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ABSTRACT 

 

Mid-infrared (mid-IR) spectroscopy has become a powerful technique for chemical analysis. 

The fingerprint absorption bands in mid-IR can be used to uniquely identify a molecular specie. 

Such fingerprinting capability along with non-invasive measurement makes mid-IR sensing an 

ideal technology for applications involving chemical analysis in complex environments, such as 

pharmaceutical production, clinical health condition monitoring, environment monitoring, and 

remote sensing. Typically, FTIR is used to obtain the mid-IR spectrum of a specimen. However, 

such bench-top FTIR instrument is unpractical for field-deployed applications. To address this 

issue, miniaturized nanophotonic devices are alternatives for mid-IR sensing. The focus of this 

research is to apply mid-IR sensing technique in non-invasive chemical composition analysis. 

First, a mid-IR visualization system was demonstrated to show the capability of mid-IR sensing 

for ultra-fast chemical identification. The fundamental components for mid-IR sensing were 

discussed in the experiment. Next, on-chip vortex beam generation from waveguides was studied 

by FDTD simulation. A spiral phase plate was then fabricated on a glass plate to show the vortex 

beam generation from 3.0 μm to 3.7 μm experimentally. Third, the second-order nonlinear property 

of BaTiO3 thin film was studied by second-harmonic generation in the mid-IR region. The 

nonlinear integrated photonics gives opportunity for on-chip mid-IR light generation. Last, mid-

IR integrated photonics for volatile organic compounds (VOC) sensing was studied for enhanced 

sensitivity. SiN waveguides typically offer 5 times enhancement compared with Si waveguides. 

Nanoparticles-coated waveguides offer another 10-15 times enhancement. Mid-IR waveguides 

with nanoparticle coatings is believed to bring the sensitivity towards sub ppm level of VOC gases. 
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CHAPTER I 

 INTRODUCTION 

1.1  Mid-infrared plays an important role for material characterization 

The mid-infrared (mid-IR) spectral region, 2.5 – 20 μm (4000 cm-1 – 500 cm-1), has become a 

key application for sensing chemical molecules because most molecules have intense absorption 

bands in this region. Depending on the consisting functional groups, different molecules have a 

series of different absorption bands across the mid-IR region, called molecular-fingerprint 

absorption bands. A mid-IR spectral analysis of a given molecule thus provides a unique way to 

non-invasively identify and quantify that molecule in any phase of matter. Figure 1.1 shows some 

characteristic IR absorption bands of some important organic functional groups. For an organic 

compound molecule consisting of several functional groups, a combination of several absorption 

bands will show up in the spectrum, allowing one to speculate the molecule composition. On the 

other hand, it can be determined if there is a certain molecule contained in the test sample by 

examining the absorption peaks in the spectrum. 

Mid-IR absorption spectroscopy offers numerous applications such as production monitoring 

for pharmaceutical industry [1], gas sensing for leakage monitoring [2], and label-free detection 

of proteins for biomedical research [3]. Determination of some key molecules leads to multiple 

applications. For example, sensing of carbon dioxide for its absorption at 4.3 μm and 15.0 μm in 

wavelength finds applications in environmental monitoring, air conditioning, and clinical 

diagnosis such as anesthesia analysis and blood gas analysis. Moreover, mid-IR absorption 

spectroscopy opens a new path for monitoring diseases by offering real-time and non-invasive 

detection of biomarkers caused by those diseases. Human breath contains some volatile organic 
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compounds (VOCs) of very low concentration (ppm or ppb level). Breath analysis by monitoring 

some VOCs can diagnose conditions such as asthma, liver disease, and lung cancer if the 

concentration of some VOC biomarkers in the breath are different than their normal levels [4]. 

There are more applications of mid-IR sensing not limited to the examples listed above. The 

specificity and non-invasive nature of mid-IR spectroscopy makes it an important technique for 

sensing and distinguishing molecules in a variety of systems. 

 

 

Figure 1.1 Characteristic IR absorption of some important functional groups 

1.2 Limitations of conventional mid-IR absorption spectroscopy 

Fourier transform infrared spectrometers (FTIR) are mainly used to measure the absorption 

spectrum of a specimen in the mid-IR region, in order to identify and quantify materials’ 

composition. In an FTIR system, a blackbody radiator is used as an IR light source. IR light 

detectors such as pyroelectric detectors, cooled photoelectric detectors or liquid nitrogen cooled 

mercury cadmium telluride (MCT) are the most widely used detectors for the mid-IR light. The IR 

light is collimated first and then goes through an interferometer before passing through the sample. 

The IR detectors measures the interferogram of the background and the sample and a Fast-Fourier 
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Transform (FFT) algorithms is used to convert the interferogram data to a spectrum. The 

absorption spectrum of the sample is obtained by subtracting the signal from the background. FTIR 

offers a fast and reproducible way to obtain detailed qualitative and quantitative chemical 

information of a sample. However, such FTIR system requires a bench-top optical configuration 

setup, which is unpractical for industry or clinical environment where point-of-use (POU) and real-

time monitoring is required. FTIR is also unable to detect chemicals of very low concentration. 

The detection of chemicals of very low concentration typically requires a very long optical path, 

which is unpractical for a FTIR system. Therefore, it is significant to develop new mid-IR sensing 

systems that offers portable, high sensitivity analysis of chemical compositions. 

 

1.3 Mid-IR spectral sensing towards on-chip systems 

To address the limitations of FTIR spectroscopy, nanophotonic devices offers a promising 

route towards enabling miniaturized platforms for IR spectroscopic analysis. On-chip photonics or 

integrated photonics utilizes dielectric waveguides for absorption spectroscopy [5]. With the 

development of nonlinear optics, integrated nonlinear photonics provides a promising way for on-

chip IR tunable light sources. Thus, we studied the nonlinear optical properties of BaTiO3 in the 

mid-IR region. Perovskite oxides, such as LiNbO3, KNbO3, and BaTiO3, are attractive materials 

because they exhibit excellent ferroelectric and nonlinear optical properties at room temperature. 

Their ferroelectric properties lead to a variety of applications including sensors [6], non-volatile 

memory devices [7], and optical communications [8,9]. Perovskite oxides have the chemical 

formula ABO3, where their polar property determines the polarization, which is the net dipole 

moment in the unit volume. The nonlinear interactions between the electric dipole and light waves 

create nonlinear optical responses such as SHG, sum-frequency generation (SFG), difference-
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frequency generation (DFG), optical parametric oscillation (OPO), etc [10]. The nonlinear optics 

technology has been applied to provide light sources over ultraviolet, visible, infrared, and THz 

bands through nonlinear light conversion [11-13]. For the nonlinear materials in mid-IR, the 

proposed material is BTO. BTO has a broad transparent window in visible and infrared (IR) range 

[14,15]. Through the Pockels effect, the refractive indexes of BTO thin films are tunable by 

applying external electric fields [16,17]. The second order nonlinear susceptibilities of BTO can 

be further enhanced by inducing stress in the BTO thin film [18]. Moreover, BTO thin films can 

be epitaxially grown on the Si substrates with an intermediate buffer layer [19,20], thus providing 

additional functionality to present Si photonic devices. 

Vortex beams with orbital angular momentum (OAM) have drawn considerable interest for 

their broad applications in nonlinear optics [21], quantum optics [22,24], optical tweezers [25], 

and biosciences [26]. Although OAM has been studied over different spectral ranges, including 

visible, near-Infrared, and long millimeter waves [27-29], it has not been investigated in the mid-

IR regime at λ = 2.5 µm – 15 µm on a chip scale platform. With OAM, mid-IR light can further 

be used to trap and manipulate small molecules in optical sensing.  
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CHAPTER II 

MID-INFRARED MULTI-SPECTRAL ANALYSIS OF STRUCTURE AND COMPOSITION 

OF MATERIALS* 

2.1 Introduction 

In this work we developed a mid-IR vision system that implements multi-spectral and robotic 

scanning techniques. This platform is not only capable of tracking objects, but also differentiating 

materials simultaneously, because the mid-IR spectrum overlaps with the characteristic and finger-

print absorptions assigned to numerous chemical functional groups. Hence, images captured in 

mid-IR reveal the object structures and provide information associated with the chemical 

compositions and the material properties [1,2]. In addition, recent progress has demonstrated that 

the complementary metal–oxide–semiconductor (CMOS) technology has the capability to 

manufacture mid-IR microphotonic devices [3]. Thus, it will lead the integration of the mid-IR 

components, such as its light source and detectors, with present vision microprocessors [4-6]. The 

mid-IR sensing platform can be applied for pharmaceutical technology, biomedical applications, 

and manufacturing [7-9], where spatial and chemical analyses are both required. For instance, in 

pharmaceutical systems, real-time and multi-point monitoring is required during the drug–polymer 

phase separation process. Similarly, for biomedical diagnosis, imaging with chemical property 

requisition is desired for cell screening. The mid-IR scanning system overcomes challenges of 

present Fourier Transform Infrared - Attenuated Total internal Reflection (FTIR-ATR), which can 

only acquire a spectrum at a discrete single point, thus making it unable to efficiently provide 

 
* Reprinted with permission from "Midinfrared multispectral detection for real-time and noninvasive analysis of the 

structure and composition of materials." by Junchao Zhou and Pao-Tai Lin, 2018.  ACS Sensors 3, no. 7 1322-1328, 

Copyright @ 2018 American Chemical Society. 
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spatial material information. In addition, FTIR-ATR needs to be directly in contact with the 

samples during the measurement, so it is not suitable for remote/non-contact sensing. 

In brief, this work provides a new machine vision platform able to achieve real-time and non-

invasive object tracking and material characterization. This new functionality of material 

visualization will grant robotics additional sensing intelligence for extensive applications, such as 

agriculture evaluation, biomedical imaging, and environmental toxics monitoring.  

2.2 System Overview 

2.2.1 Block diagram of the mid-IR visualization system  

Figure 2.1 (a) is the block diagram illustrating the three major components of the mid-IR 

visualization system: a mid-IR tunable laser, robotic scanning stages, and mid-IR signal receivers. 

Combination of these components allowed the system to tune the light wavelengths for multi-

spectral analysis and to regulate the object scanning speeds for optimization of the data acquisition 

rates. Both structural profiles and material properties were revealed after interpreting the spectrally 

attenuated light intensity. In detail, the tunable laser was used to illuminate the sample objects. Its 

wavelength was tuned to align with various mid-IR absorption bands that correspond to the 

chemical functional groups of interest. Hence, objects made by different chemicals were able to 

be differentiated through the spectra collected from the transmitted light. The tunable laser had a 

narrow emission linewidth that prevented inaccuracy caused by spectral crosstalk. In parallel, 

dynamic object tracking was achieved using an agile scanning stage. The testing objects were 

attached onto the surface of a rotating plate that was anchored to a spinner driven by a stepper 

motor. The plate rotational speed and the object positions were controlled by a LabVIEW installed 

computer. At the end of the system, the signal receiver was a single pixel detector or a camera that 

recorded the mid-IR intensity variation after the light transmitted through the rotating plate. The 
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accuracy of the object position tracking and the material identification depended on the rotation 

speed of the plate as well as the response time of the signal receptor. This mid-IR visualization 

technique was capable of analyzing material properties such as chemical compositions and 

elemental distribution. Thus, it provides a novel functionality beyond conventional visible or NIR 

vision systems that are limited to sorting out structural information like the shape, size, or position.  

 

Figure 2.1 (a) The block diagram for the mid-IR visualization system. It includes three major components: 

the mid-IR laser, scanning stages, and the signal receivers. The multispectral data, at λ = 2.45 to 3.7 μm, 

was acquired in either high speed (ω > 200 rpm) or low speed (ω < 0.5 rpm) rotating rates. The system can 

provide material and structural information simultaneously. (b) The schematic of the experimental setup 

and (c) the actual configuration of the mid-IR scanning system. The mid-IR light from the laser was coupled 

into the front end of the mid-IR fiber using reflective collimated lens (RL). The light emitted from the fiber 

was then projected into an object plate that contained SU-8 and PDMS samples. The plate was connected 

to a motor and rotated at a speed ω. The fiber mode after passing through the plate was monitored by a mid-

IR camera or a photodetector. 
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2.2.2 Experimental setup of the mid-IR visualization system  

The mid-IR system can profile mobile targets and instantaneously identify their material 

properties. Meanwhile, there were two modes available in operation, one at a lower scanning speed 

and the other at a higher speed. The schematic of the experimental setup and the actual 

configuration of the scanning system are displayed in Figure 2.1 (b) and (c), respectively. The 

tunable pulsed laser had a narrow linewidth of 5 nm and the emission wavelength can be tuned 

from λ = 2.50 to 3.70 μm. The laser pulse duration was 10 ns with a 150 kHz repetition rate. The 

mid-IR light was initially coupled into the front end of a single mode fiber through a reflective 

collimated lens. The back end of the fiber was placed next to the rotation plate so the light emitted 

from the fiber was projected toward the plate before the light beam became widely diverged. 

During the low-speed scanning test, the rotation rate of the stepper motor was set at 0.26 rpm. The 

image and intensity of the fiber mode after passing through the object plate were continuously 

monitored by a mid-IR camera. On the other hand, in the high-speed scanning test, the rotation 

rate was increased to 231 rpm. The signal receiver was replaced by a 1.6 MHz bandwidth mid-IR 

photodetector and then connected to a 2 GHz oscilloscope, so the fast-varying intensity of the fiber 

mode could be recorded and analyzed instantaneously. 

The testing objects were made by two different chemicals, polydimethylsiloxane (PDMS) and 

SU-8, to show that the mid-IR visualization system was capable of performing real-time material 

identification in addition to position tracking. PDMS and SU-8 were selected because they can be 

easily patterned on the substrate and can be differentiated using the mid-IR light. Though SU-8 

and PDMS are both transparent in the visible spectrum, they have distinct mid-IR absorption 

spectra [10-12]. Figure 2.2 (a) illustrates the design of the plate and the coordination of the testing 

objects. For a circular array of SU-8 objects, their angular separation between adjacent spots were 
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15o, 30o, 45o, 60o, 75o, 90o, and 45o, counting clockwise. For the other array made by PDMS, the 

relative angular positions between neighboring spots were 70o, 55o, 95o, 55o, 40o, and 45o. These 

round objects had a 1 cm diameter and were placed at 4.5 cm away from the plate center. Figure 

2.2 (b) shows the fabricated testing plate with the PDMS and SU-8 objects on its surface. The 

PDMS samples were prepared by the injection molding process and then adhered onto the plate 

surface. For SU-8, the samples were patterned on the surface by photolithography. The thickness 

of the SU-8 objects measured by a profilometer was 60 μm. The testing plate was then mounted 

on a PC controlled stepper motor to carry on the mid-IR visualization test.  

 

 

 

Figure 2.2 (a) The design of the testing plate. The coordination of the SU-8 and PDMS objects are 

represented by the blue and green circles, respectively. The radius of the circular scanning path, R, is 4.5 

cm. (b) The fabricated 10 × 10 cm testing plate and the SU-8 and PDMS circles with a diameter of 1 cm. 
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2.3 Results and discussion 

2.3.1 Characteristic mid-IR absorption of PDMS and SU-8  

Figure 2.3 (a) and (b) show the infrared transmission spectra of the SU-8 and the PDMS at λ = 

2.50 - 3.70 μm measured by using the mid-IR tunable laser. From Figure 2.3 (a), SU-8 had two 

absorption bands, one at λ = 2.78 - 3.12 μm associated with the O–H stretch and the other at λ = 

3.30 - 3.54 μm caused by the aromatic C–H stretch. On the other hand, from Figure 2.3 (b) PDMS 

had a strong absorption at λ = 2.70 - 3.00 μm and λ = 3.20 - 3.60 μm due to the asymmetric C–H 

stretching from the Si-CH3 group [13,14]. Clearly, SU-8 and the PDMS revealed distinct mid-IR 

absorption spectra because of their dissimilar chemical functional groups and molecular structures. 

For SU-8, it consists of rigid aromatic rings and epoxy rings, while the major functional group of 

PDMS is siloxane. Thus, samples composed of SU-8 and PDMS can be differentiated by imaging 

those objects at wavelengths corresponding to their unique absorption bands. 

 

Figure 2.3 The infrared transmission spectra of (a) the SU-8 and (b) the PDMS at λ = 2.50 - 3.70 μm. SU-

8 had strong absorption at λ = 2.78 - 3.12 μm and 3.30 - 3.54 μm due to the characteristic O–H and C–H 

absorptions. PDMS showed absorption at λ = 2.70 - 3.00 μm and λ = 3.20 - 3.60 μm due to the Si-CH3 

functional group. 
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Figure 2.4 displayed the mid-IR fiber mode after the light passed through the SU-8 and PDMS 

objects. The mode images were captured at various wavelengths. At λ = 2.54 μm, a sharp 

fundamental fiber mode was found after transmitting through SU-8 and PDMS, indicating SU-8 

and PDMS were both transparent at that wavelength. Upon tuning the wavelength to λ = 2.98 μm, 

the mode after SU-8 became much darker because of the O–H strong characteristic absorption. 

Nevertheless, the mode after PDMS remained sharp and clear since PDMS was transparent at λ = 

2.98 μm. Once the wavelength shifted to λ = 3.46 μm the fiber mode disappeared after SU-8; 

similarly, only a tiny and blurred spot was left after PDMS. The decreasing mode intensity at λ = 

3.46 μm was caused by the characteristic C–H absorption existing in both PDMS and SU-8. 

Clearly, the observed spectral attenuation of the fiber mode was determined by the infrared 

absorption bands associated with the testing objects. Thus, the mid-IR scanning technique was 

able to visualize the material compositions. 

 

Figure 2.4. Optical images of the mid-IR fiber mode after passing through the SU-8 and the PDMS objects. 

The fiber light was tuned to three different wavelengths: (a) and (d) at λ = 2.54 µm, (b) and (e) at λ = 2.98 

µm, and (e) and (f) at λ = 3.46 µm. SU-8 and PDMS were both transparent at λ = 2.54 μm. At λ = 2.98 μm, 

SU-8 showed stronger absorption than PDMS. At λ = 3.46 μm, SU-8 and PDMS were opaque. 
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2.3.2 Material identification using mid-IR fiber scanning at low speed  

Real-time and non-invasive material identification was carried out by the mid-IR fiber scanning 

method. The design and the preparation of the testing plate and objects were previously illustrated 

in the section Experimental Setup. Figure 2.5 (a) displays the sequence of the SU-8 and PDMS 

objects in time. Figure 5 (b) - (f) show the transient response of the fiber mode intensity when the 

object plate was rotated at 0.26 rpm, which is equivalent to a full rotation in 231 s. The absorptions 

caused by the SU-8 and PDMS were indicated by red and green arrows, respectively. Five different 

wavelengths at λ = 2.54, 2.74, 2.98, 3.22 and 3.46 μm were chosen to perform the fiber scanning. 

Figure 2.3 showed that SU-8 has strong absorption at λ = 2.98 and 3.46 μm, while PDMS has 

strong absorption at λ = 2.74, 2.98, 3.22 and 3.46 μm. On the other hand, PDMS and SU-8 were 

both transparent at λ = 2.54 μm, but opaque at 3.46 μm. Overall, the mid-IR scanning was operated 

at three different spectral regimes: I. PDMS and SU-8 were both transparent, II. PDMS had a 

stronger absorption than SU-8, III. PDMS and SU-8 both were opaque. The figure of merit (FOM) 

is used to estimate the sensitivity of the device and is defined as follows: 

𝐹𝑂𝑀 = |
𝐴𝑃𝐷𝑀𝑆 − 𝐴𝑆𝑈−8

𝐴𝑃𝐷𝑀𝑆 + 𝐴𝑆𝑈−8
| (1) 

, where APDMS and ASU-8 are the intensity attenuations caused by PDMS and SU-8.  
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Figure 2.5 (a) The arrangement of the SU-8 and PDMS objects in time. (b) – (f) The transient response of 

the fiber mode intensity at ω = 0.26 rpm. The wavelength was adjusted to λ = 2.54, 2.74, 2.98, 3.22, and 

3.46 μm, in sequence. The red and the green arrows indicate the absorption caused by the SU-8 and PDMS 

objectives, respectively. At (b), the spike-like intensity variation was caused by scattering. At (c) and (e), 

PDMS showed stronger absorption than the SU-8. At (d) and (f), PDMS and SU-8 had similar absorption.  
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  I. At λ = 2.54 μm. As shown in Figure 2.5 (b), there were two types of intensity attenuation, one 

appeared to be a sharp intensity change like a spike, while the other attenuation lasted longer, for 

few seconds. The spike-like intensity variation appeared whenever the scanning fiber encountered 

the edges of the objects because the fiber light was scattered. On the other hand, the intensity 

change with a longer duration happened when the scanning fiber crossed over an SU-8 and a 

PDMS object. The decrease of the light transmission was due to the reflection at the interfaces 

between the air, the testing plate, and the objects. Thus, the intensity attenuation at λ = 2.54 μm 

was attributed to the configuration of the objects on the testing plate, including the structures and 

the positions, instead of their mid-IR absorption.  

    II. At λ = 2.74 and 3.22 μm. Figure 2.5 (c) is the plot of the light attenuation at λ = 2.74 μm 

where two different modulation depths were found. The larger attenuation was attributed to the 

PDMS object, because at λ = 2.74 μm PDMS had much stronger absorption compared to the SU-

8. Similar absorption patterns were found in Figure 2.5 (e) when the wavelength was adjusted to λ 

= 3.22 μm. The spatial coordination and the relevant angular positions of the objects can be 

extrapolated from the transient intensity plots. This is because at a constant rotation speed the time 

was linearly related to the angular coordinate. Here, each temporal intensity variation was caused 

by an object encounter. Based on the intensity attenuation of the objects, the material of the 

detected objects was revealed. The larger attenuation was assigned to PDMS and the smaller to 

SU-8. A sequence with an object order of S1 – P1 – S2 – P2 – S3 – S4 – S5 – P3 – S6 – P4 – P5 – 

S7 – P6 was then resolved. The S and P denoted the SU-8 and PDMS, respectively. At a spinning 

rate of 0.026 rpm, the circular scanning repeated the intensity pattern after every 231 s interval. 

The sequence obtained from the system at λ = 2.74 and 3.22 μm exactly matched the object layouts 
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displayed in Figure 2 (a), indicating the mid-IR platform can precisely track the position of arrays 

of objects as well as visualize their material compositions.  

III. At λ = 2.98 and 3.46 μm. As shown in Figure 2.5 (d), at λ = 2.98 μm, SU-8 and PDMS 

introduced similar intensity attenuation because their absorption was comparable at that 

wavelength. Likewise, Figure 2.5 (f) illustrated that the attenuation of these two materials was 

nearly identical at λ = 3.46 μm, so only one modulation depth was found over time. In addition, 

sharp edges following strong intensity variation were obtained instead of the spike-like patterns 

caused by scattering, like those observed in Figure 2.5 (b). Therefore, at λ = 2.98 and 3.46 μm, 

absorption was the dominant effect during the mid-IR scanning and it overwhelmed the scattering 

effect.  

The FOM of the device at each wavelength can be calculated from Figure 5. The highest FOM 

was obtained at λ = 2.74 μm, where PDMS has a strong absorption APDMS = 80% and SU-8 has a 

lower absorption ASU-8 = 19%. Based on equation (1), the FOM is 0.62 at λ = 2.74 μm and at low 

scanning speed. 

 

2.3.3 Material identification using mid-IR fiber scanning at high speed  

The developed mid-IR visualization system was capable of performing high speed fiber 

scanning. The rotation speed of the object plate was increased from 0.26 rpm to 231 rpm, which 

was equivalent to a lateral scanning rate of 109 cm/s, and the time interval to complete a full 

rotation was 0.26 second. The scanning wavelengths were selected at λ = 2.50, 2.74, 3.00, and 3.46 

μm. From Figure 2.3, PDMS was transparent at λ = 2.50 μm, while SU-8 was transparent at λ = 

2.50 and 2.74 μm. Figure 6 (a) displays the order of the SU-8 and PDMS objects in time. The 

scanning results at different wavelengths are drawn in Figure 2.6 (b) - (e).  
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Figure 2.6 (a) The arrangement of the SU-8 and PDMS objects in time. (b) – (e) The transient response of 

the fiber mode intensity at ω = 231 rpm. The wavelength was adjusted to λ = 2.50, 2.74, 3.00, and 3.46 μm, 

in sequence. (f) The magnified diagram of the transient plots shows a train of short and discrete signals. At 

(b) and (c), PDMS showed stronger absorption than SU-8. At (d) and (e), PDMS and SU-8 caused 

comparable intensity attenuation.  
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    I. At λ = 2.50 μm. As shown in Figure 2.6 (b), intensity attenuations were observed even though 

PDMS and SU-8 were both transparent. This is due to the light reflection that was introduced by 

the interfaces between the objects and the testing plates. Thus, the intensity variation at this 

wavelength was more relevant to structure features, such as edges of objects or additional 

interfaces on the object plate, instead of the infrared absorption.  

    II. At λ = 2.74 μm. Two different modulation depths were found in Figure 2.6 (c). The stronger 

attenuation was associated with PDMS while the weaker was attributed to SU-8, since PDMS had 

higher absorption than SU-8 at this wavelength. The angular positions of the objects were resolved 

as S1 – S2 – P2 – S3 – S4 – S5 – P3 – S6 – P4 – P5 – S7 – P6. The intensity patterns in Figure 2.5 

(c) and Figure 2.6 (c) were noticeably similar since they were both characterized at λ = 2.74 μm. 

In addition, P1 was removed during the high speed test, and the rearrangement of objects was 

observed in the scanning measurement. 

    III. At λ = 3.00 and 3.46 μm. Once the wavelength reached λ = 3.00 μm in Figure 2.6 (d), only 

one modulation depth was found, like the result displayed in Figure 2.5 (d). In addition, the same 

pattern profile was found at λ = 3.46 μm as shown in Figure 2.6 (e). This was because SU-8 and 

PDMS both had strong absorption at these two wavelengths.  

The transmission curves displayed in Figure 2.6 (b) - (e) were compiled by a train of short and 

discrete signals which are illustrated in the magnified diagram in Figure 2.6 (f). The scanning 

system had a 150 kHz sampling rate that was determined by the repetition rate of the mid-IR pulsed 

laser. Thus, the separation between adjacent pulses was 6.67 x 10-3 us. In addition, at λ = 2.74 μm, 

the APDMS was 32% and the ASU-8 was 19%, so the FOM at high-speed scanning was 0.26. The 

variation of FOM at different scanning speeds is due to the difference of the responsivity between 

the mid-IR camera and the detector. From Figure 2.6, we demonstrated that mid-IR robotic 
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scanning is capable of recognizing different materials through the multi-spectral method even 

when the system was operated in fast scanning rates. The non-invasive visualization enables 

accurate and real-time monitoring, which is critical for applications including micro-reactors and 

lab on-a-chip that require in-situ and in-parallel chemical analysis. 

 

2.4 Conclusions 

In summary, we present a robotic scanning system that accomplished object tracking and 

material identification instantaneously. The system consisted of a probe fiber connected with a 

mid-IR tunable laser, a programmable rotation stage, and a mid-IR camera and high-speed detector 

as the signal receivers. Applying multi-spectral scanning, the system was able to distinguish 

objects which are transparent in the visible spectrum and made by different chemicals. In the case 

of distinguishing PDMS and SU-8 objects, a mid-IR probe was operated at λ = 2.74 and 3.22 μm 

because PDMS possesses strong characteristic absorption caused by C–H and O–H groups. The 

scanning system can accurately track fast moving objects on a plate rotating above 210 rpm. Thus, 

the robotic system provides a new visualization technology that enables the real-time and 

nondestructive monitoring demanded for industrial manufacturing and biomedical diagnostics. 
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CHAPTER III 

MID-IR VORTEX BEAM GENERATION*,** 

3.1 Introduction 

Light with orbital angular momentum (OAM) or optical vortices was first observed when there 

was a change of angular momentum larger than ℏ during higher-order atomic or molecular 

transitions[1,2]. Later, Allen et.al. demonstrated that light beams carrying OAM can be achieved 

by an astigmatic optical system[3], and the results led to various applications such as transferring 

OAM to atoms[4]. More recently, light beams with OAM draw considerable interest in optical 

communication because of their infinite eigenstates providing additional bandwidth that improved 

the data transmission rates[5,6]. In addition, the angular momentum of light can be utilized in 

nonlinear optics[7], quantum optics[8-10], optical tweezers[11], and biosciences[12]. In recent 

years, Airy-like beams carrying optical vortices were explored extensively due to their non-

diffraction and self-acceleration behavior[13-15]. And the interplay between the topological phase 

and self-acceleration was discussed thoroughly[16]. Although OAM has been studied over 

different spectral ranges, including visible, near-Infrared, and long millimeter waves[17-19], it has 

not been investigated in the mid-IR regime at λ = 2.5 µm – 15 µm on a chip scale platform. Mid-

IR has shown its potential in optical networking[20-22], biomedical sensing[23,24], molecular 

spectroscopy[25], and thermal imaging[26]. For communication, mid-IR has provided a broader 

spectrum that accommodated additional channels for high-speed data transmission. Meanwhile, 

for biomedical sensing, mid-IR has enabled label-free molecule detection because its spectrum 

 
* Reprinted with permission from "Efficient mid-Infrared vortex beam generation using optical waveguides integrated 

with micro-spiral phase plates." by Junchao Zhou and Pao-Tai Lin, 2019. Journal of Optics 21, no. 10 105801, 

Copyright @ 2019 IOP Publishing Ltd.  
** Reprinted with permission from "Efficient vortex beam generation using gradient refractive-index microphase 

plates."by Junchao Zhou and Pao-Tai Lin, 2021. Applied Optics 60, no. 13, 3997-4003, Copyright @ 2021 Optica 

Publishing Group 
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overlapped with characteristic absorption of various chemical functional groups. Thus, it is critical 

to explore a methodology that can efficiently generate mid-IR light with OAM using a chip-scale 

platform.  

It has shown that a light beam with the Laguerre-Gaussian (LG) mode retained OAM 

properties[1,27]. The LG mode beam can be formed by two approaches, direct generation or 

external optical mode transformation. The first approach includes thermal lensing[28], reflectivity 

modulation of a cavity mirror[29], or a higher-order LG mode excitation through a ring-shaped 

pump beam[30]. However, this approach was not able to actively control the helical phase front 

handedness of the LG mode beam, since the mechanism to select the topological charge has not 

been fully investigated. The second approach is to transform the Hermite-Gaussian (HG) modes 

into the required LG modes with helical phase fronts, where angular phase changes by integer 

multiples of 2π are required. The HG to LG mode conversion can be achieved by spatial light 

modulators[31], holograms[32], and spiral phase plates (SPP). In the far field of a LG beam, 

destructive interference occurs in the beam center because of its helicoidally shaped wavefront, 

which leads to a vortex beam with a characteristic donut-shaped intensity profile. Among the 

methods in creating LG modes, SPP has the advantages of high OAM generation efficiency as 

well as simplicity in experimental set-up. 
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3.2 FDTD simulation of mid-Infrared vortex beam generation using optical waveguides 

integrated with micro-spiral phase plates 

3.2.1 Motivation 

We proposed a device platform that integrates a micron scale SPP with aluminum nitride (AlN) 

optical waveguides to create mid-IR vortex beams. The micro-SPP was patterned on the 

waveguide facet thus it modified the wavefront of light emitted from the waveguide end. The 

multilevel structure of the micro-SPP was designed by the finite difference time domain (FDTD) 

method. The structure design, including the phase plate segmentation, was optimized to enable 

efficient conversion from the waveguide fundamental mode to the LG mode. The far-field intensity 

profiles of the output vortex beams were evaluated at different mid-IR wavelengths and 

polarizations. The optical phase map introduced by the micro-SPP explains the obtained HG → 

LG conversion efficiency as well as its spectral dependence. Thus, we demonstrated that integrated 

photonics is capable of efficient mid-IR OAM generation through the reconstruction of the 

waveguide surface. 

 

3.2.2 LG mode analysis 

LG modes, like HG modes, can be constructed by a complete basis set of paraxial light beams. 

HG modes have rectangular symmetry and are typically designated as TEMmn modes. On the other 

hand, LG modes exhibit a circular symmetric profile around the beam axis and are often denoted 

as LGlp modes with a radial index p and an azimuthal index l. A beam with Gaussian TEM00 mode 

will gain an additional phase shift of exp(-iLΩ) after passing through a spiral phase optic, e.g. a 

SPP. Here, L is the topological charge of the SPP. In a cylindrical coordinate system, the complex 

amplitude of the LG beam propagating along the z-axis has the following form[33,34]: 
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𝑈𝑙,𝑝(𝑟, 𝛺, 𝑧) = √
2𝑝!

𝜋(𝑝 + |𝑙|)!

1

𝑊(𝑧)
(
√2𝑟

𝑊(𝑧)
)

|𝑙|

𝐿𝑝
|𝑙|
(
2𝑟2

𝑊2(𝑧)
) 𝑒𝑥𝑝 (−
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with  

 𝑊(𝑍) = 𝑊0√1 + (
𝑧

𝑧𝑅
)2        (2) 

 𝑅(𝑍) = 𝑧 [1 + (
𝑧𝑅

𝑧
)
2

]            (3)                                            

 𝜁(𝑧) = 𝑡𝑎𝑛−1
𝑧

𝑧𝑅
         (4)                                               

where 𝑊(𝑧) is the beam radius to achieve 1/e of the Gaussian term with 𝑊0 being the beam waist, 

𝑘 is the wave number, 𝑧𝑅 = 𝜋𝑊0
2/𝜆 is the Rayleigh range, 𝜁(𝑧) is the Gaussian beam phase shift, 

and 𝑙 is the azimuthal mode number describing the optical phase around the circumference by an 

integer of 2π.  In addition, (𝑝 + 1) is the radial mode number that defines the number of radial 

nodes and 𝐿𝑝
𝑙  is the generalized Laguerre polynomial. When a TEM00 mode passes through a SPP, 

the output beam is a superposition of LG modes possessing different radial mode numbers p. It 

has been reported that the fundamental radial mode at p = 0 is dominant in the output beam [34,35]. 

Similar to the definition of coupling efficiency during an optical mode conversion [36,37], the 

overlap integral 𝜂 is used to evaluate the weighting factor of the fundamental LG10 mode in a 

converted vortex beam: 

𝜂 = |
∫ 𝐼𝐹𝐷𝑇𝐷×𝐼𝐿𝐺,10𝑑𝑥𝑑𝑦

∫ 𝐼𝐹𝐷𝑇𝐷×𝐼𝐹𝐷𝑇𝐷𝑑𝑥𝑑𝑦∙∫ 𝐼𝐿𝐺,10×𝐼𝐿𝐺,10𝑑𝑥𝑑𝑦
|
2

       (5) 

where 𝐼𝐹𝐷𝑇𝐷 is the far-field intensity distribution of the vortex beam obtained from the FDTD 

simulation, and 𝐼𝐿𝐺,10 is the intensity profile of a fundamental LG10 mode calculated by equation 

(1). 
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3.2.3 The structure design of the mid-IR micro-SPP structures 

The structures of the waveguide and the micro-SPP patterned on its facet are illustrated in 

Figure 3.1 (a). Both the waveguide and the SPP were made by mid-IR transparent AlN. The 

waveguide had width W and height H, and underneath it was a low refractive index SiO2 layer. 

Figure 3.1 (b) shows the micro-SPP structure consisting of eight fan-shaped plates with different 

thicknesses. The height difference between the tallest and the shortest plates is noted as T. Thus, 

the height difference between the adjacent layers is T/(N-1), where N is the number of segments 

of the micro-SPP. On the waveguide facet, the area without the micro-SPP was covered by a thin 

metal layer. Therefore, for the light reaching the waveguide end, only the portion passing through 

the micro-SPP was collected in the far field while the rest was blocked by the metal. To create an 

ideal vortex beam with a topological charge l, the optical phase of the micro-SPP should be 

continuously changing from 0 to 2πl counter-clockwise along the center of the micro-SPP, as 

shown in Figure 3.1 (c). However, continuous micro-SPP was not practical in device fabrication. 

Thus, we adopted a discrete micro-SPP that consisted of N fan-shaped plates where the phase 

difference between adjacent plates increased by a step of 2πl/(N-1). 

 

 

Figure 3.1 (a) The device structure for the FDTD simulation. The AlN waveguide had width W and height 

H. A micro-SPP was patterned on its end facet. The light source was excited from the left of the waveguide. 
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(b) The micro-SPP had N staircase-like segments with a radius R and total height difference T. (c) The 

optical phase map after the light passed through an ideal SPP that had a continuous height change. The total 

phase change over one turn, from Ω = 0o to 360o, is 2π radian. 

 

In the FDTD simulation, waveguide fundamental TE mode was selected as light sources and 

this fundamental mode was HG beams with a Gaussian intensity profile. The micro-SPP consisted 

of 8 fan-shaped segments where the waveguide mode was superimposed on its structure. From the 

infrared variable angle spectroscopic ellipsometry (IR-VASE), the AlN index is 1.938 at λ = 2.5 

µm and 1.911 at λ = 3.5 µm indicating that AlN had low optical dispersion and only caused minor 

effects on the vertex beam generation. In the initial simulation applying to an 8 segment micro-

SPP, each plate had an arc of π/4 radian for |l|=1.  The optical phase difference between the 

neighboring plates is ∆φ:   

∆𝜑 =
2𝜋

𝜆
×

𝑇

(𝑁−1)
× (𝑛 − 𝑛0)     (6) 

, where 𝑛 and 𝑛0 are the refractive indexes of the micro-SPP and the air. In the case at λ = 3.0 µm, 

𝑛 was 1.93 and 𝑛0 was 1. Thus, T was adjusted to 3.3 µm so that ∆φ reached 2π/(8-1). In other 

words, the total optical phase difference ∆φtotal, or the phase difference between the tallest and the 

shortest SPP segments, became 2π to create an ideal vortex beam. In order to achieve vortex beams 

with higher order topological charge l > 1, the total height difference T also needs to be multiplied 

by l so that the phase difference reaches 2πl. 

 

3.2.4 Dependence on wavelength for vortex beam generation 

Figure 3.2 (a) illustrate the FDTD simulated far-field intensity profiles after 1 mm away from a 

waveguide facet that has an 8-segment micro-SPP patterned on its facet. The dimension of the 

waveguide was W x H = 20 x 20 µm. A fundamental TE mode was selected to excite the vortex 
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beam, while the light wavelength was tuned from λ = 2.9 to 3.6 µm to characterize its spectral 

response. At a shorter wavelength λ = 2.9 µm, the ring profile was not complete. Intensity variation 

was found at azimuthal angle Ω = 0° and 180° where two gaps appeared along the x axis. These 

gaps were gradually filled as the wavelength increased. A well-constructed ring with a complete 

circle was found at λ = 3.1 - 3.3 µm that corresponded to an ideal vortex beam. Nevertheless, the 

ring profile became nonuniform again after λ = 3.4 µm, where the left portion of the ring became 

brighter while the right became darker. Hence, we demonstrated that the N = 8 segment micro-

SPP was capable of converting the waveguide fundamental mode into an ideal vortex beam within 

a 200 nm spectral window. Figure 3.2 (b) shows the overlap integral η between the fundamental 

LG10 mode and the far-field vortex beam drawn in Figure 3.2 (a). η was calculated when the beam 

waist w0 of the LG10 mode was gradually increased from 1 μm to 10 μm at z = 1 mm. The maximum 

η, denoted as ηmax, was found at w0 = 5.3 μm. Figure 3.2 (c) shows the ηmax calculated at different 

wavelengths. The largest ηmax = 97 % was found at λ = 3.3 µm, indicating that the LG10 mode was 

the dominant mode of the generated vortex beam. In addition, the results also confirmed that the 

micro-SPP can achieve a high conversion efficiency from a fundamental Gaussian beam to a vortex 

HG mode. 
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Figure 3.2.  (a) The FDTD simulated far-field intensity profiles at z = 1 mm from a waveguide with an 

N = 8 micro-SPP. The wavelength of the light is tuned consequently from λ = 2.9 to 3.6 µm. Intensity 

profiles similar to an ideal vortex profile were found at λ = 3.1 - 3.3 µm. (b) The calculated overlap integral 

η of the LG10 mode for the far-field vortex beam created by the micro-SPP. The beam waist w0 increased 

from 1 μm to 10 μm and the wavelength was tuned from λ = 2.9 to 3.6 μm. ηmax was found at w0= 5.3 μm 

and is indicated by the red line. (c) The maximum η at different wavelengths. The highest ηmax = 97 % was 

found at λ = 3.3 µm. 

To explain the observed wavelength dependence during the vortex beam generation, the optical 

phase maps were calculated in the plane after the micro-SPP. As illustrated in Figure 3.3, annular 

phase variation was clearly resolved at all wavelengths. Nevertheless, to form an ideal vortex 

beam, it requires a 2π phase change after completing one circle along the beam center (Ω from 0 

to 360°). Figure 3.3 showed that ∆φtotal approached 2π as the wavelength shifted to λ = 3.2 µm that 

consequently created an ideal vortex beam. At λ > 3.4 µm, ∆φtotal became less than 2π causing the 

vortex beam to deform without forming a complete and uniform ring contour. 
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Figure 3.3 The optical phase maps of the Ex field after the waveguide light passed through an R = 10 

µm micro-SPP with N = 8 segments. The light wavelength was tuned from λ = 2.9 to 3.6 µm. The white 

dash lines in the map indicate the reference angle where the optical phase φ was set to zero. 

 

3.2.5 Dependence of segment number N on vortex beam generation 

Ideally, the optical phase φ of a micro-SPP should change continuously from 0 to 2π along the 

azimuthal angle Ω. In practice, it is a challenge to fabricate a continuous micro-SPP using present 

micro fabrication technology. Thus, a discrete and staircase-like micro-SPP was adopted to create 

a vortex beam similar to an ideal one[38]. Figure 3.4 (a) show the FDTD simulated far-field 

intensity profiles projected from the waveguides at z = 1 mm. The waveguide facets were patterned 

by micro-SPP consisting of 4, 8, 16, 32 or 64 segments, respectively. The light wavelength was 

fixed at λ = 3.0 µm. At N = 4, only two bright spots were found along the y axis indicating no 

vortex beam was formed. When N increased to 8, a doughnut-shaped intensity profile was clearly 

observed indicating that a vortex beam was created. Similar intensity patterns were also found at 

N = 16, 32, and 64.  
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Figure 3.4 The far-field intensity profiles of the vortex beam at z = 1 mm projected from waveguides with 

their facets patterned by an N segmented micro-SPP. The N increased from 4 to 64. The light wavelength 

was fixed at λ = 3.0 µm. (b) The intensity uniformity U as the segment number N increased from 4 to 64. 

U improved from 0.30 to 0.79 as N increased from 4 to 8.  

An important factor associated with an ideal vortex beam is the intensity uniformity along the 

azimuthal angle Ω. Here we define the intensity uniformity U as 

 𝑈 = 1 −
𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛
       (7) 

, where 𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛 are the maximum and the minimum intensities obtained along Ω when the 

radius r was fixed at rmax of the maximum intensity. At N = 4, there was a strong intensity variation 

along Ω thus causing a low uniformity of U = 0.30. On the other hand, at N = 8, the variation 

significantly reduced and the uniformity improved to U = 0.79. Similarly, by extrapolating the 

intensity patterns at Figure 3.4 (a), we found U = 0.88, 0.91 and 0.91 at N = 16, 32, and 64 plates, 
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respectively. Figure 3.4 (b) displays the variation of U as N increased from 4 to 64. U increased 

sharply from 0.30 to 0.79 when N increased from 4 to 8. This indicates that a micro-SPP made 

with additional segments created a more uniform vortex beam. Nerveless, we also demonstrated 

that a micro-SPP utilizing 8 segments was sufficient to convert the majority of the waveguide 

fundamental mode into an ideal vortex beam. 

 

Figure 3.5 (a) The optical phase map of the E
x
 field for the micro-SPP that have a segment number N of 4, 

8, 16, 32, and 64, respectively. Circular phase variation became smoother when more segments were 

utilized. (b) The optical phase extrapolated from (a). The phase monotonically increased with Ω at N ≥ 8. 

 

To understand the dependence of segment number N on the vortex beam generation, the optical 

phase maps from micro-SPP with N = 4 to N = 64 were calculated and drawn in Figure 3.5 (a). 

Annular phase variation was clearly observed at all N, except at N = 4, where its phase remained 
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the same at Ω = 180o – 360o. The results explained the high efficiency in vortex irregular spots due 

to abrupt phase changes were found. Explicit phase variation along Ω at fixed radius of 5 µm is 

drawn in Figure 3.5 (b). At N = 4, strong non-monotonic phase variation was found as Ω increased. 

It explains the deficiency in creating an ideal vortex beam when a micro-SPP utilizes only 4 

segments. On the other hand, at N = 8, a steady phase increase with Ω was revealed even though 

some minor phase deviation was found. Once 16 or more segments were utilized, the phase almost 

linearly increased with Ω with the exception of a trivial variation found at Ω = 240o. Figure 3.6 (a) 

showed the overlap integration analysis as the plate number N increases. The beam waist was 

considered between w0 = 1 μm to 10 μm where the ηmax was obtained at w0 = 4.5 - 5.5 μm for each 

different plate number N. As displayed in Figure 3.6 (b), ηmax increased sharply from 71 % to 93 

% as the plate numbers increased from N = 4 to N = 8. ηmax > 97 % was achieved at N ≥ 16, 

indicating that the LG10 mode has a high weighting factor for the generated vortex beam. Thus, a 

discrete micro-SPP was able to construct a phase profile similar to the phase created by a 

continuous SPP leading to efficient OAM generation. 
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Figure 3.6 The calculated overlap integral η of the LG
10

 mode for the far-field vortex beams as the plate 

number N increased from 4 to 16. The beam waist w
0
 was considered between 1 μm and 10 μm. (b) The 

maximum η obtained from different N. η
max

 > 97 % was found at N ≥ 16. 
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3.2.6 Conclusions 

On-chip vortex beam generation was achieved by reconstructing the mid-IR waveguide facet 

with N segment micro-SPP. For a micro-SPP with a height T of 3.3 µm and a radius R of 10 µm, 

an ideal vortex beam was created between λ = 3.1 and 3.3 µm. In addition, the conversion 

efficiency improved as the segment number N increased. When N increased from 4 to 8, the vortex 

beams circular uniformity I increased from 0.3 to 0.79 and the LG10 became the dominant mode. 

Hence, our micro-SPP integrated waveguides provided a small footprint platform capable of 

efficient vortex beam generation. 
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3.3 FDTD Simulation of mid-IR Vortex Beam Generation Using Gradient Refractive-Index 

Micro Phase Plates 

3.3.1 Motivation 

We proposed micro-GRPs integrated with optical fibers to create ideal vortex beams in the 

optical c band. Vortex beams generation by gradient phase masks has recently demonstrated by 

using nanostructured glass plates [39,40]. Unlike present SPPs creating a spiral phase profile 

through different segment heights, GRPs enable the phase difference by defining the material 

composition of each GRP segment, leading to an adjustment of the refractive index. Thus, GRPs 

are able to generate helical phase fronts identical to SPPs while preserving a flat facet, which is 

critical in device integration and also prevents the scattering caused by plate edges in SPPs. The 

proposed micro-GRPs structure consists of refractive index variable AlON. Their indexes are 

adjustable from 1.75 of Al2O3 to 1.95 of AlN by controlling the composition ratio between the 

AlN and Al2O3[41,42]. In other words, the GRPs become a spiral phase mask because the nitrogen 

concentrations of the neighboring segments were constantly increased while the oxygen 

concentrations decreased. The near-field optical phase diagrams and the far-field beam profiles 

after GRPs were simulated by FDTD to optimize the annular intensity uniformity of the vortex 

beam. In addition, simulation of higher-order LG beams was also demonstrated from the GRPs on 

a fiber. The micro-GRPs on a fiber thus provided a small footprint and integrable platform for 

efficient optical vortices formation. 
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3.3.2 The design of the micro-GRPs on a fiber 

The structures of the fiber and the micro-GRPs patterned on the fiber facet were drawn in 

Figure 3.7 (a). Figure 3.7 (b) presented the optical phase diagram and the spatial phase variation 

created by the GRPs. The GRPs create a gradient phase profile along the azimuthal angle on a 

fiber tip. Because of the azimuthal phase term eiφ, the fundamental Hermite-Gaussian mode 

(HG00) with a planar phase can be efficiently converted to the Laguerre-Gaussian modes, i.e., 

vortex beams, with helical phase fronts. The fiber core had a fixed radius of 15 µm. Meanwhile, 

the micro-GRPs had a radius R and thickness T, and consisted of N-segments of fan-shaped plates. 

The refractive indexes of the plates were linearly increased from 1.75 to 1.95. The nth plate had 

an index of 1.75 + 0.2𝑛/(𝑁 − 1), where N was the number of segments in the GRPs. The area of 

the fiber facet without the micro-GRPs was covered by a thin metal layer. Thus, only the light 

passing through the GRPs was projected to the far field, since the rest of light was blocked by the 

metal layer. A spiral optical phase diagram was formed due to the difference of the refractive 

indexes between the plates. To create a vortex beam with an integer number of topological charge 

l, the phase of the beam needed to be annually and monotonically increased from 0 to 2πl. 

Nevertheless, continuous change of the refractive indexes along the azimuthal angle Ω was not 

practical in the device design. Alternatively, a step-like refractive-index profile can be created by 

using the GRPs consisting of N fan-shaped plates, where the phase difference between adjacent 

plates was 2πl/(N-1). The design of our micro-GRPs that provide a smooth planar surface and a 

small feature in micron-scale. Therefore, they have the advantage to directly integrate with other 

micro-photonic components, like fibers or waveguides, which is difficult to be achieved by other 

methods, such as computer-generated holograms and spatial light modulators [43-46]. 
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Figure 3.7 (a)The schematic of the fiber structure integrated with micro-GRPs on its facet. 

The radius of the fiber core is 15 µm. The GRPs had N segments with a radius R and a 

thickness T. The area on the fiber facet without the micro-GRPs was covered with a thin 

metal layer. (b)The optical phase of an ideal vortex beam should change continuously from 

0 to 2πl when the azimuthal angle Ω increased from 0o to 360o. 

The output far-field pattern for the light passing through the gradient SPPs was simulated using 

the FDTD method. The perfectly matched layer (PML) absorbing was applied in the boundary 

condition. In the FDTD simulation, a fundamental TE mode was selected as the fiber light source 

that had a Gaussian intensity profile as drawn in Figure 3.8 (a). For the N-segments micro-GRPs, 

the optical phase difference between the neighboring plates was obtained by the following equation 

                                             max min

2
( )

( 1)

T
n n

N





 =   −

−
      (1) 

where 𝑛𝑚𝑎𝑥 and 𝑛𝑚𝑖𝑛 were the maximum and minimum refractive indexes of the GRPs. In our 

design, 𝑛𝑚𝑎𝑥 and 𝑛𝑚𝑖𝑛 were 1.95 and 1.75, corresponding to the refractive indexes of AlN and 

Al2O3. Thus, the GRPs had a total refractive index difference, Δn, of 0.2. To generate a vortex 

beam at λ = 1.55 µm, the desired thickness T of the GRPs was 7.75 × l µm so that the ∆h reached 

2πl/(N-1). Consequently, the total optical phase difference Δφtotal became 2πl, which was required 

to form an ideal vortex beam with topological charge l. The structure of the N = 8 GRPs was 
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superimposed on the fiber facet, where its refractive index gradually increased from the 1st to the 

8th segments illustrated in Figure 3.8 (b). The refractive index difference between adjacent plates 

is 0.0286. 

 

Figure 3.8 (a) The calculated intensity profile of the fundamental TE mode from an optical fiber. The 

wavelength was at λ = 1.55 µm. The structure of the 8 segment micro-GRPs was superimposed on the mode 

profile. The numbers 1 to 8 indicated the constituent segments. (b) The refractive index profile of the micro-

GRPs where their refractive indexes gradually increased from 𝑛𝑚𝑖𝑛 = 1.75 of segment 1 to 𝑛𝑚𝑎𝑥 = 1.95 of 

segment 8. 

 

3.3.3 Thickness dependence on the vortex beam generation 

Figure 3.9 (a) - (h) plot the FDTD calculated far-field intensity profiles after the fiber light 

passed through the micro-GRPs at λ = 1.55 µm. The thickness T of the N = 8 and R = 10 µm GRPs 

was adjusted from 6.6 to 8.0 µm to improve the annular uniformity of the vortex beam. For T = 

6.6 µm, the vortex beam was distorted since a spot with higher intensity was found at azimuthal 

angles Ω between 240° and 330°. When T increased from 6.6 to 7.2 µm, the light intensity at Ω = 

0° - 240° increased and a near perfect ring profile, close to that of an ideal vortex beam, was 

achieved. Once T increased beyond 7.4 µm, the light intensity at Ω  = 60° - 90° and  240° - 270° 

decreased, and a gap eventually appeared at Ω = 240° - 270° for T = 8.0 µm. The forming of the 

gap was due to the increase of the optical phase as T increased. Therefore, T = 7.2 µm was the 
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optimized thickness for ideal vortex beam generation at λ = 1.55 µm. There was a deviation found 

from the FDTD resolved thickness T = 7.2 µm and the theoretical value T = 7.75 µm calculated 

by Eq. (1). This was because the FDTD modeling utilized the effective refractive index from a 

fiber mode in the vortex beam calculation. On the other hand, Eq. (1) applied the material refractive 

indexes of AlON without considering the fiber mode. The deviation was also attributed to the 

difference of the light coupling efficiency from the fiber into each segment, as the refractive index 

of segments was gradually changed in the micro-GRPs. 

 

Figure 3.9 The FDTD calculated far-field intensity profiles of the light emitting from the fiber that had N 

= 8 segment micro-GRPs on its facet. The GRPs had R = 10 µm and the wavelength was at λ = 1.55 µm. 

(a) – (h) The thickness of the GRPs was swept from T = 6.6 to 8.0 µm to improve the vortex beam profile 

where an optimized T = 7.2 µm was obtained. 

 

3.3.4 Wavelength dependence on the vortex beam generation 

Figure 3.10 (a) - (h) illustrate the far-field intensity profiles after the fiber light passed through 

the micro-GRPs with N = 8, R = 10 µm, and T = 7.2 µm. The wavelength was swept from λ = 1.25 

to 1.95 µm to monitor the variation of the beam profile that had been optimized at λ = 1.55 µm. 

At the shorter wavelength from λ = 1.25 to 1.45 µm, the light was localized in the upper and lower 

areas of the ring pattern and gaps were found at Ω = 90° and 270° as shown in Figure 3.10 (a), (b), 
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and (c). At λ = 1.55 µm, a uniform ring profile similar to an ideal vortex beam was plotted in 

Figure 3.10 (d). On the other hand, in Figure 4 (e) and (f), the ring became nonuniform at longer 

wavelengths λ = 1.65 and 1.75 µm, where the light was highly concentrated at Ω = 260° - 300°. 

Once the wavelength shifted beyond λ= 1.75 µm, as drawn in Figure 3.10 (g) and (h), there was 

only a bright spot found at Ω = 270° and the ring pattern corresponding to the ideal vortex beam 

diminished. The deformation of the uniform ring pattern at longer wavelengths was caused by the 

decreasing of Δφtotal. 

 

Figure 3.10 The calculated far-field intensity profiles from the micro-GRPs with N = 8, R = 10 

µm, and T = 7.2 µm. (a) - (h) The wavelength was tuned from λ = 1.25 to 1.95 µm. Complete 

and near uniform circular intensity pattern was found at λ = 1.55 µm. 

 

The near-field optical phase maps were calculated in the plane next to the surface of the micro-

GRPs to explain the wavelength dependence on the vortex beam generation. Figure 3.11 (a) - (h) 

illustrate the phase maps between λ = 1.25 and 1.95 µm. Phase fronts with a discrete helical profile 

were clearly resolved in Figure 5 at all wavelengths. There were eight fan-like phase sections found 

since only eight plates were utilized in the micro-GRPs. The plots of the phase φ versus the 

azimuthal angle Ω at R = 5 µm were then extracted and shown in Figure 3.12 (a) - (d). The phase 
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φ increased monotonically with Ω. To generate an ideal vortex beam at l = 1, the annular phase 

difference Δφtotal within an azimuthal angle interval of ΔΩ = 360° needed to be 2π. From Figure 

3.12 (a) at λ = 1.25 µm, Δφtotal was 2.52π. At λ = 1.55 µm, Δφtotal approached 2π as shown in Figure 

3.12 (b), which explained the observed ideal vortex pattern in Fig. 3.10 (d). When the wavelength 

increased to λ = 1.95 µm, Δφtotal decreased sharply to 1.63π. The insufficient phase difference after 

λ = 1.55 µm justified the deficiency of vortex pattern formation in Figure 3.11 (f) - (h). 

 

Figure 3.11 The calculated optical phase maps of the Ey field right after the light passed the R = 

10 µm and T = 7.2 µm micro-GRPs. (a) – (h) The wavelength was swept from λ =1.25 to 1.95 

µm. 
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Figure 3.12 The relative optical phase vs Ω extrapolated from figure 5 (a), (d), (f), and (h) along 

the white dashed circles, which corresponded to λ = 1.25 µm, 1.55 µm, 1.75 µm and 1.95 µm. 

The annular phase difference Δφtotal at these four wavelengths were 2.52π, 2π, 1.72π and 1.63π, 

respectively. 

3.3.5 Segment number dependence on the vortex beam generation 

An ideal GRPs that creates l = 1 vortex beam should have a continuous phase profile, instead 

of discrete, rising from 0 to 2π as Ω increases from 0° to 360°. Nevertheless, this would require a 

consistent refractive index change along Ω and an infinite number of segments, which is not 

practical in the device design. Thus, it is critical to design a micro-GRPs that utilizes finite phase 

plates while achieving high HG to LG conversion efficiency.  Figure 3.13 (a) - (e) show the far-

field intensity profiles projected from the micro-GRPs that were assembled by N = 4, 8, 16, 32 and 

64 segments, respectively. The radius R was fixed at 10 µm and the wavelength λ was fixed at 1.55 

µm. Meanwhile, the thickness T was adjusted separately at different N so the ring patterns at far-

field remained the highest annular uniformity. For N = 4, the most evenly distributed intensity was 

found at T = 6.2 µm. Yet, the circular pattern was not uniform since most light was found at four 
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spots: Ω = 0°, 90°, 180°, and 270°. When N ≥ 8 segments were utilized, an intensity profile with 

a more uniform doughnut-shape was found. The optimized thicknesses T at N = 8, 16, 32 and 64 

were 7.2 µm, 7.7 µm, 7.9 µm and 8.0 µm, respectively, as illustrated in Figure 3.13 (f). The 

obtained vortex beam had almost identical ring pattern when more than 8 segments were utilized. 

In addition, the optimized T slightly increased when additional segments were applied. The N = 8 

GRPs showed an 89.7% efficiency in converting the fiber fundamental mode to the vortex beam. 

The efficiency increased to 89.9% at N = 16 and 90% at N = 32. Our result is better than the 

conventional spatial light modulator with an efficiency of 44% [47], cylindrical lens method with 

an efficiency of 75% [48], and transmissive metasurface with an efficiency of 83% [49]. 

Furthermore, our small footprint GRPs provide a flat top surface that allows further integration 

with other optical components, which can’t be achieved by the micro-SPPs or micro-fabricated 

wedges with an uneven top surface [50,51]. 

 

Figure 3.13 The calculated far-field intensity profiles from the R = 10 µm micro-GRPs consisting 

of different number of segments as N = (a) 4, (b) 8, (c) 16, (d) 32, and (e) 64, respectively. T was 

optimized for each micro-GRPs to create more uniform vortex beam profile. A sharp and uniform 

ring pattern was achieved at N ≥ 8. (f) The optimized thickness associated with each N. 
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Figure 3.14 shows the optical phase maps of the near-fields corresponding to the intensity 

patterns shown in figure 3.13 (a) - (e). For GRPs consisting of only 4 plates, the 2D phase map in 

the near-field is discrete and is clearly separated into 4 sections. The phase variation for the four 

segment GRPs is not continuously helical thus no ring shape was obtained in the far-field pattern. 

When 8 segments were used for the GRPs, a near continuous phase change from 0 to 2π was 

obtained so better uniformity in the far- field pattern was achieved. When use more than 8 

segments for the GRPs, the phase maps were not improved as much, and the phase maps for the 

32 and 64 segment GRPs are almost identical. 

 

Figure 3.14 The optical phase maps of the Ey field right after the light passed the micro-GRPs 

with (a) N = 4, T = 6.2 µm; (b) N = 8, T = 7.2 µm; (c) N = 16, T = 7.7 µm; (d) N = 32, T = 7.9 µm, 

and (e) N = 64, T = 8.0 µm. A consistent phase change was resolved for GRPs at N ≥ 8. 
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3.3.6 Higher order vortex beam generation 

To generate a higher order l = 2 vortex beam, the optical phase of the GRPs needs to increase 

by 4π from Ω = 0° to 360° According to Eq. (1), the phase change can be achieved by increasing 

the GRPs thickness while the refractive indexes remain the same. The optimized thickness for l = 

1 and N = 32 was T = 7.9 µm according to figure 7 (d). Thus, for l = 2 and N = 32, the micro-

GRPs thickness was determined to be T = 15.8 µm. Figure 3.15 (a) displayed the calculated far-

field intensity profile where a dark center was found in the projected beam center indicating the 

formation of the vortex beam. The optical phase maps corresponding to the l = 2 vortex beams are 

illustrated in Figure 3.15 (b). A 4π phase change was revealed within Ω = 0° and 360°, which was 

twice of the phase change comparing to the l = 1 phase maps displayed in Figure 3.11. The results 

validated that the GRPs was able to convert a HG beam to a higher order LG beam efficiently by 

increasing their thickness. 

 

 

 

Figure 3.15 (a) The calculated far-field intensity profile for the higher order vortex beams (l = 2) projected 

from a micro-GRPs at N = 32 and T = 15.8 µm. A ring pattern with a dark central spot was resolved. (b) 

The optical phase map at l = 2. A 4π phase change was resolved from Ω = 0° to 360°. 
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3.3.6 Conclusions 

Simulation of vortex beams were shown through an optical fiber that had AlON micro-GRPs 

patterned on its facet. The GRPs created spiral phase profile by varying the AlON refractive index, 

which was determined by the Al2O3 and AlN composition ratio. From spectrum scanning, a 

uniform l = 1 vortex beam was synthesized at λ = 1.55 µm using T = 7.2 µm and R ≥ 10.0 µm 

GRPs. An ideal 2π phase change at Ω = 0° - 360° was observed from the near-field optical phase 

map. In addition, N = 8 segments effectively converted the fiber HG mode to a LG vortex beam. 

A higher order l = 2 vortex beam was achieved by increasing the GRPs thickness to reach 4π 

optical phase change. The small-footprint and surface-smooth micro-GRPs enables efficient OAM 

generation, thus becoming a critical component for optical communication requiring large data 

transmission capacity. 
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3.4 Mid-IR vortex beam generation by 3D printed spiral phase plates 

3.4.1 Motivation 

In this study, we fabricated SPP made of mid-IR transparent polymer using 3D patterning 

method. The 3D patterning method has been utilized to fabricate SPPs in the visible range [52]. 

However, it is not applied in mid-IR yet. Unlike the planar sub-wavelength components requiring 

nanoscale fabrication resolution, our SPP can be created by direct laser writing on diacrylate based 

polymer resins. The developed SPP showed an ideal helical optical phase profile capable of 

converting a Gaussian-shaped laser beam into a vortex beam. The SPP structure was designed by 

the 3D FDTD method, where both the near-field phase profiles and the far-field intensity patterns 

were calculated. The constructed vortex beam was experimentally characterized over a broad mid-

IR region to investigate its spectral dependent beam profile. 

 

3.4.2 Fabrication and characterization of the mid-IR SPP 

The mid-IR SPP was fabricated using a laser lithography system (Photonic Professional GT2 

from Nanoscribe GmbH) with a femtosecond laser at λ = 780 nm. Figure 3.16 (a) shows the direct 

laser writing system used to create the polymer SPP. The system utilizes two-photon 

polymerization (2PP) to create 3D structures with sub-micron hight resolution. The resin is 

consisting of 60 - 80% 2-(hydroxymethyl)-2-[[(1-oxoallyl)oxy]methyl]-1,3-propanediyl diacrylate 

[26]. To start with, the substrate was cleaned by acetone and isopropanol and then rinsed with 

deionized water to remove the organic contamination and to improve the adhesion between the 

substrate and the sample. Next, a drop of the diacrylate resin was cast onto the top surface of the 

substrate. The refractive index of the resin is 1.51 before polymerization and 1.53 after 

polymerization, while the substrate is 1.454. The 3D lithography system was operated in the dip-
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in mode, where a 63x immersion objective lens was in direct contact with the resin. The liquid 

resin was polymerized at the laser focal spot only when the spot intensity was higher than the 

polymerization threshold. The SPP structure has a diameter of 120 μm and a total height of several 

microns. The vertical writing resolution, or the step size of vertical stage movement, was chosen 

to be 200 nm since it is considerable smaller than the total SPP height. After the patterning process, 

the samplewas developed in propylene glycol monomethyl ether acetate (PGMEA) to remove the 

uncured resins and then rinsed with isopropanol. Figure 3.16 (b) illustrates the schematic 3D 

structure of the mid-IR SPP. The segments become thicker counterclockwise around the center 

axis so the optical phase along the azimuthal angle Ω consistently increases. The dependence 

between the Ω and the segment thickness, h, is described by the equation h = αΩ + h0, where α is 

the step thickness per unit azimuthal angle and h0 is the base height of the device. A Gaussian 

laser beam at wavelength λ is converted to an ideal vortex beam when the segment thickness 

difference, H, satisfied H = lλ/(n-n0) between Ω = 0° and Ω= 360°. Here, n and n0 are the refractive 

indices of the SPP and the air, respectively, and l is a positive integer defined the topological 

charge. Nevertheless, it is difficult to fabricate SPP whose thicknesses is constantly increasing 

with Ω. In practice, discrete SPP with staircase-like structures was utilized. For a discrete SPP 

consisting of M plates, the thickness of the mth segment, hm, is defined as following: 

                                                  
0( )m sh h m h =  +       (1) 

where 2π(m-1)/(M-1) < Ω < 2πm/(m-1) and hs = lλ/[(n-n0) · (M-1)] is the height difference between 

the neighboring segments. When there are sufficient number of segments, the vortex beam created 

from the staircase-like SPP will be similar to the beam created by a continuous SPP.  
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Figure 3.16 (a) Schematic of the mid-IR SPP fabrication by the 3D direct laser writing. (b)  The segment 

becomes thicker counter-clockwise so the optical phase increases along the azimuthal angle Ω. 

 

Figure 3.17 (a) The transmission spectrum of the diacrylate polymer film. The film is transparent before λ = 5.5 µm. 

(b) The top and (c) 52° tilted SEM images of a 32 segments SPP. It has a diameter of 120 µm and a total height 

difference H of 6.2 µm. 

For the infrared absorption measurement, the polymer resin was spin-coated on a double-side 

polished Si substrate at 3000 rpm and then measured by Fourier transform infrared spectroscopy 

(FTIR). As shown in Figure 3.17 (a), the polymer film used for SPP patterning is transparent at λ 

= 2.5 - 5.5 µm with an absorbance less than 0.1. For structure characterization, the fabricated 
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polymer SPP  was coated with a 10 nm thick gold film and then inspected by a scanning electron 

microscope  (SEM). Figure 3.17 (b) and (c) are the SEM images of the SPP captured from the top 

and at a tilted angle of 52°, respectively. The SPP has a diameter of 120 μm and it is consisted of 

32 well defined segments. The segment height increases counterclockwise until it reaches its 

maximum height difference H of 6.2 µm measured by a stylus profilometer. 

3.4.3 FDTD modeling of the mid-IR SPP 

The simulation of the vortex beam generation was performed by the 3D FDTD method as 

illustrated in Figure 3.18 (a). A 32 segments SPP with a diameter of 50 μm was placed next a fiber 

light source that has a fundamental Gaussian mode profile. An electrical-magnetic (EM) field 

monitor was placed 1 µm after the SPP to record the intensity and phase information of the 

transmitted light. The far-field pattern was then calculated by Fourier transform of the collected 

EM field. The height difference between the first and the last segments, 𝐻, is 6.1 μm. The step 

height between the neighboring segments, ℎ𝑠 , is 190 nm. Considering the refractive index of 

polymer is 1.54, the wavelength of ideal vortex beam is λ = 3.3 µm. Figure 3.18 (b) shows the map 

of calculated near-field optical phase at λ = 3.3 µm. A helical phase change from -π to π was found 

when Ω increased from 0o to 360o, which is a critical to form an ideal a vortex beam. Figure 3.18 

(c) - (f) displays the calculated far-field intensity patterns from the SPP at λ = 2.9, 3.1, 3.3 and 3.5 

µm, respectively. Though a dark center corresponding to a vortex beam was found between λ = 

2.9 and 3.5 µm, the ring pattern changed with the incident light wavelength. At λ = 2.9 µm, there 

were bright arcs above and below the beam center. The ring pattern was not completed because 

the wavelength was away from the ideal λ = 3.3 µm. On the other hand, a clear ring profile was 

observed at λ = 3.1 and 3.3 µm since the azimuthal phase change over a circle approached to 2π. 
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At λ = 3.5 µm, the ring pattern deformed again and its intensity became ununiformed around the 

beam center. 

 

Figure 3.18 (a) The schematic of the FDTD simulation. A SPP was placed next to the fiber facet. After the 

SPP is a field monitor to calculate the transmitted light intensity and the optical phase. (b) The phase 

diagram after SPP shows a 2π helical phase change. (c) - (f) The calculated far-field intensity pattern at λ = 

2.9, 3.1, 3.3, and 3.5 µm, respectively. A doughnut shape intensity profile indicating a vortex beam was 

found between λ = 3.1 and 3.3 µm. 
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3.4.4 Characterization of mid-IR vortex beams 

Figure 3.19 (a) is the schematic of the imaging system to characterize the mid-IR vortex beam, 

and Figure 3.19 (b) illustrates the experimental set-up. The light source is an optical-parametric-

oscillator (OPO) pulsed laser (Firefly IR, M-Squared Lasers) with a linewidth of 3 cm-1 and a 

tunable wavelength range from λ = 2.5 to λ = 3.7 μm. It has an average output power of 150 mW. 

The pulse repetition rate is 150 kHz and the pulse duration is 10 ns. The laser beam was first 

coupled into a single mode fluoride fiber (Thorlabs). The beam from the fiber was first collimated 

by a mid-IR objective lens and then projected to the 120 μm diameter mid-IR SPP. The light 

transmitted through the SPP was  captured by a 640 x 512 pixels and liquid-nitrogen-cooled InSb 

IR-camera (IRC800, IRCameras LLC) with a spectral window from λ = 1.0 to 5.3 μm. 

 

Figure 3.19 (a) The schematic of the imaging system used to characterize the vortex beam created 

by the mid-IR SPP. (b) The mid-IR light from the fiber passed through the SPP. The vortex beam 

was imaged by a mid-IR camera. 

Figure 3.20 (a)-(e) shows the captured images of vortex beam created by the mid-IR SPP 

between λ = 2.9 and 3.7 µm. At λ = 2.9 µm shown in Figure 3.20 (a), there were two bright speckles 

above and below the center of the beam. On the other hand, from λ = 3.1 to 3.3 µm displayed in 

Figure 3.20 (b) and (c), a bright and uniform circle was gradually formed with a sharp dark spot 
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in the beam center. The captured doughnut shape profile is similar to the characteristic vortex beam 

displayed in Figure 3.18 (d) and (e). This is because the azimuthal phase difference over ΔΩ = 

360° was approaching to 2π at λ = 3.1 - 3.3 µm. As λ increased to 3.7 µm shown in Figure 3.20 

(f), the ring pattern became less uniformed and a bright speckle appeared on the left and right of 

the center dark spot because the azimuthal phase difference deviated from 2π. Figure 3.20 (f) plots 

the cross-sectional intensity profile of the vortex beam in Figure 3.20 (c). A symmetric pattern was 

found and there was a strong intensity contrast between the bright rim and the center dark spot, 

indicating a high efficiency in the formation of mid-IR vortex beam. For comparison, Figure 3.20 

(g) shows the cross-sectional intensity profile and the image of the collimated beam from the fiber 

without passing throught the SPP. A Gaussian shape clearly distinct from the vortex bam was 

observed. 

 

Figure 3.20 The images of the mid-IR vortex beam created by the SPP at λ = (a) 2.9, (b) 3.1, (c) 3.3, (d) 3.5 

µm (e) 3.7 µm, respectively. A sharp doughnut shape with a uniform ring was found at λ = 3.3 µm. (f) The 

cross-sectional intensity profile extracted from (c) shows a high contrast between the centric dark spot and 

the rim. (g) The intensity profile and image from the collimated beam without SPP. 
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3.4.5 Conclusions 

Mid-IR vortex beams were generated by a polymer SPP through the 3D direct laser writing. 

The multilayer SPP was formed by a diacrylate based thin resin, which has a broad mid-IR 

transparency between λ = 2.5 and 5.5 µm. Applying FDTD modeling, the designed SPP created a 

gradient optical phase diagram with a helical 2π phase change at λ = 3.1 - 3.3 µm, thus forming an 

ideal vortex beam projected in the far-field. Characteristic vortex beams were experimentally 

observed from a 32 segments mid-IR SPP. The 3D writing platform provides a compact mid-IR 

OAM component that can accelerate the development of quantum signal processing and high-

speed optical datalink.  
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CHAPTER IV 

MID-IR NONLINEAR LIGHT GENERATION OF BATIO3 THIN FILMS TOWARDS ON-

CHIP LIGHT SOURCES* 

4.1 Introduction 

Complex metal oxides including LiNbO3, LaTiO3, and BaTiO3 with a perovskite crystal 

structure is critical in nonlinear photonics because of their large second order optical nonlinearity. 

The ferroelectricity and the optical nonlinearity of perovskite oxides are attributed to their non-

centrosymmetric structure and transition-metal B cations [1]. The nonlinear response from the 

spontaneous dipole moment within a perovskite unit cell can result in photons that carry an energy 

different from the exciting laser.  

The general form of the polarization P, induced by external electric fields, is given by  

𝑃 = 𝜖0(𝜒
(1)𝐸 + 𝜒(2)𝐸2 + 𝜒(3)𝐸3 +⋯) 

where 𝜒(2), 𝜒(3)…. Are the higher-order nonlinear susceptibility. Since the higher-order nonlinear 

susceptibility is small, high optical intensities are required for generation of such optical nonlinear 

process with observable intensity. For the second-order nonlinear process, the nonlinear 

polarization is given by 

𝑃(2) = 𝜖0𝜒
(2)𝐸2 

where the second-order nonlinear susceptibility, 𝜒(2) = 𝜒𝑖𝑗𝑘
(2)

, is a tensor of rand 3. The indices i, j, 

k refer to the Cartesian components of the field and represent the polarization directions. If we 

consider an optical field consisting of two distinct frequency components, 𝜔1 and 𝜔2, represented 

by  

 
* Reprinted with permission from "Mid-infrared frequency doubling using strip-loaded silicon nitride on epitaxial 

barium titanate thin film waveguides." By Junchao Zhou, Mingzhao Liu, Ming Lu, and Pao-Tai Lin, 2020. Optics 

Letters 45, no. 23, 6358-6361, Copyright @ 2020 Optica Publishing Group. 
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𝐸(𝑡) = 𝐸1(𝑡)𝑒
−𝑖𝜔1𝑡 + 𝐸2(𝑡)𝑒

−𝑖𝜔2𝑡 + 𝑐. 𝑐. 

When the above electric field is incident upon a nonlinear medium, the second-order nonlinear 

polarization is induced with the form of  

𝑃(2) = 𝜖0𝜒
(2)[𝐸1

2𝑒−2𝑖𝜔1𝑡 + 𝐸2
2𝑒−2𝑖𝜔2𝑡 + 2𝐸1𝐸2𝑒

−𝑖(𝜔1+𝜔2)𝑡 + 2𝐸1𝐸2
∗𝑒−𝑖(𝜔1−𝜔2)𝑡 + 𝑐. 𝑐]𝐸2

+ 2𝜖0𝜒
(2)[𝐸1𝐸1

∗ + 𝐸2𝐸2
∗] 

By mixing or splitting the energies from the incoming photons, coherent light wave with 

specific wavelengths is created through various mechanisms, such as SHG, sum- frequency 

generation (SFG) and difference- frequency generation (DFG) corresponding to the terms on the 

right-hand-side of the above equation. Bulk perovskite oxide single crystals have been utilized in 

various nonlinear photonic systems, including LiNbO3 and LaTiO3 based OPO and optical 

parametric amplification (OPA) [2,3]. Applying quasi-phase matching on these perovskite oxide 

crystals, nonlinear frequency conversion becomes more efficient and provides coherent light 

sources over a broad spectrum [4-6]. In addition, the nonlinear optical method can generate 

entangled a photon-pair through parametric down-conversion, which is critical for the 

development of quantum communication and networking [7,8].  

Nevertheless, compact devices desire perovskite oxides thin films over conventional bulk 

crystals for numerous chip-scale applications, such as electro-optic modulators [9], gas sensors 

[10], and non-volatile memory devices [11]. Deposition methods like atomic layer deposition 

(ALD), molecule-beam epitaxy (MBE), and chemical vapor deposition (CVD) have been explored 

to grow crystalline perovskite oxide thin films [12-15]. Among various candidates of nonlinear 

optical thin films, BTO has received significant attention for the applications in the integrated 

photonic circuits. BTO has the advantages of wide spectral transparency [16,17], strong Pockels 

effect [18,19], and high second-order optical nonlinearity [20]. To monolithically integrate BTO 
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with present Si photonics, growth of epitaxial BTO thin films on Si substrates has been 

investigated through different deposition techniques [21,22]. For instance, thin TiN and MgO 

buffer layers were applied to reduce the large lattice mismatch between the BTO and the Si to 

enable monolithic BTO-on-Si platforms [23,24]. 

 

 

4.2 Mid-IR pumped second harmonic generation using barium titanate thin films  

4.2.1 Epitaxial BTO thin film growth and XRD characterization 

The BTO thin film was deposited onto a single-crystal STO (001) substrate by PLD at 600°C 

and 20 mTorr of O2. The PLD used a KrF excimer laser (λ = 248 nm) with a fluence of 1.5 J/cm2 

and a repetition rate of 5 Hz. The BTO target was prepared by a conventional ceramic sintering 

method. The crystalline structure of the BTO thin film was characterized by x-ray diffraction 

(XRD). From the θ-2θ scan in Figure 4.1 (a), only BTO (00l) was found, indicating that the BTO 

thin film is a single crystalline film and mainly grew along the (00l) direction. The φ scans of BTO 

(113) and STO (113) in Figure 4.1 (b) indicate that the BTO thin film exhibited cube-on-cube 

growth on the STO substrate without experiencing in-plane rotations. 
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Figure 4.1 The XRD results of the BTO thin film deposited on the (001) STO substrate by PLD. (a) A θ-

2θ scan of the BTO thin film. The BTO was epitaxially grown along the (00l) direction. (b) A φ scan of 

the BTO thin film indicated a cube-on-cube growth on the STO substrate. 

 

4.2.2 Modeling of the Mid-IR SHG from BTO thin films 

A BTO crystal possesses different crystal symmetries at different temperatures due to its phase 

transitions. Upon increasing the temperature, the phase of the BTO crystal changes sequentially 

from rhombohedral to orthorhombic, tetragonal (at 0 - 120 oC), and paraelectric cubic phase. The 

space group of tetragonal BTO is P4mm and its unit cell is slightly elongated along the c-direction, 

which is the fourfold axis as shown in Figure 4.2 (a). The distance from the center Ti atom to the 

O atoms along the c-axis can be greater or smaller than the other O atoms along the a-axis, leading 

to a spontaneous polarization Ps parallel to the c-axis.[35] For an epitaxial BTO thin film, the 

coordinate axes were defined by the crystal axes of the STO substrate. As shown in Figure 4.2 (b), 

the [001], [100], and [010] axes of the STO are defined as the +X⃗⃗ , +Y⃗⃗ , and +Z⃗  axes, respectively. 

A BTO thin film can have six different ferroelectric domain variants with their polarizations 

parallel to the +X⃗⃗ , -X⃗⃗ , +Y⃗⃗ , -Y⃗⃗ , +Z⃗ , and -Z⃗  directions, which are labeled as the X+, X-, Y+, Y-, Z+, 

and Z- domains, respectively. To study the polarimetric SHG, Figure 3 illustrates that the x, y, and 

z axes of the lab coordination are initially aligned to the +X⃗⃗ , +Y⃗⃗ , and +Z⃗  axes defined by the crystal 

coordination of the STO substrate.[36] In other words, a light beam Eω propagating along the x-axis 

is normally incident to the (001) surface of the STO substrate and its polarization is in the y-z 

plane. At azimuth φ = 0, the polarization direction is coincident with the y-axis. To analyze the 

polarimetric SHG from a multi-domain BTO thin film, a polarizer was placed before the 

photodetector to differentiate the y and z polarized SHG signals, where the intensities are denoted 
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as 𝐼𝒚
2𝜔 and 𝐼𝒛

2𝜔, respectively. For Eω propagating in the x-direction, the X+ and X- domain variants 

will not create an SHG polarized in the y-z plane. 

 

Figure 4.2 (a) The structure of a tetragonal BTO unit cell with one Ti atom in the cell center, eight Ba 

atoms in the corners, and six O atoms in the center of the facets. (b) The six possible ferroelectric domain 

variants, X+, X-, Y+, Y-, Z+, and Z-, in the +X⃗⃗ , +Y⃗⃗ , and +Z⃗  lab-based coordinate system. 

 

Figure 4.3 The four possible domain variants in the y-z plane, Y+, Y-, Z+, and Z-, and the crystal axes 

(U1, U2, U3) associated with each of the four domain variants. The incident light �⃗� 0 is linearly polarized 

and the azimuthal angle between the incident light and the y-axis is noted as φ. 

 

The SHG collected from a multi-domain BTO thin film was considered as a combination of 

the SHG signals attributed by each domain variant. To use the nonlinear optical tensor matrix, the 

components of the incident electric field (Ex, Ey, Ez) were transformed and interpreted by the 
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orthogonal crystal coordination (U1, U2, U3) corresponding to each domain variant. Here, the optic 

axis of the crystal U3 is parallel to the direction of Ps and equivalent to the c-axis indicated in Figure 

4.2 (a). Figure 4.3 displays the new coordinations (U1, U2, U3) and the Ps direction associated with 

the Y+, Y-, Z+, and Z- domain variants, separately. The second order nonlinear polarization for the 

tetragonal BTO is then described as  

𝑃𝑠 = (
𝑃1
𝑃2
𝑃3

) = (
0 0 0
0 0 0
𝑑31 𝑑31 𝑑33

0 𝑑15 0
𝑑15 0 0
0 0 0

)

(

 
 
 
 

𝐸1
2

𝐸2
2

𝐸3
2

2𝐸2𝐸3
2𝐸1𝐸3
2𝐸1𝐸2)

 
 
 
 

.     (1) 

E1, E2, and E3 are the components of the electrical fields along the U1, U2, and U3 axes, and  

𝑑𝑖𝑗 is the tensor element of the 2nd order optical nonlinear coefficients. The electric field of the 

light propagating along the x-direction has 𝐸𝑥 = 0 ,  𝐸𝑦 = 𝐸0 cos𝜑 , and 𝐸𝑧 = 𝐸0 sin 𝜑 . 

Considering the Y+ domain, the electric fields represented by the domain coordination became 

𝐸1 = 𝐸𝑥 = 0, 𝐸2 = −𝐸𝑧 = −𝐸0 sin𝜑, and 𝐸3 = 𝐸𝑦 = 𝐸0 cos𝜑. Hence, by applying this to Eq. 

(1), the nonlinear polarizations from the Y+ domain are expressed as: 

𝑃1
𝑌+ = 2𝑑15𝐸1𝐸3 = 0.         (2) 

𝑃2
𝑌+ = 2𝑑15𝐸2𝐸3 = −𝐸0

2𝑑15 sin 2𝜑.       (3) 

𝑃3
𝑌+ = 𝑑31𝐸1

2 + 𝑑31𝐸2
2 + 𝑑33𝐸3

2 = 𝐸0
2𝑑31 sin

2𝜑 + 𝐸0
2𝑑33 cos

2 𝜑.   (4) 

In addition, the SHG intensity, 𝐼, is proportional to 𝑃 × 𝑃∗, and, for the Y+ domain, y and z 

are parallel to U3 and U2, respectively. Therefore, it follows that: 

𝐼𝑦
2𝜔 ∝ 𝑃3

2 = (𝐸0
2𝑑31 sin

2𝜑 + 𝐸0
2𝑑33 cos

2 𝜑)2      (5) 

𝐼𝑧
2𝜔 ∝ 𝑃2

2 = (𝐸0
2𝑑15 sin 2𝜑)

2        (6) 
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Figure 4.4 The calculated azimuthal-dependent polarized SHG, 𝐼𝑦
2𝜔(𝜑) and 𝐼𝑧

2𝜔(𝜑), of a single Y+ 

domain BTO thin film. The tensors 𝑑𝑖𝑗 from a bulk a BTO crystal were used: 𝑑15 = 17 pm/V, 𝑑31 = 15.7 

pm/V, and 𝑑33 = 6.8 pm/V. The thickness of the BTO crystal was 500 nm. 𝐼𝑦
2𝜔(𝜑) and 𝐼𝑧

2𝜔(𝜑) showed 

distinct two-lobed and four-lobed SHG patterns, respectively. 

The reported SHG coefficients of bulk BTO crystal at λ = 1060 nm are 𝑑15 = 17 pm/V, 𝑑31 = 

15.7 pm/V, and 𝑑33 = 6.8 pm/V.[23] Figure 4.4 plots the y and z polarized SHG signals created 

from the Y+ domain when the incident light polarization was rotated along φ on the y-z plane. 𝐼𝑦
2𝜔 

exhibited a two-lobed intensity profile while 𝐼𝑧
2𝜔  had a distinguishable four-lobed profile. 

Similarly, the nonlinear polarizations contributed by the Y+, Y-, Z+, and Z- domains were 

calculated and represented by the domain coordinates, which are summarized as: 

𝑃1
𝑌+ = 𝑃1

𝑌− = 𝑃1
𝑍+ = 𝑃1

𝑍− = 0        (7) 

𝑃2
𝑌+ = 𝑃2

𝑌− = −𝑃2
𝑍+ = −𝑃2

𝑍− = −𝐸0
2𝑑15 sin 2𝜑     (8) 

𝑃3
𝑌+ = 𝑃3

𝑌− = 𝐸0
2𝑑31 sin

2𝜑 + 𝐸0
2𝑑33 cos

2 𝜑      (9) 

𝑃3
𝑍+ = 𝑃3

𝑍− = 𝐸0
2𝑑31 cos

2 𝜑 + 𝐸0
2𝑑33 sin

2𝜑      (10) 

When the pump light passed through a BTO thin film containing different ferroelectric 

domains, the SHG contributed by each of these domains needs to be considered. The area fractions 
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of each domain are defined as AY+, AY-, AZ+, and AZ-, where the sum of all the area fractions is 1. 

From the transformation between the domain variants and the lab coordinates shown in Figure 4.2, 

it was concluded that 𝑃𝑦
𝑌+ = 𝑃3

𝑌+, 𝑃𝑦
𝑌− = −𝑃3

𝑌−, 𝑃𝑦
𝑍+ = 𝑃2

𝑍+, and 𝑃𝑦
𝑍− = −𝑃2

𝑍−. Using Eq. (7) - 

(10), the total nonlinear polarization 𝑃𝑦
2𝜔 created by the four domains, Y+, Y-, Z+, and Z-, is: 

𝑃𝑦
2𝜔 = 𝐴𝑌+𝑃𝑦

𝑌+ + 𝐴𝑌−𝑃𝑦
𝑌− + (𝐴𝑍+𝑃𝑦

𝑍+ + 𝐴𝑍−𝑃𝑦
𝑍−)𝑒𝑖Г  

         = 𝐴𝑌+𝑃3
𝑌+ − 𝐴𝑌−𝑃3

𝑌− + (𝐴𝑍+𝑃2
𝑍+ − 𝐴𝑍−𝑃2

𝑍−)𝑒𝑖Г 

         = 𝛿𝐴𝑌𝑃3
𝑌+ + 𝛿𝐴𝑍𝑃2

𝑍+𝑒𝑖Г.        (11) 

𝛿𝐴𝑌  and 𝛿𝐴𝑍  are defined as 𝛿𝐴𝑌  =  (𝐴
𝑌+ − 𝐴𝑌−) and 𝛿𝐴𝑧  = (𝐴

𝑍+ − 𝐴𝑍−), which present 

the difference in the area fractions between the domain pairs, such as (Y+, Y-) and (Z+, Z-), 

oriented along the opposite directions. From Eq. (11), 𝑃𝑦
2𝜔 is strongly correlated with the domain 

orientation and the domain fraction of the opposite polarization. Due to the difference of the 

refractive indexes along the c and a axes of the BTO, a phase term Г = (2𝜋𝑙/𝜆)(𝑛𝑐
2𝜔 − 𝑛𝑎

2𝜔) was 

added to Eq. (11) to account for the birefringence between the c and a axes. Here, 𝑙 is the thickness 

of the thin film sample, and 𝑛𝑐
2𝜔  and 𝑛𝑎

2𝜔  are the refractive indexes at the second harmonic 

frequency 2𝜔 along the c and a axes of BTO, respectively. If these four domains have equal areas, 

no SHG signal will be observed because 𝛿𝐴𝑌  and 𝛿𝐴𝑧  become zero in Eq. (11). Since 𝐼𝑦
2𝜔 ∝

 𝑃𝑦
2𝜔(𝑃𝑦

2𝜔)
∗
, the SHG intensity of the y-polarization is: 

𝐼𝑦
2𝜔 ∝  𝛿𝐴𝑌

2(𝑃3
𝑌+)2 + 𝛿𝐴𝑧

2(𝑃2
𝑍+)2 ± 2𝛿𝐴𝑌𝛿𝐴𝑍𝑃3

𝑌+𝑃2
𝑍+cos (Г)  

=  𝛿𝐴𝑌
2(𝑑31 sin

2𝜑 + 𝑑33 cos
2 𝜑)2 + 𝛿𝐴𝑧

2(𝑑15 sin 2𝜑)
2 + 2𝛿𝐴𝑌𝛿𝐴𝑍(𝑑31 sin

2𝜑 +

𝑑33 cos
2 𝜑)𝑑15 sin 2𝜑 cos (Г).         (12) 

For convenience, the value of 𝐸0 was set to 1. The expression of y-polarized SHG is then 

rewritten as: 
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𝐼𝑦
2𝜔 = 𝐾1,𝑦(cos

2𝜑 + 𝐾2,𝑦 sin
2𝜑)2 + 𝐾3,𝑦 sin

2 2𝜑 + 𝐾4,𝑦(cos
2𝜑 + 𝐾2,𝑦 sin

2𝜑)sin 2𝜑. 

            (13) 

where 𝐾1,𝑦 =  𝛿𝐴𝑌
2𝑑33

2 , 𝐾2,𝑦 = 𝑑31/𝑑33 , 𝐾3,𝑦 =  𝛿𝐴𝑍
2𝑑15

2 , and 𝐾4,𝑦 =

 2𝛿𝐴𝑌𝛿𝐴𝑍𝑑15𝑑33 cos (Г). 

Using the same approach, the intensity of the z-polarized SHG 𝐼𝑧
2𝜔 is:  

𝐼𝑧
2𝜔 = 𝐾1,𝑧(cos

2𝜑 + 𝐾2,𝑧 sin
2𝜑)2 + 𝐾3,𝑧 sin

2 2𝜑 + 𝐾4,𝑧(cos
2𝜑 + 𝐾2,𝑧 sin

2 𝜑)sin 2𝜑. 

            (14) 

where 𝐾1,𝑧 =  𝛿𝐴𝑍
2𝑑31

2 , 𝐾2,𝑧 = 𝑑33/𝑑31 , 𝐾3,𝑧 =  𝛿𝐴𝑌
2𝑑15

2 , and 𝐾4,𝑧 =

 2𝛿𝐴𝑌𝛿𝐴𝑍𝑑15𝑑31 cos (Г). The parameters 𝐾𝑖,𝑗 derived from the x and y polarizations have the 

following relations: 

 cos2(Г) =
𝐾4,𝑦
2

4𝐾1,𝑦𝐾3,𝑦
=

𝐾4,𝑧
2

4𝐾1,𝑧𝐾3,𝑧
 .       (15) 

and  

 
𝑑33

𝑑31
= 𝐾2,𝑧 =

1

𝐾2,𝑦
          (16) 

The SHG intensity can be calculated by Eq. (13) and (14) when all the 𝐾𝑖,𝑗 are known.  On the 

other hand, 𝐾𝑖,𝑗 and the associated material parameters, including the domain fraction difference 

𝛿𝐴 and nonlinear coefficient 𝑑𝑖𝑗, can be extrapolated by fitting the experimentally obtained SHG. 

In parallel, Eq. (15) and (16) establish the relationship between the eight 𝐾𝑖,𝑗 identities and validate 

the model used to interpret the domain orientation and the optical nonlinearity. 

Hence, the polarimetric response of the SHG is determined by the domain fraction ratio 

𝛿𝐴𝑌/𝛿𝐴𝑍 and the optical nonlinearity 𝑑𝑖𝑗. To examine the effect of 𝛿𝐴𝑌/𝛿𝐴𝑍, Figure 4.5 (a), (b), 

and (c) show thecalculated angular-dependent 𝐼𝑦
2𝜔(𝜑) and 𝐼𝑧

2𝜔(𝜑) by applying Eq. (13) and (14) 

at 𝛿𝐴𝑌/𝛿𝐴𝑍 = 10, 1, and 0.1, respectively. The values of the optical nonlinear coefficients,  𝑑15 = 
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17 pm/V, 𝑑31 = 15.7 pm/V, and 𝑑33 = 6.8 pm/V, were obtained from a bulk BTO crystal. As 

shown in Figure 5 (a), at 𝛿𝐴𝑌/𝛿𝐴𝑍  = 10, the Y domains were the dominant factor for the 

polarimetric SHG pattern, resulting in a two-lobed 𝐼𝑦
2𝜔 profile and a four-lobed 𝐼𝑧

2𝜔 profile. The 

two-lobed 𝐼𝑦
2𝜔 had its maximum SHG intensity at 𝜑 = 80o and 260o. On the other hand, the four-

lobed 𝐼𝑧
2𝜔  had its maximum SHG intensity at 𝜑  = 45o and 235o and its other two peaks had 

maximum SHG intensities at 𝜑 = 135o and 315o. The SHG patterns at 𝛿𝐴𝑌/𝛿𝐴𝑍 = 10 were similar 

to the SHG patterns in Figure 4.4, which were created from a single Y+ domain BTO, except that 

the two lobes of the 𝐼𝑦
2𝜔(𝜑) were slightly tilted away from the vertical axis and the maximum SHG 

intensities from those four lobes in 𝐼𝑦
2𝜔(𝜑) were different. When 𝛿𝐴𝑌/𝛿𝐴𝑍 was decreased to 1, 

the Y and Z domains had comparable contributions to the SHG, thus creating 𝐼𝑦
2𝜔 and 𝐼𝑧

2𝜔 patterns 

with similar profiles as shown in Figure 4.5 (b). Both 𝐼𝒚
2𝜔(𝜑) and 𝐼𝒛

2𝜔(𝜑)  have two lobes and 

these lobes are approximately 45o away from the horizontal axis. Once 𝛿𝐴𝑌/𝛿𝐴𝑍  was further 

decreased to 0.1, the Z domains became the dominant factor for the polarimetric SHG pattern. As 

result, a four-lobed 𝐼𝑦
2𝜔 profile and a two-lobed 𝐼𝑧

2𝜔 profile were found and are illustrated in Figure 

4.5 (c). Unlike Figure 4.5 (a) where the two lobes from 𝐼𝑦
2𝜔(𝜑) were closely aligned to the vertical 

axis, the other two lobes from 𝐼𝒛
2𝜔(𝜑) in Figure 4.5 (c) were almost aligned with the horizontal 

axis. Therefore, the symmetry and the angular dependence of the polarimetric SHG patterns are 

highly dependent to the domain fraction ratio. In other words, 𝛿𝐴𝑌/𝛿𝐴𝑍  can be resolved by 

examining the variation of the 𝐼𝒚,𝒛
2𝜔(𝜑) profiles. 
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Figure 4.5 The 𝐼𝑦
2𝜔(𝜑) and 𝐼𝑧

2𝜔(𝜑) were calculated when the ferroelectric domain fraction ratio, 

𝛿𝐴𝑌/𝛿𝐴𝑍, was set equal to (a) 10, (b) 1, and (c) 0.1. The 𝑑𝑖𝑗 values were from bulk a BTO crystal. 

At 𝛿𝐴𝑌/𝛿𝐴𝑍  = 10, 𝐼𝑦
2𝜔(𝜑)  had a two-lobed profile and 𝐼𝑧

2𝜔(𝜑)  had a four-lobed profile. As  

𝐴𝑌/𝛿𝐴𝑍 decreased to 0.1, 𝐼𝑦
2𝜔(𝜑) became four-lobed and 𝐼𝑧

2𝜔(𝜑) became two-lobed. In addition, 

the axis of the two-lobes rotated as 𝛿𝐴𝑌/𝛿𝐴𝑍 changed. 
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4.2.3 Polarimetric mid-IR SHG measurements 

Experimental setup 

Figure 4.6 shows the schematic of the experimental setup for measuring the polarimetric SHG 

from a BTO thin film. A wavelength-tunable OPO pulsed laser was used as the mid-IR light source. 

The pulse repetition rate was 1 kHz and the linewidth was smaller than 10 cm-1.  A bandpass filter 

with a transmission window from λ = 3.25 µm to 3.75 µm was placed after the laser. The maximum 

transmission was 80 % at λ = 3.50 µm. This filter was used to block the light frequencies other 

than the laser beam that had pumping frequency of ω. After the 1st bandpass filter, the laser beam 

was focused onto the sample surface through a mid-IR objective lens to maximize the incident 

light intensity. The focusing length and the numerical aperture of the mid-IR objective lens was 6 

mm and 0.25, respectively. The incident laser beam was projected along the x-direction. By 

rotating the half-wave plate, the polarization of the laser beam was also rotated by an azimuth 

angle 𝜑 along the x-axis. The half-wave plate had a 100% transmission and 1.5 wave retardance 

at λ = 3.5 μm. The BTO thin film sample was initially placed on a rotating stage to align the sample 

axes with the lab axes, so that x          [001]STO, y          [100]STO, and z  ̸̸̸        [010]STO. Otherwise, there will 

be an angle α between the principal c-axis of the BaTiO3 sample and the lab coordinate y-axis. The 

angle between lab coordinate y-axis and the direction normal to the BTO thin film surface is θ = 

90° so that the input light was normally incident to the sample. To effectively collect all of the 

SHG signal, the light emitted from the BTO sample was collected and then refocused into a 

detector by two separate objective lenses. An ultra-broadband wire grid polarizer operational 

between λ = 0.25 – 4 μm was placed after the objective lens as an analyzer to differentiate the 

polarized SHG, 𝐼𝑦
2𝜔 or 𝐼𝑧

2𝜔. The extinction ratio of the wire-grid polarizer was 10:1. A second 

bandpass filter with a transmission window from λ = 1.5 to 2.0 μm was placed in front of the 
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detector to remove the remaining incident laser beam at frequency ω. Thus, only the generated 

SHG signal at 2ω was collected. The detector was a PbSe fixed gain photodetector sensitive from 

λ = 1.5 to 4.8 μm with a bandwidth range from 0.2 Hz to 10 kHz. The detector was connected to 

an oscilloscope and the SHG signal at various φ was recorded from the amplitude of the pulse 

displayed on the oscilloscope.  

 

 

Figure 4.6 (a) A schematic of the experimental setup for measuring the azimuthal-dependent polarized SHG 

from a BTO thin film; (b) measurement setup. The pumping laser was a tunable ns pulsed laser and the 1st 

filter removed the light that was not at the pumping wavelength λ. The polarization of the light was rotated 

by the λ/2 phase plate. The mid-IR light was focused on the BTO thin film using the front objective lens 

and the SHG was collected by another objective lens in the back. The polarizer selected the polarization of 

the SHG signals, and the 2nd filter removed the residual mid-IR pumping light. The SHG at the NIR region 

was measured by a photodetector or a spectrometer.  

Mid-IR second-order optical nonlinearity and ferroelectric domain fractions   

To investigate the optical nonlinearity and the ferroelectric domains of the BTO thin film, the 

azimuth-dependent SHG signals along the y and z polarizations, 𝐼𝒚
2𝜔(𝜑)  and 𝐼𝒛

2𝜔(𝜑) , were 
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measured and displayed in Figure 4.7 (a) and (b), respectively. The substrate STO had no second-

order nonlinearity due to its crystal symmetry. Both y and z polarized SHG patterns show a 

dominant two-lobed profile with a pair of smaller lobes. For 𝐼𝒚
2𝜔(𝜑), the maximum SHG signal 

was found at a relative φ = 45° and 135°. The smaller lobes were found to be normal to the larger 

lobes. Similar profiles were observed for 𝐼𝒛
2𝜔(𝜑), where a pair of larger lobes and another pair of 

secondary lobes were found. A minor difference between the 𝐼𝒚
2𝜔(𝜑)  and 𝐼𝒛

2𝜔(𝜑) is that the 

intensities of the secondary lobes were comparatively weaker in 𝐼𝒛
2𝜔(𝜑) than in 𝐼𝒚

2𝜔(𝜑). The SHG 

profiles shown in Figure 4.7 were fitted by Eq. (13) and (14). Accordingly, 𝑑15 = 12.5 pm/V, 𝑑31 

= 9.0 pm/V, 𝑑33 = 10.0 pm/V, and 𝛿𝐴𝑌/𝛿𝐴𝑍 = 1 were obtained. The fitting results were consistent 

with the observation shown in Figure 4, where 𝐼𝒛
2𝜔(𝜑) and 𝐼𝒚

2𝜔(𝜑) revealed a two-lobed dominant 

pattern when 𝐴𝑌/𝛿𝐴𝑍 approached 1.  

 

Figure 4.7 The (a) 𝐼𝑦
2𝜔(𝜑) and (b) 𝐼𝑧

2𝜔(𝜑) obtained from the BTO thin film deposited by PLD. The dashed 

lines represent the measured data and the solid green lines represent the modeling results. From the fitting, 

the values 𝑑15 = 12.5 pm/V, 𝑑31 = 9.0 pm/V, 𝑑33 = 10.0 pm/V, and 𝛿𝐴𝑌/𝛿𝐴𝑍 = 1 were resolved. 

Mid-IR SHG dependence on the pumping light intensity 

The variation of the SHG at different pumping light intensities were investigated. During the 

measurement, the laser power 𝐼𝑙𝑎𝑠𝑒𝑟 was gradually increased from 16 mW to 92 mW. The laser 

wavelength was λ = 3.5 μm and the azimuth angle φ was fixed at 45° because 𝐼𝒚
2𝜔(𝜑) reached its 
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maximum at 45° according to Figure 4.7 (a). Figure 4.8 displays the SHG intensity vs. the square 

of the pumping light intensity, (𝐼𝑙𝑎𝑠𝑒𝑟)
2, where 𝐼𝑙𝑎𝑠𝑒𝑟  was measured by a digital optical power 

meter (Thorlabs PM100D). The SHG intensity increased proportionally to (𝐼𝑙𝑎𝑠𝑒𝑟)
2  when 

𝐼𝑙𝑎𝑠𝑒𝑟gradually increased from 16 mW to 92 mW. The linear dependence obtained between 𝐼𝒚
2𝜔and 

(𝐼𝑙𝑎𝑠𝑒𝑟)
2agrees with the derivation illustrated in Eq. (5) and (6). 

 

 

Figure 4.8 The SHG intensity, 𝐼𝒚
2𝜔, versus the square of the input mid-IR laser power, (𝐼𝜔)2, measured at 

λ = 3.5 µm. The black circles indicate the measured data and the red line represents the fitted curve. A 

linear relationship between 𝐼𝒚
2𝜔 and (𝐼𝜔)2 was found. 

Mid-IR SHG spectral characterization 

The SHG spectrum from the BTO thin film was measured when the wavelength of the pumping 

laser was tuned over a range between 𝜆𝜔 = 3.0 and 3.6 μm. The SHG signal was collected by a 

400 μm core diameter fiber and analyzed by a spectrometer that had a thermoelectric cooling 

InGaAs linear array. The azimuthal angle φ and the position of the BTO sample were fixed when 

the input wavelength was tuned. As drawn in Figure 4.9, the center wavelength of the SHG 

spectrum increased from 𝜆2𝜔 = 1.5 to 1.8 μm when the laser pumping wavelength increased from 
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𝜆𝜔 = 3.0 to 3.6 μm. The slight broadening of the SHG spectrum at 𝜆2𝜔 < 1.65 μm was due to 

variation in the pumping laser linewidth. The spectral scanning of the SHG signals demonstrate 

that the deposited BTO thin film can convert mid-IR signals over a wide spectrum efficiently into 

the NIR region, thus enabling on-chip and broadband nonlinear frequency conversion. 

 

Figure 4.9 The SHG spectrum of the BTO thin film when the mid-IR pumping wavelength was tuned from 

λω = 3.0 to 3.6 μm. Strong SHG signals between λ2ω = 1.5 and 1.8 μm were found, indicating that BTO 

has a broadband second order optical nonlinearity. 

  

1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.85

0

20

40

60

80

100
C

ou
nt

s 
(a

.u
.)

Wavelength (m)



 

78 

 

 

 

 

4.2.4 Conclusions 

Broadband mid-IR SHG was demonstrated by an epitaxial BTO thin film on an (001) STO 

substrate using PLD. From XRD characterization, the BTO film had cube-on-cube growth mainly 

along the (00l) direction. The mid-IR optical nonlinearity and the ferroelectric domain property 

were characterized by azimuthal-dependent polarized SHG measurements. Two-lobed dominant 

𝐼𝒙,𝒚
2𝜔(𝜑)  patterns were found in both polarizations.  High nonlinear coefficients of 𝑑15 = 12.5 

pm/V, 𝑑31 = 9.0 pm/V, and 𝑑33 = 10.0 pm/V, and a uniform domain fraction ratio of 𝛿𝐴𝑌/𝛿𝐴𝑍 = 

1 were resolved. In addition, the characteristic SHG response, 𝐼2𝜔 ∝ (𝐼𝜔)2, and broadband SHG 

signals were observed at pumping wavelengths 𝜆𝜔 = 3.0 - 3.6 μm. The efficient nonlinear thin film 

paves the way for developing efficient on-chip light sources and integrated quantum photonics. 
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4.3 Mid-IR pumped second harmonic generation from BaTiO3 thin film waveguides  

4.3.1 Introduction 

We developed a mid-IR nonlinear microphotonic device built on an epitaxial BTO thin film.  

Our previous work has shown that PLD grown BTO films revealed strong mid-IR SHG and the 

SHG intensity was determined by the ferroelectric domain structure and tensorial χ(2) property of 

the film [24]. To further improve the nonlinear process, it requires a higher coupling efficiency 

and a longer interaction distance between the light and the BTO, which can be achieved by 

applying microphotonic components like directional couplers and optical waveguides. 

Nevertheless, creating device structures on BTO is difficult due to its hardness and chemical 

inertness. An alternative approach is to add a lower refractive index film on the BTO layer forming 

a strip-loaded structure. In our case, a SiN grating coupler and a SiN strip waveguide were 

developed above the BTO layer that can efficiently couple the mid-IR pumping light into the BTO 

thin film and guide the light propagation. Simulations from the finite element method (FEM) show 

both the mid-IR pumping light and the excited NIR SHG were effectively guided in the BTO layer 

because of the large refractive-index difference between the SiN and the BTO layers. The intensity 

and the spectrum of the SHG were experimentally measured when the pumping wavelength was 

tuned from λ = 3.30 to 3.45 μm to evaluate the mid-IR nonlinear response of the device. 
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4.3.2 Device design and simulation 

The structure of the two-layer strip-loaded waveguide is shown in Figure 4.10 (a). The top SiN 

layer has a strip waveguide in the center where the strip is used to guide the light propagation of 

the pumping mid-IR and the NIR SHG. Adjacent to the strip is the grating components used to 

couple the mid-IR pumping light into the device. The second layer of the device is the epitaxial 

BTO thin film that confines the mid-IR light and the NIR SHG. Below the BTO layer is the STO 

substrate. The waveguide modes were calculated by FEM where the structure used in the modeling 

is shown in Figure 4.10 (b). The SiN strip has a thickness of 0.7 μm and a width of 5 μm, and the 

thickness of the BTO layer is 0.5 μm. The refractive indexes of the SiN, BTO, and STO are 1.93, 

2.34, and 2.22, respectively. The structure parameters of the device chosen here match the 

fabricated device shown in Fig. 3. Figure 4.10 (c) and (d) displayed the calculated 2-D mode profile 

and its 1-D intensity distribution along the z direction at λ = 3.40 μm. The mid-IR waveguide mode 

was clearly confined in the BTO layer since the refractive index of the BTO is larger than the SiN 

and STO. In addition, the top SiN strip effectively confine the waveguide mode along the x 

direction. Figure 4.10 (e) and (f) illustrated the mode profile and intensity distribution at λ = 1.70 

μm corresponding to the frequency doubling from λ = 3.40 μm. Similar mode pattern and intensity 

distribution were obtained at the NIR region demonstrated that our strip-loaded waveguide can 

effectively guide both the mid-IR pumping light and the excited NIR SHG.   

Grating couplers were used in the device to couple the free space pumping mid-IR into the 

waveguide device. The design of the grating component applied the following equation: 

𝑛1 sin(𝜃) = 𝑛𝑒𝑓𝑓 −
𝑚𝜆

𝑎
                               (1) 

Where 𝜃 is the diffraction angle, m is the diffraction order, n1 is the refractive index of air, neff is 

the effective refractive index of the SiN strip loaded waveguide, a is the grating period, and λ is 
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the mid-IR wavelength. From the equation, the grating periodicity was chosen to be 4 μm to couple 

the light at λ = 3.4 μm with m = 2 and 𝜃 = 30°. 

 

 

 

Figure 4.10 (a) The structure of the two-layer SiN on BTO strip-loaded waveguide. (b) The 

cross-section of the waveguide structure consists of the SiN strip and the nonlinear BTO layer. (c) 

The calculated 2-D mode profile and (d) the 1-D intensity distribution along the z direction at 

pumping λ = 3.40 μm. (e) The calculated 2-D mode profile and (f) the 1-D intensity distribution 

along the z direction at SHG λ = 1.70 μm. 
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4.3.3 Device fabrication and characterization 

The device fabrication scheme is displayed in Figure 4.11 that includes the depositions of the 

BTO and the SiN thin films, then followed by the photolithography and the waveguide pattern 

transferring through selective etching. The BTO thin films were grown on single-crystal STO 

substrates by PLD. STO was selected as the substrate material because its lattice parameter of a = 

3.905 Å is close to the BTO of a = 3.992 Å with tetragonal symmetry. During the deposition, a 

BTO target was exposed to a λ = 248 nm KrF excimer laser that has a fluence of 1.5 J/cm2 and a 

repetition rate of 5 Hz. The STO substrate was heated to 600 °C and the pressure of O2 was 

maintained at 20 mTorr. The subsequent fabrications of the SiN strip waveguides and the grating 

couplers were completed by the standard CMOS fabrication process. A 700 nm thick SiN film was 

deposited on the BTO layer using the plasma-enhanced chemical vapor deposition (PECVD). The 

grating and the strip structures were defined by the photolithography. A positive photoresist S1818 

was spin-coated on the device at 3000 rpm, then baked at 115 °C. A photomask with patterns of 

waveguides and grating couplers was applied. After the exposure, the photoresist was developed 

in the developer MF-319 and then hard-baked at 130 °C for 5 min. Reactive-ion etching (RIE) 

with 40 sccm CHF3 and 5 sccm O2 was used to selectively etch the SiN layer and stop at the BTO 

layer. The RIE pressure was 60 mTorr and the power applied was 200 W. A SiN etching rate of 

30 nm/min was obtained. The developed fabrication processes created the device structures, 

including the grating and the strip, in the top SiN layer instead of the BTO thin film. BTO is a 

mechanically hard and chemically inert material, thus being difficult to apply etching process. 
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Figure 4.11 The device fabrication processes to create the SiN on BTO strip-loaded 

waveguides. The BTO thin film was deposited on the STO substrate by PLD and the SiN was 

prepared by PECVD. CHF3 and O2 were used for selective SiN etching. 

The structure of the fabricated strip-loaded waveguides was characterized by the optical 

microscopy and the scanning electron microscopy (SEM). From the optical image in Figure 4.12 

(a), the grating coupler in the SiN layer is 2 mm wide and 2 mm long. There is a 2 mm long taper 

structure connecting the grating coupler and the waveguide. Figure 4.12 (b) is the enlarged SEM 

image from the gating showing the grating period is 4.5 μm and the filling factor is 0.56. Figure 

4.12 (c) is the SEM image of the 5 μm wide SiN strip waveguide. The grating and the strip 

waveguide both have sharp and well-defined structures, which are required to achieve low optical 

propagation loss and efficient nonlinear optical conversion. The crystalline structure of the BTO 

thin film was characterized by the x-ray diffraction (XRD). From the θ-2θ scan in Figure 4.13, 

only the BTO (00l) and the STO substrate (00l) diffraction peaks were found, indicating that the 

BTO thin film is a crystalline film and grew along the (00l) direction. 
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Figure 4.12 (a) The optical image of the grating coupler connected with the taper and the 

waveguide. The SEM images of (b) the grating structure and (c) the SiN strip waveguide. 

 

 

 

 

 

Figure 4.13 XRD θ-2θ scan of the BTO thin film deposited on STO (100) substrate. Only (00l) 

diffraction peaks were found. 
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4.3.4 Experimental setup and measurement of the mid-IR SHG 

The schematic and the experimental setup to measure the frequency doubling from the 

waveguide devices are shown in Figure 4.14 (a) and (b). The mid-IR pumping light source is an 

optical parametric oscillator (OPO) tunable pulsed laser with a wavelength scanning range at λ = 

2.5 - 12 μm, maximum output of 200 μJ, linewidth < 10 cm-1, repetition rate of 1 kHz, and pulse 

duration < 12 ns. An optical band-pass filter was placed after the OPO laser to block all the light 

frequencies except the mid-IR pumping light. The center wavelength of the band-pass filter is λ = 

3.25 μm and the full width at half maximum (FWHM) is 0.50 μm. A mid-IR objective lens was 

used to focus the mid-IR light onto the grating coupler. The waveguide device was mounted on a 

rotating stage so the coupling angle between the mid-IR pumping light and the grating coupler can 

be adjusted to optimize the coupling efficiency. 
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Figure 4.14 (a) Schematic and (b) experimental setup for measuring the SHG signals from the 

SiN on BTO strip-loaded waveguides. The photodetector was replaced by an InGaAs linear array 

detector during the SHG spectrum characterization.   

 

An As2Se3 chalcogenide fiber was used to collect the SHG signal. One end of the fiber was 

pointed to the waveguide edge and the other end of the fiber was connected to an InGaAs single 

pixel photodetector. The As2Se3 fiber has a 300 μm core diameter and it is transparent between λ 

= 1.5 and 10 μm. The amplified photodetector has a variable-gain option and a detection window 

between λ = 0.9 and 1.7 μm. The photodetector was connected to an oscilloscope to read the SHG 

intensity. During the SHG spectrum characterization, a 400 μm core diameter fiber was placed 

after the waveguide device and connected to a spectrometer that consists of a thermoelectric 

cooling InGaAs linear array detector operating between λ = 0.9 and 2.5 μm.  
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The dependence between the SHG intensity and the mid-IR pumping power is plotted in Figure 

4.15. The laser output power was measured by using a digital optical power meter (Thorlabs 

PM100D) placed in front of the mid-IR OPO laser. During the measurement, the laser wavelength 

was tuned to λ = 3.3 μm and its power was gradually decreased from 110 to 96, 82, 69, 58, and 45 

mW. From Figure 4.15, a near linear dependence between the SHG intensity and the square of 

mid-IR pumping power was found. This result is consistent with characteristic SHG response since 

the relationship between the SHG intensity 𝐼(2𝜔) and the pumping intensity 𝐼(𝜔) can be derived 

as following 

𝐼(2𝜔) ∝ 𝐸2(2𝜔)      (2) 

𝐸(2𝜔) ∝ 𝑃(2)(2𝜔) = 𝜒(2)𝐸(𝜔)𝐸(𝜔) = 𝜒(2)𝐼(𝜔)    (3) 

where 𝜔  is light frequency, 𝐸  is the electric field, and 𝑃(2)  is the induced second-harmonic 

polarization.  

 

Figure 4.15 The measured SHG intensity at different laser power that increased from 45 to 110 

mW. The wavelength of the mid-IR pumping laser is λ = 3.30 μm. 

 

The SHG spectrum from the waveguide device was measured when the mid-IR pumping 

wavelength was consequently tuned from λ = 3.30, 3.35, 3.40, to 3.45 μm. As shown in Figure 
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4.16, the center wavelength of the SHG spectrum gradually shifted from λ = 1.65, 1.675, 1.70, to 

1.725 μm as the mid-IR pumping wavelength increased. The results indicate the doubling 

frequency remained efficient over a spectrum of 150 nm wide in the mid-IR region, which is 

critical in the development of broadband mid-IR nonlinear photonic devices. 

 

Figure 4.16 SHG spectrum for the laser pumping wavelength at λ = 3.30, 3.35, 3.40, to 3.45 μm. 

 

4.3.5 Conclusion 

Nonlinear mid-IR integrated photonics were demonstrated using SiN strip-loaded BTO thin 

film waveguides. The epitaxial BTO film was deposited on a STO substrate using PLD. By using 

the SiN grating coupler, the mid-IR pumping light was coupled into the nonlinear BTO layer. The 

mid-IR pumping light and the SHG at NIR were both effectively confined in the BTO because of 

its higher refractive index comparing to SiN and STO substrate. In addition, SHG was achieved 

over a broad mid-IR pumping range at λ = 3.30 - 3.45 μm, where characteristic SHG response 

𝐼(2𝜔) ∝ 𝐼2(𝜔) was observed. The nonlinear BTO waveguide offers a platform for integrated 

quantum photonics and all-optical switching. 
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4.4 Mid-infrared nonlinear frequency conversion using epitaxial barium titanate on silicon-on-

insulator 

4.4.1 Introduction 

Complex metal oxides including LiNbO3, LaTiO3, and BaTiO3 with a perovskite crystal 

structure is critical in nonlinear photonics because of their large second order optical nonlinearity. 

The ferroelectricity and the optical nonlinearity of perovskite oxides are attributed to their non-

centrosymmetric structure and transition-metal B cations [25]. The nonlinear response from the 

spontaneous dipole moment within a perovskite unit cell can result in photons that carry an energy 

different from the exciting laser. By mixing or splitting the energies from the incoming photons, 

coherent lightwave with specific wavelengths is created through various mechanisms, such as 

SHG, sum-and difference- frequency generation (SFG and DFG), and optical parametric 

oscillation (OPO). Bulk perovskite oxide single crystals have been utilized in various nonlinear 

photonic systems, including LiNbO3 and LaTiO3 based OPO and optical parametric amplification 

(OPA) [26,27]. Applying quasi-phase matching on these perovskite oxide crystals, nonlinear 

frequency conversion becomes more efficient and provides coherent light sources over a broad 

spectrum [28-30]. In addition, the nonlinear optical method can generate entangled a photon-pair 

through parametric down-conversion, which is critical for the development of quantum 

communication and networking [31,32].  

Nevertheless, compact devices desire perovskite oxides thin films over conventional bulk 

crystals for numerous chip-scale applications, such as electro-optic modulators [33], gas sensors 

[34], and non-volatile memory devices [35]. Deposition methods like atomic layer deposition 

(ALD), molecule-beam epitaxy (MBE), and chemical vapor deposition (CVD) have been explored 

to grow crystalline perovskite oxide thin films [36-39]. Among various candidates of nonlinear 
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optical thin films, BTO has received significant attention for the applications in the integrated 

photonic circuits. BTO has the advantages of wide spectral transparency [40,41], strong Pockels 

effect [42,43], and high second-order optical nonlinearity [44]. To monolithically integrate BTO 

with present Si photonics, growth of epitaxial BTO thin films on Si substrates has been 

investigated through different deposition techniques [45,46]. For instance, thin TiN and MgO 

buffer layers were applied to reduce the large lattice mismatch between the BTO and the Si to 

enable monolithic BTO-on-Si platforms [47,48]. 

    Though the visible and near-IR nonlinear coefficients 𝑑𝑖𝑗 of BTO-on-Si have been measured 

[49-51], their mid-IR optical nonlinearity remains unknown. Mid-IR is critical because it overlaps 

with characteristic absorptions of numerous chemical functional groups, thus enabling label-free 

biomolecule sensing and non-destructive chemical detection [52-56]. In addition, the wide spectral 

range of mid-IR provides additional bandwidth for optical network and data transmission [57]. In 

this work, epitaxial BTO films was grown on a SOI substrate with a strontium titanate (STO) 

buffer layer to reduce the lattice mismatch between the BTO and Si. Azimuthal-dependent SHG 

was measured to resolve the tensorial 2nd optical nonlinearity and the ferroelectric domain 

structures. Our epitaxial BTO-on-Si provides a critical component to develop nonlinear mid-IR 

devices. 
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4.4.2 Model of the BTO azimuthal mid-IR SHG pattern 

 

Figure 4.17 (a) The BTO unit cell with Ti in the center, Ba in the corners, and O in the facet centers. The 

spontaneous polarization Ps is parallel to the c-axis. (b) The six ferroelectric domain orientations along the 

X+, X-, Y+, Y-, Z+, and Z- directions.  

 

BTO crystal has a non-centrosymmetric tetragonal phase at the temperature between 0 to 120 

°C. Fig. 4.17 (a) illustrates the structure of a BTO crystal unit cell, where the O atoms are placed 

in the face-centered position and surround a Ti atom. A spontaneous polarization Ps ∥ c-axis is 

introduced when the Ti atom is deviated from the center of the unit cell along the c-axis [58,59]. 

Fig. 4.17 (b) is an illustration of the possible domain structure of a BTO thin film deposited on the 

Si (001) layer. The tetragonal BTO belongs to the 4mm point group. It has six domain variants, 

including 𝑋 +, 𝑋 −, 𝑌 +, 𝑌 −, 𝑍 +, and 𝑍 −, where the corresponding polarization Ps points into 

different directions. The tensor product between the 2nd order nonlinear coefficient dij and the 

column associated with electric field component E determines the 2nd order nonlinear polarization 

P in (1): 

𝑷 = (
𝑃1
𝑃2
𝑃3

) = (
0 0 0
0 0 0
𝑑31 𝑑31 𝑑33

0 𝑑15 0
𝑑15 0 0
0 0 0

)

(

 
 
 
 

𝐸1
2

𝐸2
2

𝐸3
2

2𝐸2𝐸3
2𝐸1𝐸3
2𝐸1𝐸2)

 
 
 
 

        (1) 

E1, E2, and E3 are the electrical fields in V1, V2, and V3 directions that define the coordination 
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system of the ferroelectric domains. In addition, the V3 axis is always along the dipole polarization 

direction. The SHG intensity 𝐼2𝜔of a multi-domain BTO thin film can be modelled by its tensorial 

component 𝑑𝑖𝑗 and the domain fraction factor ∆𝐷𝑌/∆𝐷𝑋, where ∆𝐷 is the difference of the area 

ratio between a domain pair. For instance, ∆𝐷𝑌 = 𝐷𝑌+ − 𝐷𝑌− , whereas 𝐷𝑌+  and 𝐷𝑌−  are the 

domain area ratios oriented along the 𝑌 + and 𝑌 − directions, respectively. The SHG intensity at 

the frequency of 2𝜔 along the X-polarization, 𝐼𝑋
2𝜔, is proportional to 𝑃𝑋

2𝜔(𝑃𝑋
2𝜔)∗ and can be found 

by (2): 

𝐼𝑋
2𝜔 ∝ (∆𝐷𝑋)2(𝑑31 sin

2 θ  + 𝑑33 cos
2 θ)2 + (∆𝐷𝑌)2(𝑑15 sin 2θ)

2  +  2∆𝐷𝑋∆𝐷𝑌(𝑑31 sin
2 θ +

 𝑑33 cos
2 θ)𝑑15 sin 2θ cos (Г)                                                (2) 

θ  is the azimuthal angle between the linearly polarized incident light and the X-axis, Г =

(2𝜋𝐿/𝜆)(𝑛𝑐
2𝜔 − 𝑛𝑎

2𝜔), 𝐿 is the BTO thickness, and 𝑛𝑐
2𝜔 and 𝑛𝑎

2𝜔 are the refractive indexes along 

the c- and a- axises. The Y-polarized SHG intensity, 𝐼𝑌
2𝜔, can also be calculated through the same 

method. From Eq. (2), the SHG intensity is determined by the domain fraction difference ∆𝐷 and 

the coefficient 𝑑𝑖𝑗, thus creating azimuthally symmetric SHG profiles. To illustrate the effect from 

the domain structure and the optical nonlinearity on mid-IR SHG, azimuthal 𝐼𝑋
2𝜔(θ) and 𝐼𝑌

2𝜔(θ) at 

the different domain fraction and the ratio between the tensorial nonlinearity were calculated and 

plotted in in Fig. 2 Here, the parameter associated with the domain orientation is defined as 𝛼 =

∆𝐷𝑋/∆𝐷𝑌, and the ratios between the tensorial nonlinear coefficients are 𝛽1 = 𝑑33/𝑑31 and 𝛽2 =

𝑑15/𝑑31. In the initial condition 𝛼 = 1,  𝛽1 = 1, and 𝛽2 = 1, 𝐼𝑋
2𝜔(θ) and 𝐼𝑌

2𝜔(θ) drawn in Fig. 

4.18 (a) are overlapped and both show a symmetric two-lobed pattern because of the identical 

domain fraction along the 𝑋 and 𝑌 orientations. In Fig. 4.18 (b), as 𝛼 increases and the domain 

distribution between those two orientations is unequal, the center of 𝐼𝑋
2𝜔(θ) plot becomes broader 
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and additional two lobes are found in 𝐼𝑌
2𝜔(θ). At 𝛼 = 10 , the 𝐼𝑋

2𝜔(θ) shows an elliptic profile 

instead of a two-lobed pattern. Meanwhile, the deviation of  𝛽1 from one rotates the two-lobed 

𝐼𝑥
2𝜔(θ) and 𝐼𝑦

2𝜔(θ) in opposite directions. As displayed in Fig. 4.18 (c), 𝐼𝑋
2𝜔(θ) rotates clockwise 

while 𝐼𝑌
2𝜔(θ)  rotates counterclockwise as 𝛽1  increases. The pattern of 𝐼𝑋

2𝜔(θ)  turns into 

perpendicular to 𝐼𝑌
2𝜔(θ) when 𝛽1 reaches 10. Hence, the ratio between the tensorial coefficient dij 

is critical in forming the angle dependent SHG profile. On the other hand, the increase of 𝛽2 

illustrated in Fig. 4.18 (d) converts the two-lobed 𝐼𝑋
2𝜔(θ)  and 𝐼𝑌

2𝜔(θ) to a four-lobed profile 

without rotating the SHG patterns. In addition, 𝐼𝑋
2𝜔(θ) and 𝐼𝑌

2𝜔(θ)  remains overlapped as 𝛽2 

changes. Therefore, the domain fraction factors and the tensorial nonlinear coefficients can be 

extrapolated by analyzing the azimuthal dependent SHG patterns. 

 

Figure 4.18. The calculated azimuthal 𝐼𝑋
2𝜔(θ) and 𝐼𝑌

2𝜔(θ). 𝛼 is the domain fraction factor; 𝛽1 and 

𝛽2  are the ratios between the nonlinear coefficients. (a) 𝛼 = 1 ,  𝛽1 = 1 , and 𝛽2 = 1 . (b) 𝛼 

increases from 2 to 10. 𝛽1 = 1 and 𝛽2 = 1. (c) 𝛽1  increases from 2 to 10. 𝛼 = 1 and 𝛽2 = 1. 

(d) 𝛽2 increases from 2 to 10. 𝛼 = 1 and 𝛽1 = 1. 
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4.4.3 Experimental results and discussion 

4.4.3.1 Epitaxial BTO-on-Si Thin Film Deposition 

A 100 nm thick STO buffer layer was first deposited on a SOI substrate by PLD and then 

followed by the BTO deposition. The SOI substrate has a 70 nm thick Si device layer and a 2000 

nm thick SiO2 layer. The deposition was carried out at 20 mTorr O2 and the substrate was heated 

at 700°C. The PLD was equipped with a λ = 248 nm KrF excimer laser with a 1.5 J/cm2 fluence 

and a 5 Hz repetition rate. 

4.4.3.2 Experimental Setup for Mid-IR SHG Characterization 

The setup to characterize the SHG profile of a BTO-on-Si sample is illustrated in Fig. 4.19. 

The excitation light was from an optical parametric oscillators (OPO) laser with a 1 KHz pulse 

repetition rate and 10 cm-1 laser linewidths. A half-wave plate was placed right after the laser to 

control the polarization of the laser light. A filter transmitted light between λ = 3.25 and 3.75 µm 

was used to remove unwanted near-IR light from the OPO laser and also used as a beam splitter. 

After the filter, an objective lens was used to focus the incident light onto the BTO surface and 

also to collect the SHG signal from the sample. The laser light propagated in the Z-direction. The 

BTO-on-Si device was held onto a rotatable plate with an initial geometry of X          [100]Si, Y          

[010]Si, and Z  ̸̸̸        [001]Si, then rotated by an angle θ. A broadband polarizer was placed next to the 

filter that separated the two orthogonally polarized SHG, 𝐼𝑋
2𝜔 and 𝐼𝑌

2𝜔. The extinction ratio of the 

wire-grid polarizer was 10:1. Another filter transmitted light at λ = 1.5 - 2.0 μm was placed 

between the lens and the detector to block the residual excitation laser light. The SHG signal 

collected at different azimuthal angle θ  was monitored by the detector connected with an 

oscilloscope for analysis.  
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Fig. 4.19 The experimental setup to measure the azimuthal 𝐼𝑋
2𝜔(θ) and 𝐼𝑌

2𝜔(θ) from the BTO-

on-Si sample.    

4.4.3.3 Measurement of Mid-IR Optical Nonlinearity and Domain Fraction Factor 

Fig. 4 displays the azimuthal dependent SHG by rotating the BTO-on-Si sample with an 

angle θ, where 𝐼𝑋
2𝜔(θ) and 𝐼𝑌

2𝜔(θ) present the SHG signals collected upon X-polarized and Y-

polarized mid-IR excitation, respectively. For 𝐼𝑋
2𝜔(θ) drawn in Fig. 4.20 (a), a four-lobed pattern 

with two main lobes point at θ = 45° and 225° are found. On the other hand, 𝐼𝑌
2𝜔(θ) drawn in Fig. 

4.20 (b) shows a two-lobed profile. Comparing to the calculated SHG patterns in Fig. 4.18, the 

observed four-lobed 𝐼𝑥
2𝜔(θ) and two-lobed 𝐼𝑦

2𝜔(θ) indicate the BTO thin film has a large domain 

fraction factor. By fitting the polarimetric θ-dependent SHG, 𝑑15 = 9.5 pm/V, 𝑑31 = 5.4 pm/V, 

𝑑33 = 15 pm/V, and ∆𝐷𝑌/∆𝐷𝑋= 24 was resolved. For bulk BTO crystal, it has optical nonlinear 

coefficients of 𝑑15  = 17 pm/V, 𝑑31  =15.7 pm/V, and 𝑑33  = 6.8 pm/V. The difference of the 

nonlinear coefficients between a bulk crystal and the epitaxial film is caused by the strain between 

the BTO and the Si layer. Other complex oxides like BaZrO3 showed the same epitaxial strain 

during the thin film deposition [60]. 
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Fig. 4.20 The measured (a) 𝐼𝑋
2𝜔(θ) and (b) 𝐼𝑌

2𝜔(θ) from the BTO-on-Si sample. 𝑑15 = 9.5 

pm/V, 𝑑31 = 5.4 pm/V, 𝑑33 = 15 pm/V, and ∆𝐷𝑌/∆𝐷𝑋= 24 were obtained from the fitting.    

 

4.4.3.4 Mid-IR SHG vs. Excitation Laser Power and Wavelength 

The SHG intensity at different excitation laser power was recorded and drawn in Fig. 4.21. The 

laser wavelength was fixed at λ = 3.5 μm and the power was gradually increased from 16 to 92 

mW. 𝐼𝑿
2𝜔 was measured at θ =  45° in Fig. 4.21 (a) because it reached its maximum according to 

Fig. 4.20 (a). Similarly, 𝐼𝒀
2𝜔 in Fig. 4.21 (b) was measured at its maximum at θ =  90°. Both 𝐼𝑿

2𝜔 

and 𝐼𝒀
2𝜔 plots show that the SHG intensity is linearly proportional to the square of the Mid-IR 

excitation light (𝐼𝜔)2, which is the characteristic response from the 2nd order nonlinear optical 

process. Meanwhile, to measure the SHG spectrum, the detector in Fig. 4.19 was replaced by a 

spectrometer consisting of an InGaAs array. The excitation laser wavelength was adjusted from 

𝜆𝜔 = 3.0 to 3.6 μm, while the angle θ and the position of the BTO-on-Si remained the same. From 

Fig. 6, the SHG center wavelength consistently shifted from 𝜆2𝜔 = 1.5 to 1.8 μm according to the 

excitation mid-IR wavelength. A wider SHG spectrum is found at 𝜆2𝜔 < 1.6 μm because of the 

broadening of the excitation laser linewidth. The wide tuning range of the mid-IR SHG indicates 

the BTO-on-Si is a suitable platform to provide chip-scale light source. 
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Fig. 4.21 The SHG spectrum of the BTO-on-Si sample when the pumping wavelength was 

shifted between 𝜆𝜔 = 3.0 and 3.6 μm. Strong SHG was obtained over a broad spectrum. 

 

4.4.4 Conclusions 

Broadband mid-IR nonlinear light conversion was achieved by an epitaxial BTO-on-Si thin 

film from PLD. The azimuthal-dependent SHG patterns 𝐼𝑥
2𝜔(θ) and 𝐼𝑦

2𝜔(θ) were modelled at 

different ferroelectric domain fraction, 𝛼, and various ratio between the nonlinear coefficients, 

𝛽1,2. As 𝛼 increases, the two-lobed 𝐼𝑥
2𝜔(θ)  pattern reshaped to an elliptic profile, while the two-

lobed 𝐼𝑦
2𝜔(θ)  converted to a four-lobed profile. On the other hand, the increase of 𝛽1 rotated the 

𝐼𝑥
2𝜔(θ) and 𝐼𝑦

2𝜔(θ) patterns in the opposite direction. By fitting the experimental observed SHG 

patterns, we demonstrated that the grown BTO thin film possessed large 2nd order optical 

nonlinearity with 𝑑15 = 12.5 pm/V, 𝑑31 = 9.0 pm/V, and 𝑑33 = 10.0 pm/V, over a broad spectral 

range at λ = 3.0 - 3.6 μm. The monolithically integrated BTO-on-Si enables a platform for mid-IR 

nonlinear photonic circuits and optical quantum computing. 
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4.5 Preliminary study of optical parametric oscillation  

4.5.1 Key elements of optical parametric oscillation  

In an optical nonlinear medium, a strong pump wave at frequency ωp may spontaneously break 

down into two lower-energy photons of frequency ω1 and ω2, that is ωp = ω1 + ω2. This three-wave 

mixing process is thus called the parametric down-conversion or optical parametric generation 

(OPG). Traditionally, among the two generated photons ω1 and ω2, the higher frequency (or the 

shorter wavelength) one is referred to as the signal and the lower frequency one (or the longer 

wavelength) is referred to as the idler. Spontaneous optical parametric generation is very weak if 

no certain frequency is emphasized. For practical applications of optical parametric generation, an 

optical resonance cavity is incorporated into the device to obtain a much higher output intensity 

and this device is called optical parametric oscillator (OPO), as shown in figure 4.22. 

 

Figure 4.22 Optical parametric oscillator process 

 

To achieve efficient OPOs, two critical conditions must also be satisfied. One is the energy 

conservation as shown by the break-down process ωp = ω1 + ω2.  From the frequency relation 

equation, the frequency combination of the two generated photons is not unique. For a given ωp, 

there can be a continuous range of frequency for ω1 and ω2, which is the fundamental of the 
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tunability of OPO light sources. However, in addition to the energy conservation condition, phase-

matching is also required for efficient OPOs, i.e., kp = k1 + k2, where kp is the wavenumber of the 

pump wave and k1, k2 are the wavenumber of the two generated waves. When the phase-matching 

is perfectly fulfilled, the amplitude of the generated waves will grow linearly with the propagation 

distance because the newly generated light by ωp is in phase with all the previous ω1 and ω2 as 

shown in Figure 4.23 (a). However, due to the dispersion of the nonlinear material, the phase 

velocities for different frequencies are not equal, leading to kp ≠ k1 + k2. After a coherence length 

lc = π / ∆k, ∆k = kp - k1 - k2, the pump and the generated waves walk out of phase with each other 

as shown in Figure 4. 23 (b). 

To achieve phase matching for dispersive materials, there are mainly two techniques, 

birefringent phase-matching (BPM) and quasi-phase-matching (QPM). Briefly, BPM technique 

utilize the materials’ birefringent characteristic to achieve the same refractive index value for the 

pump wave and the generated waves. As for QPM, a nonlinear crystal is periodically poled to have 

a periodic inversion of the sign of the nonlinear coefficient. The sign of the nonlinear coefficient 

is inverted after one coherence length and the pump wave would be in phase again with the 

generated waves every one coherence length as illustrated in Figure 4.23 (c). 
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Figure 4.23 Illustration of the generated wave intensity as a function of propagation distance in a 

nonlinear medium for (a) perfectly phase-matched, (b) quasi-phase-matched, and (c) non-phase-

matched. 

 

 

4.5.2 Phase matching techniques 

 

Birefringent phase-matching (BPM) 

For a bulk nonlinear crystal, the birefringent phase-matching bis the most common technique 

to realize phase-matching condition. For a wave propagating through a birefringent material, the 

refractive index is not only dependent on the dispersion of the material but also dependent on the 

polarization and propagation direction of the wave. The refractive index differences between the 

pump wave and the generated waves can be compensated by adjusting the polarization and the 

propagation direction of the interacting waves.  

In a nonlinear crystal, there is a special direction that governs the behavior of light, which is 

known as the optic axis. Any other directions perpendicular to the optic axis are all equivalent. 
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When the polarization of the light is perpendicular to the optic axis, the refractive index is 

independent of the propagation direction of the light. This refractive index is the ordinary 

refractive index, no. However, when the polarization of the light is parallel to the optic axis, the 

refractive index will be the extraordinary index ne. Thus, the refractive index of the light will 

change between ne and no, depending on the propagation direction. The simplest type of 

birefringence is the uniaxial birefringence where there is only one optic axis. The more complex 

type is the biaxial where there are two optic axes. To understand BPM, we can use uniaxial crystal 

as an example. 

In a uniaxial nonlinear crystal, for a light that propagates with a relative angle θ against the 

optic axis, the refractive index n(θ) will change between ne and no by the following equation: 

1

𝑛2(𝜃)
=
𝑐𝑜𝑠2(𝜃)

𝑛𝑜
2 +

𝑠𝑖𝑛2(𝜃)

𝑛𝑒
2                                                   (7.1) 

The difference, ∆𝑛(𝜃) = 𝑛𝑒 − 𝑛𝑜  determines the birefringence of the material. Therefore, the 

refractive index not only depends on the frequency of light, but also on angle θ. It is possible to 

find a particular angle θ that will make 𝑛(𝜔) equal to 𝑛(2𝜔). Depends on the type of the nonlinear 

crystal (positive or negative), we can use ordinary wave for pump light and extraordinary wave for 

generated wave or vice versa. So, the pump wave is phase-matched to the generated wave. The 

birefringent phase matching is a low cost and efficient way to realize macroscopic output for OPOs 

using bulk crystals. However, the wavelength tuning range is limited by the birefringence of the 

material ∆𝑛(𝜃) = 𝑛𝑒 − 𝑛𝑜.  

 

Quasi-phase matching 

BPM, described in the previous section, is not always suitable for all circumstances although 

it is a very efficient way to achieve perfect phase-matching. These circumstances are when the 
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birefringence of the materials is small not enough to compensate for the refractive index difference 

due to dispersion or when the application requires to use the largest nonlinear coefficient of the 

material in the nonlinear interaction. BPM is also not suitable to achieve phase matching for light 

propagating in waveguides. Therefore, Armstrong et al. first suggest to use quasi-phase-matching 

(QPM) technique for those situations [61]. QPM is not aiming to compensate the refractive index 

difference due to dispersion but rather to manipulate generated waves to be in phase again with 

the pump waves by changing the sign of the nonlinear susceptibility tensor. Without QPM 

technique, the pump waves walk out of phase with the generated waves after a coherence length 

lc. QPM is to reverse the sign of all the nonlinear susceptibility tensor of a nonlinear crystal after 

a coherence length lc. Under this way, the induced polarization is shifted by 180° after each 

coherence length, making the interacting waves in phase again in the propagation direction. For 

materials like LiNbO3, its spontaneous polarization can be easily reversed by applying an electric 

field. When a periodic pattern of electrode is fabricated on a LiNbO3 single crystal, periodic 

reversal of the ferroelectric domains of LiNbO3 can be achieved. The period Λ is 2lc as illustrated 

in figure 4.24 (a). Additionally, a fan-shaped pattern can be fabricated on the crystal allowing 

different poling periodicity on one crystal as shown in figure 4. 24 (b). For materials that cannot 

be easily poled by electric field like GaN, periodic reversal of the ferroelectric domains is achieved 

by growing the material with reversed polarity in a periodic pattern. Different from BPM, QPM 

allows the same polarization for all interacting waves, accessing the largest nonlinear coefficient 

of the nonlinear material. Thus, the conversion efficiency of QPM technique can be significantly 

higher than that by BPM technique. Because of the versatility of QPM technique, it is the most 

applicable way for micro-scale nonlinear devices to achieve a high nonlinear output. 
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Figure 4. 24 (a) Linearly periodic poled of the nonlinear crystal, and (b) fan-shaped periodic poled 

of the nonlinear crystal. 

 

 

 

 

 

 

Modal phase matching (waveguide or microring) 

When light propagates in a waveguide, the confinement makes light form a unique distribution 

of the electrical and magnetic fields, i.e., waveguide mode. The effective refractive index for the 

waveguide mode at a certain wavelength is no longer the refractive index of the material, but will 

change according to the geometry of the waveguide and the mode order. Therefore, one can utilize 

the effective refractive index of waveguides to achieve phase-matching condition. By engineering 

the dimensions of the nanophotonic waveguide, phase-matching is possible between two or more 

wavelengths in a waveguide. This phase-matching technique is often referred to as modal phase 

matching. In Ref. [62], SHG was demonstrated by modal phase matching between the fundamental 

mode at 1550 nm and the higher-order mode at 775 nm in an AlN waveguide.  
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Phase matching in roto-inversion symmetry crystals 

For crystals that have roto-inversion symmetry, their unit cell is inversed n times in a 360° turn 

for �̅�-fold symmetry. For example, GaAs has a zinc blende crystal structure which has 4̅-fold 

crystal symmetry, therefore its nonlinear susceptibility will be inversed after a 90° rotation. The 

inversion of the nonlinear susceptibility can produce quasi-phase matching in devices where light 

propagates around the crystal’s vertical axis such as a micro-disk resonator or micro-ring 

resonators. The advantage of this method is the simplicity of device fabrication which doesn’t 

require extra steps to do period poling of the crystal. However, the disadvantage is the efficiency 

is low since the domain is flipped only a few times for one turn.  

 

 

 

4.5.3 Material Platform for chip-scale OPO devices 

 

OPO is attractive for producing coherent light in Mid-IR range due to its wide tunability. A 

wide mid-IR spectrum provides the ability to differentiate multiple chemicals from their finger-

print absorption. Current commercially available Mid-IR OPO lasers consist of a χ(2) nonlinear 

crystal inserted in an optical cavity that is resonant for the pump wavelength as well as the 

generated signal and/or idler wavelengths. Depending on the property of the nonlinear crystal, 

OPO wavelengths tuning can be done via controlling the phase matching condition such as rotating 

the crystal angle[63], changing the crystal temperature[64], incorporating a fan-out periodic poling 

pattern[65], rotation of a diffraction grating[66], electro-optic shaping of the gain spectrum[67], 

or tuning the pump wavelength[68]. Although current OPO technology is mature for building 

widely-tunable mid-IR lasers, it relies on bulk nonlinear crystals and complex optical systems 
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which are not able to be miniaturized. For mid-IR molecular spectroscopy and chemical sensing 

applications, it is appealing to have an on-chip tunable mid-IR light source producing advantages 

of portability and in-situ measurement. However, it is still challenging to incorporate OPOs into 

integrated photonics where methods for phase-matching and resonant macroscopic output are 

limited.  

To have OPOs in integrated photonics, nonlinear materials need to be fabricated into 

waveguiding structure. This requires engineering of wafer structures to have nonlinear crystal thin 

films on an under-cladding substrate. Nonlinear crystal thin films can then be fabricated into 

integrated photonic circuits by complementary metal-oxide-semiconductor (CMOS) compatible 

process. To have efficient OPO process, phase-matching condition is required for on-chip OPO 

devices. It is possible to use the effective indexes of waveguide modes to compensate the refractive 

indexes difference due to dispersion. Another way to realize phase-matching is to have periodic 

poling of the nonlinear crystal in the active region. Moreover, micro-resonant cavity is required to 

have practical macroscopic output for on-chip OPO devices. 

When OPO devices scaled down to chip scale, bulk nonlinear crystals also need to be used of 

their thin film state. In addition, the nonlinear materials for chip-scale OPOs should be able to 

easily form waveguide devices with current nano/micro fabrication techniques. There are several 

nonlinear material platforms that meet these requirements such as III-V compounds and Perovskite 

oxides. Among III-V compounds, AlN, GaN, GaP and GaAs are potential candidates for on-chip 

OPOs. As for Perovskite oxides, LiNbO3 and BaTiO3 are the attractive materials for on-chip OPOs. 

A summary of the current second-order nonlinear optical photonic devices based on micro-

resonators is shown in the table below: 

III-V compounds 



 

106 

 

 

 

Aluminum nitride (AlN) emerged as a new material for nonlinear optics about a decade ago. 

Benefitted from a large bandgap (6.2 eV), AlN not only avoids two-photon absorption losses but 

also allows a wide transparency range from ultra-violet (UV) to mid-infrared wavelengths. AlN 

crystal has a non-centrosymmetric wurtzite structure thus exhibits second-order nonlinearity. M. 

C. Larciprete et al. reported a second order nonlinear coefficient d33 = 11 pm/V of AlN 

polycrystalline thin films grown by DC reactive sputtering in 2006 [69]. Later, A. W. Bruch 

demonstrated single-crystalline AlN waveguides with micro-ring resonators for second-harmonic 

generation (SHG) with high conversion efficiency in 2018 followed by OPO generation of NIR 

waves (around 1550nm) in 2019[70,71]. The single-crystalline AlN films deposited by metal-

organic chemical vapor deposition (MOCVD) showed better performance than the polycrystalline 

AlN films deposited by sputtering. In such AlN micro-ring OPO devices, modal phase matching 

technique is applied meaning the mode of pump wave is phase matched to the mode of longer 

wavelengths. Tuning of wavelengths was achieved via changing the temperature. 

Gallium nitride (GaN) is a wide bandgap (3.4 eV) material with a transparency window from 

about 365 nm to 13.6 μm, leading to a variety of applications in UV to visible to far infrared region. 

The second order nonlinear properties of GaN have been studied extensively since the thin film 

deposition of GaN in the early 1990s [72]. The second-order nonlinear susceptibility of GaN was 

reported to be around 16 pm/V [73]. Although photonic-circuits level demonstration of SHG by 

GaN micro-rings was achieved [74], OPO generation by GaN photonic circuits has not been 

reported yet. Lack of easily achievable phase matching technique limits the use of GaN for on-

chip OPO devices. For quasi-phase matching, periodically-poled GaN is fabricated during growth 

process where the growth polarity can be controlled to be either Ga- (0001) or N-polar (000 1̅) 

[75]. The surface roughness of the GaN thin film with periodic polarity limits the waveguide 
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performance due to scattering losses. Therefore, similar to AlN, modal dispersion phase-matching 

is a possible way for applications of GaN in integrated nonlinear photonics [76]. 

Gallium phosphide (GaP) and gallium arsenide (GaAs) are another two materials in III-V 

groups that can be used for nonlinear optics. The very high second order nonlinear coefficients of 

GaP (~ 100 pm/V [[77]) and GaAs (~ 200 pm/V [77]) make them very appealing for nonlinear 

optics. Quasi-phase matching for GaP and GaAs can be done during deposition process where 

inversions of the crystallographic orientation are grown into the material[78,79]. Additionally, a 4̅ 

symmetry structure of GaP and GaAs leads to an original quasi-phase matching condition on the 

orbital momentum of the fundamental and harmonic fields. In a 4̅-symmetry crystal, when light 

rotates around the 4̅ axis by 90°, the crystallographic orientation is also inverted, hence fields 

propagate around the 4̅ axis encounter four domain inversions per round trip. SHG for GaP and 

GaAs has been demonstrated in a whispering-gallery-mode resonator [80,81]. GaP integrated 

nonlinear devices with a combination of χ(2) and χ(3) process was demonstrated for different 

wavelength converters[82]. Despite the high optical nonlinearity of GaAs, the narrow bandgap 

(1.4 eV) of GaAs makes it suffer from two photon absorption and limits the wide-band integrated 

photonics. 

 

Perovskite oxides 

Because of the ferroelectric properties for most Perovskite oxides, periodic poling of the 

Perovskite oxide crystals can be done via applying a periodic electric field to meet quasi-phase 

matching condition for integrated nonlinear photonics. 

Among all Perovskite oxides, Lithium niobate (LiNbO3) has been deeply exploited for 

applications in nonlinear optics due to its high second order nonlinear coefficients (20 pm/V [83]) 
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and low-cost crystal growth technique. Current LiNbO3 thin films on insulators (LNOI) technology 

can provide high quality single crystalline LiNbO3 thin films for integrated nonlinear photonics. 

Highly efficient and low pump threshold SHG and OPO device based on LiNbO3 micro-rings was 

recently demonstrated [84,85]. Periodically poled LiNbO3 micro-ring resonator was used to 

provide phase matching condition as well as the oscillation functionality for OPO generation. 

Wavelengths tuning of such micro-ring based OPO device is operated by controlling the 

temperature or pump wavelengths [85-88].  

Barium titanate (BaTiO3) is attractive for nonlinear optics due to its very high electro-optic 

coefficient (r42 ~ 1700 pm/V [89]) as well as the decent second order nonlinear susceptibility (~ 

17pm/V). However, it is difficult to achieve thick high-quality BaTiO3 thin films with smooth 

surface, limiting the waveguide performance. Direct formation of waveguide for BaTiO3 is 

difficult since there is no efficient way to vertically etch BaTiO3 thin films. A BaTiO3 rib 

waveguide structure with a step height of 50 nm was demonstrated at 632 nm and 1550 nm for E-

O modulation [90]. Another proposed geometry for BaTiO3 nonlinear integrated photonics has a 

waveguide like Si or SiN on BaTiO3 thin film, where a hybrid mode extends from the waveguide 

to the BaTiO3 thin film [91]. However, the hybrid mode waveguide structure still suffers from high 

waveguide losses, which limits the efficiency for nonlinear processes. 
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Table 4.1  A summary of the 2nd-order nonlinear integrated photonic devices 

Material 
Χ(2) 

process 

Device 
structure 

Pump 
Wavelengths 

(nm) 

Generated Wavelengths 
(nm) 

References 

AlN 

SHG Micro-ring 1550 775 70 

OPO Micro-ring 780 
Signal: 1480 
Idler: 1650 

71 

GaN 
SHG Micro-ring 1560 780 74 

OPO - - - - 

GaP 

SHG Micro-disk 1523 761.5 80 

OPO Micro-ring 1550 
Signal: 1540 
Idler: 1580 

82 

GaAs 
SHG Micro-disk 1980 990 81 

OPO - - - - 

LiNbO3 

SHG Micro-ring 1617 808 84 

OPO Micro-ring 770 
Signal: 1430 
Idler: 1670 

85 

OPO Micro-disk 1080 
Signal: 1500 - 2000 
Idler: 2350 - 3800 

86 

OPO Micro-disk 532 
Signal: 1010 
Idler: 1120 

87 

OPO Micro-disk 488 
Signal: 707 – 865 
Idler: 1120 - 1575 

88 
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4.5.4 Optical parametric amplification 

As discussed in optical parametric oscillation, a resonance cavity is required to amplify the 

generated light intensity for macroscopic output. In integrated photonics, micro-rings are typically 

used as the resonant cavity. However, the fabrication of high-Q micro-rings is not that easy. A 

high-end electron-beam lithography system is required along with a good choice of e-beam resist 

to fabricate micro-rings with smooth edges. The gap between the micro-ring and the bus 

waveguide needs to be well chosen for the short-wavelength pump beam and longer wavelength 

signal and idler beams, respectively. To full-fill the phase matching condition, a periodic polling 

on the micro-ring is needed, which requires fabrication of electrodes aligned on the micro-rings. 

Due to the difficulty of micro-ring fabrication, an alternative way to demonstrate optical 

parametric generation into mid-infrared region is through optical parametric amplification, as 

shown in figure 4.25. A pump beam ωp is focused into a nonlinear χ
(2) material along with a seed 

signal wave ωs. Idler wave ωi is generated through the process of difference-frequency generation: 

 𝜔𝑖 = 𝜔𝑝 − 𝜔𝑠  (6.1) 

𝑃(𝜔𝑝 − 𝜔𝑠) = 2𝜒
(2)𝐸𝑝𝐸𝑠

∗ 

 

Figure 4.25 Optical parametric amplifier process 

The OPA process will convert the pump wave to signal and idler waves, amplifying the signal 

beam and also creating a new idler beam. In an OPA device, a resonance cavity is not needed. The 
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light just passes straight through the nonlinear material. Phase-matching is still required for OPA 

to achieve efficient frequency conversion. The overall gain is dependent on the total length of the 

device. 

4.5.5 Experimental setup for OPA from TiO2 waveguide on periodically poled LiNbO3 

The experimental setup for optical parametric amplification is shown in figure 4.26. A pulsed 

1064 nm laser is used as the pump and a 1550 nm CW-laser acts as the signal seed. The 1064 nm 

laser is first reflected by a mirror and then merged with the 1550 nm CW-laser on the 1300 nm 

long-pass filter (LPF), which can reflect the 1064 nm wave and let 1550 nm wave transmit through. 

Both the pump wave and the signal seed wave are focused to the TiO2 waveguide on LiNbO3 

substrate by an objective lens. The light output from the TiO2 waveguide is focused onto a 

photodetector. A filter is placed before the photodetector to filter out the 1064 nm pump beam and 

1550 nm laser signal beam while only let the long wavelength idler beam to pass through. 

 

Figure 4.26 Experimental setup for OPA process 

 

The x-cut LiNbO3 substrate under the TiO2 waveguide is periodically poled for quasi-phase 

matching. Figure 4.27 (a) shows a schematic for periodically poling the LiNbO3 substrate. The 

TiO2 waveguide is perpendicular to the Z axis of the LiNbO3. The direction of the positive to 

negative electrode is along -Z direction of the LiNbO3 substrate. Chromium positive and negative 
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electrode with periodic fringes were fabricated on the LiNbO3 by Nanoscribe 3D patterning 

technique. First, a periodic fringes pattern of IP-Dip resin was written by the Nanoscribe 3D direct-

writing. Then, chromium was deposited on the chip by e-beam evaporation. Last, the periodic 

chromium fringes electrode pattern was obtained by the IP-Dip resin lift-off. The width of the TiO2 

waveguide is about 15 μm. The gap between the positive and negative electrode fringes is 20 μm. 

The domain of the LiNbO3 is revered by applying a voltage of 300V in the -Z direction. Figure 

4.27 (b) shows an image of the periodic poling setup. 

 

 

 

Figure 4.27 (a) A schematic of the periodic poling of the LiNbO3 substrate under the TiO2 

waveguide; (b) An image of the periodic poling setup. 
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CHAPTER V 

MID-IR DETECTION OF VOLATILE ORGANIC COMPOUNDS BASED ON SILICON 

AND SILICON NITRIDE WAVEGUIDES 

5.1 Introduction 

Detection of VOC gases has attracted significant attention because it is critical for applications 

of non-invasive health monitoring, plant disease diagnostics, industrial leak detection, etc [1-5].  

Two general approaches have been used for VOC analysis, analytical techniques such as gas 

chromatography mass spectrometry (GC-MS) [6,7], and solid-state sensors, such as metal-oxide 

semiconductors (MOS) sensors [8-10], electrochemical (EC) sensors [11], and photoionization 

detectors (PID) [12]. GC-MS can provide accurate gas analysis, but the system is bulky and is thus 

unsuitable for POU and real-time applications. Solid state chemical sensors like MOS, EC, and 

PID have shown high sensitivity and portability but have low selectivity to differentiate among 

VOCs. As an alternative to conventional solid-state sensors, mid-IR sensing can provide high 

selectivity by measuring absorption in the characteristic and finger-print vibrational features of 

VOCs. However, mid-IR absorption spectroscopy requires bench-top optical equipment such as 

Fourier-transform infrared spectroscopy (FTIR), which are unpractical for POU applications 

[13,14]. To address this issue, miniaturized photonic circuits consisting of optical waveguides and 

other chip-scale photonic components have been explored [15-17].  However, prior approaches 

have used waveguide materials that have high refractive indices, such as Si and Ge [18,19], which 

lead to a weak evanescent wave [20,21] and therefore poor sensitivity. Chalcogenide materials 

have also been used [22], and they provide stronger evanescent fields, but they are prone to 

degradation upon exposure to moisture, thus requiring storage under dry N2 or high vacuum 

condition. To address this issue, the present study examines the use of SiN as the waveguide 
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material.  SiN has a low refractive index (nSiN = 1.94) compared to Si (nSi = 3.4) or Ge (nGe = 4.0), 

which leads to a strong evanescent wave and therefore higher sensitivity, and also possesses 

exceptional chemical stability and can be repeatedly used in ambient humidity conditions [23,24] 

Further, SiN has a broad infrared transparency window, low optical loss, and high compatibility 

with complementary metal-oxide-semiconductor (CMOS) processes [25,26]. These properties 

make SiN an ideal material for waveguide sensors to enable repeatable, reproducible VOCs 

detection over long-term sensing operation. To our knowledge, however, prior work on SiN as a 

waveguide material has been primarily theoretical or has focused on wavelength sensing in the 

visible range, rather than the far more informative mid-IR range [27-29].   

To demonstrate the potential of SiN waveguide sensing for mid-IR detection of gaseous 

analytes, here we focused on three VOCs (acetone, ethanol, and isoprene) that are potential 

biomarkers for breath analysis. For instance, exhaled acetone has been studied to monitor diabetic 

ketoacidosis [30,31], ethanol for alcohol abstinence [32], and isoprene for lung cancer and high 

blood cholesterol [33,34]. Further, these VOCs have strong mid-IR absorption signatures at 

wavelengths between 3.0 - 3.6 μm, which are detectable using the proposed SiN photonic circuits.  

Being compatible with CMOS fabrication processes, the proposed SiN mid-IR waveguide sensor 

offers the potential for a compact device platform to realize real-time gas analysis. 
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5.2 Basic concept of waveguide sensing 

The light is guided in a waveguide by total internal reflection. At the interface, the light is 

reflected back into the waveguide and on the other side of the interface, there is an electro magnetic 

field that decays exponentially away from the interface.  The decay waves outside of the waveguide 

is called evanescent waves. Figure 5.1 shows a schematic of the evanescent wave surrounding the 

waveguide. When the medium surrounding the waveguide is lossy, the propagating light in the 

waveguide will lose some energy each time it bounces back at the interface. The absorbance of the 

waveguide will obey Beer-Lambert law, which relates the attenuation of light to the propagation 

distance and the property of absorbing materials. Since the light attenuation depends on the 

absorption wavelengths of the surrounding medium, waveguide sensing can differentiate materials 

adhering to the waveguide boundary by absorption spectroscopy. The sensitivity of the waveguide 

depends on the amount of evanescent field extending to the medium. For a single-mode 

waveguide, the strengths of evanescent fields depend on the waveguide geometry, refractive index, 

wavelengths and light polarization.  

 

Figure 5.1 A waveguide mode with evanescent fields extending to the surrounding medium 
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5.3 Experimental methods 

5.3.1 Fabrication of SiN waveguide sensor and gas chamber 

 

Figure 5.2 Fabrication process of the SiN waveguide and its assembly with a PDMS chamber. (a) 

Deposition of SiN thin film by LPCVD. (b) Creation of waveguide patterns by photolithography. (c) 

Transfer of the waveguide pattern to the SiN layer by RIE. (d) Removal of photoresist. (e) Deposition of 

the top SiO2 cladding layer. (f) Bonding of the PDMS chamber to the waveguide sensor. 

 

Figure 5.2 (a) - (f) illustrates the fabrication of mid-IR SiN waveguides and a 

polydimethylsiloxane (PDMS) chamber developed for VOC detection. In step (a), a low-stress 

SiN thin film with thickness T = 1 μm was deposited on a Si wafer by LPCVD. Between the SiN 

and the Si is a 3 μm thick thermo-oxide acting as the low-refractive-index under-cladding layer. 

In step (b), the pattern of waveguides was generated on top of the SiN thin film via 

photolithography. The waveguide pattern was then transferred into the SiN thin film layer in step 

(c) using reactive ion etching (RIE). After removing the photoresist in step (d), a 3 μm thick SiO2 

layer was deposited on both sides of the SiN waveguide by plasma-enhanced chemical vapor 

deposition (PECVD). The center of the waveguide was left open for VOC detection as shown in 

step (e). The length of the waveguide sensing region, where the mid-IR evanescent wave interacted 

with the VOCs, is 8 mm long. A PDMS (Dow Corning Sylgard 184) chamber was prepared by 
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dropping the PDMS precursor into a customized mold. In step (f), the molded PDMS was bonded 

to the SiN waveguide device to form a sealed gas chamber. The top SiO2 layer patterned in step 

(e) prevented direct contact between the PDMS and the SiN waveguides to prevent absorption of 

the PDMS chamber material from interfering with the sensing measurement. 

5.3.2 Setup for SiN waveguide characterization and VOC absorption measurement  

 

Figure 5.3 Experimental setup of the VOC detection measurement. Mid-IR probe light from the 

laser was coupled into the waveguide using a butt-coupling method. The guided light was 

collected by another fiber after the waveguide end-facet. VOC vapor was carried by N2. The 

flow rate the VOC concentration were controlled by the MFCs.  

Figure 5.3 shows a schematic of the experimental set-up for waveguide characterization and 

VOC detection via a fiber-waveguide-fiber configuration. A tunable mid-IR laser (M Squared 

Firefly) with 150 kHz pulse repetition rate, 10 ns pulse duration, and 150 mW average power, was 

used as the light source. The wavelength tuning range of the laser is from 2.5 µm to 3.7 µm. The 

laser light was coupled into a single mode ZrF4 fiber (Thorlabs) through a reflective lens collimator 

(RL) and then butt-coupled to the SiN waveguide. The fine position adjustment between the fiber 
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and the waveguide was monitored with an optical microscope. The coupling loss was 5.2 dB and 

the waveguide loss was 2.1 dB/cm at 3.5 μm wavelength. 

Three VOCs (acetone, ethanol, and isoprene) were used as the analytes.  VOC vapors were 

prepared by flowing nitrogen gas through bottles with VOCs in liquid form. The flow rates of the 

VOC vapors and the nitrogen carrier gas were regulated by mass flow controllers (MFCs). The gas 

phase analyte was delivered into the sealed PDMS chamber with the waveguide sensor inside. The 

gas pressure into the PDMS chamber was monitored by the mass flow controllers and pressure 

regulators. The temperature of the system and the PDMS was maintained at room temperature 20 

°C. The intensity of the waveguide light was attenuated according to the mid-IR absorption spectra 

of the VOCs. Light propagated through the waveguide was collected by a multimode ZrF4 fiber 

with a 400 μm core diameter (Thorlabs). The fiber was connected to a photodetector and the light 

intensity was read by a digital multimeter and recorded in a computer. 
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5.4 Results and discussion 

5.4.1 Characterization of SiN waveguides and VOCs absorption measurement 

Figure 5.4 (a) shows the fabricated SiN waveguide sensor with the attached PDMS gas 

chamber. The input and output waveguides were offset by 5 mm to minimize contributions from 

background light that was not coupled into the waveguide. Figure 5.4 (b) is an SEM image of the 

SiN waveguide array, where the waveguide width is 10 μm. Figure 5.4 (c) shows the waveguide 

mode of the SiN waveguide captured at λ = 3.3 µm by a liquid-nitrogen cooled mid-IR camera 

(IRC 800 series, IRcameras). A sharp spot corresponding to a fundamental waveguide mode was 

observed, and no scattering was found in the entire field of view. This indicates that the input light 

was well confined within the SiN waveguide, and that the background light in the substrate layer 

was minimized by the off-set design.  

 

Figure 5.4 (a) The sensor device with SiN waveguides and a PDMS chamber. The input and output 

waveguides were offset by 5 mm. (b) Image of an array of SiN waveguides. (c) The mode image 

from a single SiN waveguide.  
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5.4.2 FDTD analysis of waveguide modes and mid-IR sensitivity 

Mode profiles of the SiN and Si waveguides and their sensitivities were calculated using 

FDTD. FDTD modeling was used to evaluate the correlation between the sensitivity of mid-IR 

waveguides made by different materials and structures. Figure 5.5 (a) - (d) shows the 2-D 

waveguide modes for various waveguide structures at λ = 3.3 μm, and Figure 5.5 (e) - (h) displays 

the corresponding 1-D light intensity and refractive indexes distributions along the z-axis at x = 0 

μm. The waveguides have the same width of 10 μm. Two different waveguide heights of T = 1 μm 

and 2 μm were considered for the transverse magnetic (TM) polarization. The waveguide sensing 

performance was evaluated by comparing the evanescent field intensity distribution for the two 

waveguides. The T = 1 μm Si waveguide showed a weak evanescent field extending to the outer 

medium (z > 1 μm), while the T = 1 μm SiN waveguides showed a strong evanescent field outside 

of the waveguide. Theintensity profile remained the same in the x direction. As the height of the 

waveguide was increased to T = 2 μm, the intensity of the evanescent field significantly decreased 

for both the SiN and Si waveguides, as illustrated in Figure 5.5 (c) and (d), respectively. However, 

the SiN waveguide still showed a stronger field than the Si waveguide.    
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Figure 5.5 (a) - (d) Simulated 2-D waveguide modes and (e) - (h) 1-D intensity profiles along the 

z-axis for heights T = 1 and 2 µm for the Si and SiN waveguides, respectively. TM polarization 

was selected for the waveguide modes. 
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Figure 5.6 (a) Sensitivity vs refractive index, n, at heights of T = 1, 1.5, and 2 μm. (b) Sensitivity 

vs waveguide height T at n = 2, 2.4, 3.45 and 4, corresponding to SiN, chalcogenide, Si and Ge 

materials, respectively. 
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The FDTD method was also used to analyze the sensitivity of the mid-IR waveguides. The 

sensitivity of the waveguide was first defined as the attenuation of the waveguide intensity, which 

is equivalent to the waveguide propagation loss per unit length, upon exposure to an external 

medium. The relative sensitivity was then calculated by comparing its value with the sensitivity 

from the T =1 SiN waveguide.  Figure 5.6 (a) shows the variation in sensitivity when the 

waveguide materials are Ge, Si, chalcogenides, and SiN, at heights T = 1.0, 1.5, and 2.0 μm. The 

refractive indexes corresponding to the materials are labeled on the figure. The waveguide 

sensitivity decreased monotonically at T = 1.5 and 2.0 μm when n increased. At T = 1 μm, the SiN 

showed a 10x, 5x, and 1.25x higher sensitivity than Ge, Si, and chalcogenide because of its lower 

refractive index, which led to a stronger evanescent field. An exception was found at n=1.8, where 

the waveguide mode was pushing into the undercladding layer so the evanescent field above the 

waveguide surface decreased. Similar sensitivity enhancement was also found for the T = 1.5 and 

2 μm waveguides. The sensitivity variation due to the waveguide height is shown in Figure 5.6 

(b). As depicted, the SiN waveguide sensitivity was significantly higher than the Si sensitivity, 

regardless of the height.  As the height T decreased from 2 μm to 1 μm, we observed a three-fold 

improvement for both SiN and Si waveguides. The sensitivity vs. wavelength was also investigated 

and illustrated in Figure 5.7. Again, the sensitivity was systematically higher for the SiN 

waveguide, but the change of sensitivity was almost negligible for both waveguide materials across 

the 3.2 to 3.5 μm wavelength range, indicating the waveguide sensors have uniform performance 

over a broad spectrum, which is critical for mid-IR VOCs analysis. 
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Figure 5.7 The sensitivity vs wavelength (λ) for (a) SiN and (b) Si waveguides at heights T = 1 

and 2 μm, respectively. 

 

5.4.3 Real-time VOC detection and absorption spectrum characterization 

Figure 5.8 shows real-time VOC detection using the mid-IR SiN waveguide sensor illustrated 

in Figure 5.3. The SiN waveguide had a width of 10 μm and a height of 1 μm. The lowest T of the 

SiN and Si waveguides that can effectively confine the mid-IR lightwave is 1 μm and 0.85 μm, 

respectively. A SiN waveguide thinner than 1 μm will decrease the fiber-to-waveguide butt-

coupling efficiency, since there is no conventional mid-IR lensed fiber. During the measurement, 

pure nitrogen was first injected into the PDMS chamber, and the waveguide intensity obtained was 

defined as the baseline. Once the waveguide intensity stabilized, VOC vapor was injected into the 
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PDMS chamber until the waveguide intensity stabilized. Each measurement was performed across 

three to four cycles of VOC injection and nitrogen purging to ensure the results were consistent 

and repeatable. The transient response during the acetone, ethanol, and isoprene measurements are 

plotted in Figure 5.8 (a), (b), and (c), respectively and showed a deviation over time within 1% for 

each of the gases.  

 

Figure 5.8 Real-time mid-IR monitoring of pulsed VOCs using SiN waveguides of width = 10 µm 

and height = 1 µm: (a) acetone at λ = 3.375 µm, (b) ethanol at λ = 3.375 µm, and (c) isoprene at λ 

= 3.400 µm. 
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The vibrational bands caused by the C-H stretching vibrations for acetone are 3.305 μm with 

A1 symmetry and3.168 μm with F2 symmetry. For ethanol, there are symmetric stretching 

vibration at 3.412 μm and symmetric stretching vibration at 3.364 μm. For acetone and ethanol 

vapor, the waveguide light intensity decreased over time when their vapor flowed into the chamber 

and then reached an equilibrium state after 10 – 20 s, indicating the VOC molecules steadily 

attached to the waveguide surface. Once the nitrogen was reinjected into the chamber, the 

waveguide intensity increased and recovered to its initial intensity level within 20 s. For isoprene, 

the waveguide light intensity dropped nearly instantaneously once the isoprene vapor was injected 

due to its high volatility.  These results indicate that the SiN waveguide can detect different VOCs 

and measure their transient response. Unlike chalcogenide waveguides, due to the high chemical 

stability of the SiN and its resistance to moisture, our SiN waveguide sensor does not demonstrate 

degradation of signal and can be used for long-term repeatable VOCs monitoring.  
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Figure 5.9 Mid-IR absorption spectra of acetone, ethanol, and isoprene. (a) - (c) Results from SiN 

waveguide measurement. (d) - (f) Spectra from the NIST database [35].  

 

 

 

 

 

 

3.1 3.2 3.3 3.4 3.5 3.6 3.7
0.0

0.2

0.4

0.6

0.8
 Acetone

A
b
s
o
rb

a
n
c
e

Wavelength (m)

(d)

3.1 3.2 3.3 3.4 3.5 3.6 3.7
0.0

0.2

0.4

0.6

0.8

 Ethanol

A
b
s
o
rb

a
n
c
e

Wavelength (m)

(e)

3.1 3.2 3.3 3.4 3.5 3.6 3.7
0.000

0.003

0.006

0.009

0.012

 Isoprene

A
b
s
o
rb

a
n
c
e

Wavelength (m)

(f)

3.1 3.2 3.3 3.4 3.5 3.6 3.7

0.0

0.2

0.4

0.6

0.8

1.0

R
e
la

ti
v
e
 a

b
s
o
rb

a
n
c
e

Wavelength (m)

 Acetone(a)

3.1 3.2 3.3 3.4 3.5 3.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
e
la

ti
v
e
 a

b
s
o
rb

a
n
c
e

Wavelength (m)

 Ethanol(b)

3.1 3.2 3.3 3.4 3.5 3.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
e
la

ti
v
e
 a

b
s
o
rb

a
n
c
e

Wavelength (m)

 Isoprene(c)



 

135 

 

 

 

The absorption spectrum of VOCs can be calculated using the real-time measurement 

according to the Beer's law equation A = -log(I/I0), where A is the absorbance, and I and I0 are the 

waveguide intensities with and without the VOC, respectively. The spectra of acetone, ethanol and 

isoprene measured by the SiN waveguide are plotted in Figure 5.9 (a) - (c), where the absorbance 

in y-axis is normalized to its maximum. Note that the spectra are not meant to show the ability to 

separate these gas molecules spectrally but rather to show that the characteristic absorption bands 

caused by the C-H stretching vibrations between λ = 3.1 and 3.6 μm could be observed. The 

spectral features were consistent with FTIR spectra from the NIST WebBook database shown in 

Figure 5.9 (d) - (f), though the resolution of our tunable laser was not as high. For instance, the 

major absorption peak at λ = 3.35 μm was depicted for acetone and at 3.4 for μm ethanol for our 

system, but not the triplet or doublet as depicted using FTIR.  However, the two broader isoprene 

absorption peaks at λ = 3.25 and 3.4 μm were depicted for both systems. Figure 5.10 shows the 

relative absorbance of acetone using a Si waveguide, compared to the results obtained using the 

SiN waveguides. Both Si and SiN waveguides were 10 μm wide and 1 μm tall in these experiments. 

The results of Figure 5.10 experimentally confirm the primary result anticipated from the FTID 

modeling, showing that attenuation (and therefore sensitivity) in the SiN waveguide was five times 

stronger compared to that of the Si waveguide.  Figure 5.11 shows the relative absorbance with 

relative concentration of the individual VOCs. Gas concentration was controlled by adjusting the 

flow rates of MFC 1 and MFC 2; see Figure 5.3. The x-axis in Figure 5.11 is the ratio of flow rates: 

(MFC2)/(MFC1 + MFC2). We observe a monotonic increase in relative absorbance with VOC 

concentration, which is fairly linear below a ratio of 0.7 and then follows the nonlinear increase at 

higher ratios. The absorption curve can be explained by a superposition of an adsorption isotherm 

and a linear adsorption increase caused by the non-adhesive analytes within the waveguide’s 
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evanescent field. In addition, applying the Antoine equation and gas flow rates, the limits of 

detection (LOD) of the concentration were 1.2 % for acetone, 1.3 % for ethanol and 2.5 % for 

isoprene [36]. The sensitivity of our mid-IR waveguide is better than the refractive-index-based 

sensing using a visible waveguide because of the strong characteristic mid-IR C-H vibrational 

absorption [37]. In the future, our waveguide sensitivity can be further increased with the use of 

slot waveguides and nanoparticles [38,39]. We expect that these advancements can enhance 

sensitivity by 100x, bringing it closer to that of MOS sensor of sub ppm level [40,41]. The potential 

for enhancement of sensitivity of waveguide-based sensing, taken together with intrinsically high, 

spectroscopic selectivity of Mid-IR detection [42] make this approach promising for future sensing 

applications of multiple gaseous analytes.   

 

Figure 5.10 Measured results of acetone using SiN waveguides compared with Si waveguides. The 

waveguide width = 10 μm and height H = 1 μm. 
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Figure 5.11 Relative absorbance vs relative VOC concentration for (a) acetone at λ = 3.375 µm, (b) ethanol 

at λ = 3.375 µm, and (c) isoprene at λ = 3.400 µm. 
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5.5 Conclusions 

Mid-IR Si and SiN waveguide sensors were evaluated theoretically and experimentally as 

robust, chemically stable platforms for on-chip VOC detection. Utilizing C-H stretching 

vibrational mid-IR region between 3.1 to 3.5 μm, acetone, ethanol, and isoprene vapors were 

detected in real time using both waveguides. We demonstrated that due to their low refractive 

index, SiN waveguides had five-times higher sensitivity as compared to Si waveguides, and unlike 

Si waveguides were able to resolve the mid-IR absorption spectra of VOCs in the entire C-H 

strength region. Because of its CMOS compatibility, the proposed waveguide sensor can be 

integrated with wireless electronics and potentially provide a compact module for sensing of 

gaseous analytes for health, agricultural and environmental applications.   
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CHAPTER VI 

FUTURE WORK AND CONCLUSIONS 

This work explored the mid-infrared sensing for spectroscopic material characterization. 

Traditional mid-IR spectroscopy relies on bulk FTIR instrument which is unpractical for real-time, 

point of use applications. To address this issue, this work explored the mid-IR sensing utilizing 

mid-IR integrated photonics. A real-time noninvasive mid-IR multi-spectral material 

characterization system was proposed along with the key elements. To have the on-chip mid-IR 

multi-spectral sensing, an on-chip light source is needed. Nonlinear optical process such as optical 

parametric process can generate photons in mid-IR region. However, nonlinear materials that can 

efficiently be used for mid-IR on-chip light sources is still unexplored. Therefore, this study 

examined the nonlinear property of BaTiO3 in mid-IR by second harmonic generation with a mid-

IR pump source.  

Another issue for mid-IR sensing is that it is difficult for single particle characterization. 

Vortex beam with orbital angular momentum can trap single particles. With mid-IR vortex beam, 

it is possible to trap single particles and analyze its mid-IR spectrum simultaneously. In this study, 

mid-IR vortex beam generation was first simulated using FDTD. Vortex beam generation in mid-

IR was also experimentally demonstrated by 3D printed micro- spiral phase plates.  

Last, mid-IR sensing was applied to VOC gas analysis. Integrated photonic waveguide sensor 

was used detect VOC gases. Currently, such integrated waveguide sensor suffers from low 

sensitivity which limits its applications. This study showed the materials refractive index plays an 

important role for waveguide sensors. SiN waveguides showed a 5 times enhancement compared 

with Si waveguides. To further enhance the sensitivity, nanoparticle coatings on the waveguide 
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was demonstrated with another 5-fold enhancement. With slot waveguides and nanoparticle 

coatings, the sensitivity of the waveguide sensors is believed to detect VOCs of ppm level. 

With the demonstration of vortex beams, nonlinear materials and VOC gas sensing in mid-IR, 

this work laid a foundation for the future mid-IR integrated multi-spectral sensing systems. 

As a direction for the future work, the mid-IR vortex beam can be utilized for single particle 

analysis. The first step would be to demonstrate single particle trapping by the mid-IR vortex 

beams. Next step is to analyze the absorption of the particle with a back photodetector. If a series 

of vortex beams with different wavelengths applied to the particle, the absorption at those different 

wavelengths of the particle could constitute the absorption spectrum of the particle, enabling single 

particle composition analysis.  

For the nonlinear optical process, OPO or OPA could be integrated to the integrated photonics 

devices, providing the on-chip multi-wavelengths mid-IR light sources. The quasi-phase matching 

condition is critical for the OPO or OPA process. The possible developments of the on-chip OPO 

or OPA for mid-IR light generation include: 

• Development of waveguide on periodically poled LiNbO3 or BaTiO3 

• Development of GaN micro-ring devices using GaN epitaxial thin films for OPO 

process. Modal phase matching could be used for phase-matching condition. 

The mid-IR integrated photonic sensors was demonstrated for detection of VOC gases. The 

sensitivity of the waveguide sensors still needs improvement for detecting VOCs of ppm or sub-

ppm level. New waveguide structure such as slot waveguide can be explored. Instead of evanescent 

wave sensing by ridge waveguide, slot waveguide provides high sensitivity since all the slot 

waveguide mode can interact with the absorbing gases. For spectrum analysis, on-chip 
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spectrometer consisting of micro-rings along with tunable on-chip OPO/OPA light sources, can be 

explored.  
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