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Chapter 1  

 

Introduction 

 

1.1 Ultrashort-Pulse Laser 

Recently, ultrashort-pulse lasers have attracted much attention because of their 

useful applications. For example, various essential processes proceed in the femto to 

pico second time scale in not only atomic and molecules and but also their interactions.  

The ultrashort-pulse lasers are also expected to be applied to the industrial field. 

Especially, in the optical communication and the computer technology, the ultrashort 

pulses are suitable for satisfying a social requirement to deal with huge information as 

fast as possible. In the material processing field, a fine and accurate processing without 

heat damage is strongly required. The ultrashort pulses have very-high instantaneous 

peak power with small average power or pulse energy, which is very useful for the laser 
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processing without excess heating. From the feature, they are expected to apply the 

ultrashort-pulse laser to the eye surgery to correct short sight in the medical field.  

Recently, ultrashort-pulse fiber lasers are also intensively investigated among these 

ultrashort-pulse lasers. They have very practical features such as good stability, 

compactness, and high beam quality, because the fiber lasers are mainly composed of 

optical fibers. Er-doped fiber lasers have received much attention since 1980s, because 

the lasing wavelength at 1.55 μm is within the low-loss window of optical fibers, which 

is appropriate for optical fiber communications. The first passive mode-locking was 

realized with a figure-eight fiber configuration in 1991.
 [1]

 The pulse width of 3.3 ps was 

achieved using nonlinear mirror effect in a fiber. The first passively mode-locked 

Yb-doped fiber laser was demonstrated in 1997. 
[2, 3]

 The 36-fs pulses were directly 

generated from the fiber ring cavity by optimizing the cavity dispersion.
 [4] 

Ultrashort-pulse lasers have attracted much attention from the viewpoints of 

physical, chemical and engineering fields as described above. 
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1.2 Wavelength-Tunable Ultrashort-Pulse Laser and 

Supercontinuum 

The wavelength-tunable ultrashort-pulse lasers are very useful for applications in 

diverse areas such as ultrafast spectroscopy, material processing, optoelectronics, 

nonlinear optics, ultrafast optical chemistry and so on. The representatives are dye lasers, 

solid-state lasers, and optical parametric oscillators (OPOs) using nonlinear devices. 

The ultrashort-pulse solid-state lasers generate sub-100-fs pulses in the near-infrared 

region. Among them, the Ti:Sapphire laser is widely used since it has the broad 

wavelength-tuning range from 700 to 1100 nm. However, the requirement of the 

expertise about the fine optical alignment limits the operation to only engineers or 

researchers with specialized laser techniques. 

On the other hand, the very practical wavelength-tunable ultrashort-pulse laser was 

demonstrated by N. Nishizawa and T. Goto in 1999.
 [5]

 The laser was a passively 

mode-locked Er-doped fiber laser composed of a variable attenuator, and an 

anomalous-dispersive fiber. A soliton pulse generated as the femtosecond pulse with the 

high-peak power was injected into the negative group-velocity dispersion region of the 

fiber as shown in Fig. 1.1. The wavelength of the soliton pulse was shifted toward the 

longer-wavelength side depending on the laser power injected into the fiber. A 
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sech
2
-shaped Fourier-transform limited sub-300-fs pulse is obtained at the fiber end. 

The generated pulse is often called “Raman soliton pulse” because this phenomenon is 

caused by the formation of fundamental soliton pulse and the soliton self-frequency 

shift (SSFS) through the stimulated Raman scattering. 
[6, 7] 

 The SSFS enables the ultra-wide wavelength tuning range beyond the gain 

bandwidth of fiber amplifier. The Raman soliton pulse was generated in the wavelength 

region of 1.56 - 2.03 μm. An electronically controllable, high-speed wavelength-tuning 

can be realized by introducing an acousto-optic modulator (AOM) as an intensity 

modulator.
[8]

  

The anti-stokes pulses were also generated in the short-wavelength region by 

replacing the anomalous-dispersive fiber by a dispersion-shifted fiber, which 

zero-dispersion wavelength is close to the pump wavelength.
[9]

 

Supercontinuum (SC) source is a new type of light source that provide a 

combination of desirable features: high output power, a broad spectrum, and a high 

degree of spatial coherence that allows tight focusing. A supercontinuum source 

typically consists of a pulse laser and a nonlinear element, in which a combination of 

nonlinear effects broadens the narrow-band laser radiation into a continuous spectrum 

without destroying the spatial coherence of the laser light.  
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Since its discovery in the late 1960’s by Alfano and Shapiro,
 [10]

 SC generation has 

been widely studied due to the large potential applications such as optical coherence 

tomography (OCT), multi-photon excited fluorescence microscopy, frequency 

metrology, extremely short pulse generation, optical communications and so on.
 [11-14]  

A dramatic bandwidth expansion over an octave was brought by the development of 

new highly nonlinear optical fibers. In 2000, J. K. Ranka et al. realized the SC 

generation extending from 390 to 1600 nm by injecting the 100-fs Ti:Sapphire laser 

pulse with only 0.8 nJ pulse energy into a 75-cm-long microstructured photonic crystal 

fiber. 
[15]

 In 2001, an all-fiber SC source with a wideband around 1.55 μm was 

developed using passively mode-locked Er-doped fiber laser and highly-nonlinear fibers 

by N. Nishizawa and T. Goto, as shown in Fig. 1.2. 
[16] 

The source is stable, compact, 

and lightweight compared with the solid-state-laser-based SC sources due to its all-fiber 

configuration.  
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Fig. 1.1 Experimental setup for soliton pulse generation
 [5]

 PBS; polarization beam 

splitter, LPF, long pass filter 

 

 

 

Fig. 1.2 Schematic diagram of supercontinuum (SC) light source.
[16] 

EDF, Er doped 

fiber; LD, laser diode; WDM; wavelength division multiplex coupler, LPF, long pass 

filter; HNLF, highly nonlinear fiber  
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1.3 Monitoring of Substrate Temperature for Plasma 

Processing 

Plasma processes that use non-equilibrium plasmas are indispensable for 

manufacturing ultralarge scale integrated (ULSI) circuits, solar cells, and liquid crystal 

devices. Plasma processes have many advantages in comparison with thermal and wet 

chemical processes for etching, deposition, and surface modification. ULSI circuits 

have been rapidly decreasing in size in accordance with Moore’s law. Table 1.1 shows 

the interconnect technology requirements for MPU and DRAM, which International 

Technology Roadmap for Semiconductors (ITRS) showed on 2011.
[17]

 The wafer 

diameter has become larger for enhancing the device yield and cost-effective products. 

The density of interconnect in a chip has increased. For this purpose, the 

interconnecting technology is getting more complicated. 
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Table 1.1 Interconnect technology requirements
 [17]

 

Year of Production 2012 2013 2014 2015 2016 2017 2018 2019 

MPU/ASIC Metal 1 ½ 

Pitch (nm)(contacted) 
32 27 24 21 18.9 16.9 15 13.4 

DRAM ½ Pitch 

(nm)(contacted) 
31 28 25 22 20 18 16 14 

Wafer diameter 300 450 450 450 450 450 450 450 

Total interconnect 

length (m/cm
2
) 

2643 3143 3737 4195 4709 5285 5933 6659 

 

As the design rules of ULSI circuits are reduced, etching processes become more 

complex. It is thus critical to realize ultraprecise control with few fluctuations on a 

subnanometer scale. Consequently, advances in the plasma technology are essential to 

develop the nanotechnology. Trial-and-error methods are generally used to develop 

plasma processes because the internal plasma state as shown in Fig. 1.3 is not 

sufficiently well understood so that it is treated as a black box.
 [17-19, 22]

 The etching and 

deposition characteristics of plasma processing are conventionally controlled through 

the external parameters such as electric power, pressure, and gas mixture ratio.  

However, in these processes, it is difficult to obtain the reproducibility of process 

characteristics by employing different types of process equipment since plasma 
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characteristics vary with mechanical variations, such as the type of plasma source and 

reactor size.  

 A new approach that controls plasma processes through internal plasma parameters 

such as the densities and energies of radicals, ions, and photons was proposed. In this 

case, the performance is independent of the reactor used. Radicals are particularly 

important because they play the most important role in plasma processes. A new 

approach that controls plasma processes through internal plasma parameters such as the 

densities and energies of radicals, ions, electrons, and photons has been proposed. 

Radicals are particularly important because they play the most important role in plasma 

processes. Therefore, one strategy for performing nano-processes with high-precision 

control is to evaluate the internal parameters and to feed back the results to the 

processing controlling system, that is, an autonomously controlled plasma system would 

monitor the internal parameters and feedback the results to the processing controlling 

system. For example, an autonomously controlled plasma etching system monitor the 

surface states and particles incident on the surface and then the external parameters of 

the processing controlling system which are related to the internal parameters are 

automatically adjusted to realize high performance. This new approach enable to 

evaluate the phenomena and performances which depend on the plasma reactor in terms 



Chapter 1 

10 

of the same criteria. I n this case, the performance is independent of the reactor used. 

This will allow results obtained in different type of plasma reactors to be compared with 

each other. 

 

 

 

 

Fig. 1.3 Schematic diagram of plasma parameters. 
[17-19, 23]
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The temperature management technology in semiconductor fabrication processes, 

including the monitoring or control of the Si substrate and substrate holder temperatures, 

is important to realize the processes with high precision and reproducibility. For 

example, in a plasma etching process, the etching rate and etching profile are sensitive 

to the Si substrate temperature. 
[22-26]

 The spatial distribution of the deposition rate, 

plasma chemistry, and thermal diffusion of species near the substrate holder changes 

depending on the local temperature of the wall or substrate holder, resulting in the 

non-uniform etching.
[27-29]

 According to ITRS, the manufacturing variations of the gate 

electrode of MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) must be 

controlled from 3 to 2 nm (3σ) in the 45 nm generation and will be less than 1 nm in 20 

nm generation which is scheduled in 2015. In the generation, temperature fluctuation 

control or autonomous radical-density control combined with precise temperature 

measurement less than 1 ˚C will be necessary. Thus, it is essential to measure the actual 

temperature of the substrate and all parts of a chamber accurately in many 

semiconductor etching processes.  

Figure 1.4 shows the amount of bowing of the organic film as a function of the 

substrate temperature at a density ratio of H/(H+N) = 0.8.
[23]

 The densities of 

hydrogen(H) and nitrogen(N) in the plasma were measured by vacuum ultra violet 
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absorption spectroscopy. The amount of bowing is defined as the difference between the 

width at the highest position or the most tapered position “B” and the width at the line at 

the top “A” as shown in Fig. 1.5(a). In order to meet the requirements of the etch 

process, it is better to reduce the size of the trench bottom “B”. Hence, if “B” is less 

than “A”, we always regard the data as the taper profile. The scanning electron 

microscopy (SEM) images of etched profile of organic film are shown in Fig. 1.5(b). 

The amount of bowing slightly, increased with increasing the substrate temperature as 

shown in Fig. 1.4. This change is important from the viewpoint of controlling the shape 

of side wall. Thus, the temperature measurement is important. 

 

 

Fig. 1.4 The amount of bowing of the organic film as a function of the substrate 

temperature.
[22] 
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Fig. 1.5 Etched profile of organic film.
[23]
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Moreover, besides the etching process, the system will be more powerful tool in 

plasma enhanced plasma chemical vapor deposition (PECVD) processes. In this thesis, 

the system was successfully applied to carbon nanowalls (CNWs) thin-film deposited Si 

substrates as a PECVD process. The CNWs are one of carbon nanostructures. They 

comprise stacks of graphene layers standing vertically on a substrate and successfully 

synthesized by PECVD.
[30-35]

 They have excellent electrical conductivity and chemical 

strength derived from the features of their graphene sheets. Therefore, using CNWs, it is 

expected to realize electronic channels, interconnects, and electrodes in logical devices, 

electron field emitters, catalytic electrodes of fuel cells, electric double-layer capacitors, 

biosensing elements, and other devices are expected to be realized using CNWs. The 

structure of CNWs, namely, their gap and height, are very sensitive to the substrate 

temperature as shown in Fig. 1.6.
[36, 37]

 It is, therefore, essential to measure and control 

the substrate temperature in the CNWs synthesis processes. 

Thus, the system will be applicable to various kinds of thin film deposition 

processes as well as CNWs and be a key tool for realizing autonomously controlled 

plasma etching and deposition processes. 
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Fig. 1.6 SEM images of films deposited at various substrate temperature (I) 250 °C 

(II) 450 °C, (III) 665 °C. 
[36] 

 

1.3.1 Conventional monitoring methods of substrate 

temperatures 

There are various methods of measuring temperature during the plasma processing. 

[38- 41]
 Typical methods in commercial chambers employ thermocouples, pyrometers, and 

optical-fiber fluorescence temperature sensors, as shown in Fig.1.7.
[39, 42]

 However, 

these techniques have some problems, such as poor reliability and repeatability, and 

limited measurement range.  
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Fig. 1.7 Schematic diagram of conventional plasma etching of paratus equipped with 

substrate temperature monitor. 
[39, 42]  

 

Heat is transferred to objects each other by emission (radiation), convection, and 

conduction. Temperature monitoring methods can be broadly categorized into contact 

and noncontact. The contact methods measure the temperature transferred to the sensing 

part from the measurement targets through the heat conduction and have simpler 

structures and cheaper than the others. On the other hand, noncontact methods measure 
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Lower electrode
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the infrared emission or Raman scattering from the objects or the thermal expansion in 

the optical path of target. Principles and problems of some conventional typical 

monitoring methods are presented in the next subsections. 

 

1.3.1.1 Thermocouple 

A thermocouple consists of two conductors of different materials that produce a 

voltage in the vicinity of the point where the two conductors are in contact through the 

Seebeck effect. The voltage is converted to the temperature. Type K (chromel –alumel) 

is most common general purpose thermocouple and type R (platinum–rhodium alloy) 

are used to 1600 ˚C because of its high tolerance for high temperature and oxidation and 

so on. The thermocouples are most commonly used in the plasma processes because of 

the low-price and the simple configuration. However, the efficiency of heat transfer 

from the measurement target to the sensor part becomes lower in the low pressure 

region. Figure 1.8 shows the efficiency of heat transfer k as a function of inverse of 

Knudsen number (1/Kn) in the presence of various kind inert gases between the two 

planes with the temperature of 293 and 393 K.
[43]

 The Kn is expressed by the following 

equation. 
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PLπσ

Tk

L

λ
Kn B

22
 ,                        (1.1) 

 

where T is absolute temperature (K), kB is Boltzmann’s constant, P is total pressure (Pa), 

σ is diameter of atoms, L is representative physical length, λ is mean free path. 

 

 

Fig. 1.8 Efficiency of heat transfer k as a function of 1/Kn . 
[43] 
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The efficiency becomes lower in the 1/Kn region lower than 1/10, which means that the 

mean free path λ becomes larger, namely, the pressure becomes lower from eq.1.1. 

Therefore, contact-type thermometries are not suitable for low pressure processes 

because the measurement reliability depends a great deal on the condition of contacting 

surfaces, pressure, and kind of ambient gases. Moreover, the thermocouple is basically 

electric measurement, therefore, the large electric field applied to the substrate in 

plasma etching processes leads to large-electric noise or breakdown.   

 

1.3.1.2 Fluorescent-type thermometer 

Fluorescent-type thermometer detects fluorescent light from a phosphor contacted 

with a measurement target. The sensor consists of light emitting diode (LED), photo 

diode (P.D.), and optical fibers as shown in Fig. 1.9 (a).  The pulsed exiting light from 

LED travels to the phosphor located at the tip of the optical fiber, which is contacted to 

the measurement target. As shown in Fig. 1.9 (b), the fluorescent signal from the 

phosphor comes back to the P.D. via a dichroic mirror. The intensity of the signal at 

lower temperature is lower and its decay time is longer. On the other hand, they become 

higher and shorter, respectively, at higher temperature. From the decay time, the 

temperature of the phosphor can be derived.
[44, 45]

 However, the measurable temperature 
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range is from 20 to 400 ˚C and too small to be applied in the plasma processes. 

Moreover, this thermometry is basically contact type, therefore, and has the same 

shortcomings as thermocouple described in Section 1.3.1.1. 

 

 

(a) Optical configuration           (b) Fluorescent signals 

Fig. 1.9 Fluorescent-type thermometer. 
[44, 45]

 

 

1.3.1.3 Infrared radiation thermometer 

Infrared radiation thermometer is one of most common noncontact thermometry and 

is used in industrial and clinical uses because of its simplicity and relatively low price. 

It infers temperature from a portion of the thermal radiation sometimes called blackbody 

radiation emitted by the object being measured. Black-body radiation is the type of 

electromagnetic radiation within or surrounding a body in thermodynamic equilibrium 

with its environment, or emitted by a black body (an opaque and non-reflective body) 
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held at constant, uniform temperature. The radiation has a specific spectrum and 

intensity that depends only on the temperature of the body. The specific spectrum I is 

expressed by the Plank’s equation as follows, 

 

)1)/(exp(

2
),(

0

5

2

0




kTλhCλ

hCπ
TλI ,        (1.2) 

 

where T is absolute temperature, λ is wavelength of radiation, h is Plank’s constant, C0 

is the speed of light in vacuum, k is Boltzmann’s constant. The specific spectrum of 

general objects Iλ,T becomes smaller than that of black-body by emissivity ε. 

 

),(, TλIεI Tλ  ,                    (1.3) 

 

where ε is the constant determined by the material, surface condition, and so on. For 

estimating the temperature from the spectrum, it is necessary to select the sensor with 

proper temperature range and to know the true values of the measurement targets. Even 

in Si substrates, the emissivity shows very complicate behaviors as functions of 

wavelength and temperature. Figure 1.10 shows the temperature and wavelength 
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dependences of Si emissivity. 
[40]

 From the figure, the emissivity has no dependence on 

temperature and wavelength in the range over 873 K, which implies that the infrared 

thermometry can estimate the Si substrate temperature over 873 K. However, the 

emissivity varies largely below 873K in the wavelength region over 1100 nm. On the 

other hand, the emissivity has little dependence below 873 K in the wavelength region 

below 1100 nm, but the specific spectrum shifts to long wavelength region and the 

intensity below 1100 nm becomes very low in eq. 1.2. Therefore, the infrared 

thermometry of Si has a critical problem for improving the measurement accuracy in the 

temperature region below 873 K. Moreover, in the case of the temperature measurement 

of the object in the vacuum chamber through a vacuum window, the emissivity is 

affected by the material of and the contamination on the window. In general, the 

infrared thermometry might lead to large temperature error in the presence of the strong 

background emission and higher temperature objects such as a heater in plasma 

processes. 
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Fig. 1.10 Temperature and wavelength dependences of Si emissivity. 
[42] 

 

1.3.1.4 Raman scattering thermometer 

The Raman scattering thermometer is one of noncontact methods, and is based on 

the phenomena that the peak shift in Raman spectrum has temperature dependence.
[46-49]

 

The temperature of substrate is directly derived from the shift. In the case of Si 

substrates, the shift is ±19 nm and the coefficient of the shift due to the temperature is 

about 0.02 cm
-1

/˚C, which is very small to detect the temperature variation of 1 ˚C even 

using 1m-length large monochromator.  
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1.3.1.5 Substrate temperature monitoring using 

high-coherence interferometry 

The temperature monitoring of Si substrate itself was successfully measured by 

Donelly et al. using a laser interferometry, namely, high-coherence interferometry in 

1990.
[50]

 They utilized the interference between reflection lights at the front and back 

surfaces of Si substrates. The optical path length between the front and back surfaces of 

Si substrate varies due to the thermal change of refractive index and physical thermal 

expansion. The temperature variation was derived from counting the fringes of 

continuous interference with the accuracy of 6.5 ˚C/fringe.  This interferometry has 

merits of noncontact methods and tolerance for high electric field unlike thermocouples. 

However, the method cannot find the increase or the decrease in the temperature. They 

developed the method to distinguish between the increase and the decrease using double 

laser pass interferometry.
[49]

 However, the method has shortcomings of low tolerance for 

mechanical vibrations because it must count the fringes continuously and fringe shifts 

due to vibrations are also counted and accumulated.  

Kikuchi et al. developed another fringe counting method for distinguish between the 

increase and the decrease in temperature using pulsed laser diode in 1997.
[52]

 According 

to the method, the increase or the decrease in Si substrate temperature corresponds to 
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the overshoot or the undershoot in the interference signal, respectively. Using this 

method, the counting mistake decreased, however, some counting mistakes remained for 

the top and bottom part of the fringe and for low-rate variation in temperature. The 

method also has the same difficulties of low tolerance for mechanical vibrations as 

mentioned above. 

 

1.3.2 Problems in substrate temperature monitoring 

using conventional low-coherence interferometry  

The temperature monitoring method for multilayered substrate such as Si/SiO2/Si 

was developed using low-coherence interferometry (LCI) by Takeda et al. in 2004. 
[53]

 

The principle is described in detail in Section 2.2. The method derives the optical path 

length between the front and rear surfaces of Si substrate from the peak positions of 

interference waveforms, therefore, there is no problem such as the accumulation of 

counting errors occurred in the continuous fringe-counting method employed in the 

high-coherence interferometry. 

The noncontact measurement of the temperature of a Si substrate was demonstrated 

using the LCI during silicon dioxide (SiO2) plasma etching in a dual-frequency 

capacitively coupled Ar/C4F8/O2 plasma by Koshimizu et al.
[54]

 The Si temperature is 
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determined from the change in the optical path length between the interference 

waveforms of the front and back surfaces since the optical path length is changed by 

thermal expansion and variation in the refractive index depending on the Si substrate 

temperature. LCI has many advantages such as temperature measurement of the 

substrate itself, real-time response, wide measurement range, widely applicable plasma 

conditions, and high measurement accuracy. In the LCI, measurement accuracy and the 

minimum measurable thickness of a substrate depend on the coherent length of the light 

source. The coherent length of a typical superluminescent diode (SLD) with a 

wavelength of 1.55 μm and a FWHM of 0.05 μm, which is a typical light source for LCI, 

is about 21.2 μm. In low-coherence interferometry, a broadband light source is the key 

component. The maximum resolving power of the optical path length of the medium in 

low-coherence interferometry depends on the coherent length, which is defined by the 

spectrum profile and wavelength of the light source. The interferences at the front and 

back interfaces of the medium are combined into an overlapping interference when the 

optical path length of the medium is shorter than the coherence length of the light 

source. Then, the position of the overlapping interference is shifted from the actual 

position of the interface, resulting in an error in the measured temperature.  
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As described in Section 1.2, supercontinuum light (SC), which has a wide band 

spectrum, was firstly reported by Alfano and Shapiro, who used milijoule light 

pulses.
[53]

 Recently, a low-noise, ultraflat, and highly coherent supercontinuum in an all 

fiber system has been generated using ultrashort laser pulses and optical fibers.
[56-62]

 The 

SC has a broader spectrum than SLDs, resulting in having a coherent length of typically 

3 to 7 μm, which is shorter than that of SLDs (typically 20 μm). Thus, through the use 

of SC, the improvement of temperature measurement accuracy is expected. 

 

1.4 High-Sensitive Monitoring for Biomaterials 

Recent progress in biological and medical field has been remarkable such as a 

development of induced pluripotent stem cell. In these fields, it is basic and 

indispensable procedure to analyze chemical composition of biomaterials, which 

usually consist of organic compounds. 

One of the best ways to determine the composition of an organic compound is 

through the functional groups present in it, for example: aldehyde, amine, carboxyl, 

ester, halide, ketone, thionyl, and so on. There are several spectroscopic techniques used 

for characterizing functional groups such as: Ultra violet (UV)-Visible, Nuclear 
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Magnetic Resonance, and Mass Spectrometry. Infrared (IR) spectroscopy is one of these 

fundamental techniques.  

Molecules are in constant motion, producing vibrations, such as bond stretching and 

bending. There are symmetric and asymmetric stretches and bends, and bending 

vibrations can be either in-plane or out-of-plane vibrations. 

When the frequency of incoming IR radiation matches the frequency of the 

vibrations, energy is absorbed by the vibrating bonds. This causes the bonds to stretch 

and bend a bit more.  In other words, the absorption of energy increases the amplitude 

of the vibration but does not change its frequency. This change in amplitude can be seen 

in an IR spectrum as a peak at the frequency of the chemical bond that absorbed the 

energy.  

Conventional IR-Spectroscopy measurements are performed in solvents like 

chloroform, mineral oils, and so on. However, it is impossible to perform this analysis 

in the usual absorbance mode for samples that cannot transmit light such as opaque 

films or surfaces of solid samples. In these cases, the attenuated total reflectance (ATR) 

or infrared reflection absorption spectroscopy (IRRAS) mode of IR spectroscopy can be 

applied. 
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The absorptions observed in the near-infrared region ( 770 – 2500 nm ) are 

overtones or combinations of the fundamental stretching bands which occur in the 3000 

– 6000 nm  region. The bands involved are usually due to C–H, N–H or O–H 

stretching. The resulting bands in the near infrared are usually weak in intensity and the 

intensity generally decreases by a factor of 10 from one overtone to the next. The bands 

in the near infrared are often overlapped, making them less useful than the mid-infrared 

region for qualitative analysis. 

However, there are important differences between the near-infrared positions of 

different functional groups and these differences can often be exploited for quantitative 

analysis. 

Moreover, biomaterial samples are usually precious and their volumes are very 

small. Therefore, the high-sensitive monitoring or analytical tools are requested in the 

biological and medical fields. 

Cavity ring-down spectroscopy (CRDS) is an extremely sensitive spectroscopic 

technique that is based on light absorption and has been applied for the measurement of 

weak optical transitions and low number densities in varying phases and structures such 

as gas, liquid, thin films, biomolecule and so on.
[63, 64]

 The CRDS utilizes the 

light-intensity decay time or ring-down time of a high-finesse optical cavity as the 
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absorption-sensitive observable. Typically, the optical cavity is constructed using two 

ultrahigh-reflective coated mirrors that have appropriate spacing and radii of curvature 

to form a stable resonator as shown in Fig. 1.11. If the entrance mirror of the cavity has 

a reflectivity of R, a fraction (1−R) of light incident on the mirror is transmitted through 

it to enter the cavity. The transmitted light bounces back and forth between the two 

mirrors, losing (1−R) at each reflection. The intensity of the transmitted light for the rear 

mirror, I, is presented as follows:  
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Fig. 1.11 Cavity ring-down spectroscopy. 
[63] 
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Here, I0 is the intensity of incident light; L, the length of the cavity; t, the time; and c0, 

the speed of light. Light leaking out of the cavity after each incidence results in an 

exponential decay of light intensity, and the time taken for this intensity to decay up to 

is called the ring-down time (τ0). When an absorber is present in the cavity, the 

ring-down time becomes shorter (τ). The concentration of sample can be directly 

derived from the measured τ0 and τ using the Lambert-Beer law as follows: 

 

  









00

11

ττdλεc

L
C                        (1.5) 

 

Here, ε is the absorption coefficient of the sample and d is absorption length. 

Optical-Fiber Type cavity ring-down spectroscopy is a powerful technique suitable for 

very small liquid samples. The conventional types are shown in Fig. 1.12 (a) Fiber 

Bragg Grating type and (b) optical fiber coupler type. They are based on measurements 

of the ring-down time of laser intensity in a loop made of optical waveguide material.  

 

 

 



Chapter 1 

32 

 

 

(a)         (b) 

Fig. 1.12 Optical fiber-type CRDS. (a) Fiber Bragg Grating and tapered fiber
 [67] 

(b) 

coupler cavity and the gap between the fibers
 [70]

 

 

This ring-down time changes as small liquid samples containing absorbing species are 

introduced into the loop. Fiber and fiber components are designed to confine the signal 

light inside the fiber core with smaller loss in comparison with the conventional CRDS 

with high reflective mirrors due to elimination of the loss of the optical component. 

Various cavities of Optical-Fiber Type CRDS were reported as side-coupled into the 

core of the fiber with laser pulse
[65, 66]

, fiber Bragg grating
[67, 68]

, the gap between the 

fibers
[69,70]

, evanescent waveguide using prism
[71,72]

 or tapered fiber
[73]

. 

Evanescent-waveguide cavity using tapered fiber eliminates the loss owing to the 
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coupling between laser pulse and cavity and realizes the high sensitivity measurement 

system.  

Generally, high power laser having single-wavelength or narrow bandwidth, such as 

the tunable dye laser or the laser diode, has been used as a light source; cavity mirrors 

also cover a narrow bandwidth owing to ultrahigh reflection. Hence, when such lasers 

or mirrors are employed in a large measurement system or with several light sources of 

different wavelength, absorption spectra are achieved. As described in Section 1.2, 

compact, wavelength-tunable, ultra-short pulse light sources from 1.55 to 2.0 μm have 

been demonstrated using femtosecond pulse laser and nonlinear fibers.
[74-78]

 As the fiber 

input power is increased, the center wavelength of the generated soliton pulse is 

red-shifted continuously and monotonously. The generated pulses are clear sech
2
-shaped 

ultra-short soliton light pulses. Thus, the wavelength can be changed by the 

intensity-modulation of femtosecond pulse laser and the absorption spectrum is 

obtained easily with no optical loss. 
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1.5 Purpose and Composition of This Thesis 

The aim of this thesis is to extend the application of wavelength-tunable 

ultrashort-pulse laser and SC light to the accurate monitoring of substrate temperature 

during plasma processing under the new concept shown in Fig. 1.13. Application of 

wavelength-tunable ultarashort-pulse laser to the high-sensitive monitoring of 

biomaterials is also performed.  

 

 

Fig. 1.13 Schematic diagram of the application of wavelength-tunable ultrashort-pulse 

laser and supercontinuum to the monitoring of plasma processing 
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The composition of this thesis is as follows;  

In Chapter 2, the principles of low coherence interferometry, substrate temperature 

measurement, and cavity ring-down spectroscopy are presented. 

In Chapter 3, a new technique for a high-resolution temperature measurement of Si 

wafer using optical low-coherence interferometer employing SC is proposed. To employ 

SC for in the interferometer, the wavelength-dispersion of SC on Si wafer is 

compensated using a Si mirror as a reference mirror. The simultaneous measurement of 

SiO2 and Si temperatures on SiO2/Si substrate using the SC interferometer is 

demonstrated. 

In Chapter 4, temperature measurements of Si substrate with CNWs layer using 

optical low-coherence interferometer employing SC and superluminescent diodes 

(SLDs) were demonstrated. The wavelength dependence on the optical path length, that 

is refractive index, was investigated by using SC and three SLDs having different 

wavelengths. 

In Chapter 5, a novel optical-fiber-type broadband cavity ring-down spectroscopy 

system that employs wavelength-tunable ultrashort-pulse light is proposed. The 

high-sensitive absorption spectroscopy of glucose as a biomaterial was demonstrated in 
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the wavelength region from 1620 to 1690 nm by varying the wavelength using a 

wavelength-tunable ultrashort pulse light.  

Finally, the content of this thesis is summarized and the future outlook is described 

in Chapter 6.  
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Chapter 2  

 

Principles of Measurement Methods 

 

2.1 Introduction 

In this chapter, the principles of measurement methods performed in this study are 

described. Temperature measurement and high-sensitive absorption measurement are 

based on the low-coherence interferometry and cavity ring-down spectroscopy, 

respectively.  

 

2.2 Substrate Temperature Measurement  

2.2.1 Michelson interferometry 

Figure 2.1 shows the schematic of the Michelson interferometer. Light from the 

source is divided into reference and sample beams at a beam splitter. Light reflected 

from the reference and sample mirrors are recombined at the beam splitter and 

propagate in a detector. If the light is perfectly coherent, then reflected lights from the 

reference and sample mirrors produce a sum of the monochromatic electronic field 

components E
s
 and E

r
 at the detector. These field expressed by 

 

)}(exp{),( 00 tωlkjAtrE sss  ,             (2.1)
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)}(exp{),( 00 tωlkjAtrE rrr  ,             (2.2) 

 

where A is the optical amplitude, ω
0
 is the optical frequency of the light, and k

0 
is the 

wavenumber. The l
s
 and l

r
 are the optical path lengths from beam splitter to the 

reference and to the sample mirror, respectively. 

In general, the time-averaged photocurrent i
d
 is given by 
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 ,                  (2.3) 
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where Δl = l
r
 - l

s
 is optical path difference between the reference and sample optical path 

lengths. i
dc

 is the direct current (DC) offset term and di
~

is the variation of the 

photocurrent. Equation (2.5) shows that the photocurrent contains a sinusoidally varying 

term representing the interference between the reference and sample fields. The 

interference has a period of 1/2 relative to the length Δl. The example of interference 

waveform of coherent light is shown in Fig. 2.2(a). 
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Fig. 2.1 Michelson interferometry. 

 

 

 

Fig. 2.2 Interference waveform. 
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2.2.2 Low-Coherence Interferometry 

In the low-coherence interferometry (LCI), the light source has the electric field 

amplitude s(k, ω) as a function of the wavenumber k = 2π/λand angular frequency 

ω=2ν, which are respectively the spatial and temporal frequencies of each spectral 

component of the field having wavelength λ. A Gaussian-shaped light source spectrum 

as shown in Fig. 2.2(b) is convenient to use in modeling LCI because it approximates 

the shape of actual light sources. The normalized Gaussian function 
2

,()( kskS   

is substituted, which encodes the power spectrum dependence of the light source. The 

power spectrum S(k) is given by 
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where k
0
 is the central wavenumber of the light source spectrum and Δk is its spectral 

bandwidth, corresponding to the half-width of the spectral 1/e of its maximum. The 

interference term is described as 
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The coherence length of the light source l
c
 is an explicit function of the light source 

bandwidth and stated both in wavenumber and wavelength term as 

 











2

0)2(ln22ln4

k
lc ,                                    (2.8) 

 

where λ
0
 = 2π/k

0
 is the center wavelength of the light source and Δλ is its wavelength 

bandwidth defined as the full width of half maximum (FWHM) of its wavelength 

spectrum. The example of interference waveform of low-coherence light is shown in 

Fig. 2.2(c). 

Figure 2.3 shows the waveform of the low-coherence interferometry in the case of 

(a) Si and (b) SiO
2
/Si substrates. When the electric fields of the reflected light from the 

sample and reference arm interfere at a detector, the interference term of the 

interference intensity is given by
 [1] 

 

   lkREElI Δ2cosΔ 021 ,                         (2.9) 

 

where E
1
 and E

2
 are the electric fields of the sample and reference arms, respectively. l 

is the optical path difference (l = 0 defines the SiO
2
/Si interface position), k

0
 is the 

center wave number of the light source, and R is the reflectance of the medium (the 

reflectance of the mirror is assumed to be 100 %). Assuming a light source with a 

broadband spectrum, the interference intensity is given by 
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  (a) Si      (b) SiO
2
/Si 

Fig. 2.3 Interference signals with mirror and sample. 

 

      dkkSlkREElI Δ2cosΔ 021 ,                  (2.10) 

 

where S(k) is the power spectral density of the light source. When the incident light to 

the sample is reflected many times at the SiO
2
/air and SiO

2
/Si interfaces, the total 

amplitude reflection coefficient  is given by 
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where δ is the phase difference between the reflections at the SiO
2
/Si and SiO

2
/air 
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interfaces, d
SiO2

 is the SiO
2
 thickness, and n

SiO2
 is the refractive index of SiO

2
. 

1
, the 

Fresnel reflection coefficient at the SiO
2
/air interface, is given by 

 

airSiO

airSiO

1
n  n

n - n

2

2


ρ ,    (2.13) 

 

and 
2
, the Fresnel reflection coefficient at the Si/ SiO

2
 interface, is given by 

 

2

2

SiOSi

SiOSi

2
n  n

n - n


ρ ,           (2.14) 

 

where n
Si

 and n
air

 are the refractive indexes of Si and air, respectively. The coefficients 

of eqs. (2.13) and (2.14) were calculated from the refractive indexes reported in the 

literature.
[2 - 6]

 Using eq. (2.11), the reflectance (R) and the phase difference (φ) at the 

SiO2/Si interface are given by 
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Taking the multiple reflections into account, the overlapping interference waveform at 

the SiO
2
/Si interface (IW-B) becomes 
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        dkkSdkφlkdkREElI SiOSiO 
22

,Δ2cos,Δ 21 .              (2.17) 

 

This equation indicates that the interference intensity depends on the optical path 

difference, the wavelength of the light source, and the SiO2 thickness, which means that 

the SiO
2
 thickness can be determined by measuring the overlapping interference 

intensity (I
B
). IW-B, which was calculated by eq. (2.17), is shown in Fig. 2.3(b). When 

the light is scattered at surface or interface of substrate, the interference intensity 

becomes smaller due to decrease in the E
1
 in eq. (2.17). Moreover, the light is absorbed 

by media so that the interference intensity becomes smaller. However, the shape of the 

interference waveform is not varied due to no change in the phase difference in eq. 

(2.17). 

 

2.2.3 Theory of Substrate Temperature Measurement 

The substrate temperature was calculated from the change of optical thickness of 

media measured by an optical fiber-type low-coherence interferometer. Schematic 

diagram of temperature measurement system is shown in Fig. 2.4. The measurement 

system is based on a Michelson interferometer, which consists of a super luminescent 

diode (SLD), a scanning reference mirror, a collimation lens, an optical fiber and so on. 

The SLD light is divided into two beams by the fiber coupler. One beam irradiates the 

substrate. The other beam goes to a scanning reference mirror. In the substrate, the SLD 

light is reflected on the substrate backside and surface. In the scanning reference mirror 

scanner side, the reference-optical-path length is changed by moving reference the 

mirror. The lights reflected at the substrate go back to the fiber coupler through the fiber 
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collimator, and then interfered with the light reflected at the scanning reference mirror 

within the range of coherence length. The position of interferogram was changed by the 

thermal expansion and the change of refractive index with increasing the substrate 

temperature.  

The change of temperature was measured by the shift of the peak position of 

interferogram. By using this measurement system, we can measure the substrate 

temperature in the real time.
[7, 8] 

 

 

 

  

Fig. 2.4 Schematic diagram of simplified substrate temperature measurement system. 
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The optical-path length L of a certain substance is 

 

   dλnL  ,          (2.19) 

 

where n is the index of refraction and d is the thickness of the substance. The SLD used 

in this article has a 48-nm bandwidth at the central wavelength of 1.55 μm. Under these 

conditions, the effect of group index on the interference signal was negligibly small. 

Therefore, we can discuss the principle without the effect. If the temperature of the 

substance varies from T to T + ΔT, the index of refraction and the thickness vary as 

follows; 

 

 Tαdd Δ1 ,           (2.20) 

      Tλβλnλn Δ1 ,       (2.21) 

 

where α and β(λ) are the coefficients of thermal expansion and the temperature 

dependence of the refractive index, respectively. α is independent of optical wavelength 

while β(λ) is dependent on it. The optical-path length L’ of the substance under the 

temperature shift ΔT is 

 

      
     Tλβαdλn

TαdTλβλnL

Δ1

Δ1Δ1




              (2.22) 
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The shift of optical-path length is given by 

 

       
     Tλβαdλn

dλndTλβαλnLL

Δ

Δ1




                   (2.23) 

 

If α, β and the initial optical-path length (that is, n・d) are known, we can obtain the 

temperature shift (ΔT) of the substance from eq. (2.23). The α and β of silicon are well 

investigated experimentally. The α and β of silicon, denoted by α
Si

 and β
Si

, are 

approximately expressed as 

 

  68211 1038.21083.61006.7   TTTαSi
     (2.24) 

     58211 1001.51076.61033.3   TTTβSi
     (2.25) 

 

The α and β(λ) of the quartz (α
SiO

2

 , β
SiO

2 
) are not known experimentally; therefore, the 

α
SiO2

 and β
SiO2

 were assumed to be constant. 

 

7100.5
2

SiOα           (2.26) 

6100.7
2

SiOβ           (2.27) 

 

Using these values or the values derived from the optical path lengths measured at 

different known temperatures in advance, we can find the temperature shift of layers 

from eq. (2.23). 
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2.3 Cavity Ring-Down Spectroscopy  

Direct absorption spectroscopy is a simple, noninvasive, in-situ observation 

technique for obtaining information on the species in the gas, liquid or solid phase. 

From an absorption spectrum, quantitative or absolute concentrations, or absolute 

frequency-dependent cross-sections can be extracted. In a direct absorption experiment, 

the attenuation of light traveling through a sample is measured. The transmitted 

intensity follows the Beer–Lambert law. 

 

   dαItI  exp0        (2.28) 

 

where I
0
 is the intensity of the incident light, d the length of the sample, and α the 

absorption coefficient of the sample.
[9]

 In case of the absorption being caused by a 

single species, α() = N() with N being the number density (molecules per unit 

volume) of the absorber, () the absorption cross-section, and  the frequency of the 

light. More generally, one must sum over all the absorption and scattering losses that 

contribute to ().  

In a simple model, where the duration of the laser pulse width is shorter than the 

round-trip time of the pulse in the cavity, the detector will see a train of pulses, each 

only slightly less intense than the previous one. The separation between adjacent pulses 

is equal to the round trip time t
r
 = 2L/c, where the length of the cavity is L and c is 

velocity of light. The intensity of the pulses will decrease due to absorption by the 

species in the cavity and the losses at the mirrors. Let us calculate the intensity at the 

detector. A laser pulse with an intensity I
laser

 is injected into a cavity. The two mirrors of 
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the cavity are identical and have a reflectivity R and a transmission T. For ideal mirrors, 

without absorption or scattering losses, T = 1−R. However, T equals to 0.1 – 0.5 times 

of (1-R), which is typical for mirrors used in CRDS. After one pass through the cavity, 

the intensity of the first optical pulse at the detector is obtained from Beer–Lambert’s 

law in eq. (2.28): 

 

  dναTII laser  exp2

0              (2.29) 

 

where α is the frequency-dependent absorption coefficient of the medium in the cavity. 

Here it is assumed that the sample is only present over a length d of the cavity. The 

intensity of the second pulse is then given by: 

 

  dναRII 2exp2

01  ,         (2.30) 

 

where  dR 2exp2   accounts for the loss due to the additional complete round trip 

through the cavity. Therefore, after n complete round trips, the pulse intensity behind 

the cavity will be 

 

  dναnRII n

n 2exp2

0  .            (2.31) 

 

Because the loss per pass is small, it is easy to pick a bandwidth of the electronics such 

that the individual pulses circulating in the cavity are not seen, but do not significantly 

distort the cavity decay. In the previous formula this means that the discrete number of 
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round trips n is replaced by the continuous parameter of time, 
c

L
nt

2
 . Furthermore, 

R
2n

 can be written as exp(2n ln R), which leads to 

 

    







 dναR

L

tc
ItI lnexp0  .         (2.32) 

 

Since the mirrors used in cavity ring-down spectroscopy have a reflectivity R close to 1, 

 RR  1ln , this can be rewritten as 

 

    







 dναR

L

tc
ItI 1exp0 .        (2.33) 

 

The 1/e decay time of this exponentially decaying light intensity is called the ring-down 

time τ and is defined as 

 

  dναRc

L
τ




1
                (2.34) 

 

In a CRDS experiment, the ring-down time, is measured as a function of laser 

frequency ν. There are various ways in which the cavity decay rate can be extracted 

from the observed signal (these will be discussed in more detail below), but very often  

is obtained from a weighted least-squares fit to the light intensity decay transient. An 

absorption spectrum is obtained by plotting the cavity decay rate 
τ

k
1

  or the cavity 

losses 
τc

1
 as a function of frequency: 
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L

d
να

L

R

ντc





11
                  (2.35) 

 

This cavity loss is the sum of two terms, one is the mirror loss and determines the 

baseline of the CRD spectrum, i.e.
L

R1
, and the other term includes the absorption, i.e. 

 
L

d
 . Therefore, the absorption due to the sample in the cavity is obtained by 

subtracting the off-resonance loss 
L

R
ck




11

0

0


 from the on-resonance loss: 

 

 
0

0 11

τcτcc

kk

L

d
να 


                (2.36) 

 

Thus, the concentration of sample in eq. (1.4) can be obtained. 

 

2.4 Summary 

In this chapter, the theory of the low-coherent interferometry, which is based on the 

Michelson interferometer, and cavity ring-down spectroscopy used in this study were 

presented. At first, the principle of the interferometry with high and low temporal 

coherence light was described. Next, the theory of substrate temperature measurement 

was presented. Finally, the principle of CRDS and introduce the earlier study of 

fiber-type CRDS were presented. 
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Chapter 3  

 

Temperature Measurement of Si 

Substrate Using Optical-Fiber-Type 

Low-Coherence Interferometry 

Employing Supercontinuum Light 

 

3.1 Introduction 

As described in Section 1.3, temperature management technology in semiconductor 

fabrication processes, including the monitoring or controlling of the temperatures of the 

Si substrate and chamber, is important to achieve processes with high precision and 

reproducibility. According to ITRS, the manufacturing variations of gate must be 

controlled from 3 to 2 nm (3σ) in the 45 nm generation and will be less than 1 nm in 20 

nm generation which is scheduled in 2015. In near future, temperature fluctuation 

control or substrate with precise temperature measurement less than 1 ˚C will be 

necessary. 

There are various methods for measuring temperature during plasma processing.
[1-4]

 

Typical methods in commercial chambers employ thermocouples, pyrometers, and 

optical-fiber type fluorescence temperature sensors.
[2, 5]

 However, these techniques have 
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some problems, such as poor reliability, repeatability, measurement range and so on as 

described in Section 1.3.1. 

A non-contact measurement of the temperature of a silicon (Si) substrate by using 

low-coherence interferometry (LCI) was demonstrated during silicon dioxide (SiO2) 

plasma etching in a dual-frequency capacitively coupled Ar/C4F8/O2 plasma.
 [6]

 

As described in Section 1.3.2 and 2.2, in low-coherence interferometry, a broadband 

light source is the key component. The maximum resolving power of the optical path 

length of the media on the low-coherence interferometry depends on the coherent length, 

which defined by the wavelength bandwidth of its spectrum profile (Δλ) and wavelength 

of the light source (λ
0
). The coherent length of light source is given by  

 

λπ

λ
lc

Δ

2ln2
2

0　
 .         (3.1)  

 

The interferences at the front and back interfaces of the media are combined into an 

overlapping interference when the optical path length of the media is shorter than the 

coherence length of the light source. Then, the position of the overlapping interference 

is shifted from the actual position of the interface, resulting in an error in the measured 

temperature. 

As described in Section 1.2, supercontinuum (SC) light has a broader spectrum than 

superluminescent diodes (SLDs), resulting in having the coherent length of typically 

several μm, which is shorter than that of SLD (typically 20 μm). Thus, using SC, the 

improvement of accuracy on temperature measurement is expected. 
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In this chapter, a high-resolution temperature measurement of Si wafer using optical 

low-coherence interferometer employing SC is presented. To employ SC for in the 

interferometer, the wavelength-dispersion of SC on Si wafer using a Si mirror as a 

reference mirror was compensated. Moreover, the simultaneous measurement of SiO2 

and Si temperatures on SiO2/Si substrate using the SC interferometer is demonstrated at 

the first time. 

 

3.2 Experimental 

The experimental system for measuring the Si temperature is shown in Fig. 3.1. The 

SLD and SC were used as low-coherence light sources. The spectra of SLD and SC are 

shown in Fig. 3.2(a) and 3.2(b), respectively. The coherent lengths of SLD or SC, 

assuming that the power spectrum is Gaussian profile, were estimated to be about 21.2 

or 4.0 μm from eq. (3.1), respectively. The collimated SLD light was irradiated to Si 

substrate in the black body furnace. Si substrate temperature was measured using 

thermocouples placed on the Si surface. A laser-type linear encoder was used for 

measuring the position of the reference mirror in order to compensate for the fluctuation 

of its scanning speed. The resolution of the pulse signal of the encoder was 40 nm, and 

this signal was used as a sampling clock for an analog/digital converter. The reference 

mirror was scanned at a speed of 60 mm/s. Al or Si mirror was used as a scanning 

reference mirror. Si is transparent for near infrared light, so the light is reflected by top 

and bottom surfaces while the light is reflected by the only top surface for Al mirror. 

The procedures for digitizing electric signal and for detecting the peak positions of the 

interference fringes were reported in the previous paper.
 [7]

 The interference fringes were 
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fitted by a least-squares approximation method and then the fringe peaks were obtained. 

The obtained fringe peaks were fitted by the least-squares approximation method again 

to detect the peak positions of the envelopes of the interference fringes. 

 

 

 

 

 

Fig. 3.1 Experimental system for measuring the temperature of Si substrate. 
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(a) 

 

(b) 

Fig. 3.2 Optical spectra of (a) SLD (b) SC. 
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3.3 Results and Discussion  

3.3.1 Interference waveform 

Figure 3.3 shows interference waveforms on the Si substrate measured by 

low-coherence interferometry employing SC. The thickness of the Si substrate was 800 

μm. The interference waveforms A (IW-A) and B (IW-B) correspond to the front and 

back surfaces of Si substrate, respectively. The temperature of Si is determined from the 

change in optical path length between IW-A and IW-B since the optical path length 

changes by the variation in refractive index depending on the Si wafer temperature and 

by the thermal expansion of Si wafer. 

The interference waveforms of IW-A and IW-B using SC were shown in Figs. 3.4(a) 

and (b), and the interference waveforms of SLD (1.55 μm) were shown in Figs 3.4(c) 

and (d). The full width at half maximum (FWHM) at front surface for SC or SLD was 

4.1 μm or 28.8 μm , respectively, as shown in Table 3.1.  

In this paper, the FWHMs are used for the discussion of the envelope-widths of 

interference waveforms, which are referred to as coherence lengths. These values 

correspond with theoretical values assuming that the power spectrum of light source is 

Gaussian.  

The FWHM of interference waveform at Si back surface for SC was expanded to be 

37.9 μm while that for SLD was not changed. This is caused by the wavelength 

dispersion in Si substrate, because the bandwidth of SC is approximately 500 nm while 

that of SLD is 50 nm. The refractive index of Si (25°C) is 3.542 to 3.500 in the range 

from 1300 to 1800 nm.
[8] 
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Fig. 3.3 Interference waveforms on the Si substrate using SC. 

 

 

Table 3.1 FWHM of interference waveform. 

 SLD 1576 nm SC light 

Theory 29.1 μm - 

Experimental 

IW-A 28.8 μm 4.1 μm 

IW-B 29.2 μm 37.9 μm 
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(a)                             (c) 

   

(b)                             (d) 

Fig. 3.4  Interference waveforms on the Si substrate (a) IW-A(SC) (b) IW-B (SC) (c) 

IW-A (SLD) (d)IW-B(SLD). 
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Fig. 3.5 Optical path length changes as a function of temperature. 

 

Figure 3.5 shows optical path length of Si using SLD or SC as a function of the 

temperature. The temperature was controlled by a black body furnace and the 

temperature was measured by the thermocouples. The optical path lengths of Si 

monotonically increased with the temperature. The temperature parameter n(λ)(α + β(λ)) 

on SLD and SC calculate calculated from Fig. 3.4, which are given by 

 

    ]C[104.725101.335102.243)( -121174   TTλβαλn SLD  (3.2) 

    ]C[101.428-102.597101.921)( -121174   TTλβαλn SC  (3.3) 
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eq. (2.23). The standard deviation of the optical path length and temperature were 0.13 

μm and ± 1.0°C for SLD. On the other hands, the optical path length and the 

temperature for SC were 0.35 μm and ± 1.7°C. Thus, the multiple peaks of interferences 

were observed and interference waveform became round-shape as shown in Fig. 3.4(b), 

and resulting in the failure of temperature measurement. 

 

3.3.2 Numerical simulation of interference waveforms 

The interference waveform of SC shown in Fig. 3.4(b) is not Gaussian profile due to 

wavelength dispersion. Si mirror was used as a reference mirror to compensate the 

wavelength dispersion. In order to select the thickness of the Si mirror to obtain 

appropriate dispersion, interference waveforms as a function of the thickness of Si 

substrate were numerically simulated. 

As shown in Fig. 3.6(a), the incident lights are reflected many times in Si substrate 

and Si mirror, because Si is transparent for the near infrared light. The electric fields of 

the reflected lights from the sample and reference arms interfere and are observed at a 

detector. Taking the multiple reflections in Si and the broadband spectrum of light 

source into account,
 
the interference waveform is given by

 [9] 

 

     λdλSdλΦrλΦlkdλRrλREEI )](),(,Δ2cos),(,[ 212121

~

  ,    (3.4) 

 

where E
1
 and E

2
 are the electric fields of the sample and reference arms, respectively. l 

is the optical path difference, k is the wave number of the light source, and S(λ) is the 

power spectral density of the light source. The reflectance (R
1
) and the phase difference 
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(Φ
1
) of Si substrate having the thickness r are given by 
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           (3.7) 

 

where δ is the phase difference between the reflections at the Air/Si and Si/Air 

interfaces, n
1
 is refractive index of Si, 

0
 and 

1
 are the Fresnel reflection coefficients at 

the Air/Si and Si/Air interfaces, respectively. 

In the same way, the reflectance (R
2
) and the phase difference (Φ

2
) of Si mirror 

having the thickness d are given by 
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(a) 

 

(b) 

 

 (c)  

Fig. 3.6 Interference waveforms for 800-μm-thickness Si wafer with 320-μm-thickness 

Si mirror (a) schematic illustration of light reflected by Si wafer or Si mirror, (b) 

simulation (c) experimental result.  
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Figure 3.6(b) shows the interference waveform calculated by eq. (3.4). The power 

spectrum of SC is shown in Fig. 3.2(b) and the thicknesses of Si wafer and Si mirror are 

800 and 320 μm, respectively. Multi-interference waveforms are observed because the 

incident lights for sample and reference arms are reflected at front and back surfaces of 

Si substrate and Si mirror as shown in Fig. 3.5(b). The position of interference caused 

by reflected light at front surfaces of Si substrate and Si mirror (S
0
R

0
, which indicates 

the interference waveform generated by the reflected lights S
0
 and R

0
 shown in Fig. 

3.6(a)) is defined to be optical path length of zero.  

Figure 3.6(c) shows the interference waveform measured by low-coherence 

interferometry using SC for the thickness of Si substrate of 800 μm with 

320-μm-thickness Si mirror. The simulated interference waveforms corresponded to the 

measured interference waveforms very well. 

Figures 3.7 show simulated waveforms interfered by back surfaces of Si substrate 

and Si mirror (S
1
R

1
) in the cases of thicknesses of Si mirror (a) 600 μm, (b) 700 μm, (c) 

785 μm, and (d) 795 μm. The shape of interference waveform S
1
R

1
 became 

Gaussian-like sharp waveform and the position of interference waveform approached to 

S0R0 with increasing the thickness of Si mirror. The FWHMs of waveforms in Fig.3.7 

were (a) 13.8 μm, (b) 5.5 μm, (c) 3.9 μm, and (d) 4.0 μm, respectively.  

Figure 3.7 shows the FWHM of interference waveform S
1
R

1
 as a function of 

thickness of Si mirror. The FWHM decreased with increasing the thickness of Si mirror. 

This is because the wavelength dispersion is compensated as the thickness of Si mirror 

close to that of Si wafer. However, in the case of 795 μm, interference waveforms of 

S
0
R

0
 and S

1
R

1
 were overlapped, resulting in the lower signal to background ratio and the 

FWHM slightly become larger as shown in Fig. 3.7(d). From these results, we 
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concluded that the appropriate thickness of Si mirror was 785 μm for 800 μm Si wafer.  

Figure 3.8 shows the experimental interference waveforms in the case of the Si 

mirror was 785 μm for 800 μm Si wafer. The FWHMs of S
0
R

0
 and S

1
R

1
 were 5.9 μm 

and 4.1 μm, respectively. The wavelength dispersion was compensated and the FWHMs 

of front and back surface are smaller than those by SLD. 

  



Chapter 3 

74 

 

(a) 

 

(b) 

Fig. 3.7 Simulated waveforms interfered by back surfaces of Si substrate and Si mirror  

(S
1
R

1
)  in the case of thickness of Si mirror (a) 600 μm, (b) 700 μm. 
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(c) 

 

(d) 

Fig. 3.7 Simulated waveforms interfered by back surfaces of Si substrate and Si mirror  

(S
1
R

1
)  in the case of thickness of Si mirror (c) 785 μm (d) 795 μm. 
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Fig. 3.8 FWHM of interference waveform (S
1
R

1
) as a function of thickness of Si mirror. 

 

The measurement accuracy using SC was compared with SLD for 800 μm-thickness 

Si wafer. Table 3.2 is shown standard deviation of optical path length and temperature 

using SC and SLD. In the case of SC, the deviation on the optical path length was 0.08 

μm and this is equivalent to ± 0.4 °C on the temperature. On the other hand, the optical 

path length and the temperature for SLD were 0.13 μm and ± 1.0°C, respectively.  

The optical path length is measured from the peak positions of interference 

waveforms. The accuracy of temperature measurement depends on the detection of the 

peak-position. The coherence lengths of SC lights (less than 6 μm) were shorter than 

those of SLD lights (around 29 μm) and then the interference waveforms of SC lights at 

front and back surfaces are sharper than the those of SLD lights as shown in Figs. 3.4(c), 
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3.4(d), and 3.9. Thus, the measurement accuracy was successfully improved by using 

SC. 

 

Fig. 3.9 Interference waveforms for 785-μm-thickness-Si mirror and 800-μm-thickness 

Si wafer. 

 

Table 3.2 Standard deviation of optical path length and temperature. 

 SLD1576 nm SC light 

Optical path length deviation (μm) 0.13 0.08 

Temperature deviation (°C) ± 1.0 ± 0.4 
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3.3.3 Temperature measurement of SiO2/Si substrate 

The temperatures of SiO2 and Si layers of SiO
2
/Si substrate were simultaneously 

measured. The SiO
2
/Si substrate has 8.55-μm-thickness SiO

2
 layer on Si substrate with 

thickness of 800 μm. Figures 3.10 show the interference waveforms of SiO
2
/Si substrate 

using (a) SC with compensation and (b) SLD (center wavelength: 1325 nm). In the case 

of SC, the interference waveforms at SiO2/air and SiO2/Si were separated while those 

were overlapped in the case of SLD. These results show that the measurement of 

optical-path length of the film thinner than 20 μm is difficult by using SLD while that is 

capable by using SC. Figure 3.11 shows optical path length of Si and SiO
2
 using SC as a 

function of the temperature. The temperature was controlled by a black body furnace 

and the temperature was measured by the thermocouples. In this measurement, the 

temperature was well stabilized in the black body furnace for each measurement. The 

optical path lengths of Si and SiO
2
 monotonically increased with the temperature. These 

results indicate that Si and SiO
2
 temperatures can be simultaneously measured by using 

low-coherence interferometry with SC. In the case of Si layer, the deviation on the 

optical path length was 0.185 μm, which is equivalent to ± 0.9°C on the temperature. 

On the other hand, the optical path length and the temperature for SiO
2
 were 0.108 μm 

and ± 11.6°C, respectively.  

The deviation of Si was slightly larger than that of Si wafer without SiO
2
 layer, 

which seems to be from the deterioration of interference waveform at SiO
2
/Si due to the 

slight overlapping of waveform at SiO
2
/air. The temperature deviation of SiO

2
 was 

larger than that of Si because the thickness and refractive index of SiO
2
 were smaller 

than those of Si, and then the change on the optical length of SiO
2
 against temperature 
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variation is much smaller than that of Si. Further study is necessary for improving the 

accuracy for measuring the temperature of SiO
2
 thin layer, however, a simultaneous 

measurement of SiO
2
 film thickness and Si wafer temperature has been successfully 

carried out using SC interferometry, which will be a powerful tool for monitoring and 

controlling future semiconductor fabrication processes.  
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                                        (a) 

 

                                        (b) 

Fig. 3.10 Interference waveform of SiO
2
/Si substrate using (a) SC with compensation 

and (b) SLD. 
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Fig. 3.11 Optical path lengths of Si and SiO
2
 using SC as a function of the temperature. 
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3.4 Summary 

In this study, the high-resolution temperature measurement of Si wafer was 

presented using optical low-coherence interferometer employing SC. The measurement 

accuracy on wafer temperature is improved by achieving higher resolution of optical 

path length of wafer. The maximum resolving power of the optical path length of the 

media on the low-coherence interferometry depends on the coherent length which 

determined by the spectrum profile and wavelength of the light source. The 

interferences at the front and back interfaces of the media are combined into an 

overlapping interference when the optical path length of the media is shorter than the 

coherence length of the light source. We focused on low-noise, ultra-flat, and highly 

coherent SC generated using ultra-short laser pulse and optical fibers as the light source. 

The SC has a broader spectrum than SLDs, which leads that the coherent length of SC is 

typically several μm while that of SLD is 20 μm. To employ SC for in this system, we 

compensated the wavelength-dispersion of SC in Si wafer using a Si mirror as a 

reference mirror and the interference waveforms of SC lights at front and back surfaces 

of Si wafer are sharper than those of SLD lights. The measurement accuracy on the 

temperature using SC was improved to be ± 0.4°C from ± 1.0°C for SLD. The 

temperatures of Si wafer and SiO
2
 thin film wafer were simultaneously measured by 

using SC on 8.55-m-thickness SiO
2
 film/800-m-thickness Si substrate. Measurement 

deviations of temperature were ± 0.9°C for Si and ± 11.6°C for SiO
2
. The change on the 

optical length of SiO
2
 against temperature variation is smaller than that of Si due to 

smaller refractive index and thinner thickness of SiO
2
 layer. These results show that a 

simultaneous measurement of SiO
2
 film thickness and Si wafer temperature has been 
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successfully carried out using a SC interferometry. A semiconductor manufacturing 

process could be controlled more accurately using this monitoring system. 
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Chapter 4   

 

Temperature Measurement of Silicon 

Substrate with Carbon Nanowalls 

Using Optical Low-Coherence 

Interferometry 

 

4.1 Introduction 

Carbon nanowalls (CNWs) are one of carbon nanostructures, which comprise stacks 

of graphene layers standing vertically on a substrate and successfully synthesized by 

plasma enhanced chemical vapor deposition (PECVD).
[1-6]

 They have excellent 

electrical conductivity and chemical strength derived from the features of their graphene 

sheets. Therefore, electronic channels, interconnects, and electrodes in logical devices, 

electron field emitters, catalytic electrodes of fuel cells, electric double-layer capacitors,  

biosensing elements, and other devices are expected to be realized using CNWs. As 

desicribed in Section 1.3 and Chapter 3, the substrate temperature during processing is 

one of important parameters to control CNWs structures and it is essential to measure 

the temperature in the high-temperature range for controlling the structures and 

characteristics of CNWs precisely. 
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The non-contact measurement of the temperature of a silicon (Si) substrate by using 

low-coherence interferometry (LCI) was reported by Takeda et al. 
[7]

 The LCI has many 

advantages such as temperature measurement of substrate itself, real-time response, 

wide measurement range, wide applicable plasma conditions, and high measurement 

accuracy. Many applications has been realized such as temperature measurements of Si 

substrate in silicon-dioxide (SiO
2
) plasma etching

[8]
 and organic-film plasma etching

[9]
, 

demonstration of an autonomously controllable plasma etching system
[10]

, simultaneous 

measurement of Si substrate temperature and SiO
2
 thickness on SiO

2
/Si substrate

[11, 12]
, 

and improvement of measurement accuracy using supercontinuum light (SC).
[13]

 

The Si temperature is determined from the change in optical path length between 

interference waveform of the front and back surfaces since the optical path length is 

changed by thermal expansion and the variation in refractive index depending on the Si 

substrate temperature.  

 

     TλβαdλnLL Δ'  ,           (4.1) 

 

where d and n(λ) are respectively the thickness and the refractive index of the Si 

substrate at the initial temperature. L is the optical path length at the initial temperature, 

L’ is the optical path length after the temperature change. ΔT is the temperature variation 

from the initial temperature. α is the coefficient of linear thermal expansion and β(λ) is 

the coefficient of temperature dependence of the refractive index. Here, the n and the 

β(λ) are functions of wavelength of the light source. 

From view points of the measurement accuracy, a broadband light source is a key 

factor. The maximum resolving power of the optical path length of the media on the 
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low-coherence interferometry depends on the coherent length, which defined by the 

spectrum profile and wavelength of the light source. We have reported the improvement 

of accuracy with SC, which is low-noise, ultraflat, and highly coherent laser pulse 

generated by using ultrashort laser pulse and optical fibers. 
[14-20]

 The change in the 

optical path length depends on the wavelength as described in eq. (4.1) while SC 

contains the broadband wavelength. It is essential to investigate the wavelength 

characteristics on temperature measurement using LCI in order to enhance the 

measurement accuracy. 

In this study, we demonstrate temperature measurements of Si substrate with CNWs 

layer using optical low-coherence interferometer employing SC and superluminescent 

diodes (SLDs). The wavelength dependence on the optical path length, that is refractive 

index, was investigated by using SC and three SLDs having different wavelengths. 

 

4.2 Experimental 

The experimental system for measuring the temperature is shown in Fig. 4.1. SC 

was generated using ultrashort laser pulse and highly nonlinear fibers. 
[14-20] 

The output 

pulses from a passively mode-locked erbium-doped fiber laser were used as pump 

pulses. The laser generated 260-fs-sech
2
-shaped ultrashort pulses, which were 

introduced into a normal dispersive highly nonlinear fiber (ND-HNLF), resulting in the 

generation of SC pulses with a pulse width of 10 ps due to the monotonous positive 

chirp pulse along the group-delay curve of the ND-HNLF.
[17, 18]

 The coherent length of 

SC, assuming that the power spectrum has Gaussian profile, was estimated to be about 

4.0 μm. Moreover, three SLDs with 1325 nm (a full width at half maximum (FWHM) 
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of 38.0 nm, coherent length of 20.4 μm), 1576 nm (FWHM of 37.6 nm, coherent length 

of 29.1 μm), and 1661 nm (FWHM of 42.4 nm, coherent length of 28.3 μm) were used. 

The collimated SLD light was irradiated to a substrate in the black-body furnace. 

Temperature was measured using thermocouples placed on the substrate surface. A 

laser-type linear encoder was used for measuring the position of the reference mirror in 

order to compensate for the fluctuation of its scanning speed. Al mirror was used as a 

scanning reference mirror. The measurement on each temperature was performed after 

the temperature in black-body furnace become constant. Thus, in this study, the 

temperature measured by the thermocouple in the black-body furnace was defined as the 

true value of the substrate temperature because the probe of the thermocouple and the 

substrate were at thermal equilibrium in the black-body furnace. 

 

 

 

Fig. 4.1 Experimental system for measuring the CNWs/Si or Si temperature. 
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4.3 Results and Discussion 

4.3.1 Fabrication of Carbon nanowalls 

CNWs were synthesized by radical injection PECVD as shown in Fig. 4.2.
[6]

 This 

system consists of a parallel-plate very high frequency (VHF) capacitively coupled 

plasma (CCP) region and a surface-wave microwave excited H
2
 plasma (SWP) as a 

radical source installed in the CCP region. The powers of 400 W with VHF 100 MHz 

for VHF-CCP and of 500 W with 2.45 GHz for SWP were respectively applied. The 

flow rates of CH4 and H
2
 were maintained at 100 and 50 standard cubic centimeters per 

minute, respectively. The total pressure was 5 Pa and the substrate surface temperature 

was 580 °C using an optical pyrometer. Growth time was 15 min and resulting in CNWs 

with the height of ~ 500 nm on 450-μm-thick Si substrates. The SEM images of CNWs 

are shown in Fig. 4.3.   
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Fig. 4.2 Schematic diagram of radical injection plasma enhanced camical vapor 

deposition (RI-PECVD) system. 
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(a) 

 

(b) 

Fig. 4.3 SEM image of CNWs, (a) cross-sectional view, (b) top view.  
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 300 nm 



Chapter 4 

92 

4.3.2 Interferogram of CNWs/Si substrate using SLDs and SC 

Figure 4.4 show an interference waveform of the CNWs/Si substrate using SC as a 

light source, (a) whole waveform, (b) enlarged waveform of bottom surface, and (c) 

enlarged waveform of top surface. The light was introduced to the CNWs/Si substrate 

from the bottom surface. As shown in Fig. 4.4(c), one interference waveforms was 

observed for the bottom surface despite containing Si/CNWs and CNWs/air interfaces 

because the coherent lengths of the light sources was much larger than the thickness of 

CNWs resulting in the waveforms originated from the CNWs/Si and CNWs/air 

interfaceswere superimposed.  

 

 

  

(a) 

Fig. 4.4 Interference waveforms on the CNWs/Si substrate using SC (a) whole 

waveform. 
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(b) 

 

 

(c) 

Fig. 4.4 Interference waveforms on the CNWs/Si substrate using SC (b) enlarged 

waveform of bottom surface, and (c) enlarged waveform of top surface. 
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4.3.3 Measurement of temperature parameters of CNWs/Si 

substrate 

Figure 4.5 shows the optical path length of CNWs/Si substrate as a function of 

temperature measured by thermocouples. Optical path length was deduced from the 

distance between the peaks of the interferences at the bottom s and top surface as shown 

in Fig. 4.4. The optical path lengths monotonically increased with the temperature. 

These results indicate that the temperature of CNWs/Si substrate can be measured by 

using low-coherence interferometry.  

 

 

Fig.4.5 Optical path length of CNWs/Si as a function of temperature. 
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In order to evaluate the characteristics of optical path length against wavelengths, 

the n(λ)(α + β(λ)) of CNWs/Si was deduced from the result of Fig. 4.4 using eq. (4.1) 

and is shown in Fig. 4.6 ( (a) 1325 nm, (b) 1576 nm, (c) 1661 nm, and (d) SC). The 

n(λ)(α + β(λ)) for Si measured from the 800 μm-thick Si substrate was also denoted in 

Fig. 4.6. The n(λ)(α + β(λ))s of CNWs/Si were well corresponded to those of Si. These 

results indicate that the effect of the CNWs layer on temperature measurement was 

almost neg- ligible for CNWs/Si. In our previous report on SiO
2
/Si substrate, the peak 

position of the interference waveform of SiO
2
/Si interface sinusoidally oscillated as the 

waveform was affected by that of SiO
2
/air interface when SiO

2
 thickness changed.

[18,19]
 

On the other hand, in the case of CNWs, there would be no interference at CNWs/air 

because the light was absorbed by the CNWs or reflectance was low owing to poor 

surface roughness. Further work is required to clarify the influence of thickness or 

structure of CNWs on temperature measurement, but the position of interference of 

CNWs/Si interface was not affected by that of CNWs/air interface. In the cases of the 

SLDs, the optical path length increased with decreasing the wavelength at the same 

temperature. This is because the optical path length is multiplication of refractive index 

and thickness of medium, and the refractive index of silicon increases with decreasing 

the wavelength.
[21]

 The values of optical path length for SC were close with those for 

1576 and 1661 nm. The spectrum of SC was the center wavelength of approximately 

1650 nm and FWHM of 500 nm.
[13]

 Thus, the optical path length of SC would be 

decided by the center wavelength and the wideband FWHM affects to the coherent 

length, that is the width of the interference waveform. The slope of optical path length 

against temperature slightly increased with decreasing wavelength. 
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 (a) 

 

(b) 

Fig. 4.6 n(λ)(α + β(λ)) of CNWs/Si  (a) SLD: 1325 nm (b) SLD: 1576 nm. 
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(c) 

 

(d) 

Fig. 4.6 n(λ)(α + β(λ)) of CNWs/Si  (c) SLD: 1661 nm (d) SC. 
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The n(λ)(α+β(λ)) caluculated from Fig. 4.6 (d) is given by  

  

 ( )(   ( ))
  (  )

                                            (4.2) 

 ( )(   ( ))
       (  )

                                    .  (4.3) 

 

In the same way, the n(λ)(α + β(λ)) was calculated as shown in Table 4.1. The 

coefficient of temperature dependence of the refractive index β(λ) is larger as decreasing 

the wavelength while no change in the thermal expansion α is against wavelengths.
[21]

 

The measurement accuracy was evaluated that the changes in optical path length per 1 

ºC were calculated to be 202 nm for 1325 nm, 180 nm for 1576 nm, and 176 nm for 

1661 nm for 800 μm-thickness Si substrate. These results indicate that the high accuracy 

on the temperature measurement is achieved as decreasing the wavelength because the 

resolving power of the optical path length is constant. 

 

 

Table 4.1 the n(λ)(α+β(λ)) of Si and CNWs/Si (10
-4

 ºC
 -1

) 

 
SC SLD 1325 nm SLD 1376 nm SLD 1661 nm 

Si 1.92 2.49 2.24 2.20 

CNWs/Si 1.74 2.19 1.75 1.96 
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4.4 Summary 

In this study, the temperature measurements of 450-μm-thickness Si substrate with 

500-nm-height-CNWs were demonstrated using optical low-coherence interferometer. 

SC and three SLDs at the center wavelengths of 1325 nm, 1576 nm, and 1661 nm were 

used as light sources. Optical path length monotonically increased with the temperature 

and it is found that the temperature of CNWs/Si substrate was successfully measured 

from the optical path length. In order to evaluate the characteristics of optical path 

length against wavelengths, the n(λ)(α + β(λ)) of CNWs/Si was deduced. The 

n(λ)(α-+-β(λ))s of CNWs/Si were well corresponded to those of Si. These results 

indicated that the effect of the CNWs layer on temperature measurement was almost 

negligible for CNWs/Si. The wavelength dependence on the optical path length was 

also investigated. The optical path length increased with decreasing the wavelength at 

the same temperature. The values of optical path length for SC were close to those for 

1576 and 1661 nm. The results indicated that the optical path length of SC was decided 

by its center wavelength and the coherent length was affected by the wideband FWHM. 

These results indicate that the high accuracy on the temperature measurement is 

achieved as decreasing the wavelength.  
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Chapter 5 

 

Optical-Fiber-Type Broadband 

Cavity Ring-Down Spectroscopy 

Using Wavelength-Tunable Ultrashort 

Pulsed Light 

 

5.1 Introduction 

As described in Section 1.4, high-sensitive absorption spectroscopy is strongly 

requested in biological and medical fields. Optical-fiber-type cavity ring-down 

spectroscopy (CRDS) is a powerful technique suitable for very small liquid samples. It 

is based on measurements of the ring-down time of laser intensity in a loop made of 

optical waveguide material. This ring-down time changes as small liquid samples 

containing absorbing species are introduced into the loop. Fiber and fiber components 

are designed to confine the signal light inside the fiber core with smaller loss in 

comparison with the conventional CRDS with high reflective mirrors due to elimination 

of the loss of the optical component.  

Various cavities of Optical-fiber-type CRDS have been reported as side-coupled into 

the core of the fiber with laser pulse
 [1, 2]

, fiber Bragg grating
 [3, 4]

, the gap between the 

fibers
[5,6]

, evanescent waveguide using prism
[7,8]

 or tapered fiber.
[9]

 An 
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evanescent-waveguide cavity using a tapered fiber eliminates the loss owing to the 

coupling between laser pulse and cavity and realizes the high sensitivity measurement 

system. 

Generally, a high-power laser with a single-wavelength or narrow bandwidth, such 

as the tunable dye laser or the laser diode, has been used as the light source; cavity 

mirrors also cover a narrow bandwidth owing to ultrahigh reflection. Hence, when such 

lasers or mirrors are employed in a large measurement system or with several light 

sources of different wavelength, absorption spectra are achieved.  

The wavelength tunable soliton pulse generated in fibers using soliton 

self-frequency shift (SSFS) is attractive light source. The theoretical discovery of 

soliton in fibers was demonstrated by Zakharov and Shabat, and Hasegawa and Tappert 

in the 1970s.
[10,11]

 The SSFS was experimentally demonstrated and then the theory of 

SSFS was established.
[12,13]

 Firstly, Beaud et al. demonstrated the 1.37–1.49 μm 

wavelength-tunable sources using SSFS.
[14]

 The center wavelength of the generated 

soliton pulse is red shifted continuously and monotonically as the fiber input power is 

increased, and many generation method of wavelength tunable soliton pulses using 

various fibers have been reported. 
[15-18]

  

Recently, compact, wavelength-tunable, ultrashort pulse light sources from 1.55 to 

2.0 μm have been demonstrated using a femtosecond pulse laser and nonlinear 

fibers.
[19-23]

 As the fiber input power is increased, the center wavelength of the generated 

soliton pulse is red-shifted continuously and monotonously. The generated pulses are 

clear sech
2
-shaped ultrashort soliton light pulses. Thus, the wavelength can be changed 

by the intensity-modulation of the femtosecond pulse laser and the absorption spectrum 

is obtained easily with no optical loss. 
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In this chapter, an optical-fiber-type broadband CRDS system that uses 

wavelength-tunable ultrashort pulsed light and an evanescent-waveguide using a tapered 

fiber as a sensing component is proposed to measure the absorption spectra without 

optical loss and construct the all optical fiber measurement system. 

 It is well known that diabetes is a disease that is severely harmful for human health. 

Intensive blood glucose control is very important technique in proper diabetes 

management. Blood glucose measurement methods using near-infrared spectroscopy are 

expected as a noninvasive technique for the management of diabetes. The key issue for 

the practical use is to improve the signal to noise ratio so that very low glucose 

absorption can be detected. As a first step, water containing glucose from 1 to 20% was 

measured by the CRDS system to demonste its broadband-spectral feature. 
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5.2 Experimental 

Figure 5.1 shows the optical setup of the optical-fiber-type CRDS system. This 

system employs the Mach–Zehnder interferometer for enhancing the signal-to-noise 

ratio. A passively mode-locked, Er-doped, ultrashort pulse fiber laser was used as a 

pulse light source. It generates 100 fs ultrashort pulses at a repetition rate of 50 MHz. 

The center wavelength is 1556 nm. The power-controlled pulses were coupled into a 

polarization maintaining fiber (PMF) with slightly high nonlinearity. Owing to the 

soliton self-frequency shift in this PMF, the center wavelengths of the output pulses 

could be monotonically tuned as a function of the fiber input power.  

Figure 5.2 shows the wavelength tunability light source using soliton self-frequency 

shift at output of ND-HNLF. It has been realized the tunability of center wavelength 

from 1620nm to 1690 nm with input pulse power modulation at the half wavelength 

plate and polarization beam splitter in Fig. 1.1.  
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Fig. 5.1 Optical setup of optical-fiber type cavity ring-down spectroscopy system; 

dotted arrow denotes light pathway in the case of 5 loop. (LF: optical low pass filter, 

OC: optical fiber coupler, CO: collimator lens, SM: scanning mirror, OS: automatic 

optical switching module, FPC: optical fiber-type polarization controller: HD: 

homodyne-type photo detector, PC: personal computer). 

 

Fig. 5.2 Wavelength tunability of center wavelength of soliton pulse 
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The output pulses were coupled into a fiber coupler and were divided into a signal 

arm and a reference arm. The sensing component was made of single-mode optical fiber, 

which photograph is shown in Fig. 5.3, the clad part of which was stripped off to expose 

samples to the evanescent wave of the light propagating in the core. The sample was 

placed on the stripped core. This sensing component has no significant wavelength 

dependence in the single-mode wavelength region and is suitable for miniaturizing the 

system. A scanning mirror was used to obtain the interference waveform between signal 

and reference beams. In this system, loop fibers in the reference beam with different 

optical delay lengths were selected by using an optical switching module to obtain the 

ring-down plot. The optical delay lengths of the loop fibers were set to be 1, 5, and 10 

times as long as that of a fiber loop in the signal beam to obtain interference waveforms. 

A homodyne photo detector was used to enhance the signal-to-noise ratio. 

  

  

                   (a)       (b) 

Fig. 5.3 Photograph of the sensing component. (a) cross section, (b) top view. 
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5.3 Results and Discussion 

5.3.1 Ring-down measurement on single-wavelength 

Figure 5.4 shows the interference waveforms without a sample, at a wavelength of 

1630 nm in the cases of (a)1-loop path, (b) 5-loop path, (c) 10-loop path. When the 

optical delay line of the 1-loop path in the reference arm is selected using the optical 

switching module and the reference mirror is scanned, an interference waveform is 

obtained as shown in Fig. 5.4(a). The waveform is obtained because the optical path 

length of the reference arm with a 1-loop path delay length corresponds to that of a 

round fiber loop being propagated by a pulse 1 time in the signal arm. Interference 

waveforms as shown in Fig. 5.4 (b) and (c) were obtained by changing optical delay 

lines with 5 and 10-loop paths using the optical switching module. Thus, ring-down 

plots are derived from the peak intensities of the waveforms as a function of the optical 

delay length.  
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(a) 

 

 

(b) 

Fig. 5.4 Interference waveform without a sample at a wavelength of 1630 nm, (a) 

1-loop path, (b) 5-loop path 
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(c) 

Fig. 5.4 Interference waveform without a sample at a wavelength of 1630 nm, (c) 

10-loop path.  
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Figure 5.5 shows the ring-down plot for various concentrations of glucose diluted by 

water at a wavelength of 1630 nm, obtained from the intensities of the interference 

waveforms. The ring-down plot for diluted water was also measured as a reference 

sample. The interference intensity decreased exponentially with the increase in the 

number of propagation times around the fiber loop; the optical path length of the round 

trip was approximately 3 m. The absorption length d in eq. (1.5) was evaluated to be 1.3 

mm. From eq. (1.5), the absorbance of 5% glucose was estimated to be 0.013 against 

the diluted water as a reference sample; this value is good agreement with that measured 

using the absorption spectrophotometer. The correlation coefficient of the calibration 

curve was estimated to be 0.997 in the glucose concentration range of 0–20%. 

 

 

 

Fig. 5.5 Ring-down plot for various concentrations of glucose. 
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5.3.2 Absorption measurement of glucose on multi-wavelength 

Plots from 1620 to 1690 nm in Fig. 5.6 show the absorption spectra for several 

concentrations of glucose, measured using the broadband CRDS. The solid line denotes 

the absorption spectra measured by the absorption spectrophotometer. Figure 5.7 shows 

the calibration curve from 1620nm to 1690nm. In addition, the regression equation of 

glucose concentration Cg in the multi-wavelength is calculated by a multiple regression 

analysis using the calibration curve,  

 

Cg = 251A1620 + A1630 - 47A1640 -29 A1650 -149A1660 + 220A1670 - 299A1680 

 + 1487A1690 + 6×10
-3            

(5.1) 

 

Here, Ax represents the absorbance at each wavelength. Table 5.1 shows the standard 

deviation of the concentration of glucose solution was measured using a 

single-wavelength and multi-wavelength. The measurement error for 20% glucose was 

improved from 1.1%, estimated from the absorbance of single-wavelength, to 0.6%, 

estimated using multiple linear regression analysis. The sensitivity of this system can be 

further improved by increasing the number of propagation times around the fiber loop. 

 



Chapter 5 

113 

 

Fig. 5.6 Absorption spectra of various concentrations of glucose. 

 

 

Fig. 5.7 Absorption spectra of various concentrations of glucose. 
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Table 5.1 Standard deviation of concentration of glucouse. 

Concentration (%) Single-wavelength (%) Multi-wavelength (%) 

5 1.357  0.754  

10 1.122  0.604  

20 1.085  0.573  
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5.4 Summary 

An optical-fiber-type broadband cavity ring-down spectroscopy system that employs 

wavelength-tunable ultrashort pulsed light was presented. The absorption spectrum of 

glucose was successfully obtained in the wavelength region from 1620 to 1690 nm by 

varying the wavelength using a wavelength-tunable ultrashort pulsed light. The 

measurement deviation of concentration was improved by using multiple linear 

regression analysis of absorption spectra. 

These results demonstrate that the optical-fiber type cavity ring-down spectroscopy 

system has a potential to measure the broadband absorption spectra with high sensitivity. 

The proposed system will be a powerful tool for analyzing precious bio-samples etc. 

because of its broadband, high-sensitive, and compact features.  
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Chapter 6 

 

Conclusions 

 

6.1 Summary of This Thesis 

In this thesis, the accurate temperature monitoring of substrates and the high 

sensitive monitoring of biomaterials was investigated aiming to extend the application 

of wavelength-tunable ultrashort-pulse laser and supercontinuum (SC) light to the 

monitoring of plasma processes and bio-sensing processes. 

In Chapter 1, ultrashort-pulse laser, wavelength-tunable ultrashort-pulse laser, and 

SC light were introduced as backgrounds for novel light sources. Moreover, 

backgrounds for monitoring of substrate temperature for plasma processing and high 

sensitive monitoring and analysis for biomaterials were introduced as novel applications 

of those lights. Finally, the purpose and overview of this thesis were presented. 

In Chapter 2, the theory of the low-coherent interferometry, which is based on the 

Michelson interferometer, and cavity ring-down spectroscopy (CRDS) used in this study 

were presented. At first, the principle of the interferometry with high and low temporal 

coherence light was described. Next, the theory of substrate temperature measurement 

was presented. Finally, the principle of CRDS and introduce the earlier study of 

fiber-type CRDS were presented. 
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In Chapter 3, the high-resolution temperature measurement of Si wafer was 

presented using optical low-coherence interferometer employing SC. The measurement 

accuracy on wafer temperature is improved by achieving higher resolution of optical 

path length of wafer. The maximum resolving power of the optical path length of the 

media on the low-coherence interferometry depends on the coherent length which 

determined by the spectrum profile and wavelength of the light source. The 

interferences at the front and back interfaces of the media are combined into an 

overlapping interference when the optical path length of the media is shorter than the 

coherence length of the light source. I focused on low-noise, ultra-flat, and highly 

coherent SC generated using ultra-short laser pulse and optical fibers as the light source. 

The SC has a broader spectrum than superluminescent diodes (SLDs), which leads that 

the coherent length of SC is typically several μm while that of SLD is 20 μm. To 

employ SC for in this system, we the wavelength-dispersion of SC in Si wafer was 

compensated using a Si mirror as a reference mirror. It was confirmed that the 

interference waveforms of SC lights at front and back surfaces of Si wafer are sharper 

than those of SLD lights.  

The measurement accuracy on the temperature using SC was improved to be ± 

0.4°C from ± 1.0°C for SLD. The temperatures of Si wafer and SiO2 thin film wafer 

were simultaneously measured by using SC on 8.55-m-thickness SiO2 film / 

800-m-thickness Si substrate. Measurement deviations of temperature were ± 0.9°C 

for Si or ± 11.6°C for SiO2. The change on the optical length of SiO2 against 

temperature variation is smaller than that of Si due to smaller refractive index and 

thinner thickness of SiO2 layer. These results showed that a simultaneous measurement 
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of SiO2 film thickness and Si wafer temperature has been successfully carried out using 

a SC interferometry.  

In Chapter 4, the temperature measurements of 450-μm-thick Si substrate with 

500-nm-height-CNWs were demonstrated using optical low-coherence interferometer. 

SC and three SLDs at the center wavelengths of 1325 nm, 1576 nm, and 1661 nm were 

used as light sources. Optical path length monotonically increased with the temperature 

and it is found that the temperature of CNWs/Si substrate was successfully measured 

from the optical path length.  

The characteristics of optical path length against wavelengths were investigated. 

The results indicated that the effect of the CNWs layer on temperature measurement 

was almost negligible for CNWs/Si. The wavelength dependence on the optical path 

length was also investigated. The optical path length increased with decreasing the 

wavelength at the same temperature. The values of optical path length for SC were close 

to those for 1576 and 1661 nm. The results indicated that the optical path length of SC 

was decided by its center wavelength and the coherent length was affected by the 

wideband FWHM. These results indicated that the high accuracy on the temperature 

measurement is achieved as decreasing the wavelength.  

In Chapter 5, An optical-fiber-type broadband cavity ring-down spectroscopy 

system that employs wavelength-tunable ultrashort pulsed light was presented. The 

absorption spectrum of glucose was successfully obtained in the wavelength region 

from 1620 to 1690 nm by varying the wavelength using a wavelength-tunable ultrashort 

pulsed light. The measurement deviation of concentration was improved by using 

multiple linear regression analysis of absorption spectra. These results demonstrated 

that the optical-fiber type cavity ring-down spectroscopy system has a potential to 
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measure the broadband absorption spectra with high sensitivity. Therefore, the system 

would be applied to in-situ monitoring tool with ultra-high sensitivity for surface 

reactions in plasma processes as well as bio-applications.   

 

6.2 Scopes of Future work 

In this thesis, the accurate temperature monitoring tool of substrates was presented 

using SC light. The accurate monitoring of substrate temperature will be a powerful tool 

for realize autonomous plasma nano-fabrication processes. As described in Section 1.3, 

according to ITRS, the manufacturing variations of gate must be controlled from 3 to 2 

nm (3σ) in the 45 nm generation and will be less than 1 nm in 20 nm generation which 

is scheduled in 2015. In the generation, temperature fluctuation control or autonomous 

radical-density control with precise temperature measurement less than 1˚C will be 

necessary. The temperature monitoring system will be a key technology for satisfying 

the next generation requirement in the plasma etching process. Moreover, besides the 

etching process, the system will be more powerful tool in plasma enhanced plasma 

chemical vapor deposition (PECVD) processes. In this thesis, the system was 

successfully applied to CNW thin films on Si substrates as a PECVD process but will be 

applicable to various kinds of thin film deposition processes. Thus, the system will be a 

key tool for realizing autonomously controlled plasma etching and deposition processes. 

Moreover, it will be suitable for not only plasma processes but also various processes to 

control the substrate temperature, for example, molecular beam epitaxy, deep level 

transient spectroscopy and so on. Semiconductor-manufacturing processes could be 

controlled more accurately using this monitoring system. 
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Furthermore, the high-sensitive monitoring tool of biomaterials was presented using 

a compact wavelength-tunable ultrashort-pulse laser. The tool will be a powerful tool 

for not only analyzing precious bio-samples but also monitoring the quality of thin film 

fabricated in plasma process because of its broadband, high-sensitive, and compact 

features. If the system is applied to the CNWs deposition process, the absorption of the 

CNWs will be obtained even in the initial stage of the deposition. The control of quality 

in the initial stage is a key issue for improving the CNWs quality and the morphological 

structure.
 [1]

 To apply the system to the deposition process, there are some problems 

such as light absorption caused by the heat of the substrate and change in the refractive 

index due to the deposited film. To improve this system, more broaden light source and 

high-sensitive detector and more information that thin film has effect on interference 

waveform are demanded. From the observations of the initial stages, the control of the 

qualities and morphologies of CNWs films will be also realized using the CRDS system. 

Thus, the monitoring tools of substrate temperatures and surface reactions as well as 

radical densities will be indispensable for realizing autonomously controlled plasma 

nanofabrication processes.  

Recently, more broadband and high-resolution wavelength-tunable ultrashort-pulse 

lasers have been developed. Using these lasers and this system, high-sensitive, 

high-resolution, ultrafast spectroscopy in the visible to infrared region will be realized 

for detecting and analyzing substances with very small volume and very low density or 

for monitoring the quality of very thin film fabricated in various processes as well as 

plasma ones. 
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T. Hiraoka,  

T. Kageyama, 

T. Ohta, K. Takeda,  

M. Ito, and M. Hori 

2 

 

Accurate Monitoring 

System for Silicon Wafer 

Temperature Using 

Super-Continuum Light 

Source on 

Low-Coherence 

Interferometry 

2nd International 

Symposium on Advanced 

Plasma Science and its 

Application, PA007A, 

p.120, Meijo University, 

Nagoya Japan, Mar. 7-10, 

2010. 

 

T. Hiraoka,  

T. Kageyama,  

C. Koshimizu,  

T. Ohta, M. Ito,  

N. Nishizawa, 

and M. Hori 

 

3 Measurement of silicon 

substrate temperature by 

optical low coherence 

interferometry using 

Super-Continuum light 

(Oral) 

The 11th International 

Workshop on Advanced 

Plasma Processing and 

Diagnostics, PO-04,    

p.31, Ramada Jeju Hotel, 

Jeju, Korea, July 8-9, 

2010. 

T. Hiraoka, T. Ohta,  

M. Ito, N. Nishizawa,  

and M. Hori 
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4 High resolution 

measurement of silicon 

wafer temperature using 

super-continuum light on 

optical low-coherence 

interferometry  

63rd Annual Gaseous 

Electronics Conference 

and 7th International 

Conference on Reactive 

Plasmas, CTP. 66, p.27, 

Paris, France, October 

4-8, 2010. 

 

T. Hiraoka,  

C. Koshimizu,  

T. Ohta, M. Ito,  

N. Nishizawa,  

and M. Hori 

5 Study of Terahertz Time 

Domain Spectroscopy for 

Biological Plasma 

Applications 

(Oral) 

The 12th International 

Workshop on Advanced 

Plasma Processing and 

Diagnostics, S09, Kyushu 

University, Fukuoka, 

Japan, Jan. 4-6, 2011. 

 

T. Hiraoka, K. Takeda, 

K. Ishikawa, H. Kondo, 

M. Ito, M. Sekine,  

M. Hori 

6 Measurement of Optical 

Properties of 

Carbon-based Material 

Using Terahertz Time 

domain Spectroscopy 

3rd International 

Symposium on Advanced 

Plasma Science and its 

Applications for Nitrides 

and Nanomaterials, 

Nagoya Institute of 

Technology, P2-002A, 

p.97, Nagoya, Japan, Mar. 

6-9, 2011. 

 

T. Hiraoka, K. Takeda,  

K. Ishikawa, H. Kondo, 

M. Ito, M. Sekine,  

and M. Hori  
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7 Evalutaion of Penicillium 

digitatum sterilization 

using non-equilibrium 

atmospheric pressure 

plasma by terahertz 

time-domain 

spectroscopy (Oral) 

 

64th Annual Gaseous 

Electronics Conference, 

DT2.7, p.20, Salt Lake 

City, Utah, Nov. 14-18, 

2011. 

T. Hiraoka, N. Ebizuka,  

K. Takeda, T. Ohta,  

H. Kondo, K. Ishikawa,  

K. Kawase, M. Ito,  

M. Sekine, and M. Hori  

8 Terahertz time-domain 

spectroscopy for 

penicillium digitatum 

sterilization using 

non-equilibrium 

atmospheric pressure 

plasma 

4th International 

Symposium on Advanced 

Plasma Science and its 

Applications for Nitrides 

and Nanomaterials, 

P1021A, p.74, Chubu 

University, Aichi, Japan, 

Mar. 4-8, 2012. 

 

T. Hiraoka, N. Ebizuka,  

K. Takeda, T. Ohta,  

K. Ishikawa, M. Ito,  

K. Kawase, M. Sekine, 

M. Hori  

9 Temperature 

Measurement of Carbon 

Nanowall/Silicon 

Substrate Using 

Fourier-Domain 

Low-coherence 

Interferometry 

5th International 

Conference on 

PLAsma-NanoTechnology 

& Science, P-35, Freude, 

Inuyama International 

Sightseeing Center, Aichi, 

Japan, Mar. 9-10, 2012. 

 

T. Hiraoka, M. Natsume, 

H. Kato, T. Tsutsumi,  

T. Ohta, M. Ito,  

K. Takeda, H. Kondo,  

M. Hori 
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10 Terahertz Time-domain 

Spectroscopic Sensing of 

Penicillium Digitatum 

Inactivated by 

Non-equilibrium 

Atmospheric Pressure 

Plasmas 

 

2012 MRS Spring 

Meeting & Exhibit, 

WW-7.3, Moscone West 

Convention Center / 

Marriott Marquis, San 

Francisco, California, Apr. 

9-13, 2012. 

T. Hiraoka, N. Ebizuka,  

K. Takeda, T. Ohta,  

K. Ishikawa, M. Ito,  

K. Kawase, M. Sekine,  

and M. Hori 

 

 

11 Optical Properties of 

Carbon Nano Walls in 

Terahertz Frequencies 

Region 

11th APCPST / 25th 

SPSM, 2-P45, p.282, 

Kyoto University ROHM 

Plaza, Kyoto, Japan, Oct. 

2-5, 2012. 

 

T. Hiraoka, K. Takeda,  

T. Ohta, N. Ebizuka,  

H. Kondo, K. Ishikawa,  

K. Kawase, M. Ito,  

M. Sekine, and M. Hori  

12 Temperature 

measurement of substrate 

with a thin film using 

low-coherence 

interference 

 

65th Annual Gaseous 

Electronics Conference, 

UF3.1, p.108, Austin, 

Texas, USA, Oct. 22-26, 

2012. 

T. Tsutsumi, T. Hiraoka,  

K. Takeda, K. Ishikawa,  

H. Kondo, T. Ohta,  

M. Ito, M. Sekine,  

and M. Hori 

13 Measurement of carbon 

nanowalls / silicon 

substrate temperature by 

Fourier-domain 

low-coherence 

interferometry 

5th International 

Symposium on Advanced 

Plasma Science and its 

Applications for Nitrides 

and Nanomaterials, 

P1022A, p.79, Nagoya 

University, Aichi, Japan, 

Jan. 28 - Feb. 1, 2013. 

 

T. Hiraoka, T. Tsutsumi, 

H. Kato, K. Takeda,  

T. Ohta, H. Kondo,  

K. Ishikawa, M. Ito,  

M. Sekine, M. Hori 
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14 Real time temperature 

measurements of 

film-covered-substrate 

employing fourier domain 

low coherence 

interferometer during 

plasma processes 

5th International 

Symposium on Advanced 

Plasma Science and its 

Applications for Nitrides 

and Nanomaterials, 

P1023A, p.80, Nagoya 

University, Aichi, Japan, 

Jan. 28 - Feb. 1, 2013. 

 

T. Tsutsumi, T. Hiraoka,  

K. Takeda, K. Ishikawa, 

T. Ohta, M. Ito,  

H. Kondo, M. Sekine,  

M. Hori 

15 Temperature 

measurement of carbon 

nanowall / silicon 

substrate using 

super-continuum light 

source on low-coherence 

interferometry 

6th International 

Conference on 

PLAsma-NanoTechnology 

& Science, P-G11, Gero 

Synergy Center, Gifu, 

Japan, Feb. 2-3, 2013. 

T. Hiraoka, H. Kato, 

T. Tsutsumi, T. Ohta,  

M. Ito, K. Takeda,  

H. Kondo, M. Hori 
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3. Research Project 

 

· International Training Program (Program for incubating young researchers on plasma 

nanotechnology materials and device processing, conducted by Japan Society for the 

Promotion of Science) in Prof. Graham research group, Queen’s University Belfast, 

Belfast, Northern Ireland, UK, from January to March, 2011. 

 

 

 

 


