be
attributed to scattering and absorption at the diamond grain
boundaries within the polycrystalline diamond waveguide
structure.

Chemical Sensing Using Diamond Strip Waveguides.
The tQCL was operated in pulse mode at a fixed wavenumber
of 1665 cm−1 with a repetition rate of 100 kHz and a duty cycle
of 1%. The peak intensity of the pulse was determined at 200
mW. The Si-wafer-mounted DSWGs were located on a 3-D

Figure 2. Experimental IR sensor setup combining DSWGs with a
tQCL light source. The ZnSe lenses (0.5-in. focal length) and the
diamond waveguides were individually mounted on three-dimensional
(3-D) translational stages enabling alignment of the optical system.
The triangular beam stopper on top of the diamond waveguides was
used to avoid the collection of any stray light onto the detector.

Figure 3. Typical MIR transmission spectrum obtained for a
polycrystalline diamond slab waveguide (4 mm × 20 mm × 1 mm)
at a spectral resolution of 1 cm−1 averaging 100 spectra. The inset
shows an enlargement of the transmittance in the wavelength region
emitted by the tQCL.

Analytical Chemistry Article

dx.doi.org/10.1021/ac5011475 | Anal. Chem. 2014, 86, 8136−81418138



translational stage enabling precise alignment of the focal point
of the QCL-emitted IR radiation with the in-coupling facet of
the waveguide. The transmission characteristics of the strip
waveguides were evaluated by horizontally moving the
waveguides n steps across the focal point of the IR radiation.
The transmitted light intensity was recorded at increments of
10 μm, as shown in Figure 4 for a line scan across a 100-μm-
wide strip waveguide. The intensity distribution shows the
anticipated symmetric energy profile across the waveguide
width.

Using the same laser parameters as those used for the
throughput measurement, the tQCL was then focused to the
center of the 100-μm DSWG providing the highest trans-
mittance, and scanned across the spectral range of 1580−1720
cm−1 at a resolution of 1 cm−1. All experiments reported herein
were performed under ambient conditions and without
atmospheric protection; hence, absorption measurements may
be affected by the interaction of photons with moisture, CO2,
and other air constituents within the open beam path. By
simply removing the diamond waveguide from the beam path, a
spectrum was captured and the intensity of characteristic peaks
due to water bands could be identified. By appropriate
normalization of the spectra to these water bands with and
without the diamond waveguide, the moisture contribution
could reproducibly be subtracted from the transmission spectra
obtained with the diamond waveguide, independent of
variations of ambient moisture concentration. After background
correction, the transmitted intensity across the wavelength
band provided by the tQCL laser is shown in Figure 5. Even
though the transmittance is somewhat attenuated in the
spectral range emitted by the tQCL, the radiation intensity
transmitted through the waveguide was sufficient to saturate the
MCT detector (i.e., maximize the energy throughput through
the waveguide) under the given operation conditions of the
tQCL.
To demonstrate the chemical sensing performance of the

diamond waveguide, a calibration was performed using diluted
solutions of acetone in D2O. D2O was selected as the most

suitable solvent for the present studies, because of its optical
transparency in the required MIR spectral window at 1710
cm−1, which is the resonance frequency of the characteristic
CO absorption peak of acetone. Therefore, the tQCL was
adjusted to emit at 1710 cm−1 (i.e., 5.8 μm) in pulsed mode
(applied current = 711 mA; emitted peak power = 230 mW@
900 mA). A volume of 5 μL of analyte solution was added via
an Eppendorf pipet at the center of the DSWG surface. After
deposition, the surface tension caused the droplet to spread
across the waveguide surface resulting in a sample spot
extending across a surface area of ∼3 mm; hence, dampening
of the evanescent field across the entire beam waist (see Figure
4) was contributing to the analytical signal, as detailed in our
previous studies using GaAs waveguides of similar dimen-
sions.19

A series of analyte droplets were deposited at the diamond
waveguide surface with concentrations of 0, 1.36, 2.72, 4.08,
5.44, 6.81, and 8.16 M of acetone in D2O comprising volumes
of 0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 μL, respectively.
Correspondingly, the intensity of the radiation propagating
through the waveguide was dampened via evanescent field
absorption, following A = log(I/I0). The relationship between
the measured absorbance and the analyte concentration is
shown in Figure 6. An excellent linear fit (r2 = 0.989) was
obtained; the error bars (i.e., each measurement was
independently repeated three times and averaged) associated
with these measurements are mainly attributed to variances
resulting from the manual deposition of the sample droplets.
For comparison, the same studies were performed using a

100-μm-wide GaAs/AlGaAs strip waveguide with an already-
optimized thickness of 6 μm, supporting single-mode
propagation. Here, 5 μL of analyte solution were prepared at
similar concentrations and deposited at the center of the 100
μm GaAs waveguide surface. The obtained calibration functions
for the diamond and the GaAs waveguide are compared in
Figure 6. The slope of the obtained linear calibration function is
steeper for the diamond-based IR sensor system. While the
apparent limits of detection are in essence en par, the diamond
waveguidewith the steeper absorbance vs concentration
slopeperforms slightly better than the already-optimized
GaAs waveguide structure.
The actual contribution of the absorption results exclusively

from the very thin liquid film at the sample/waveguide
interface, and, more precisely, from the thin analyte layer

Figure 4. Transmission of a 100-μm-wide DSWG: (a) intensity profile
across the waveguide width (step size = 10 μm) and (b) illustration of
stepwise scanning procedure.

Figure 5. Normalized and background corrected transmission
spectrum after propagating the entire IR band emitted by the tQCL
through a 100-μm-wide diamond thin-film waveguide at a spectral
resolution of 1 cm−1 (a.u. = arbitrary units).
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covering the 3-mm-long waveguide surface. Considering a waist
of the propagating beam <1 μm, and a penetration depth of the
evanescent field of 0.9 μm appropriate for acetone, a reliable
detection of ∼200 pL (i.e., 158 ng) of acetone is predicted.
Using the 3σ criterion (i.e., an analytical signal that has a
magnitude at least 3 times greater than the standard deviation),
the lowest detectable volume is calculated to be LOD = 18 pL
(i.e., 14.2 ng).
Considering the rather thick diamond layer (14 μm), these

first prototypes of diamond thin-film waveguides are not yet
optimized for evanescent field sensing, because the sensitivity
could be significantly improved by further decreasing the core
diamond waveguide thickness to 10 μm or less, thus supporting
single-mode propagation in the wavelength region of interest.
An improvement of the LOD up to 2 orders of magnitude is
anticipated providing a significantly enhanced evanescent field
intensity resulting from a more tightly confining waveguide
core (i.e., in thickness and width of the waveguide strips), as
previously shown for GaAs thin-film structures.
Broadband Chemical Detection. In an additional set of

experiments, anisaldehyde was selectively detected using
diamond thin-film waveguides, because it provides two
characteristic absorption peaks, at 1596 and 1681 cm−1.
Drops of neat anisaldehyde (i.e., without dilution) were
deposited at the surface of a 150-μm-wide diamond waveguide
with the sample droplet wetting a surface area (i.e., coverage
length) of ∼5 mm. Because of its vapor pressure, anisaldehyde
forms a thin liquid film, which remains at the waveguide surface
while scanning an entire spectrum with the tQCL. Thereafter,
the analyte was removed using lens cleaning tissue and the
waveguide surface was cleaned with acetone and ethyl acetate.
Scanning of the tQCL across the emitted wavelength band at a
spectral resolution of 1 cm−1 yielded the absorption spectra
exemplarily shown in Figure 7. Two spectra in Figure 7 were
recorded with the tQCL. The red spectrum (i.e., a single scan
across the wavelength band) was subject to background
compensation correction of moisture contributions revealing
the characteristic peaks of anisaldehyde with adequately low
noise of the baseline. The green spectrum illustrates again one
scan of the tQCL after Savitzky−Golay smoothing (10 points).
In comparison, the IR spectrum of anisaldehyde was recorded

in a conventional ATR experiment with FT-IR spectroscopy
(blue spectrum). Corresponding FT-IR studies were performed
using a Bruker Vertex 70 FT-IR spectrometer equipped with a
Bio-ATR system (both Bruker Optics, Ettlingen, Germany)
averaging 200 spectra. It is evident that the two characteristic
peaks of anisaldehyde are readily detected by the tQCL-
diamond waveguide. The signal-to-noise ratio (SNR) at 1596
cm−1 was calculated to be ∼1900:1 for the FT-IR measure-
ments. For the tQCL-diamond waveguide, using only a single
scan, a SNR at 1596 cm−1 of ∼6000:1 was achieved, thereby
corroborating previous studies on the anticipated sensitivity
improvements using QCL-based IR sensors vs FT-IR-based
systems.11 Given the continuous evolvement of tQCL
technology toward even broader tuning ranges, higher lasing
power, stable, robust, and accurate spectral tuning−in
combination with frequency-matched thin-film waveguides,
such as the diamond structures shown herein, it is anticipated
that an advanced generation of MIR chemical sensors/
biosensors with unmatched sensitivity is on the horizon.

■ CONCLUSIONS AND OUTLOOK
In the present study, the first thin-film diamond strip
waveguides (DSWGs) are demonstrated along with their utility
for mid-infrared (MIR) evanescent field chemical sensing/
biosensing, in combination with tunable quantum cascade lasers
(tQCLs). In particular, we have demonstrated a viable
fabrication method to make high-quality photonic micro-
structured DSWGs via standard lithographic methods and
inductively coupled plasma (ICP) etching. This allows simple
and rapid structuring of an entire wafer, and is thus highly
suitable for batch processing. The detection of acetone
dissolved in D2O confirmed a lowest detectable volume of 18
pL, which is competitive to already optimized GaAs/AlGaAs
semiconductor waveguides. Furthermore, broadband detection
capabilities were demonstrated for anisaldehyde across a
wavelength band of 1580−1720 cm−1.
Because of the outstanding properties of diamond under

harsh environmental conditions, as well as its intrinsic
biocompatibility, a new generation of on-chip MIR chemical

Figure 6. Chemical sensor response to solutions of acetone dissolved
in D2O deposited at the surface of a 100-μm-wide diamond thin-film
waveguide. Corresponding results obtained using a 100-μm-wide GaAs
waveguide surface are shown. Each 5-μL droplet resulted in a circular
sample deposit at the surface with a diameter of ∼3 mm.

Figure 7. IR absorption spectra of anisaldehyde recorded with a single
scan of a tQCL after deposition at the surface of a thin-film diamond
waveguide. Red spectrum, after moisture compensation; green
spectrum, after Savitzky−Golay smoothing (10 points). For
comparison, the ATR spectrum recorded by a conventional FT-IR
spectrometer averaging 200 spectra is shown. All spectra were
recorded at a resolution of 1 cm−1.
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sensing/biosensing platforms is on the horizon taking
advantage of advanced microfabrication and integration
techniques.2,24 In addition, the integration of additional sensing
modalities is anticipated, e.g., combining MIR spectroscopic
with electrochemical sensing schemes via the deposition of
boron-doped diamond layers at the surface of such strip
waveguides serving as IR-transparent electrodes, thereby
providing advanced spectro-electrochemcial sensing tools
ideally suited for higher-order lab-on-chip diagnostic plat-
forms.25 Finally, with the introduction of more-sophisticated
optical structures fabricated from thin-film diamond materials,
including resonators such as disk, ring, or racetrack waveguides,
and grating couplers, the addition of optical amplification
schemes next to chemical enhancement/bioenhancement of the
analytical signal appears straightforward.26−30
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