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Abstract 

Population ageing is becoming one of the most significant 

issues in twenty-first century. One of the consequences of a 

population aging is its challenge on public health care. 

Compared to the traditional blood or urine tests, breath content 

detection is less stress to human body to collect and real time for 

health-monitoring. As a result, for the early detection of lifestyle 

diseases, breath sensing is gaining more attention.  

For home-use, breath sensor based on infrared absorption 

spectroscopy has the possibility to sense several kinds of gases 

at the same time. This is because each gas has its own eigen 

absorption peak in wavelength. To achieve the effectively long 

length sensing path (corresponding km order) within a cavity, 

CRDS (cavity ring-down spectroscopy) has been proposed. One 

issue of the traditional CRDS system as home-use sensor is its 

large size. 

For bring the possibility of integrating the whole CRDS 

system into a cell phone for real-time health-monitoring, we 

propose a future version of CRDS photonic integrated circuit. 

On the circuit, the optical devices, including the sensing 
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waveguides, optical power couplers and polarization rotators, 

are critical for realizing compact and highly sensitive CRDS. In 

previous work, we have proposed low-loss SiO2 high-mesa 

waveguides for the breath sensing. One issue of preventing 

further ppm-order detection is the low portion of evanescent 

light (Γair=2.2%). In order to realize low propagation loss α and 

high Γair simultaneously, we have researched 100 nm thick Si 

high-mesa waveguides in this work. Si has much higher 

refractive index (3.45) than that of the doped SiO2 (1.48) at the 

wavelength of 1.55 μm, which enables a narrower waveguide 

width and a larger fraction of the mode residing beside the 

sidewalls. The calculated results confirm that Γair of Si 

high-mesa waveguides is much higher than that of the previous 

SiO2. After fabrication, α of the Si waveguides is still high and 

the thermal oxidation technique is applied to further reduce α. 

After thermal oxidation, α is effectively reduced from 1.45 to 

0.84 and 0.29 to 0.2 dB/cm for the 0.5 and 3μm-wide waveguide, 

respectively. The reduction of α is attributed to the decrease of 

the sidewall scattering loss and the damaged Si absorption loss. 

The high Γair and effective loss reduction show a promising 

potential of applying Si high-mesa waveguides to realize 

ppm-order sensing. 
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Optical power coupler is one of the well-used components in 

integrated photonics. Although couplers with an output power 

ratio 1:1 have been widely studied in the past, constructing 

asymmetric-ration optical power couplers is still an issue, which 

is difficult to be addressed by using traditional Y-branch 

waveguides. Artificial intelligence (AI) deep learning is an 

effective technique for realizing complex optical structures. In 

this work, two asymmetric couplers with a splitting power ratio 

of 1:9 and 1:99 have been designed via deep learning method. 

To realize the asymmetric ratios, the coupler region was divided 

into discrete nano-pixels in the shape of circular holes with the 

same dimension. Deep learning was utilized to decide the 

material of each hole to be waveguide or air one by one and 

FDTD simulation was introduced to evaluate the performance of 

the AI designed couplers. The splitting power ratio of 1:9.007 

and 1:99.004 has been realized in the two couplers with a same 

footprint of 3.4 × 3.2 μm
2
. In addition, the positions and widths 

of the output waveguides were further optimized as the excess 

loss of the couplers is a bit high of more than 3.50 dB. Through 

the optimization of the configuration, a scattering loss reduction 

of 1.7 dB by position optimization, and a coupling loss 

reduction of 1.6 dB by width widening were confirmed. The 
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achieved design exhibited an operation wavelength from 

1500-1600 nm and a sufficient fabrication tolerance of ±10 nm 

(± 11%). 

In the development of photonic integrated circuits (PICs), 

polarization management is an important research topic because 

of the polarization-dependency of the optical waveguide devices. 

Polarization rotators, therefore, are often used to manipulate the 

polarization state of optical wave. Traditional rotators are either 

with a large size, a complex fabrication or a high excess loss. In 

this work, a polarization rotator designed with deep learning has 

been proposed and demonstrated. The total footprint of the 

rotator is 2.1 × 12.58 μm
2
 with the polarization extinction ratio 

of 25.8 dB and the excess loss of 0.17 dB. Furthermore, the 

proposed rotator exhibits sufficient fabrication tolerance of ±10 

nm (±6.7%). 

The demonstrated optical devices will pave the way for 

developing compact CRDS integrated photonic circuits. 
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Chapter 1  Introduction 

1.1 Research background 

Population ageing is becoming one of the most significant issues 

in twenty-first century [1]. According to data from World 

Population Prospects (the 2017 Revision) [2], 12.5% people 

worldwide was older than 60. As shown in Fig. 1.1, in 2050, 

older persons, defined as the age ≥ 65 [2], are projected to 

account for 20% people globally. Although the process of 

population ageing is most advanced in Europe and Northern 

America, where more than 20% persons was older than 60 in 

2017, the populations of other regions are growing older as well. 

In 2050, persons with age ≥ 65 are expected to account for 35% 

of the population in Europe, 28% in Northern America, 25% in 

Latin America and the Caribbean, 24% in Asia, 23 % in Oceania 

and 9% in Africa.  

One of the consequences of a population aging is its challenge 

on public health care [3]. The health-monitoring for older people 

will become one of the serious issues in the coming future. 

There have been some regular health-monitoring methods, such 

as the traditional blood [4], urine [5], cough [6] and other tests, 
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which help us to identify a disorder or disease. And there are a 

lot of techniques to identify the presence of microorganism 

inside the body, like ultrasound [7], magnetic resonance imaging 

[7], eco-cardiogram [8], and others. So far, these methods are 

still time consuming and requiring professional support to 

identify the results.  

 

Fig. 1.1 Percentage of population aged ≥ 65 years in the world, 

from 1980 to 2050 [2]. Population aging problem continues, and 

even accelerates. 

On the other hand, a person's breath includes tiny 

concentrations of gases that are closely associated with bodily 

functions and disease, such as high blood pressure, diabetes, and 

cancer [9]. Compared to the traditional blood or urine tests, 
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breath content detection is less stress to human body to collect 

and real time for health-monitoring [10]. As a result, for the 

early detection of lifestyle diseases, breath sensing is gaining 

more attention in examining the gas components of a person's 

breath as biomarkers of the person's body. 

Table 1.1 Breath contents with their concentration in exhaled 

breath and the name of their indicative diseases. The breath 

contents have potential for sensing many kinds of diseases. 

Breath content Concentration 

in breath 

Name of the disease Ref. 

CH 4  (Methane) 2-10 ppm Buerger disease [11] 

C2 H6  (Ethane) 10 ppb 

Rheumatic fever,  

Diabetes mellitus 

[12] 

CO 

(Carbon monoxide) 
1-10 ppm Lung disease [13] 

NO (Nitric Oxide) 10-50 ppb Allergy of trachea system [14] 

NH3 (Ammonia) 0-1 ppm Kidney and renal failure [15] 

COS 

(Carbonyl Sulphide) 
0-10 ppb 

Lung transfer with acute 

rejection 
[13] 

C5H8  (Isoprene) 50-200 ppb Cholesterol biosynthesis [16] 

CH3COCH3  

(Acetone) 
0-1 ppm Diabetes [16] 
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The composition of exhaled breath (excluding saturated water 

vapor) is about 80% nitrogen (N2), 16% oxygen (O2), and 4% 

carbon dioxide (CO2). The rest part is less than 1%; however, 

the rest includes important volatile gases as diseases markers 

[17-19]. As shown in Tab. 1.1, a number of marker molecules 

have been identified in breath that could be utilized to identify 

disease. The concentration of these gases in exhaled breath 

indicates the potential of some diseases.  

1.2 Breath sensing: state of the arts 

Sensing exhaled breath is one of the easy ways of health check. 

Based on the sensing principle, the gas sensors are divided into 

indirect sensing type and direct sensing type. We summarized 

the research of the gas sensors in Tab. 1.2 (indirect sensing type) 

and Tab. 1.3 (direct sensing type).   

Indirect sensing relies on the reaction between gas and some 

materials, through measuring the generated change of resistance, 

refractive index, frequency, or the transmittance to estimate gas 

concentration [20]. The indirect type sensors have high sensing 

sensitivity. Usually, the indirect type sensors are suitable for 

sensing gas concentration burst change. Indirect type sensors 

utilizing in daily health care may have drift problem. The 
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sensing part’s surface may get dirty or damage after several 

times using. The drift problem may result in low sensing 

accuracy. Moreover, the sensing target gas must be decided. 

Breath sensor with only one kind of gas sensing contains little 

health information. 

Table 1.2 Indirect sensing type: they have high sensitivity. The 

sensing target gas must be decided. 

Institute Principle Size (mm
3
) Detectable 

gas 

Ref.  

AIST 

(Japan) 

Resistance change 

(semiconductor 

sensor) 

5×5×1 N
2
 [21] 

Hitachi 

(Japan) 

Resistance change 

(semiconductor 

sensor) 

30×40×5 Alcohol [22] 

Royal 

Institute 

of Tech. 

(Sweden) 

Resistance change 

(semiconductor 

sensor) 

10×10×1 H2S [23] 
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Table 1.3 Direct sensing type: they are possible for sensing 

many kinds of gases. It is available for daily use. 

Institute Principle Size (mm
2
) Detectable 

gas 

Ref.  

Tohoku Univ. 

(Japan) 

UV 

spectroscopy 

600×600 All kinds [24] 

Toshiba 

(Japan) 

Infrared 

spectroscopy 

 All kinds [25] 

Univ. 

Dusseldorf 

(Germany) 

Infrared 

spectroscopy 

600×800 All kinds [26] 

Direct sensing estimates the change of gas physical quantities, 

such as mass-sensitive [27], chromatography [28], and infrared 

absorption spectroscopy [25, 26]. The direct sensing type 

sensors have gas selectivity in addition to real-time sensing. 

Among the direct sensing techniques, infrared optical absorption 

has the advantages of ability of measuring multiple gasses and 

superior ppm-order sensitivity to various types of breathing 

contents. Different gases have their inherent absorption 

wavelength as shown in Tab. 1.4, so, response of the absorption 

wavelength is unique to the investigated breath content.  
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Table 1.4 Breath contents with their absorption wavelength 

and absorption cross section [23-26]. Different gas has its 

eigen absorption wavelength.  

Breath gas 
Absorption wavelength 

[μm] 

Absorption cross 

section [cm
2
] 

CO2 1.572 7.7×10
-23

 

CH3COCH3   
2.12 4.2×10

-22
 

1.69 3.6×10
-22

 

NH3 
3.00 1.2×10

-19
 

1.51 2.5×10
-20

 

CH4   
3.24 1.7×10

-18
 

1.651 1.6×10
-20

 

NO 
5.26 6.1×10

-19
 

2.67 1.2×10
-20

 

The gas concentration can be deduced through their 

absorption cross sections through Beer-Lambert law [22]. In 

Beer-Lambert law, the gas and its concentration are derived as: 

P1=P0exp(-αL)                 (1.1) 

where P0 is the power of the illumination of the illumination 

received by the breath gas, P1 the power of illumination after 

the absorption by the breath gas, α is the linear absorption 

coefficient per unite length, and L is the length of the optical 

path. The absorption coefficient α is defined as follows:   
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α=σn                    (1.2) 

where σ is the gas absorption cross section and n the gas 

concentration. Based on Eq. (1.1) and (1.2), the analysis of 

measured absorption spectra by applying Beer-Lambert law 

allows us to determine the presence of specific gases and their 

concentrations.  

  As mentioned in Tab. 1.1, the gas concentration in exhaled 

breath is all at ppm-order. For sensing ppm-order breathing 

component by using infrared absorption spectroscopy, an 

extremely long optical sensing path of several km is needed for 

sufficient light absorption. To achieve the effective long-length 

sensing path (corresponding km order), cavity ring-down 

spectroscopy (CRDS) method has been has been exploited 

[29-31]. CRDS [29-31] obtains ring-down pulse by injecting 

optical pulse into gas cavity of which both ends are consisted 

from high reflection mirrors as shown in Fig. 1.2. As reflected 

back light corresponds to the extension of effective optical path 

length, this method is useful for highly sensitive detection. 

During the reflection happens, a small portion of the optical 

pulse comes out from the high reflection mirror and is detected 

as output pulses. In such a manner, ring-down pulse intensity 

follows exponentially decreasing curve shown in right-hand 
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side of Fig. 1.2. In case a certain portion of detecting gas exits 

in the cavity, the ring-down time, which is defined as a decay 

time of 1 / e pulse intensity compared to the initial pulse one, 

decreases due to gas absorption (Fig. 1.2 (b)) compared to the 

case of vacuum as shown in Fig. 1.2 (a). The gas concentration 

is estimated by the ring-down time difference between the 

ring-down time without gas absorption and with gas absorption. 

If we use a meter-long cavity in CRDS for instance, the 

effective length may exceed km order.  

 

Fig. 1.2 Schematic of ring-down pulse in CRDS system: (a) 

Without gas and (b) With gas. By using a meter-long cavity in 

for instance, the effective length may exceed km order.  

  One issue of the CRDS system as home-use sensor is its 

(a) 

(b) 
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large cavity size, making it an unsuitable choice for daily 

health check. In order to realize a compact CRDS that is able 

to be integrated into smart phone for real-time 

health-monitoring, our research focus on photonic integrated 

circuits (PICs) [32-36] based on optical waveguides. This is 

because PICs realizes bulk CRDS (several m
2
) integrating in a 

compact area (1cm
2
) [37-42]. 

1.3 Photonic integrated circuits for compact CRDS  

To bring the possibility of integrating the whole CRDS system 

into a cell phone for real-time health-monitoring, we design a 

future version of photonic integrated circuits (PICs) as shown in 

Fig. 1.3. The expected size of the chip is only 1 cm
2
.  

The sensing path and the mirrors in the conventional CRDS 

system [32-36] have been replaced by an optical waveguide and 

coupler, which are integrated on one chip, respectively. Signal 

light from the tunable laser diode (LD) is injected into the 

sensing waveguide via an optical coupler. The sensing light is 

absorbed by gas while propagating through the waveguide. 

When the sensing light propagates to the end port of the 

waveguide, 1% portion of light is guided to photo detector for 

detecting light intensity via the 1:99 coupler. The rest part of the 
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sensing light is guided back to the input port of the waveguide 

for gas absorption. As most of the signal light loops back into 

the cavity, the equivalent path length corresponds to a few 

hundred meters in length which contributes to high sensitivity 

like ppm-order gas detection. The semiconductor optical 

amplifier (SOA) is used to compensate the propagation loss of 

the sensing waveguide [37]. When the SOA is pumped, it may 

start lasing after its light power reach to the lasing threshold. 

This lasing phenomenon is called self-lasing. When self-lasing 

happens, the gain of the signal light will be weak while the gain 

of self-lasing light is increasing. We, therefore, have to eliminate 

the self-lasing. In a ring laser, lasing happens when coherency is 

secured, which means the traveling light wave keeps the same 

frequency and polarization condition during a roundtrip in the 

cavity. To suspend the self-lasing, we proposed the scheme of 

polarization direction control via a polarization rotator. By 

changing the polarization direction of the traveling light wave 

during loops back in the cavity, to prevent the traveling light 

from lasing [39]. 
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Fig. 1.3 Future vision of CRDS chip for ppm-order 

breath-sensing: CRDS is integrating on a 1 cm
2
 size chip. 

  In addition, the waveguide length determines the total loss of 

the chip. Its length should be shorter than the value where SOA 

can compensate the waveguide loss. In the sensing cavity, the 

noise is mainly from the SOA. This is caused by the amplified 

spontaneous emission of SOA. The total noise is accumulated 

with the increased roundtrip. In our previous work, we have 

calculated the noise effect. When the input laser is 50mW, the 

maximum roundtrip is 20000. This roundtrip number satisfies 

the requirement of acetone gas detection [39]. 
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  As shown in Fig. 1.3, the optical components are critical for 

realizing CRDS photonic circuit. In this thesis, we will focus on 

the sensing waveguide, couplers and polarization rotator. 

1.4 High-mesa waveguides for sensing 

To realize optical gas sensing, propagation mode effective index 

[43], extinction of evanescent field [44], and other sensing 

techniques with directional couplers [45], Mach-Zehnder 

interferometers [46], Bragg gratings [47], micro ring resonators 

[47] and other optical structures have been exploited. The 

sensing techniques, optical structures and the detected 

substances are shown in table 1.5. Unlike those complex 

structures (such as ring resonator or Bragg grating), optical 

waveguides have been proposed for optical absorption sensing 

[48-50]. In the waveguide-based breathing sensors, 

gas-molecules of interest interact with the evanescent electric 

field outside the waveguide core. 
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Table 1.5 Reported structures and detected substance. Except 

high-mesa waveguides, other structures are complex.  

Detected substance Optical Structure Ref. 

Hydrogen F-P micro cavity [51] 

Nano particle detection Nano cavity [52] 

Methyl mercaptan Optical fiber [53] 

Acetone, ethanol, 

dichloromethane 
Bragg grating [54] 

Isopropanol, water, 

cyclohexane 
Micro ring resonator [55] 

Ethanol High-mesa waveguide   [56] 

To boost light-gas interactions, hollow waveguides [48], slot 

waveguides [49] and sub-wavelength grating (SWG) 

waveguides [50] (Fig. 1.4) have been proposed and 

demonstrated as sensing platforms. In these waveguides, a larger 

fraction of the mode resides in the low-index cladding where the 

breathing contents are located. The benefits; however, may be 

offset by their increased susceptibility to optical loss induced by 

sidewall-roughness scattering. The large scattering loss limits 

the total length of the waveguide, resulting in that most 
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propagated light in the waveguide is lost and little of it interacts 

with the targeted gas. As a result, efficiently quantifying the 

trade-off between mode delocalization and scattering loss is 

critically important for the rational design of chip-scale photonic 

sensors. In addition, the manufacturing procedure of the hollow, 

slot and SWG waveguides are usually complex, requiring 

high-resolution electron-beam lithography. 

   

    

Fig. 1.4 Schematic of hollow [48], slot [49], SWG [50] and 

high-mesa waveguide structures. Among them, high-mesa 

waveguides possess the advantages of single-step fabrication 

and being immune to the dust in air. 

To solve above issues, we have proposed high-mesa 

waveguide structures for the CRDS system [37]. The top 

Hollow waveguide Slot waveguide 

Grating waveguide High-mesa waveguide 
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cladding of the high-mesa waveguide protects it from being 

contaminated by the dust in air. In addition, the high-mesa 

waveguide is achieved by using single dry-etching process, 

which promotes the development of integrated photonics and 

allows it for large-scale production. To compare the above 

waveguides in details, the characteristics of the waveguides are 

summarized Table 1.6. As shown in this table, it is clear that 

high-mesa type waveguide is more suitable for gas sensing than 

the others. 

Table 1.6 Characteristics of the typical waveguides for gas 

sensing. The high-mesa waveguide is suitable for gas sensing 

than the others. 

Waveguide type 

Easy for 

touching gas 

Easy for  

fabrication 

Propagation 

loss 

Hollow   0.02 dB/cm 

Slot   12 dB/cm 

Grating   6 dB/cm 

High-mesa   0.02-0.2 

dB/cm 
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An extremely low propagation loss α of 0.02 dB/cm has been 

achieved in the doped-SiO2 high-mesa waveguide, and 50% 

concentration CO2 was successfully detected [38]. One issue of 

preventing further ppm-order detection is the low portion of 

evanescent light (Γair=2.2%). In order to realize low propagation 

loss α and high Γair simultaneously, we have researched 100 nm 

thick Si high-mesa waveguides in this work. Si has much higher 

refractive index (3.45) than that of the doped SiO2 (1.48) at the 

wavelength of 1.55 μm, which enables a narrower waveguide 

width and a larger fraction of the mode residing beside the 

sidewalls. The calculated results confirmed that Γair of Si 

high-mesa waveguides is much higher than that of the previous 

SiO2. 

1.5 Optical power couplers 

As shown in Fig. 1.3, optical power couplers are a key 

component in the gas sensing chip due to the requirements of 

power distribution. An optical power coupler is a waveguide 

optical power distribution device, which plays an important role 

in passive optical network [57-61]. One typical optical power 

coupler is the Y-branch waveguide that has an input waveguide 

and two output waveguides as shown in Fig. 1.5 (a). Symmetric 
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Y-branch 3-dB couplers (output power ratio 1:1) are 

wavelength-independent and have been studied to some extent 

in the past [57]. In contrast, couplers with an asymmetric 

splitting ratio still have difficulties that are not easily addressed 

for practical applications. For realizing asymmetric splitting 

ratios, asymmetric Y-branch waveguides, directional couplers 

and multi-mode interferometer (MMI) waveguides have to be 

implemented [58-61]. In the asymmetric Y-branch waveguides, 

the cross-section of the input waveguide is different from those 

of the output waveguides, so that it is difficult to realize optical 

mode-matching among the waveguides. This may cause a high 

coupling loss from the input waveguide to the output 

waveguides. Another structure for realizing couplers is the 

directional couplers as shown in Fig. 1.5(b). The issues for the 

directional couplers are that the coupling section is long and the 

operation wavelength bandwidth is limited [62-65]. For example, 

for a silicon channel waveguide directional coupler, the length 

of the coupling section is around 20 μm and the bandwidth is 

only 5 nm when the change of the splitting ratio is less than 5% 

[62]. For MMI waveguides, there is not any principle for 

directing the design of asymmetric optical power couplers [61]. 

On the other hand, if asymmetric optical power couplers can 
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be easily designed, it is valuable for integrated optics. For 

example, a little amount of the light is able to be coupled out 

from some part of a densely integrated photonic circuit by using 

asymmetric couplers, so that the power or wavelength is 

liberally monitored with less power-loss [66]. 

 

 

 

Fig. 1.5 Top-view schematics of (a) Y-branch optical power 

coupler [34], (b) Directional coupler [36] and (c) MMI optical 

power coupler [61]. 

In this thesis, we have designed asymmetric-ration optical 

power couplers by using deep learning design. Two couplers 

with the targeted splitting power ratio as 1:9 and 1:99 have been 

designed, respectively. Table 1.7 shows the comparison of 

Y-branch, directional coupler and AI deep learning design 

(a) 

 

(b) 

 

(c) 
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optical power couplers. As shown in this table, it is clear that 

deep learning design waveguide is more suitable for asymmetric 

optical power couplers than the others. In this thesis, we have 

designed asymmetric-ration optical power couplers by using AI 

deep learning design.  

Table 1.7 Comparison of the waveguides for optical power 

couplers. AI deep learning design waveguide is more suitable 

for asymmetric optical power couplers than the others. 

Waveguide type 

Symmetric 

optical power 

couplers 

Asymmetric 

optical power 

couplers 

Device 

length  

Y-branch   10 μm 

Directional 

coupler 

  100 μm 

MMI    50 μm 

AI design   < 20μm 

1.6 Polarization Rotators 

In the development of PICs, polarization management is an 

important research topic because of the strong 

polarization-dependent performance of the optical waveguides 
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[67]. Polarization rotators are often used to manipulate the 

polarization state of optical wave. Normally, they are separate 

components, and their individual footprints are relatively large, 

seriously limiting the integration applications [68].  

   

          (a)                       (b) 

Fig. 1.6 Previous two typical polarization rotators (a) 45° 

angled-facet waveguide and (b) Surface plasma waveguide. 

Both of them have drawbacks hindering their applications. 

To shrink the size of rotator, various approaches have been 

proposed, such as 45° angled-facet waveguides, surface plasma 

waveguides and so on [69-74]. For the angled-facet waveguide 

rotators as shown in Fig. 1.6(a), it requires two different etching 

steps (wet and dry etching) to form the asymmetric structure of 

waveguide, i.e., an angled and a vertical sidewall [69-74]. It is a 

difficult process; however, to realize an accurately 45° angled 

sidewall. For the surface plasma waveguide rotators as shown in 

Fig. 1.6 (b), it consists of a metal on the top of the cladding 

[75-77]. Though the rotator is compact, the metal-on-cladding 
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may induce extra absorption loss. A new scheme with both a 

simple structure and good performance, therefore, is urgently 

needed. 

In this thesis, we have designed a polarization rotator by 

using deep learning design. The total space of the rotator is 2.1 × 

12.58 μm
2
 with a polarization extinction ratio of 28.8 dB and an 

excess loss of 0.17 dB. The achieved design also exhibited an 

operation wavelength ranging from 1570-1680 nm in addition to 

a fabrication tolerance of ±10 nm (± 6.7%).  Table 1.8 shows 

the comparison of the above mentioned polarization rotators. As 

shown in this table, it is clear that AI deep learning design 

waveguide is more suitable for polarization rotators than the 

others. 
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Table 1.8 Comparison of the waveguides for polarization 

rotators. AI assisted design waveguide is more suitable for 

polarization rotators than the others. 

Waveguide type 
Easy for 

fabrication 

Excess loss Device 

length  

45° angled-facet   1000 μm 

Surface plasma   100 μm 

AI design   < 20μm 

 

1.7 Thesis construction 

In this thesis, the research background and the purpose have 

been explained in Chapter 1. Breath content detection for easy 

medical health motoring has been proposed using CRDS system. 

In order to overcome the drawbacks of the traditional bulk 

CRDS equipment, a future vision of the CRDS PICs has been 

proposed for measuring ppm-order components in human breath 

within a compact area. High-mesa waveguides, optical power 

couplers and polarization rotators are the key components in the 

CRDS PICs. 
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In Chapter 2, the high-mesa waveguide parameters, i.e. 

propagation loss and portion of evanescent light, for ppm-order 

gas sensing have been discussed. Deep learning photonic device 

design have been introduced and several examples about the 

complex optical nanostructures via deep learning design have 

been also demonstrated.  

  In Chapter 3, 100 nm thick Si high-mesa waveguides have 

been researched. The designed optical constructions are able to 

provide a high portion of evanescent light, which is critical for 

ppm-order breath content sensing. Thermal oxidation technique 

has been exploited to reduce optical loss. The obtained 

propagation loss is as low as 0.85 and 0.20 dB/cm for the 0.5 

and 3 μm wide Si high-mesa waveguides. As a result, a photonic 

circuit based on the Si high-mesa waveguides is expected to 

sense ppm-order breath content for health-monitoring. 

In Chapter 4, 1:9 and 1:99 optical power couplers based on 

deep learning have been described. Both couplers occupy a 

compact area of 3.4 × 3.2 μm
2
 with a low excess loss and a wide 

wavelength operation range. Furthermore, the proposed couplers 

have a large fabrication tolerance, which will benefit for the 

fabrication. 
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In Chapter 5, we have designed a polarization rotator by using 

deep learning design. The total space of the rotator is 2.1 × 

12.58 μm
2
 with a polarization extinction ratio of 28.8 dB and an 

excess loss of 0.17 dB. The achieved design also exhibited an 

operation wavelength ranging from 1570-1680 nm in addition to 

a sufficient fabrication tolerance of ±10 nm (± 6.7%). 

In Chapter 6, the above results have been summarized and 

clarified about the future view of the proposed PICs for infrared 

absorption sensing. 
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Chapter 2  Breath sensing principle and 

artificial intelligence deep learning design 

2.1 Breath sensing principle  

2.1.1 Infrared absorption spectroscopy 

In general, each target gas has its own eigen absorption 

wavelength at infrared band as shown in Table 1.4. The amount 

of the absorbed infrared light intensity is determined by the 

density of the gas molecule N [molecule/cm
3
], the gas 

absorption cross-section σ [cm
2
 /molecule], and the interaction 

length L [cm] between the sensing light and the target gas. The 

relationship of the light intensity, N, σ, and L is expressed as [1]: 

𝐼𝑜𝑢𝑡

𝐼𝑖𝑛
= exp(𝜎𝑁𝐿)                 (2.1) 

Here, Iin and Iout are the input and output light intensity, 

respectively. The density of the gas molecule N [molecule/cm
3
] 

is expressed as [2], 

𝑁 =
𝑁𝐴×𝑛

𝑉𝑡𝑜𝑡𝑎𝑙
                     (2.2) 

NA [number/mol] is Avogadro constant [3]. In breath sensing, n 

[mol] is the amount of the target gas. Vtotal [cm
3
] is the total 

volume of the breath. Gas concentration N’ [ppm] is expressed 

by Vtotal and the volume of the target gas Vgas [cm
3
] as: 
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𝑁′ =
𝑉𝑡𝑜𝑡𝑎𝑙

𝑉𝑔𝑎𝑠
× 10−9                  (2.3) 

Based on the Ideal gas law [4] which is 

𝑃𝑉𝑔𝑎𝑠 = 𝑛𝑅𝑇                     (2.4) 

The density of the gas molecule N could be express by gas 

concentration N’ as: 

𝑁 =
𝑃×𝑁𝐴

𝑅𝑇
× 𝑁′ × 10−9                (2.5) 

Here, P [Pa] is pressure, T [K] is temperature, R [m
3
 ·Pa/mol·K] 

is ideal gas constant. Based on Eq. (2.1) and (2.5), the 

relationship between the sensing light and gas concentration N’ 

is expressed as: 

𝐼𝑜𝑢𝑡

𝐼𝑖𝑛
= exp(−𝜎𝐿 × 𝑁′ ×

𝑃×𝑁𝐴

𝑅𝑇
× 10−9)         (2.6) 

To measure ppm-order gases in exhaled breath by using 

infrared absorption spectroscopy, the sufficient gas absorption 

(typically 3 dB) is desired [5]. We set the criteria of ―3 dB 

difference‖ between Iout and Iin to estimate the necessary 

interaction length L for some ppm-order breath contents. The 

estimated results are summarized in Tab. 2.1, with the breath 

content names, their absorption cross-section σ, absorption 

wavelength λ [μm], the related disease [6-11], and the required 

interaction length L [km] for sensing their concentration N [ppm] 

in exhaled breath.  



43 
 

Table 2.1 Ppm-order breathing components and their needed 

sensing path length. The required sensing path lengths are all at 

km-order. 

Gas 
λ 

[μm] 

N’ 

[ppm] 

σ 

[cm
2
/molecule] 

Disease 
L 

[km] 

Methane 1.65 2-10 1.6×10
-20

 Intestine 20 

Ammonia 1.51 0.5-5 2.5×10
-20

 Liver 25 

Acetone 1.68 1.7-3.7 3.6×10
-22

 Diabetes 2309 

As shown in Tab. 2.1, km-order length of sensing path is 

needed for the ppm-order gas concentration detection in exhaled 

breath by using infrared absorption spectroscopy. This 

extremely long sensing path is impossibly realized in hand-held 

size sensor. 

2.1.2 Waveguide CRDS for ppm-order gas sensing 

As mentioned in Chapter 1.2, CRDS system realizes the 

corresponding km-order sensing path in a gas-cell. The problem 

of general CRDS as hand-held sensor is its large gas-cell size. 

To realize hand-held sensor, we proposed a future vision of 

CRDS photonic chip as shown Fig. 2.1, in which the high-mesa 

waveguide is used as the optical sensing path instead of the 

gas-cell.  
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(a) 

     

(b) 

Fig. 2.1 Waveguide CRDS sensing (a) Future vision of CRDS 

chip for ppm-order breath-sensing and (b) target gas 

concentration estimated by using ring-down time difference with 

/ without gas. 

When the sensing light propagates in the high-mesa 

waveguide, a portion of the light goes out of the waveguide. 

This portion of light intensity is used for gas absorption. Gas 

absorption happens by using waveguide as the sensing path. We 

Without gas With gas 
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precisely solved the mode distribution. Figure 2.2 shows the 

light intensity of the propagation mode profile. Air region works 

as cladding in this waveguide. The refractive index difference 

between the waveguide and air is huge. So, boundary condition 

is no more secured. That’s why the intensity is once enhanced 

just at the outside of the waveguide, and then decay. So, 

relatively high portion of the light exits at the outside. 

 

Fig. 2.2 Light intensity of propagation mode profile 

In the waveguide CRDS, gas concentration is estimated by 

the cavity ring-down time [12-20]. As shown in Fig. 2.1, cavity 

ring-down time is related to the number of the pulses. The 

ring-down time is the time at which the light intensity falls to 

1/e of the initial intensity (I0). The pulse number during the ring 
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down time difference is called the ring-down number. To 

distinguish the cavity ring-down time difference between 

―without gas‖ and “with gas‖ situation, the ring-down number 

between is, 

m-m(gas)=1                   (2.7) 

Here, m and m(gas) is the pulse number during the ring down 

time without and with gas, respectively. 

  At the situation of ―without-gas‖, the light intensity of the last 

pulse in pulse train Iout is [21]:   

    𝐼𝑜𝑢𝑡 = 𝐼0 × [𝐺 × 𝐿𝑜𝑠𝑠𝑠𝑦𝑠𝑡𝑒𝑚]m       (2.8) 

And at the situation of ―with gas‖, the light intensity of the last 

pulse in pulse train Iout(gas) is: 

𝐼𝑜𝑢𝑡(𝑔𝑎𝑠) = 𝐼0 × [𝐺 × 𝐿𝑜𝑠𝑠𝑠𝑦𝑠𝑡𝑒𝑚 × 𝐿𝑜𝑠𝑠𝑎𝑏𝑠.]m(gas)    (2.9) 

G is the semiconductor optical amplifier (SOA) gain, and 

Losssystem indicates the system loss, including the waveguide 

propagation loss and the couplers/ rotator losses. Lossabs. is the  

gas absorption loss. When the pulse intensity reaches to the 

criteria level (normally 1/e), we have:  

Iout = Iout(gas)=1/e I0               (2.10) 

By combining Eq. (2.7) and (2.10), we summarized Eq. (2.8) 

and (2.9) as: 

𝐼0 × [𝐺 × 𝐿𝑜𝑠𝑠𝑠𝑦𝑠𝑡𝑒𝑚]m(gas)+1 = 𝐼0 × [𝐺 × 𝐿𝑜𝑠𝑠𝑠𝑦𝑠𝑡𝑒𝑚 × 𝐿𝑜𝑠𝑠𝑎𝑏𝑠.]m(gas) 
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(2.11) 

The required number of pulses m(gas) is calculated as: 

𝑚(𝑔𝑎𝑠) = 𝐿𝑜𝑔𝐿𝑜𝑠𝑠𝑎𝑏𝑠.(𝐺 × 𝐿𝑜𝑠𝑠𝑠𝑦𝑠𝑡𝑒𝑚)     (2.12) 

Based on Eq. 2.6, Lossabs is expressed as: 

𝐿𝑜𝑠𝑠𝑎𝑏𝑠. = exp(−𝜎𝐿 × 𝑁′ ×
𝑃×𝑁𝐴

𝑅𝑇
× Γ𝑎𝑖𝑟 × 10−9)  (2.13) 

As mentioned in Chapter 1.3, Γair is the portion of the light goes 

out of the waveguide (known as evanescent field). The 

waveguide length L could be expressed by the waveguide total 

loss Losswaveguide and waveguide propagation loss α as: 

𝐿 =
𝐿𝑜𝑠𝑠𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒

𝛼
                  (2.14) 

The waveguide performance evaluation constant FOM is 

defined as: 

𝐹𝑂𝑀 =
Γ𝑎𝑖𝑟

𝛼
                    (2.15) 

By using Eq. (2.14) and (2.15), the part of ―L× Γair ‖ in Eq. (2.13) 

is expressed by FOM as: 

𝐿 × Γ𝑎𝑖𝑟 = 𝐿𝑜𝑠𝑠𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 × 𝐹𝑂𝑀        (2.16) 

The gas absorption loss Lossabs. could be estimated by setting 

the total waveguide loss Losswaveguide and the waveguide 

performance constant FOM as: 

𝐿𝑜𝑠𝑠𝑎𝑏𝑠. = exp(−𝜎 × 𝑁′ ×
𝑃×𝑁𝐴×10−9

𝑅𝑇
× 𝐿𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 × 𝐹𝑂𝑀) 

(2.17) 
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Fig. 2.3 The relationship between the high-mesa waveguide 

FOM and necessary pulse number for 10 ppm methane sensing : 

this result shows that 10 ppm methane is possible by using the 

waveguide CRDS 

As shown in Table 2.1, 2-10 ppm methane in the breath 

content indicates the intestine disease. Thus, for instance, we 

estimate the high-mesa waveguide FOM and necessary pulse 

number for 10 ppm methane by using the waveguide CRDS. 

The total CRDS chip loss is set as 32.5 dB, including 30 dB 

waveguide loss and 2.5 dB loss from the couplers and rotator. 

The gain of the SOA is set as 32.4 dB. Based on Eq. (2.12) and 

(2.17), the relationship between the FOM and necessary pulse 

number is shown in Fig. 2.3. The result shows that 10 ppm order 

methane is possible by using the waveguide CRDS. 
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2.2  AI deep learning design 

2.2.1 Challenges of traditional optical design  

Photonic integrated circuits have tremendously changed the data 

telecommunication, calculation and sensing landscape in the last 

ten to fifteen years [22-30]. Photonics technologies are still 

expected to progress far beyond, making everyday lives 

smoother and safer and dramatically improving the efficiency of 

businesses. To meet the growing demand on high-speed 

communication (e.g. 5G, big-data) and biological sensing, 

photonic integrated circuits (PIC) are becoming more and more 

complicated and the requirement on the device performance and 

compactness is also increasing exponentially [31-35].  

  Traditional photonic design method starts with representing 

the device structure with a set of parameters, such as width, 

length, radius, etc. Then the parameters are scanned in some 

range, and optical simulations are carried out for each device 

structure represented by some combination of the parameters. 

The results of the devices are calculated from the optical 

simulations. The traditional design method has led to many 

useful devices in the past, its limitation becomes apparent when 

designing more a complicated device [36]. The difficulty 

originates from the fact that each optical simulation is very time 



50 
 

consuming, so we can only afford to scan a very small set of 

parameters. As a result, the actual design space is very limited. 

For example, we need to arrange 20×20 holes in a photonic 

crystal waveguide as shown in Fig. 2.2 and each hole could be 

filled with the waveguide material or air. If we use the 

traditional design method to try each hole one by one (filled 

with the waveguide or air), the full simulation requires 

2
400

=10
120

 times to obtain the optimized structure. Usually, one 

time of FDTD (finite-difference time-domain method) 

simulation takes at least 1 min [37], 10
120

 times simulation is 

unrealistic. 

 

Fig. 2.2 Schematic of a photonic crystal waveguide with 20×20 

holes: each hole could be filled with the waveguide material or 

air. It will take 10
120

 simulations to obtain the optimized 

structure, which is unrealistic. 

2.2.2 Optical design via AI deep learning 

The recent blossoming of artificial intelligence (AI), especially 



51 
 

deep learning, has revolutionized photonic design [38-40]. The 

technique of AI design is considered as a promising candidate 

for the design of complicated photonic devices. In general, the 

role of AI in photonic design is also to search the parameters for 

a best fit of the target. Unlike the traditional method, AI is able 

to navigate in a smarter way by learning from a large dataset so 

that a solution can be found in a fast way. This scheme shortens 

the overall computation time. In this section, we will introduce 

deep learning. 

  Inspired by the biological neural networks, deep learning (DL) 

models the relationship between their inputs and outputs by 

cascading various nonlinear computational units (known as 

neurons) [41-43] (Fig. 2.3). DL learns the desired relationship 

between inputs and outputs by tuning each neuron in response to 

a training set. Training optimization algorithms are used to 

strategically introduce these datasets into the neural network and 

gradually update the network’s parameters until a convergence 

criterion is met. DL parameters like the number of layers, the 

number of neurons and so on, all affect the final performance.  
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Fig. 2.3 Inspired by the biological neural networks, the deep 

learning (DL) has been applied in AI optical design. DL models 

the relationship between their inputs and outputs by cascading 

various nonlinear computational units, known as neurons and 

layers.  

  Several recent reports in the literature have focused on the 

application of DL to solve complex problems in integrated 

photonics. Hammond and co-workers demonstrated desiging 

chirped Bragg grating by using DL [44]; Gostimirovic and 

co-workers reported the use of DL in the accelerated design of 

polarization insensitive sub-wavelength grating couplers on a 

SOI (silicon-on-insulator) platform [45]. The DL optimizes 

sub-wavelength grating based couplers which is independent of 

input light polarization [45]. Bor and co-workers introduced DL 

to design photonic integrated devices showing improved 

performance compared to traditional design techniques [46]. 

Asano and co-workers reported DL to optimize the Q factors of 
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two-dimensional photonic crystal [47]. So far, there have been 

some other successful applications of DL in the design of 

complex photonic devices [48-51], which verifies that DL is a 

powerful tool in optical design. 

Table 2.2 State-of-art photonic devices based on AI optical 

design. AI optical design offers a path for rapid design of 

complex structures for targeted functions which are difficult to 

be realized by using traditional design. 

Device 
Design 

Method 
Institute Ref. 

Grating coupler Deep learning Carleton Univ. [45] 

Light transmitter Deep learning Osaka Univ. [46] 

Photonic crystal Deep learning Kyoto Univ. [47] 

Coupler & rotator Deep learning This work  

Table 2.2 shows the state-of-art photonic devices based on AI 

deep learning optical design. These techniques allow us to go 

beyond physical insights and help to search the parameter space 

in a more efficient way. In this work, we will apply AI deep 

learning to design optical power couplers and polarization 

rotator. 
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2.5 Conclusions 

In this chapter we first introduced the principle of infrared 

absorption spectroscopy. Based on these two gas sensing 

principles, we discussed the possibility of using waveguide 

sensing CRDS photonic chip to detect breath content. The 

results show that the ppm-order breath sensing is possible by 

using the waveguide CRDS photonic chip. 

In order to design the optical power couplers and polarization 

rotator, we compared the traditional optical design method and 

AI deep learning design method. The traditional design method 

has led to many useful devices in the past, its limitation becomes 

apparent when designing more a complicated device. In contrast, 

AI deep learning design has the ability to solve the problem. In 

this work, we will choose deep learning method to explore the 

nano photonic patterns for the desired devices. 
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Chapter 3  Fabrication and analysis of low 

loss silicon high-mesa waveguides 

3.1 Introductory overview 

In previous work, we have proposed high-mesa waveguide 

structures for the breath sensing CRDS system [1-17]. The top 

cladding of the high-mesa waveguide protects it from being 

contaminated by the dust in air, which keeps the accuracy of the 

measurement as shown in Fig. 3.1. In addition, the high-mesa 

waveguide is achieved by using single dry-etching process, 

which promotes the development of integrated photonics and 

allows it for large-scale production. An extremely low 

propagation loss α of 0.02 dB/cm has been achieved in the 

doped-SiO2 high-mesa waveguide, and 50% concentration CO2 

has been successfully detected [18]. One issue of preventing 

further ppm-order detection is the low portion of evanescent 

light (Γair=2.2%). According to the calculation [18], in order to 

realize ppm-order detection, the propagation loss ≤ 0.05 dB/cm 

and Γair ≥10% are needed. 
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Fig. 3.1 High-mesa waveguide for breath sensing photonic 

circuit 

In order to realize low propagation loss α and high Γair 

simultaneously, we have researched 100 nm thick Si high-mesa 

waveguides in this work. Si has much higher refractive index 

(3.45) than that of the doped SiO2 (1.48) at the wavelength of 

1.55 μm, which enables a narrower waveguide width and a 

larger fraction of the mode residing beside the sidewalls. The 

calculated results confirm that Γair of Si high-mesa waveguides 

is much higher than that of the previous SiO2. After fabrication, 

α of the Si waveguides is still high and the thermal oxidation 

technique is applied to further reduce α. After thermal oxidation, 

α is effectively reduced from 1.45 to 0.84 and 0.29 to 0.2 dB/cm 

for the 0.5 and 3μm-wide waveguide, respectively. The 
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reduction of α is attributed to the decrease of the sidewall 

scattering loss and the damaged Si absorption loss. 

3.2 Advantages of 100 nm thin silicon high-mesa waveguides 

Figure 3.2 (a) shows the cross-section and fundamental TE 

modal pattern of the previous SiO2 high-mesa waveguide at 

1550 nm simulated by using beam propagation method [17]. It 

consists of a GeO2-doped SiO2 core with SiO2 claddings. The 

thickness of the cover cladding layer, the core, and the under 

cladding layer is 3, 3.5, and 3.8 µm, respectively. By utilizing 

this SiO2 high-mesa waveguide, we have set up a CRDS system 

where the gas concentration was estimated by the ring-down 

time difference between the ring-down time without gas 

absorption and with gas absorption [18]. Then, we demonstrated 

CO2 gas with a concentration measurement of 50% for the first 

time [18]. One of our goals is to detect methane (CH4) gas from 

the breath content, because several tens of ppm CH4 indicates 

buerger disease in a person [20]. The result of 50% CO2 gas 

sensing corresponds to the capability of 500 ppm CH4 gas 

sensing because the absorption cross section of CH4 is 1000 

times higher than that of CO2. According to the calculated 

results by Lambert-Beer law [17], in order to detect several tens 
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of ppm CH4, both low propagation loss < 0.05 dB/cm and Γair 

≥10% should be satisfied simultaneously. Due to the relatively 

low refractive index of the GeO2-doped SiO2 core (1.48), the 

cut-off condition of the waveguide width is 2 μm, otherwise the 

mode in the waveguide becomes leaky mode causing high 

radiation loss. Even with a width of 2 μm, the waveguide still 

has a quite low Γair of 2.2%, which obstructs its application in 

breath sensing. 

In contrast, the designed Si high-mesa waveguide in this work 

(Fig. 3.2 (b)) has much higher refractive index (3.45), which 

enables a narrower waveguide and a larger fraction of the mode 

residing beside the sidewalls. The Si high-mesa waveguide is 

based on a silicon-on-insulator wafer with a device layer of 100 

nm, a top SiO2 cladding of 2 µm and a bottom SiO2 cladding of 

3 µm. The top cladding not only isolates the waveguide core 

from the upside contamination, but also protects the core in the 

waveguide fabrication process from the plasma-etching-induced 

damage. According to the simulated modal pattern, the top 

cladding should be thicker than 1.2 μm, so a 2 µm top SiO2 

cladding is chosen in this work. As shown in Fig. 3.1 (b), a part 

of the evanescent field locates near the sidewall of the bottom 

cladding, so the bottom SiO2 should be etched in order to 
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achieve higher Γair. According to our calculations, a thickness of 

1 µm is enough to utilize this evanescent field. 

By comparing Fig. 3.2 (a) and (b), the mode horizontally 

extending out of the waveguide core is much larger for the Si 

high-mesa waveguide. Figure 3.2 (c) shows the calculated Γair of 

the 100 nm Si high-mesa waveguide at different widths. For 

comparison, the result of previous SiO2 high-mesa waveguides 

is also plotted [17]. Obviously, Γair of the Si waveguide is much 

higher than that of the SiO2, and satisfies our requirement of Γair 

≥10%. In future, the high-mesa waveguides will be applied into 

a CRDS photonic circuit [19], on which there is also integrated 

tunable laser, optical amplifier and so on. Considering 

semiconductor-based laser and amplifier are currently the most 

viable option, Si waveguides should be the most promising 

option for future integration. In addition, the higher refractive 

index of Si waveguide is helpful for reducing the footprint of the 

CRDS photonic chip. According to our simulation by 

finite-difference time-domain method, the bending loss of the Si 

high-mesa waveguide is lower than 0.05 dB when the bending 

radius is larger than 18 μm. All above predict the strong 

application possibility of the Si high-mesa waveguides in 

CRDS. 
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(a) 

 

(b) 

 

(c) 

Fig. 3.2. Cross-section and fundamental TE modal pattern in (a) 

Previous SiO2 high-mesa waveguide [17] and (b) 100 nm-thick 

Si high-mesa waveguide designed in this work; (c) A 

comparison of evanescent light Γair of SiO2 and Si high-mesa 

waveguides at different widths. 
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3.3 Silicon high-mesa waveguide fabrication 

Based on the design above, Si high-mesa waveguides were 

fabricated on commercial available silicon-on-insulator (SOI) 

substrate with a top Si layer of 100 nm and a buried oxide (BOX) 

layer of 3 μm. The thick oxide layer serves to optically isolate 

the waveguide from the high refractive index Si substrate, 

eliminating loss due to substrate leakage. In the proposed 

high-mesa structure the Si-core is sandwiched by two SiO2 

layers both on the top and at the bottom. Hence, a 2 µm-thick 

SiO2 layer was deposited on the substrate via low pressure 

chemical vapor deposition to act as a top cladding for protecting 

the waveguide from the dust or impurities in air (as shown in 

Fig. 3.3(a)). A typical cleaning process was performed by 

washing the substrate in methanol, acetone and isopropanol (in 

this order) in an ultrasonic bath for five minutes each, followed 

by a rinse in deionized water. Subsequently, the substrate was 

coated with e-beam resist and exposed by electron beam 

lithography (as shown in Fig. 3.3(b)). After development, the 

designed waveguide patterns were generated in the e-beam resist 

and the patterned e-beam resist provided a mask for the next 

etching step. The substrate was then etched in an inductively 

coupled plasma (ICP) etching machine to generate high-mesa 
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waveguides by CHF3 gas (as shown in Fig. 3.3(c)). The SEM 

image of the fabricated 1 μm-wide waveguide is shown in Fig. 3 

(d). It looks that the waveguide has a relatively vertical and 

smooth sidewall. The fabrication process has significant impact 

on the scattering loss and absorption loss of the waveguide, the 

following sections will discuss fabrication induced optical loss 

and the technique to reduce the propagation loss.  

 

 

 

 

Fig. 3.3. Fabrication process of the Si high-mesa waveguide 

(a)-(c), and (d) SEM image of the fabricated 1 μm-wide 

waveguide. 

a) Deposit SiO2 b) EB lithography c) Dry etching 

d) SEM image 
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3.4 Propagation loss measurement and analysis 

The propagation loss α was evaluated by using Fabry–Perot 

interferometric method [25]. This method requires an excitation 

of the waveguide with a broadband amplified spontaneous 

emission source. Therefore, light from a distributed feedback 

(DFB) laser source was coupled into the waveguide in TE mode 

through a polarization-maintaining lensed fiber. The 

temperature of the DFB laser became higher with the increased 

input power (current). The peak of the optical feedback changes 

with the temperature, so that the wavelength of the DFB laser 

moves to the longer wavelengths. As a sequence, we can obtain 

a broadband laser source by using the DFB laser. A polarizer 

was used to align the input light polarization between the laser 

and the fiber. Output optical power of the waveguide is 

collected using a photo-detector and the detected data were 

recorded automatically in a computer. At last, α was evaluated 

by curve fitting to account for the change of input power [25]. 

Based on the simulation, the waveguide is becoming 

multi-mode when the width is ≥2 μm. Though the waveguide 

is multi-mode, we can align the coupling fiber to excite only 0th 

mode of the waveguide [26]. Taking into account that the 
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uncertainty from the laser and photo-detector, the upper limit of 

the error in the loss measurement is estimated to be < 8%. 

 

    (a) 

 

    (b) 

Fig. 3.4. Measured propagation loss of the Si high-mesa 

waveguides (a) Before and after sufficient oxidation, and (b) 

Propagation loss of the 0.5-3 μm-wide waveguides with 

different oxidation time 
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The evaluated α is shown in Fig. 3.4(a) as a function of the 

waveguide width. The measured α of the just-fabricated 100 nm 

Si waveguides is still much higher than the required 0.05 dB/cm 

[18]. The propagation loss of a waveguide is generally attributed 

to three different mechanisms: radiation loss, absorption loss 

and scattering loss. The simulated TE mode at the wavelength of 

1550 nm shown in Fig. 3.2(b) indicates that the optical field is 

well-confined in the waveguide without any leakage to the 

substrate. In addition, the materials of the waveguide, Si and 

SiO2, are highly transparent around 1550 nm. In addition, a low 

power laser was used in the measurement, so the loss caused by 

the nonlinear effect of Si should be negligible. According to our 

simulation by BPM, the optical loss is also negligible when the 

sidewall of the waveguide is a little titled. As a result, the main 

causes of α in our case are the scattering loss αs from the rough 

sidewall [26, 27] and the absorption loss αa from damaged Si 

caused by the ICP etching [28]. Oxidation of Si has been shown 

to be effective at reducing the sidewall scattering and recovering 

the damaged Si, and has been successfully employed by several 

studies [26, 27]. After oxidation, a thin Si layer near the sidewall 

is oxidized into SiO2, so the damaged Si is recovered. The αa 

from damaged Si is reduced due to the transformation to SiO2. 
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Meanwhile, the sidewall roughness is also reduced after 

oxidation. According to the Payne-Lacey model [29], a lower 

sidewall roughness indicates a lower αs. Therefore, the reduction 

of propagation loss by oxidation of Si is imperative to realize 

our ppm-order detection purpose. 

3.5 Further loss reduction and discussions 

In order to further reduce the propagation loss, thermal 

oxidation technique was applied to the Si high-mesa waveguides. 

For the oxidation, the waveguides were placed in a ceramic boat 

and loaded at one end of a quartz tube furnace. Once the 

samples were loaded, the tube was closed at both ends using 

rubber gasket-loaded threaded steel end caps. O2:N2=1:4 (mole 

ratio) gas flow was established in the tube for a few minutes to 

ensure that it was full of stable O2 and N2. The flow rate was 

controlled by a flow controller, so that a nominal 700 standard 

cubic centimeter per minute (sccm) flow rate was maintained. 

The temperature of the furnace was raised to the oxidation 

temperature of 1000 ℃ at the rate of approximately 1 °C/sec. 

Once the target temperature was reached, it was kept differently 

from 1 to 4 hours for testing the effect of thermal oxidation 

condition on the reduction of the propagation loss.  
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After 2 hours sufficient oxidation, as shown in Fig. 3.4(a), α 

is effectively reduced from 1.45 to 0.85 dB/cm for width=0.5 

μm and from 0.29 to 0.21 dB/cm for width=3μm, which follows 

our above analysis of the oxidation of Si. As shown in Fig. 

3.4(b), longer time oxidation (≥ 2 hours) does not induce 

obvious further reduction of α, which is attributed to the 

formation of SiO2 preventing oxygen from diffusing through the 

grown oxide film into the Si [30]. 

As discussed above, the propagation loss α of the 100 nm 

thick Si high-mesa waveguide is due to the scattering loss αs and 

the absorption loss αa (α=αs+αa). Therefore, we concentrate in 

the following on the influences of αs and αa to α in the 

waveguide before oxidation and sufficient oxidation. αs is given 

by the Payne-Lacey model [29]: 

𝛼s ∝
𝜎2𝛤air

(
𝑤

2
)2

           (1) 

where σ is sidewall roughness and w the waveguide width. In 

order to clarify the affection of oxide layer on the evanescent 

light Γair, Γair was calculated theoretically. Once SiO2 grows to a 

thickness of approximately 20 nm, the Si oxidation ceases to be 

the fast reaction and becomes a quite slow diffusion limited 

process [31]. Even after sufficiently long-time oxidation (>10 
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hours), the saturated SiO2 is thinner than 100 nm because SiO2 

formation acts as a diffusion barrier and hinders further 

oxidation. Therefore, the largest thickness of the formed SiO2 at 

the sidewall is reasonable to be supposed as 100 nm. Figure 3.5 

shows the difference of Γair with different SiO2 thickness of the 

waveguide side-wall from 0 - 100 nm when the waveguide is 0.5 

- 3 μm-wide. From the results, we can see that the difference of 

Γair is only 0.54% with a 100 nm thick oxidation layer. For 

wider waveguides, the difference of Γair is less than 0.2%. This 

little change indicates that the oxidation process has negligible 

affection on Γair. 

 

Fig. 3.5. Calculated evanescent light Γair change versus different 

oxidized sidewall SiO2 thickness (Inserts: TE mode patterns 

when the oxidation layer thickness=20 and 60 nm for 0.5 

μm-wide) 
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As the oxide layer has negligible affection on Γair, based on 

Eq. 1, αs is from the reduced sidewall roughness. αs was 

calculated by using Payne-Lacey model under different 

side-wall roughness until the trend of the calculated αs curve is 

closest to that of the measured α. In Paune-Lacey method, 

showed that for accurate loss calculations, it is necessary to take 

into account correlation length. In our case, the correlation 

length is estimated from the SEM image of the waveguide 

sidewall. The obtained correlation length is ～98 nm. Figure 3.6 

shows the calculated αs curves which corresponding to 18 and 

12 nm side-wall roughness σ for the before oxidation and 4 

hours oxidized waveguide, respectively. Scattering loss is 

significantly reduced from 1.14 to 0.58 dB/cm when the 

waveguide width is 0.5 µm. From Eq. 1, αs is zero when w →∞. 

Considering α=αs +αa, the loss difference of the fitted α curve 

when w →∞ is considered to be the reduced absorption loss 

Δαa, which is 0.07 dB/cm. The reduction of both αs and αa 

verifies that thermal oxidation technique effectively reduces the 

sidewall roughness and recovers damaged Si. “Removing 

oxidation layer and thermal oxidation again‖ is an effective 

method of further reducing the propagation loss. Actually, we 

also noticed that this method has been applied in Si waveguide 
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loss reduction [16]. In our case, the obtained 0.4 dB/cm loss has 

satisfied the requirement of breath sensing demand. So, we did 

not try ―Removing oxidation layer and thermal oxidation again‖. 

In future, we may try to use this method if the loss is required to 

be lower. 

As mentioned in Ref. 18, ppm-order detection requires the 

propagation loss ≤ 0.05 dB/cm and Γair≥10%. The Γair of 0.5 and 

1 μm–wide waveguide fully satisfies the requirement. Though 

the propagation loss has been significantly reduced, further 

reduction is still needed in realizing ≤ 0.05 dB/cm. The effective 

thermal oxidation technique confirmed in this work will drive 

further loss reduction to the required level. For example, employ 

thermal oxidation technique plus wet-etching SiO2 [27]. As a 

result, CRDS based on the Si high-mesa waveguides is expected 

to sense ppm-order breath content for health-monitoring. 
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Fig. 3.6. Theoretically calculated scattering loss αs curves 

according to the trend of the measured α. 

3.6 Conclusions 

In this work, we have designed and fabricated 100 nm-thick Si 

core high-mesa waveguides for CRDS breath sensing. 

Compared with previous SiO2 high-mesa waveguides, Si 

waveguides show a much higher Γair, which enables a possibility 

of a ppm-oder CRDS. The just-fabricated waveguide has a 

relatively high α, which is caused by αs and αa. By using  

thermal oxidation, part of the damaged Si is recovered and the 

sidewall roughness is reduced. As a result, an obvious reduction 

of α has been achieved. In future work, αs and αa will be further 

reduced and the waveguides may be applied in CRDS photonic 

circuits. 
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Chapter 4  Asymmetric-ration optical 

power couplers based on nano-pixel 

structure 

4.1 Introductory overview 

Photonic integrated circuits (PICs) based on a silicon (Si) 

platform have attracted tremendous interest for constructing 

efficient optical devices and systems due to high refractive index 

contrast and complementary metal-oxide-semiconductor 

compatibility [1-5]. In the development of PICs, a compact 

optical power coupler is one of the key components due to the 

requirements of power distribution among its building blocks 

[6-10]. As mentioned in Chapter 1.5, symmetric couplers have 

been studied to some extent in the past. In contrast, it is difficult 

to design asymmetric optical power couplers by using traditional 

Y-branch waveguides, directional couplers or MMI waveguides 

[11-16]. 

In this chapter, two asymmetric couplers with a splitting 

power ratio of 1:9 and 1:99 have been designed via deep 

learning method. To realize the asymmetric ratios, the coupler 
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region was divided into discrete nano-pixels in the shape of 

circular holes with the same dimension. Deep learning was 

utilized to decide the material of each hole to be waveguide or 

air one by one and FDTD simulation was introduced to evaluate 

the performance of the designed couplers. The splitting power 

ratio of 1:9.007 and 1:99.004 has been realized in the two 

couplers with a same footprint of 3.4 × 3.2 μm
2
. In addition, the 

positions and widths of the output waveguides were further 

optimized as the excess loss of the designed coupler is a bit high 

of more than 3.50 dB. Through the optimization of the 

configuration, a scattering loss reduction of 1.7 dB by position 

optimization, and a coupling loss reduction of 1.6 dB by width 

widening were confirmed. The achieved design exhibited a 

operation wavelength from 1500-1600 nm and a sufficient 

fabrication tolerance of ±10 nm (± 11%). 

4.2 Deep learning designed optical power couplers 

As shown in Fig. 4.1(a), the optical coupler consists of two 

sections: input/output waveguides and coupler section. The 

coupler section is composed of discrete nano-pixels in the shape 

of circular holes with the same dimension. The widths of the 

input/output waveguides are initially set as 0.5 μm to ensure the 
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single-mode condition around the wavelength of 1550 nm.  

  

(a) 

 

(b) 

Fig. 4.1 Optical power couplers: (a) Schematic diagram: input 

light is divided into two output waveguides by the coupler and 

(b) 100 nm Si high-mesa waveguide cross-section. 

The couplers are constructed on the Si high-mesa waveguide 

[17] as shown in Fig. 4.1(b). The waveguide is based on a 

silicon-on-insulator wafer with a device layer of 100 nm, a top 

SiO2 cladding of 2 µm and a bottom SiO2 cladding of 3 µm. The 

bottom cladding is etched with a thickness of 1µm. In our 

previous work [17], we have demonstrated that the fabrication 

of the waveguide was able to be completed in single step 
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etching process and the propagation loss of the waveguide was 

as low as 0.2 dB/cm. 

When a light encounters an optical structure with an 

inhomogeneous refractive index distribution along its path, it 

undergoes reflection, refraction and scattering. The goal of our 

nanostructured pixel power coupler is to organize the optical 

interaction events, such that the overall effect of the reflection, 

refraction and scattering guides the beam to the output port with 

desired splitting power ratio. To design the 1:9 and 1:99 

couplers, we designed nano-pixel structure based on deep 

learning with three layer deep neural network (DNN) [18-25]. 

The DNN process is described as follows: 

(1) Preparation of the training dataset for supervised DNN 

learning 

We used the Rsoft simulation package (Rsoft Photonics CAD 

Suite: 9-33B7B8C7) to generate training data. Our input data 

were several 24 × 24 pixel vectors (HVs), each labeled with its 

corresponding splitting power ratio. Each pixel consists of a 

circular with an identical diameter of 90 nm either as the binary 

state of 1 for occupied by air (n=nair) or 0 for pristine 

(n=nwaveguide). Changing the refractive index at a hole position 

modifies the local effective index inside of the coupler and 
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change the propagation path for the light in the device. 

Afterward, 5000 randomly fluctuated nano-pixel structure 

patterns were generated and exported using Python automation. 

Next, each nano-pixel structure pattern was imported into the 

Rsoft simulation package to make a FDTD simulation and 

collect the corresponding splitting power ratio. The data 

contained 5000 numerical simulations, and thus, we used the 

relationships between the nano-pixel structure patterns and the 

splitting power ratio values of the 5000 prepared structures to 

label the training data for supervised learning. 

(2) Training of DNN 

  We fed the DNN with the output from the numerical optical 

experiments and trained it to represent the relationship between 

the HVs and the splitting power ratio. It is known that 9:1 is 

better portion for training over test data-set among 5000 patterns 

[26], therefore, we choose 9:1. Training was terminated after a 

fixed number of iterations to ensure convergence. Finally, the 

predicted splitting power ratio was entered and the 

corresponding HVs were exported by the DNN model via the 

inverse design process [18-25]. Therefore, we obtained the 

optimal pattern of nano-pixels for the target splitting power ratio 

via the DNN model. The objective of the optimization is to find 
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the structures that satisfy the required splitting power ratio (1:9 

and 1:99 in our case) with an excess loss α (α < 0.5 dB in our 

case) and a broadband performance from 1500-1600 nm. Here, 

α is the total loss between input waveguide and output 

waveguides. 

 

Fig. 4.2 DNN design result of 1:9 coupler in the 3.4 × 3.2 μm
2
 

coupler area 

 

Fig. 4.3 DNN design result of 1:99 coupler in the 3.4 × 3.2 μm
2
 

coupler area 

The finally optimized couplers have a footprint of 3.4 × 3.2 

μm
2
. There are totally 576 pixels consisting of circular air holes 

with an identical diameter of 90 nm randomly located in the 
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coupler area. Figure 4.2 and 4.3 show the simulated optical 

fields in the 1:9 and 1:99 coupler, respectively. The color bar at 

the right side of the simulated results indicates the normalized 

light intensity profile, where different color stands for different 

light intensity, for example the dark blue means no light. The 

above results verify that the 1:9 and 1:99 couplers have been 

successfully realized by using the deep learning method, which 

overcomes the difficulty that there is less matured design-theory 

for asymmetric couplers. 

4.3 Analysis and Reduction of the Excess Loss 

For the 1:9 and 1:99 coupler as shown in Fig. 4.2 and 4.3, the 

estimated α were 3.7 and 3.62 dB, respectively at the 

wavelength of 1550 nm, which are higher than our target (α<0.5 

dB). It is therefore necessary to carried out analysis and 

reduction of α for future applications in photonic integrated 

circuits. For the light coupling between two optical waveguides, 

mismatch of the waveguide center and the model field usually 

lead to a high optical loss [28]. In our case, we can see that the 

optical field at the edge of the optical coupler section is 

obviously larger than the width of the output waveguide (0.5 

μm). This will cause a serious mismatch of the waveguide center 
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and the model field, which is the main reason of the excess loss.  

 

(a) 

 

(b) 

Fig. 4.4 Influence of the waveguide widths and locations on the 

excess loss: (a) Excess loss at different waveguide locations 

(insets show the schematics of the simulation) and (b) Output 

waveguide widths versus excess loss. 

In order to reduce α, the positions and widths of the output 

waveguides are optimized for the two couplers. Figure 4.4 (a) 

shows the influence of the 0.5 μm wide output waveguide 
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locations on the excess loss. The deviation σ is defined as σ > 0 

for an outward deviation and Δ < 0 an inward deviation (as 

shown in the inset of Fig. 4.4 (a)). In the simulation, the width 

of the input waveguide is Winput = 0.5 μm and the detector 

locates at the edges of the two output waveguides. From the 

simulated results, we can see that σ = -0.25 μm is the best 

location for the 1:9 and 1:99 couplers and α has a reduction of 

1.7 dB compared with the original position σ = 0 μm. α with 

different output waveguide width Woutpu is examined as shown 

in Fig. 4.4 (b). The results indicate the optimized Woutput = 1 μm 

for both 1:9 and 1:99 couplers. After the width optimization, α 

has a further decrease of 1.6 dB at the wavelength of 1550 nm 

for the both couplers. The significant α reduction reveals that the 

waveguide centers and model fields between the output 

waveguide and the coupler section have been matched each 

other much better. 

Figure 4.5 (a) and (b) show a comparison of the calculated 

excess loss α for the output waveguides with a width of 0.5 and 

1 μm from the wavelength 1500 nm to 1600 nm. The reduction 

of α (Δα) is 3.4 and 3.35 dB for the 1:9 and 1:99 coupler at the 

wavelength of 1550 nm, respectively. The reduction of α 

indicates that the optimization of the output waveguide positions 
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and widths is effective to improve the coupling efficiency 

between the coupler section and the output waveguides. 

 

(a) 

 

(b) 

Fig. 4.5 Comparison of the excess loss as the output waveguide 

with a width of 0.5μm and 1 μm, (a) 1:9 coupler and (b) 1: 99 

coupler. 

4.4 Input/ output waveguide geometry unification 
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respectively. In order to match waveguide width and benefit for 

future application, we design a mode size converter also based 

on deep learning designed nano-pixel structure. To be brief, we 

do not give the details of the simulation and calculation. The 

design process is similar to that of the above design of the 

optical power coupler. The finally optimized device is shown in 

Fig. 4.6, which consists of the optical power coupler and the 

mode converter. The mode converter occupies a space of 1 × 2 

μm
2
, which is much more compact compared with the 

traditional tapered waveguides. There are 74 holes with an 

identical diameter of 90 nm randomly located in the mode 

converter.  

 

Fig. 4.6 Schematic of the coupler after adding a mode converter 

to match the input and output waveguide 

Figures 4.7 shows the simulated optical filed in the device 

with a splitting ratio of 1 (output 1) : 9.006 (output 2) at the 

wavelength of 1550 nm. The color bar at the right side of the 
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simulated results indicates the normalized light intensity profile, 

where different color stands for different light intensity. In the 

device, the light propagated in the 1 μm-wide waveguide firstly 

enters into the 1 × 2 μm
2 mode converter, which in turn 

gradually becomes narrow in order to be coupled into the 500 

nm-wide waveguide. Compared with the 1 μm-wide waveguide, 

the light intensity is enhanced in the 500 nm-wide waveguide, 

which is because the area of confining light is smaller. 

Subsequently, the light from the 500 nm-wide waveguide is 

launched into the optical power coupler based on nano-pixel 

structures. The inversely designed optical power coupler as 

described in section 2 gradually divides the light into two beams 

and finally transforms it into 1:9.006 in the output waveguides. 

 

Fig. 4.7 Simulated light propagation in the 1:9 coupler at the 

wavelength of 1550 nm 

The coupler with a splitting power ratio as 1:99.003 is shown 

Output 2 

Output 1 

1 : 9 
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in Fig. 4.8 by using the same mode converter and just modifying 

the positions of the nano-pixels in the coupler section. This 

result verifies that flexible splitting ratios are realized in the 

same area just through optimizing positions of the nano-holes. 

 

Fig. 4.8 In the same area, 1 (output 1) : 99 (output 2) beam 

splitter is realized by modifying the positions of the nano-piexls. 

4.5. Performance of optical power couplers 

For a nano-photonic device, there are two general requirements 

to be fulfilled to easily fabricate the device: alignment/etching 

steps and fabrication tolerance [29, 30]. In our designed beam 

couplers, the waveguide and holes are with the same etching 

thickness, so the device is able to be fabricated in only 

single-step etching procedure. The single-step etching avoids 

critical and complex alignments in electro-beam or 

photolithography, improving the accuracy of fabrication. 

Consequently, the most critical technological parameter with the 

Output 2 

Output 1 

1 : 99 



98 
 

largest contribution to the coupler performance is the sizes of 

the holes. 

 
(a) 

 

(b) 

Fig. 4.9 Calculated split power ratio versus hole diameter (a) 1: 

9 and (b) 1:99 coupler, which predicts excellent robustness of 

the device against fabrication imperfection. 

The influence of the diameter on the splitting ratio has been 

calculated. For our devices, it is able to be fabricated by using 

electron-beam lithography with a resolution as high as sub-10 

nm. Considering this resolution, the diameter has been varied 
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with a tolerance of ± 10 nm (± 11%) in the calculation, while 

keeping the other parameters constant. Figure 4.9 shows the 

calculated split power ratio with different diameters. We can see 

that the variation of the splitting ratio is sufficiently low with a 

tolerance of ±10 nm (±11%). The splitting ratio is 1:99.1 and 

1:9.1 at the diameter of 80 nm, and 1:98.9 and 1:8.9 at 100 nm. 

The insensitivity of the splitting ratio performance to the 

diameters of the holes predicts excellent robustness of the 

device against fabrication imperfection. 

Another important factor for the couplers application is 

wavelength dependent performance shift. Figure 4.10 (a) and (b) 

show the splitting ratio of the two couplers from 1500-1600 nm, 

which indicates that the device has a quite low wavelength 

dependent performance shift in the range of 1500-1600 nm. 

Figure 4.10 (c) exhibits the relationship of the excess loss α and 

working wavelength. Though α increases when the wavelength 

deviates the optimum value of 1550 nm, it still keeps < 0.8 dB at 

this broad wavelength range. The wavelength independent 

performance proves a broadband application in future integrated 

photonic circuits. 
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(a) 

 

(b) 

 

(c) 

Fig. 4.10 Wavelength dependent device performance: 

Calculated split ratio versus wavelength for the (a) 1:9 and (b) 

1:99 coupler, and (c) Excess loss versus wavelength. 
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Though the optical power coupler exhibits a broadband 

application, the bandwidth of the mode converter will also affect 

the properties of the whole device. We have therefore 

investigated the excess loss in the mode converter for 

wavelengths ranging from 1500 to 1600 nm. Here, the excess 

loss α of the converter is defined as the optical power reduction 

as the light propagates through the converter. Figure 4.11 shows 

the calculated α versus wavelength, which predicts that the 

excess loss is below 0.1 dB for the entire wavelength range. 

Combining the results of Fig. 4.10 and Fig. 4.11, we can see that 

the AI assisted inversely designed device including the mode 

converter and optical power coupler has a wide bandwidth. We 

also check the fabrication tolerance of the mode converter and 

just give the obtained results (to be brief). The mode converter 

possesses the same fabrication tolerance with the coupler, i. e. 

diameter of the holes ±10 nm. 

 

Fig. 4.11 Wavelength dependent α of the mode size converter 
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4.6. Conclusions 

We have designed optical power couplers with a splitting power 

ratio 1:9 and 1:99. The different ratios are realized via deep 

learning optimizing nano-pixels. The coupler performance of 

every trial is evaluated by FDTD method. The optimization of 

the output waveguide positions and widths was applied to 

reduce α. After the optimization, α was effectively reduced from 

3.7 to 0.3 and 3.62 to 0.27 dB for the1:9 and 1:99 coupler, 

respectively. In order to enhance the applicability, the output and 

input waveguides should have the same width, so a mode size 

converter is designed also via deep learning design at the input 

side to widen the 0.5 μm -wide waveguide to 1 μm. The 

converter demonstrates a loss of 0.045dB, a footprint of 1×2 

μm
2
. The whole devices have an operation wavelength from 

1500 to 1600 nm with a fabrication tolerance of ± 10 nm (± 

11%).  
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Chapter 5  TE to TM polarization 

waveguide rotator based on nano-pixel 

structure 

5.1 Introductory overview 

In the development of photonic integrated circuits (PICs), 

polarization management is an important research topic because 

of the polarization-dependency of the optical waveguide devices 

[1]. Polarization rotators, therefore, are often used to manipulate 

the polarization state of optical wave. As mentioned in Chapter 

1.6, traditional rotators are either with a large size, a complex 

fabrication or a high excess loss [2-11]. In this work, a 

polarization rotator designed with deep learning has been 

proposed and demonstrated. The total footprint of the rotator is 

2.1 × 12.58 μm
2
 with the polarization extinction ratio of 25.8 dB 

and the excess loss of 0.17 dB. Furthermore, the proposed 

rotator exhibits sufficient fabrication tolerance of ±10 nm 

(±6.7%). 

5.2 Polarization rotator design 

The deep learning design process is similar to that of the 
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optical power couplers mentioned above. Polarization extinction 

ratio (PER) and excess loss (α) are introduced to evaluate the 

device performance. PER is defined as the ratio of output optical 

power of TM polarization to that of the TE polarization. α is the 

total loss between input waveguide and output waveguides. Our 

targets are PER > 25 dB and α <0.2 dB. 

Figure 5.1(a) shows the finally optimized structure of the 

polarization rotator couplers, which occupies a 2.10 × 12.58 μm
2
. 

There are totally 576 circular air holes randomly located in this 

area to induce a polarization rotating function. These holes are 

with an identical diameter of 148 nm. In order to achieve 

single-mode operation around the wavelength of 1620 nm and a 

low coupling loss between the input / output waveguides and the 

polarization rotating section, the optimum width is 1 μm for 

both the input and output waveguides. Here, the reason of 

choosing the wavelength from 1570-1680 nm is considering the 

future application of the rotator in the breath sensing chip [13]. 

The rotator is constructed on a 100 nm Si high-mesa waveguide 

as shown in Fig. 5.1(b) [13]. In our previous work [13], we have 

demonstrated that the fabrication of the waveguide was able to 

be completed in single step etching process and the propagation 

loss of the waveguide was as low as 0.2 dB/cm. 
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Fig. 5.1 Designed polarization rotator: (a) Schematic diagram: 

input TE mode is rotated into TM mode by the rotator and (b) 

100 nm Si high-mesa waveguide cross-section. 

The light propagation in the finally optimized polarization 

rotator was simulated by using finite difference time domain 

(FDTD) method at the wavelength of 1620 nm. Note that 

presently we aim to exploit this device to the wavelength range 

from 1570 nm to 1680 nm for the purpose of near infrared 

breath sensing, and this wavelength corresponds to the center 

wavelength of the purpose [18]. In the simulation, the input light 

is set as TE polarization, so that only the fundamental TE mode 

is excited in the input waveguide. Figures 5.2 shows the 

simulated optical filed of TE and TM polarization in the rotator. 

(a) 

(b) 
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The color bar at the right side of the simulated results indicates 

the normalized light intensity profile, where different color 

stands for different light intensity, for example the dark blue 

means no light. 

 

Fig. 5.2 Designed result: simulated light propagation in the 

polarization rotator of TE polarization (top) and TM polarization 

(bottom). The left bar is the relative optical intensity in the 

waveguide: 1.0 indicates strongest intensity and 0.0 is no light. 

We can see that the TE polarization light is weakened 

gradually along the rotation section and almost disappears at the 

output port. In contrast, TM polarization is strengthened 

gradually along the rotation section and the TE polarization is 

almost totally rotated into TM polarization at the output port. 
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According to our calculation, PER is 25.8dB, which verifies the 

polarization rotating function of the inversed designed structure 

in Fig. 5.1. The calculated α is as low as 0.17 dB, which is 

important for realize a low loss integrated photonic chip.  

5.3. Wavelength dependent performance and fabrication 

tolerance 

An important characteristic for the polarization rotator is the 

wavelength dependent performance shift. Figure 5.3(a) shows 

the PER from 1570-1680 nm, which indicates that the device 

has a low wavelength dependent performance shift in this range. 

This ability proves a broadband application in future integrated 

photonic circuits. Figure 5.3(b) exhibits the relationship of the 

excess loss α and working wavelength. α is keeping lower than 0. 

4 dB from 1570-1680 nm, which is important for realize a low 

loss integrated photonic circuit.  
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(a) 

 
(b) 

Fig. 5.3 Calculated wavelength dependent performance (a) 

polarization extinction ratio and (b) excess loss. 

For the future application of the polarization rotator, a high 

technological fabrication tolerance has to be fulfilled. The most 
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critical technological parameter with the largest contribution to 

the polarization rotation performance is the sizes of the holes. 

The influence of the hole diameters on the PER of the rotator; 

therefore; has been calculated. For our device, it is able to be 

fabricated by using electron-beam lithography with a resolution 

as high as sub-10 nm. Considering this resolution, the diameter 

has been varied over a certain range from 138-158 nm in the 

calculation, while keeping the other parameters constant. Figure 

5.4 shows the calculated PER with different diameters. We can 

see that the change of the PER is sufficiently low in the range of 

138-158 nm. PER is 25.45 dB at the diameter of 138 nm and 

25.42 dB at 158 nm. The insensitivity of the polarization 

rotation performance to the diameters of the holes predicts 

excellent robustness of the device against fabrication 

imperfection. 
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Fig. 5.4 Polarization extinction ratio versus diameter of hole 

5.4. Conclusions 

We have proposed a compact polarization rotator based on deep 

learning. The polarization rotation section occupies a footprint 

of 2.10 × 12.58 μm
2
.  The estimated polarization extinction 

ratio was 25.8 dB at the wavelength of 1620 nm. The fabrication 

tolerance and wavelength dependent performance shit is also 

examined, and the results show that the device has a tolerance of 

±10 nm (±6.7%) and an application window from 1570-1680 

nm. 
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Chapter 6  Conclusion and outlook 

6.1 Conclusion 

As mentioned in Chapter 1, rapid aging is becoming one of the 

most serious issues around the world. As the consequence, 

health-monitoring has been paid with much attention in recent 

years. Breath sensor is highly desired for daily health-check due 

to its noninvasive and convenient fashion for health-monitoring. 

Breath sensing based on infrared optical absorption could 

achieve rapid response-time and different gas identification [12]. 

In order to detect ppm-order breath content in addition to the 

real time sensing, breath sensing system based on cavity 

ring-down spectroscopy (CRDS) technique has been researched 

as a candidate. Compared to the conventional large size CRDS 

system, a future version of CRDS photonic integrated circuit has 

been proposed. This brings the possibility of integrating the 

whole sensing system into a cell phone for real-time 

health-monitoring. On the circuit, the optical devices, including 

the sensing waveguides, optical power couplers and polarization 

rotators, are critical for realizing compact and highly sensitive 

CRDS. 
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In Chapter 2, the principle of gas sensing by using waveguide 

has been discussed and deep learning assisted optical design has 

been introduced. Based on these two gas sensing principles, we 

discussed the possibility of using waveguide sensing CRDS 

photonic chip to detect breath content. The results show that the 

ppm-order breath sensing is possible by using the waveguide 

CRDS photonic chip. In order to design the optical power 

couplers and polarization rotator, we compared the traditional 

optical design method and deep learning method. The traditional 

design method has led to many useful devices in the past, its 

limitation becomes apparent when designing more a 

complicated device. In contrast, deep learning has the ability to 

solve the problem. 

In Chapter 3, thin silicon (Si) waveguides with a Γair as high 

as 37.6 % have been proposed and fabricated. Thermal oxidation 

technique was applied to further reduce α, so that α was 

decreased from 1.45 to 0.84 and 0.29 to 0.2 dB/cm for the 0.5 

and 3μm-wide waveguide, respectively. According to our 

analysis, the significantly decreased α is attributed to recovering 

the damaged Si core and smoothing the waveguide sidewalls. 

The high Γair and effective loss reduction show a promising 

potential of applying Si high-mesa waveguides to realize 
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ppm-order sensing. 

In Chapter 4, we have designed optical power couplers with a 

splitting power ratio 1:9 and 1:99. The different ratios are 

realized via deep learning optimizing nano-pixels. The coupler 

performance of every trial is evaluated by FDTD method. The 

optimization of the output waveguide positions and widths was 

applied to reduce α. After the optimization, α was effectively 

reduced from 3.7 to 0.3 and 3.62 to 0.27 dB for the1:9 and 1:99 

coupler, respectively. In order to enhance the applicability, the 

output and input waveguides should have the same width, so a 

mode size converter is designed also via deep learning design at 

the input side to widen the 0.5 μm -wide waveguide to 1 μm. 

The converter demonstrates a loss of 0.045dB, a footprint of 1×2 

μm
2
. The whole devices have an operation wavelength from 

1500 to 1600 nm with a fabrication tolerance of ± 10 nm (± 

11%). 

In Chapter 5, we have proposed a compact polarization 

rotator based on deep learning design. The polarization rotation 

section occupies a footprint of 2.10 × 12.58 μm
2
.  The 

estimated polarization extinction ratio was 25.8 dB at the 

wavelength of 1620 nm. The fabrication tolerance and 
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wavelength dependent performance shit is also examined, and 

the results show that the device has a tolerance of ±10 nm 

(±6.7%) and an application window from 1570-1680 nm. The 

results reveal the promising potential of the deep learning 

designed rotator to be applied in integrated photonic circuits. 

The demonstrated optical devices will pave the way for 

developing compact CRDS photonic integrated circuit. 

6.2 Outlook 

We have demonstrated the sensing waveguides, optical power 

couplers and polarization rotators for realizing future CRDS 

photonic integrated circuit. To complete the whole CRDS circuit; 

however; some issues are needed to be discussed. 

  First is the light source. In order to sensing several gases, a 

multi-wavelength light source is expected. One candidate is the 

SLED (super luminescent diode), which emits light at a wide 

range of wavelength. If the SLED is selected as the laser source, 

a wavelength division multiplexer is needed at the sensing 

system output part in order to separate the light at gas absorption 

wavelength. Wavelength tunable laser is also a candidate, as its 

wavelength of operation is able to be altered in a controlled 

manner. By choosing the target gas, the wavelength tunable laser 
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emits the light at the absorption wavelength of the gas we 

choose. 

Second is the amplifier. One candidate of on-chip amplifier is 

semiconductor optical amplifiers (SOA). Based on our 

knowledge, SOA normally works in C-band (wavelength from 

1530 to 1565 nm). The light at wavelength larger than 1600 nm 

is hardly to be amplified by SOA. The amplification for 1650 

nm (methane absorption wavelength) and 1680 nm (acetone 

absorption wavelength) need to be carefully considered. 

Finally, we believe that the demonstrated optical devices will 

contribute to realize hand-held size breath sensor in future.  
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Appendix 

A-1 Symbols used in this thesis 

Symbol Meaning 

α Propagation loss 

Γair 
Portion of light profiles that comes out of 

waveguide 

N’ Density of the gas molecule 

σ Gas absorption cross-section 

L 
Interaction length between sensing light and 

the garget gas 

Iin Input light intensity 

Iout Output light intensity 

NA Avogadro constant 

n Amount of the target gas 

Vtotal Total volume of the breath 

Vgas Volume of the target gas 

P Pressure 
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T Temperature 

R Ideal gas constant 

τ0 Decay life of the light in gas-cell 

τ 
Cavity ring-down time in the ―no-gas in 

gas-cell‖ situation 

Τgas 
Cavity ring-down time in the ―gas in gas-cell‖ 

situation 

t Time 

c Light speed 

k   Boltzmann constant   

L Waveguide length   

 

A-2 Finite difference time domain method (FDTD) 

The finite difference time domain (FDTD) method is an exact 

solution to Maxwell’s equations. It does not have any theoretical 

restrictions or approximations. FDTD is widely utilized as a 

propagation solution method in integrated optics, especially 

when the adequate solutions are not obtainable by other methods, 

such as BPM (Beam Propagation Method). As shown in Fig. A1, 
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an optical structure based on nano-pixels is simulated by 

utilizing FDTD. FDTD can cancel the round-off errors which 

could happen in BPM. FDTD could do this calculation in tow or 

in three dimensional processes. 

 

 

 

Fig. A1 An example of FDTD simulation (a) Optical structure 

and (b) simulated TE polarization light propagation in the 

structure. 

  

(a) 

(b) 
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