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Abstract 
 

ramatic growth in fiber-optical network traffic demand is driving the need for new 

high-bandwidth optical components including optical switches. Many technologies; 

for example, microelectro mechanical systems (MEMS), silica-on-silicon planar 

lightwave circuit (PLC), polymer optical waveguide, intersubband transition (ISBT) in quantum 

nanostructure, optical non-linearity in semiconductor optical amplifier (SOA), have been 

proposed as a candidate for a solution of high optical traffic demand. Each technology possesses 

unique advantage and disadvantage properties. Among these competitors, intersubband transition 

in semiconductor multiple quantum wells (MQWs) has an outstanding merit which is the 

ultrafast response. In the fiber-optic communications, the conventional wavelength window, 

known as the C band, covers the wavelength range 1.53-1.57 µm, and the new dry fiber has a 

low-loss window promising an extension of that range to 1.30-1.65 µm. Hence, material systems 

with large enough conduction band offset to accommodate intersubband transitions at these 

relatively short wavelengths include InGaAs/AlAsSb, (CdS/ZnSe)/BeTe, GaInNAs/AlAs, and 

GaN/Al(Ga,In)N MQWs. Among these materials, GaN/AlN MQW structures are promising 

owing to their large conduction band offset allowing a short intersubband transition wavelength 

in a simple quantum well structure. Moreover, the extremely fast intersubband relaxation in the 

order of sub-picoseconds due to the large longitudinal optical phonon energy and the large 

electron effective mass promotes intersubband transition in nitrides immensely interesting for the 

development of ultrafast photonic devices capable for 0.1-1 Tb/s bit rate. 

 However, in the past few years, the number of publications of all-optical switches using 

intersubband transition in nitride MQWs is not as much as that of GaN-based light emitting 

devices and high electron mobility transistors. It has also been overwhelmed by fiber-based and 

phosphide-based optical switches. This is because of the growth of GaN/AlN MQWs realizing 

short intersubband transition wavelength is not an easy task, especially the growth by 

metalorganic vapor phase epitaxy (MOVPE) technique which is a large-scale fabrication system. 

The short intersubband transition in GaN/AlN MQWs has been long for only realized by 

molecular beam epitaxy (MBE) technique. Furthermore, the issue of high power consumption for 

operating nitride-based all-optical switches is considerably one of major obstructions. Due to 

D



iv 
 

these reasons, the research of intersubband transition in GaN/AlN MQWs as well as their 

applications has been developed in a slow manner. 

 In this work, the MOVPE growth and fabrication of all-optical switches utilizing 

intersubband transition in GaN/AlN MQWs have been investigated. The issue of the realizing of 

short intersubband transition wavelength in MOVPE grown GaN/AlN MQWs has been first 

conducted by extracting the factors that hinder the short wavelength. A growth method called 

pulse injection method has been investigated and used for suppressed the problem caused by the 

conventional MOVPE growth. By tailoring the strain in GaN/AlN MQWs using AlGaN 

interlayer inserted between GaN/AlN MQWs and AlN buffer layer, 1.5-µm-range intersubband 

transition has been fully realized using pulse injection MOVPE. The properties of intersubband 

transition are excellent in terms of transition wavelength, absorption intensity and full-width at 

half-maximum of absorption peak. 

 Later in this dissertation, AlN-based waveguides with GaN/AlN MQWs grown by 

MOVPE have been designed and fabricated. The measurement and characterization of fabricated 

AlN-based waveguide has demonstrated the existence of intersubband absorption in waveguide 

structure which is an important step toward the fabrication of all-optical switches. The 

propagation loss in AlN-based waveguide has been investigated and analyzed by comparing with 

MBE fabricated samples. Later, the spot-size converter has also been introduced as an answer for 

high coupling loss issue in the plane waveguide structure. Each of AlN-based waveguides 

fabricated in this thesis exhibited the saturable absorption indicating the functionality of all-

optical switch. 

 This dissertation has demonstrated the potential of all-optical switch application in 

MOVPE grown AlN-based waveguide with GaN/AlN MQWs absorption core. This achievement 

is an important milestone in the development of optical devices utilizing intersubband transition 

in MOVPE grown GaN/AlN MQWs. Furthermore, the succeed in the growth procedure indicates 

the capability of MOVPE system for the growth of high quality GaN/AlN MQWs and may 

renew the interest of intersubband transition in nitride semiconductors.  
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Chapter 1 Introduction 
 

 

 

 

he basic knowledge about nitride semiconductors, crystal growth techniques and device 

application will be given in this chapter. Start with the general introduction in section 

1.1, the concept of intersubband transition (ISBT) was adjacently explained in section 

1.2. Then, in the section 1.3, principles of GaN MQWs intersubband all-optical switch was first 

explicated followed by the remarkably chronological record of related researches and up to date 

status of practical applications as well as obstacles in the development of GaN-based 

intersubband devices. This leads to the motivation and synopses of this work given in section 1.4 

and 1.5, respectively. 

 

1.1 General Introduction 
 

Intersubband transitions in semiconductor multiple quantum wells (MQWs) have proven 

their capability for optoelectronics in the mid- and far-infrared spectral regions. In the view point 

of response time, sensitivity and reproducibility, intersubband photodetectors present advantages 

in comparison with interband devices. Moreover, intersubband quantum cascade (QC) lasers are 

a new and rapidly evolving technology with advantages such as their intrinsic wavelength 

tailorability, high-speed modulation capabilities, large output powers, operation above room 

temperature, and fascinating design potential. These features make them particularly promising 

for applications in terabit optical data communications or ultra-precision metrology and 

spectroscopy. The potential of QC lasers as trace gas sensors for environmental, automotive, or 

medical applications have already been proved in the mid- or far-infrared spectral range, using 

semiconductor materials such as GaAs/AlGaAs, InGaAs/AlInAs-on-InP or InAs/AlSb. The 
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extension of intersubband optoelectronics toward the near infrared spectral region is interesting 

for the development of ultrafast photonic devices for optical telecommunication networks, as 

well as for application in a variety of chemical forensics, biological and chemical sensors 

pollution detection, chemical and biological warfare, medical diagnostics, and industrial process 

monitoring. Semiconductor systems with large conduction band offset enough to accommodate 

intersubband transitions at these relatively short wavelengths include InGaAs/AlAsSb [1], 

(CdS/ZnSe)/BeTe [2], GaInNAs/AlAs [3], and GaN/Al(Ga,In)N QWs [4-10]. In the case of III-

nitride heterostructures, their conduction band offset; around 1.8 eV for the GaN/AlN system [7-

10], is large enough to develop intersubband devices operating in the fiber-optics transmission 

windows at 1.3 and 1.55 µm. A specific advantage of III nitrides is their extremely short 

intersubband absorption recovery times (~140-400 fs [11,12]) due to the strong electron-phonon 

interaction in these materials opening the way for devices operating in the 0.1-1 Tbit/s bit rate 

regime. Furthermore, the remote lateral valleys lie very high in energy (>2 eV above the Γ valley 

[13,14]), which is a key feature to achieve intersubband lasing. Finally, devices would benefit 

from other advantages of the nitride technology, such as high power handling capabilities and 

chemical and thermal robustness. In the last few years, various groups have reported 

intersubband absorption at 1.3-1.55 µm in GaN/Al(Ga)N nanostructures in the form of QWs [4-

11] or quantum dots [15-16]. The first GaN/AlN photovoltaic QW infrared photodetectors 

(QWIP) [17-19], lateral transport quantum dot infrared photodetectors [20-21], and QC detectors 

[22] have been recently demonstrated. Additionally, there has been an important research effort 

on saturable absorbers for ultrafast all-optical switching [12,23-25]. GaN-based all-optical 

switches with an extinction ratio larger than 10 dB have been demonstrated [24-25]. Strong 

electronic coupling in double GaN/AlN QWs has been reported [26-27], which sets the basis for 

the fabrication of intersubband modulators and unipolar lasers. The first demonstrations of 

electromodulated absorption at 1.3-1.55 µm based on intersubband transitions in III-nitride 

nanostructures have been recently reported [28-29]. Finally, room-temperature intersubband 

photoluminescence from GaN/AlN QWs and quantum dots at wavelengths down to λ=1.5 µm 

has been observed at room temperature [30-31]. Despite several theoretical proposals [32-37], 

lasing action has not been achieved so far. 
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1.2 Intersubband Transition 

1.2.1 Background 
 

A single quantum well structure consists of a thin narrow band gap semiconductor layer 

(well, usually less than 10 nm) buried with two wide band gap semiconductor layers (barriers). 

In the thin layer, the carrier motion (both electron and hole) in the direction which normal to the 

layers is restricted and the kinetic energy of carrier is quantized to discrete energy levels that 

satisfy the Schrödinger equation. Each discrete level is called subband and can be tuned by 

adjusting the well thickness and depth. Both electrons and hole have their own subband energy 

levels, i.e. the subbands of electrons exist above the conduction band while that of holes exist 

below the valence band. The term “intersubband transition” is used to describe the transition of 

electrons or holes between their own subband energy levels. Figure 1.1 shows the intersubband 

and interband transition. 

 
 

Fig. 1.1 Interband and Intersubband Transition 

  

The interband transition is bipolar transition in which photon energy is limited by energy 

bandgap Eg of material. In contrast, the intersubband transition is unipolar transition in which 

photon energy depends on the well thickness and can be tailors. Hence, intersubband-based 

devices allow the transition in wavelength which is not possible in conventional interband 

devices. 
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1.2.2 Relaxation Mechanism in Intersubband 
 

The mechanism of the intersubband relaxation is of special interest. Figure 1.2 shows 

the schematic of the relaxation mechanism of an excited carrier between subbands. Those 

relaxations relate to the scattering, for example, acoustical and optical phonon scattering. First, 

the excited carriers (electrons) have to be transferred with finite k// to the high kinetic energy 

region of ground subband and then followed by intrasubband cooling to the bottom region. Only 

electrons in this region can be re-excited by light to the upper energy level. The relaxation time is 

the approximately equal to the summation of the time for intersubband relaxation (Tinter) and 

intrasubband relaxation (Tintra). The intrasubband relaxation is much faster than that of 

intersubband. The fastest relaxation process is considered to be the relaxation with longitudinal 

optical (LO) phonon scattering [38-40]. 

 

 
 

Fig. 1.2 Intersubband relaxation mechanism 

 

Among these available materials which allow the intersubband transition at 1.55 µm, the 

relaxation mechanism in GaN nanostructure is considerably the fastest owing to its large LO 

phonon energy and large electron effective mass [11-12]. Equation 1-1 describes electron-LO 

phonon scattering rate. 
1
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where, 0W , *m , LOω  and ε  are scattering rate, electron effective mass, LO phonon energy and 

dielectric constant, respectively. 

 

Table 1.1 Scattering rate and related parameters of GaN compared with other semiconductors 

 InGaAs GaN ZnSe CdS 

 (eV)gE  0.75 3.4 2.8 2.5 

*
0 ( )m m  0.042 0.2 0.16 0.19 

0ε  14.1 9.5 9.1 10.3 

ε ∞  11.6 5.4 5.75 5.2 

 (meV)LOωh  36 88 31 38 

-1 1
0  (p )W s−  6.7 121 51 90 

 

1.3 All-Optical Switches Utilizing Intersubband Transition 

1.3.1 Operating Principle 
 

 All-optical modulators and switches have been attracting much attention recently because 

they are expected to be realized by utilizing the ultrafast intersubband transition. Compared to 

other candidate technologies, for example, microelectro mechanical systems (MEMS), silica-on-

silicon planar lightwave circuit (PLC), polymer optical waveguide and optical non-linearity in 

semiconductor optical amplifier (SOA), intersubband transition in semiconductor nanostructure 

have several outstanding advantages including extremely fast response time and low loss. In 

addition, their wide range of wavelength tunability makes these devices possible to be fabricated 

at wavelength around 1.55 µm, the silica-fiber-based optical communication wavelength. All-

optical modulators utilizing intersubband transition have also been believed to be the key point 

for the development of future optical communication networks.  
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Fig. 1.3 Schematic diagram of the interband optical modulation using intersubband 

transition in an n-doped QW (a) without and (b) with control light. 

 

 Figure 1.3 [41] shows interband optical modulation using intersubband transition. The 

signal light can be controlled by a control light pulse. Without the control light, the device is 

transparent to the signal light because electrons in valence band (VB1) cannot absorb light and 

excite to fully occupied conduction band (CB1). However, with the control light resonating 

between CB1 and CB2, some electrons are excited from CB1 to CB2, leaving empty states in 

CB1 which electrons excited by the signal light can fill. 

However, in this modulation, the wavelength of the signal light is not applicable to the 

1.55 µm optical communication networks since the wavelength resonant to the interband 

transition is usually much shorter than 1.55 µm. Therefore, the intersubband optical modulation 

using intersubband transition has been introduced. Figure 1.4 shows the modulation scheme 

using the cross absorption modulation technique. Both signal and control light pulses are 

therefore set to be around 1.55 µm with a little bit different in wavelength, while the intensity of 

the control light is much larger than that of the signal light. Without the control light, the signal 

light will be absorbed in the quantum well, thus no output signal from the device. When the large 

intensity control light is guided together with signal light, it will be absorbed and excites most of 

electrons from CB1 to CB2, causing the saturation of absorption. Therefore, the device becomes 

transparent to the signal light. 
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Fig. 1.4 Schematic diagram of the optical modulation using cross absorption in 

intersubband transition (a) without and (b) with control light. 

 

1.3.2 A Brief History of the Progress of Nitride Intersubband All-Optical Switches 
 

 In order to clarify the current status of all-optical switches utilizing intersubband 

transition in GaN/Al(Ga)N MQWs, a brief explanation on related studies is chronologically 

given. 

In 1990 S. Noda et al. has theoretically investigated and proposed the light-controlled 

optical modulation using n-doped quantum well structure [42]. It has been shown that the very 

fast modulation speed of picosecond can be expected by this device. 

In 1997 N. Iizuka et al. has investigated, theoretically, the feasibility and mechanism of 

the intersubband transition in GaN/Al(Ga)N quantum wells for ultrafast optical switches [43]. 

The intersubband relaxation time at 1.55 µm is estimated about 80 fs, 30 times faster than that in 

InGaAs quantum well (Fig. 1.5). It showed a potential to utilize GaN intersubband optical 

switches operating at a bit rate higher than 1 Tb/s. This report has driven the interest of optical 

switches utilizing intersubband transition in GaN/Al(Ga)N quantum wells. 

The intersubband optical switches using nitride multiple quantum wells have been 

brought close to the reality when N. Iizuka et al. has observed absorption via intersubband 

transition in MBE grown GaN/AlN MQWs in 2002 [11]. The intersubband transition 

wavelengths from 1.33 µm to 2.17 µm have been achieved. From the investigation of absorption 

saturation at a wavelength of 1.48 µm, a relaxation time of 400 fs was confirmed and a saturation 

density of 0.5 pJ/µm2 was obtained. The dependency of the intersubband transition wavelength 
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on the GaN well thickness was studied and the calculation results indicated that the strain-

induced electric field as large as 4-6 MV/cm exists in the wells as shown in Fig. 1.6. 

 

 
 

Fig. 1.5 Comparison of intersubband relaxation time in GaN and InGaAs quantum well 

 

 
 

Fig. 1.6 The transmittance spectra in GaN/AlN MQWs by FTIR. The inset is the 

dependence of the absorption wavelength on the well thickness. The calculation 

results are also shown by solid lines with internal fields as a parameter. 
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Several achievements on optical modulation utilizing intersubband transition in MBE 

grown GaN/AlN MQWs have been reported by the same authors [12,23-24,44]. The noticeable 

improvement of intersubband absorption saturation was reported by using MOVPE grown GaN 

layer as a buffer for depositing GaN/AlN MQWs by MBE [12,24,44] as its structure is 

schematically shown in Fig. 1.7(a). This is because MOVPE can provide high quality with low 

dislocation density bulk layers which cannot be realized by MBE. An extinction ratio as high as 

11.5 dB was achieved with a control pulse energy of 150 pJ in a ridge GaN waveguide (Fig. 

1.7(b)). 

 

 
 

Fig. 1.7 (a) Schematic of ridge GaN-based waveguide with MBE grown GaN/AlN MQWs (b) 

polarization dependent loss versus input pulse energy: 3-, 5-, 10-dB saturations are indicated. 

 

The research regime of nitride optical devices has changed in year 2007 when C. 

Kumtornkitikul et al. have fabricated intersubband all-optical switches using AlN waveguide 

with MBE grown GaN/AlN MQWs [45]. In this work MOVPE grown AlN layer was employed 

as a buffer for MBE grown GaN/AlN MQWs instead of GaN buffer. The author pointed out the 

advantages of utilizing AlN buffer layer including low background propagation loss and 

favorable for single mode propagation waveguide. The intersubband absorption in a high-mesa 

AlN-based optical waveguide has been first demonstrated in this report. A 7-dB absorption 

saturation at a 1.43-µm wavelength was observed using an input pulse energy of 200 pJ. The 

waveguide structure and intersubband absorption saturation measurement of this report are 

shown in Fig. 1.8 (a) and 1.8(b), respectively.  

(a)
(b)
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Fig. 1.8 (a) Schematic diagram of high-mesa AlN-based waveguide with MBE grown 

GaN/AlN MQWs (b) intersubband absorption saturation versus input pulse energy 

 

The improvement of the above report was done in year 2007 by T. Shimizu et al [46]. 

The author has investigated and optimized the fabrication process of high-mesa AlN-based 

waveguide by inductively coupled plasma (ICP) dry etching. As a result, the background 

propagation loss caused by the shape and the sidewall roughness of the waveguide were 

dramatically decreased. Hence, an intersubband absorption saturation as large as 10 dB at 1.5 µm 

was observed using 100-pJ input pulse energy. The results of this study were shown in Fig. 1.9 

compared with previous data (not optimized by C. Kumtornkitikul). 

In 2008, the issue of high control pulse energy was again challenged by Y. Li et al. [25]. 

In this work, all-optical switching based on intersubband cross-absorption modulation in ridge 

GaN waveguides with MBE grown GaN/AlN MQWs has been demonstrated with a low values 

of the required control pulse energy. In particular, a signal modulation depth of 10 dB was 

obtained with control pulse energies as small as 38 pJ. In the mean while, the intersubband 

absorption fully recovers from the control-pulse-induced saturation on a picosecond time scale. 

Fig. 1.10(a) and 1.10(b) show transmittance of the signal pulses through a 3-μm-wide, 1-mm-

long waveguide versus signal-control delay time, for different values of the control pulse energy 

and  signal modulation depth versus control pulse energy, as determined from the traces of 

1.10(a), respectively. This work was owing to the MOVPE grown AlN buffer on which high 

(a)
(b)
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quality MBE GaN/AlN MQWs were grown. The author further suggested that these nonlinear 

waveguide devices were suitable for all-optical switching at bit rates of several hundred Gb/s. 

 

 
 

Fig. 1.9 Transmittance (intersubband absorption saturation) at wavelength of 

1500, 1525 and 1550 nm as functions of input pulse energy 

 

 
 

Fig. 1.10 (a) Transmittance of the signal pulses through a 3-μm-wide, 1-mm-long waveguide 

versus signal-control delay time, for different values of the control pulse energy. (b) signal 

modulation depth versus control pulse energy, as determined from the traces of Fig. 1.10(a) 

Recently, N. Iizuka et al have reported the investigation of AlN-based waveguide with 

integrated stair-like spot-size converter [47]. The purpose of this study is to encounter the issue 

of high require control pulse energy for intersubband absorption saturation. The author 
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downsized the MQWs absorption core and used the spot-size converter to improve coupling 

efficiency of light to downscaled MQWs. The structure consisted of MOVPE grown AlN buffer 

and MBE grown GaN/AlN MQWs and GaN upper cladding layer. The Si3N4 was employed as a 

dielectric material for fabrication of spot-size converter. A intersubband absorption saturation by 

5 dB was reported with an input pulse energy of 25 pJ which the results are shown in Fig. 1.11(a) 

and 1.11(b). 

 

 
 

Fig. 1.11 (a) The ratio of the transmittance spectra for TM-polarization to that 

for TE-polarization for the sample with the length of 104 μm. The blue line 

represents the Gaussian fit. (b) Characteristics of the absorption saturation. 

Saturation by 5 dB was achieved with a pulse energy of 25 pJ. 

 

1.3.3 Problem Issues in Current Nitride Intersubband All-Optical Switches 

 

 According to the above section which briefly introduced the progress and development of 

all-optical switches utilizing intersubband transition in GaN/Al(Ga)N MQWs, the issues that 

current nitride intersubband all-optical switches have been encountering can be pointed out as 

followed: 

1. Until the present time, optical switches utilizing intersubband transition in 

GaN/Al(Ga)N MQWs have been demonstrated only in MBE grown samples. In 

the other hand, MOVPE grown GaN/Al(Ga)N MQWs have not been succeeded to 

realize 1.5-µm-range intersubband transition so far. This issue has distracted the 

(b)(a)
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interest of intersubband transition devices in nitride MQWs as it is very difficult 

to be realized by MOVPE or even by MBE. Although several research groups 

reported the intersubband transition at 1.5-µm-range in GaN/AlN MQWs grown 

by MOVPE [48-50], one of major obstructions was weak ISB absorptions due to 

low carrier concentration in GaN well layers. 

2. Although the issue of high demanded control pulse energy has been continuously 

improved, it still cannot compare with other material systems which have been 

reported very low operation energy per extinction ratio of 3.2 pJ/dB and 1.13 

pJ/dB in InGaAs/AlAs/AlAsSb quantum wells [51] and in CdS/ZnSe/BeTe 

quantum wells [52-54], respectively.  

 

1.4 Motivation of This Work 
 

 As pointed out in the previous section, the optical switches utilizing intersubband 

transition in GaN/AlN MQWs are still far from the accomplishment. However, compared with 

other material systems, GaN/AlN MQWs is still very promising as a solution for high optical 

traffic demand owing to their unique properties including fast intersubband relaxation time, 

simple quantum well structure and material hardness and robustness. Hence, for the first step, the 

achievement of 1.5-µm-range intersubband transition in GaN/AlN MQWs grown by MOVPE 

should renew the interest and has a big impact on this research field, not only for the all-optical 

switch fabrication but also for the other intersubband optical devices. This is because MOVPE is 

a system capable for large-scale fabrication. Furthermore, bulk nitride layers deposited by 

MOVPE possess good characteristics in terms of high crystal quality and low dislocation density 

which are promising for the fabrication of low loss optical devices. 

 This dissertation is focused on the MOVPE growth and fabrication of AlN-based 

waveguide with GaN/AlN MQWs absorption core. The objectives are to fully realize the 

intersubband transition 1.5-µm-range and to demonstrate the first MOVPE fabricated AlN-based 

all-optical switches. The achievement of this dissertation should attract the interest of nitride 

intersubband based optical devices and be an important milestone in this research field. 
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1.5 Synopses of This Thesis 
 

 In this thesis, the experiment has been started in chapter 2 with the growth of GaN/AlN 

MQWs on GaN buffer by conventional MOVPE method. The growth conditions are varied to 

clarify the original causes that hinder the achievement of short intersubband transition 

wavelength in MOVPE grown GaN/AlN MQWs. The deposited structures were evaluated by 

high resolution X-ray diffractometer (HRXRD) and atomic force microscopy (AFM). Then, the 

intersubband absorptions in fabricated MQWs are measured by fourier transform infrared 

spectrometer (FTIR) using multiple reflection method at room temperature. Chapter 3 is the 

details of investigation on the improvement methods for realizing short intersubband transition 

wavelength in GaN/AlN MQWs on AlN buffer layers. A growth method called pulse injection 

method is employed for the deposition of GaN/AlN MQWs at low temperature. The effects of 

several growth parameters on the intersubband transition characteristics are also discussed in this 

chapter together with the simulation in order to explicate the effects of growth parameters. After 

that, in chapter 4, the design and fabrication of AlN-based waveguide with GaN/AlN MQWs 

absorption core are carried out. The intersubband absorption characteristics in fabricated AlN-

based optical waveguide were compared with that in MBE grown samples. The improvement on 

the issue of high required pumping pulse energy has been challenged by introducing lateral spot-

size converter with integrated AlN-based optical waveguide in chapter 6. The conclusions of this 

thesis are discussed in chapter 7. 
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Chapter 2 GaN/AlN MQWs by Conventional 
MOVPE 

 

 

 

 

his chapter starts with the introduction in section 2.1 which describes laboratory 

equipments generally used in this thesis. In section 2.2, the experiment procedures are 

given in detail. The GaN/AlN MQWs varied GaN well width grown by conventional 

MOVPE and the resultant intersubband transitions have been investigated in section 2.3. 

Therefore, the MQWs grown by varying growth temperatures using conventional MOVPE has 

been studied in section 2.4. After that, the effects of growth temperature on the carrier 

concentration and surface morphologies of GaN and AlN layers are explained in section 2.5. The 

conclusions have been discussed in section 2.6. 

 

2.1 Introduction 

2.1.1 Metal Organic Vapor Phase Epitaxy 
 

Metal organic vapor phase epitaxy (MOVPE) is a chemical vapor deposition method of 

epitaxial growth of materials, especially compound semiconductors from the surface reaction of 

organic compounds or metalorganics and metal hydrides containing the required chemical 

elements. For example, gallium nitride could be grown in a reactor on a substrate by introducing 

trimethylgallium ((CH3)3Ga) and ammonia  (NH3) which their chemical reaction is [55]:  

3 3 3 2 4 2( ) ( ) ( )  ( ) ( )  3 ( ) ( )Ga CH l NH g H g GaN s CH g H g+ + → + +              (2-1) 

Alternative names for this process include organometallic vapor phase epitaxy (OMVPE), 

metalorganic chemical vapor deposition (MOCVD) and organometallic chemical vapor 

T
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deposition (OMCVD). Formation of the epitaxial layer occurs by final pyrolysis of the 

constituent chemicals at the substrate surface. In contrast to molecular beam epitaxy (MBE) the 

growth of crystals is by chemical reaction and not physical deposition. This takes place not in a 

vacuum, but from the gas phase at moderate pressures. As such this technique is preferred for the 

formation of devices incorporating thermodynamically metalstable alloys. It has become the 

dominant process for the manufacture of laser diodes, solar cells, and LEDs. 

 

 
 

Fig. 2.1 Schematic of epitaxy growth on atomic level 

 

 
 

Fig. 2.2 Schematic of MOVPE system equipment for nitride semiconductors 
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2.1.2 High-resolution X-ray Diffractometer 
 

X-ray diffraction (XRD) is a powerful and commonly available technique for identifying 

the presence of crystalline phase. The quantitative, high-accuracy measurements of interatomic 

spacings provided by XRD have motivated some detailed studies. The XRD patterns also 

provide information on strain, grain size, preferential orientation and epitaxy. In addition, XRD 

is non-destructive and can sometimes be used in situ. 

X-rays with wavelength, λ, between 0.5 and 2Å are impinged upon a sample. The 

diffracted X-rays are measured at 2θ , the angel between X-ray source and detector. Diffracted 

waves from different atoms can interfere with each other and the resultant intensity distribution 

is strongly modulated by this interaction. If the atoms are arranged in a periodic fashion, as in 

crystals, the diffracted waves will consist of sharp interference maxima (peaks) with the same 

symmetry as in the distribution of atoms. Measuring the diffraction pattern therefore allows us to 

deduce the distribution of atoms in a material. The peaks in an x-ray diffraction pattern are 

directly related to the atomic distances. Let us consider an incident x-ray beam interacting with 

the atoms arranged in a periodic manner as shown in 2 dimensions in Fig. 2.3. The atoms, 

represented as green spheres in the graph, can be viewed as forming different sets of planes in 

the crystal (colored lines in graph on left). For a given set of lattice planes with an inter-plane 

distance of d , the condition for a diffraction (peak) to occur can be simply written as: 

2 sind nθ λ=                                                               (2-2) 

which is known as the Bragg’s law. In the equation, λ is the wavelength of the x-ray, θ  the 

scattering angle, and n  an integer representing the order of the diffraction peak. The Bragg's 

Law is one of most important laws used for interpreting x-ray diffraction data.  

 

   
 

Fig. 2.3 Lattice planes and Bragg’s law 
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2.1.3 Atomic Force Microscope 
 

The atomic force microscope (AFM) is a very high-resolution type of scanning probe 

microscope, with demonstrated resolution of fractions of a nanometer. The AFM consists of a 

microscale cantilever with a sharp tip (probe) at its end that is utilized to scan the surface. The 

cantilever is typically silicon or silicon nitride with a tip radius of curvature in the order of 

nanometers. When the tip is brought into proximity of a sample surface, forces between the tip 

and the sample lead to a deflection of the cantilever. Typically, the deflection is measured using 

a laser spot reflected from the top of the cantilever into an array of photodiodes. The sample is 

mounted on a piezoelectric tube, which can move the sample in the z direction for maintaining a 

constant force, and the x and y directions for scanning the sample. A schematic and mode of 

AFM measurement are shown in Fig. 2.4 and 2.5 respectively. 

 

 
     

Fig. 2.4 A schematic of AFM measurement 

 
 

Fig. 2.5 Modes of  AFM measurement 



 

19 
 

2.1.4 Fourier Transform Infrared Spectroscopy 
 

 The fourier transform infrared spectroscopy (FTIR) is typically based on a Michelson 

interferometer as shown in Fig. 2.6. In FTIR spectroscopy, light from an infrared light source is 

collimated and incident on a beam splitter. An ideal beam splitter creates two separate optical 

paths by reflecting 50% of the incident light and transmitting the remaining 50%. In one path the 

beam is reflected by a fixed-position mirror back to the beam splitter where it is partially 

reflected to the source and partially transmitted to the detector. In the other arm of the 

interferometer, the beam is reflected by the movable mirror that is translated back and forth and 

maintained parallel to itself. The interference of two beams of light waves propagated through 

two separate optical path lengths is thus produced when they are combined. For different 

positions of the movable mirror the two partial waves obtain different phase shift with respect to 

each other. Therefore, on the detector, the radiation field is superimposed with a time-delayed 

copy of itself. Hence, what is basically measured when the detector signal is recorded while the 

mirror moves is the autocorrelation function of the radiation field, which is called the 

interferogram in the FTIR spectroscopy. The Fourier transform of this autocorrelation function is 

the desired power spectrum in a frequency domain. In the FTIR spectroscopy, there are three 

important components that determine the wavelength range of the measurement, which are light 

source, beam splitter, and detector.  

 

 
 

Fig. 2.6 Schematic of a generic Michelson interferometer 
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2.2 Experimental Details 
 

 The experiment has been started with the growth of GaN/AlN MQWs on GaN buffer 

layer by using conventional MOVPE method. The reasons of choosing GaN layers as buffers 

rather than AlN for the first experiment are: 

1. GaN is the most common used and famous for growing nitride epitaxial layers for 

devices fabrication including light emitting diodes (LED) [56-58], laser diodes (LD) 

[59,60], high power electronic devices [61,62], photodetectors [63,64], and high 

electron mobility transistors (HEMT) [65,66].  

2. High quality GaN bulk layers can be grown easier than AlN bulk layer by the 

MOVPE machine used in this work. 

3. Growth rate of GaN is generally much faster than that of AlN, thus the experiment 

can be progress faster [67-69]. 

4. There are lots of references and published papers relate to intersubband transition in 

GaN/AlN MQWs using GaN buffer layers [44,48,70]. 

All of samples were grown on 2-side polished c-plane sapphire by low pressure MOVPE 

(AIXTRON 200/4 RF-S) using trimethylgallium (TMG), trimethylaluminium (TMA) and NH3 

with H2 carrier gas as precursors. SiH4 was used as a dopant gas for Si-doped GaN layers (n-

doped). The MQWs structures in this work was stacks of GaN wells berried between AlN 

barriers. The intersubband transition occurs in GaN well which is the transition of electrons from 

ground state to higher energy levels particularly the first excite level. It is commonly known that 

the thickness of GaN well affects the quantized energies in QW. Therefore, the effects of well 

width would be first investigated. After that, the effects of growth temperature would be next 

studied. The investigated MQWs structure is shown in Fig. 2.7. 

The fabricated samples were then evaluated the quality and structure by XRD. The 

information taken from (0002) 2θ-ω scan was used to estimate the thicknesses of well and 

barrier by the angular distances of satellite peaks. To measure intersubband transition, the 

samples were polished 45º at two facets to allow 15 total reflections as shown in Fig. 2.8. The 

measurement was carried out by FTIR at room temperature. It should be commented here that, 

due to the selection rule in MQWs, only light that is perpendicular to the MQWs plain, i.e. p-

polarized light or TM-mode light, will be absorbed by the intersubband transition. Therefore, 
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only transmittance spectra of p-polarized light containing the information of intersubband 

characteristics evaluated by FTIR are given in plotting graphs. The intersubband absorption can 

be directly determined by the transmittance spectra of p-polarized light since the summation of 

transmittance and absorbance should be equal 1. In the other hand, the absorption peaks are the 

transmission valley and vice versa.  

 

 
 

Fig. 2.7 Schematic of Investigated MQWs on GaN buffer 

 

 
 

Fig. 2.8 Schematic of multiple reflection method 

 

2.3 Effects of GaN Well Width on Intersubband Transition in GaN/AlN MQWs 
 

 There are many reports on the intersubband transition wavelength tailoring by changing 

GaN well thickness [6,11,70]. However, in order to confirm the results acquired by the MOVPE 

used in this study, investigate other effects and determine the short intersubband transition 
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wavelength which can be achieved by conventional MOVPE growth method, the intersubband 

transition in GaN/AlN MQWs was studied by varying the GaN well thickness. The depositions 

of 100-period GaN/AlN MQWs were done at a temperature of 1130 ºC on high quality 3-µm-

thick GaN buffer layers grown at high temperature. During the growth of GaN buffers and 

MQWS, the reactor pressure was 200 and 100 mbar, respectively. The AlN barrier thickness was 

controlled to be around 1.60 nm for all sample. The V/III ratio is calculated from the amount of 

group V and group III gases supplied into reactor. Thus, V/III ratio during the growth of GaN 

buffer, GaN well and AlN barrier could be determined as 420, 1000 and 10200, respectively.  

 Figure 2.9 shows the XRD (0002) 2θ-ω scans of MQWs grown at 1130 ºC varied GaN 

well thickness. It is clear that, with thick GaN layer, the MQWs show high order and sharp 

satellite peaks. It can be explained that the thicker GaN wells resulting in thicker total MQWs 

thickness. The resultant intensities of XRD peaks corresponding to GaN/AlN MQWs therefore 

became stronger in thick GaN well sample. The other reason is the high temperature during the 

growth of MQWs leads to the interdiffusion between Ga and Al atoms and results in non-abrupt 

GaN/AlN interfaces. Hence, with the same growth temperature at 1130 ºC, the degree of non-

abruptness should be approximately same for all samples. This can be interpreted that the effect 

of non-abrupt GaN/AlN interface becomes greater in the sample with thin GaN well since the 

thickness of this non-abrupt region becomes relatively large compared to that of GaN well. In 

addition to the well width, the abruptness of GaN/AlN interface plays a crucial role to determine 

the intersubband transition wavelength. This fact will be discussed and proved by the simulation 

in chapter 3.  Figure 2.10 shows the transmittance spectra of p-polarized light measured by FTIR. 

Agreeing with the quantum theory, the decrease of GaN well thickness results in blue-shift of 

intersubband transition wavelengths as shown in Fig. 2.11. However, the samples with too thin 

GaN well did not show any intersubband transition peaks. Considering the XRD (0002) 2θ-ω 

scans together with FTIR result, it is clear that the sample which could not observed any 

intersubband transition had poor satellite peaks of GaN/AlN MQWs. It can be simply state that 

the sample with poor abrupt interface did not show any intersubband activity. In the contrast with 

MBE grown GaN/AlN in many literatures, the degree of abruptness of GaN/AlN is generally low 

and the interdiffusion effect is typically negligible. Besides the difference of crystal deposition 

mechanisms between MBE and MOVPE, the growth temperatures in MBE and MOVPE 
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chamber are quite different. Since the growth temperature seems to have a great effect on the 

abruptness of MQWs, this growth parameter would be investigated in next section. 
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Fig. 2.9 XRD (0002) 2θ-ω scans of the conventional MOVPE grown GaN/AlN 

MQWs at 1130 ºC varied GaN well thickness 
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Fig. 2.10 Transmittance spectra of p-polarized light in the conventional 

MOVPE grown at 1130 ºC GaN/AlN MQWs varied GaN well width 
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Fig. 2.11 Dependency of intersubband transition wavelength in GaN/AlN MQWs 

grown by conventional MOVPE at 1130˚C as a function of GaN well width 

2.4 Effects of Growth Temperature on Intersubband Transition in GaN/AlN 
MQWs 

 

 The studied MQWs structures in the experiment were similar with the previous section as 

shown in Fig. 2.7. The GaN (2.50 nm)/AlN (1.60 nm) MQWs were grown at the growth 

temperatures of 900, 950, 1000, 1050, 1100 and 1130 ºC. The samples were investigated in the 

same manner with the previous experiment. Figure 2.12 displays the XRD (0002) 2θ-ω scans of 

MQWs grown at different temperatures. Obviously, the samples grown at lower temperature had 

relatively sharper and higher satellite peaks. This indicates that the MQWs grown at lower 

temperature had better abrupt GaN/AlN interface. The reason is, at lower temperature, the 

interdiffusion between Ga and Al atoms was limited by the thermal energy and the thickness of 

non-abrupt region becomes thinner as a result. From the simulation in chapter 3, it can be 

expected the blue-shift of intersubband transition wavelengths resulted by better abruptness on 

MQWs. Nevertheless, the intersubband transition measurement results did not completely agree 

with this assumption. As shown in Fig. 2.13, we can observe the blue-shift of intersubband 

transition wavelength from 2.60 µm to 2.41 µm when the growth temperature was decreased 

from 1130 to 1100 ºC. However, the intersubband absorption became weak and disappeared 
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when the temperature was lower than 1100 ºC. This can implied that, although the interface 

between GaN/AlN can be improved by low temperature growth, the intersubband transition 

become weaker and weaker as a function of temperature. Some of the possible reasons of this 

phenomenon are: 

1. The growth temperature changes the strain in MQWs and thus changes the built-in 

electric field over the wells and barriers. As a result of this, the oscillation strength 

becomes weaker. The weak oscillation strength, therefore, results in weak 

intersubband absorption [71,72] since these two parameters are quantitatively 

proportional to each other. 

2. It is widely acknowledge that the conventional nitride MOVPE requires high growth 

temperature for effective chemical reactions since NH3 is barely deformed at low 

temperature. As a result, the nitride epilayers are suffered from incomplete chemical 

reaction and the crystal quality is dramatically degraded at low growth temperature. 

3. It can be considered that, at low growth temperature, the electron population in 

ground energy level becomes insufficient. Hence, the transition rate and absorption 

intensity which are proportional to the carrier concentration becomes weaker at a 

result. 

Therefore, there are two distinguish investigation in order to clarify the above 

assumptions. One is theoretical and numerical study on the conduction band line-up and wave 

functions of electrons in quantum wells. The other is experimental study on the nitride epitaxial 

layers deposited at different temperature. Choosing the simplest experiment, the effects of the 

growth temperature on the carrier concentration in n-doped GaN wells and the surface 

morphologies of GaN and AlN layers are investigated in the next chapter rather than the 

numerical study of oscillation strength. 
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Fig. 2.12 XRD (0002) 2θ-ω scans of GaN (2.50nm)/ AlN (1.60 nm) GaN/AlN 

MQWs grown at different temperature by conventional MOVPE 
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Fig. 2.13 Transmittance spectra of p-polarized light in the GaN/AlN MQWs grown 

by conventional MOVPE at different growth temperatures 
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2.5 Effects of Growth Temperature on Carrier Concentration in n-doped 
GaN and Surface Morphologies of GaN and AlN Layers 

 

 First, in order to clarify the dependency of carrier concentration in n-doped GaN on the 

growth temperature, the n-type Si-doped GaN layers were deposited on AlN templates at 

different temperature. After the growth, the samples were cut and Ti/Au contacts were 

evaporated on the 4 corners of each samples using electron-beam (EB) evaporator. Thicknesses 

of Ti and Au layers were 50 and 200 nm, respectively. To form the ohmic contacts, GaN samples 

with Ti/Au contacts were annealed at 400º C, 5 min under N2 ambient to prevent the oxidization 

of Ti/Au contacts. Therefore, the carrier concentration in GaN layers was evaluated by Hall-

effect measurement. Figure 2.14 displays the dependency of concentration and mobility of 

electron in n-doped GaN layers as functions of growth temperature. We can clearly observe that 

the carrier concentration intensively decreased at the growth temperature lower than 1050 ºC as 

well as the electron mobility. So that, the n-doped GaN layers grown at 900, 950 and 1000 ºC 

could not be evaluated by Hall-effect measurement. The possible reasons of the decrease of 

carrier concentration could be: 

1. The degradation of crystal quality and the increasing of defects and dislocations due 

to ineffective chemical reaction and the deposition of undesired abduct compounds at 

low temperature. 

2. Trapping of electrons by carbon atoms which are products of incomplete chemical 

reaction and abduct compounds due to ineffective NH3 decomposition at low 

temperature.  

3. Ineffective incorporation of Si atoms (donor atoms) into GaN layers at low 

temperature.  

In order to point out the cause of this problem, first, the surface morphologies of thin 

GaN and AlN layers grown at different temperatures were investigated by atomic force 

microscope (AFM). The AFM images from this experiment were shown in Fig. 2.15 with a 

resolution of 1 × 1 µm2. Clearly, even at low temperature, the thin GaN layers show step-flow 

growth mode which can be also observed from the excellent quality bulk GaN grown at high 

temperature. This can be implied that the crystal quality of GaN thin layers is tolerance to the 

growth temperature. In the case of AlN layers, we can observe the transition of surface 
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morphologies from smooth and homogeneous at high growth temperature to grain-like surface at 

low temperature. This indicates that the AlN quality drops with decreasing the growth 

temperature. It should be marked here that, later in the chapter 5, quality of AlN layers can affect 

on the background propagation loss in AlN waveguide with GaN/AlN MQWs core.  
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Fig. 2.14 Carrier concentration and electron mobility of n-doped 

GaN grown at different temperature 

 

 
 

Fig. 2.15 Surface morphologies of thin GaN and AlN layers grown at different temperature 

evaluated by AFM in 1× 1 µm2 resolution 
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Next, the concentrations of each element in Si-doped GaN layers have been investigated 

by secondary ion mass spectrometry (SIMS). Of the most interesting elements, the concentration 

of C and Si are plotted as functions of depositing temperature which are shown in Fig. 2.16. We 

can see that Si concentration changed very slightly compared to that of C when the growth 

temperature was varied. It is clear that, at low temperature, the overwhelming amount of C over 

Si results in the low carrier concentration. This can be explained that electron from Si-dopant are 

trapped and nullified by C atoms [73-74]. Hence, the problem of disappearance of intersubband 

transition at low temperature growth has been extracted which the crystal quality of AlN barriers 

and the low carrier concentration in GaN wells are concerned as the causes. 
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Fig. 2.16 Concentration of C and Si atoms in GaN layers grown at different temperature 

2.6 Related Reports on Intersubband Transition in MOVPE Grown 
GaN/AlN MQWs 

 

It has been obviously shown here that the short intersubband transition wavelength is 

very difficult to realize in MOVPE grown GaN/AlN MQWs using conventional growth method. 

Hence, several researches groups have put much effort to investigate the effective growth 

method for short intersubband transition in MOVPE grown GaN/AlN MQWs. Some examples of 

these reports are shown as listed: 
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1. Our group reported the strain-managed GaN/AlN super lattices for intersubband 

transition in 2003. The GaN interlayers were used to tailor strain which resulted in the 

crack-free 200-period GaN/AlN super lattices on GaN layer [75]. 

2. In 2006, Nicolay et al. reported the 2-µm intersubband transition with 64-meV full-

width at half-maximum of absorption peak in GaN/AlN MQWs grown at 935˚C using 

indium surfactant to improve the surface morphologies of AlN layer and the 

abruptness of MQWs [48]. However, in this report, the intersubband transition 

measurement was done by photoinduced infrared absorption (PIA) spectroscopy 

under excitation by a frequency-doubled argon laser at λ=244 nm. It can be intimated 

that the carrier concentration in GaN wells was very low and needed a laser to excite 

carriers from valence band to conduction band for evaluating the intersubband 

transition characteristics.  

3. Further report from the same group demonstrated the transition wavelength at 1.59 

µm by using AlN buffer which manages the strain in AlN barrier [49]. This is 

because the strain in AlN barrier induces the surface instability and causes the non-

abrupt GaN/AlN interface. However, in their report, the absorption measurement was 

also performed using photoinduced absorption (PIA) technique indicating that 

insufficient carrier concentration in GaN wells was still an obstacle.  

4. Recently, Bayram et al. reported the intersubband transition at 1.53 µm in GaN/AlN 

MQWs grown at 1035˚C using indium surfactant and pulsed MOVPE [50]. However, 

the absorption intensity measure by slab waveguide method was weak. 

5. Our group has investigated the effect of growth temperature on the physical 

properties of GaN/AlN MQWs using conventional MOVPE method and concluded 

that the low temperature is favorable for abrupt interface between GaN and AlN and 

is one of mandatory factors toward the achievement of short intersubband transition 

wavelengths in MOVPE grown GaN/AlN MQWs [76,77]. 

From the above reports, it is clear that although the abruptness of GaN/AlN MQWs can be 

improved and 1.5-µm-range intersubband transition wavelength were realized by several 

techniques, including indium surfactant, low temperature growth, AlN buffer layer and pulse 

MOVPE, the absorption intensity was suffered from the issue of low carrier concentration in 

GaN wells. This is due to the exceed carbon incorporating into n-doped GaN layers which has 
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been described in the last section. Of the most important, the issue of doping and carrier 

concentration needs a close investigation which is carrier out in the next chapter.    

 

 

2.7 Conclusion 
 

 1. GaN/AlN MQWs were fabricated by conventional MOVPE. The intersubband 

transition wavelengths are blue-shifted with decreasing GaN well width. However, the shortest 

transition wavelength achieved by this method was only 2.6 µm. The problem is non-abrupt 

interface between GaN and AlN by high growth temperature particularly in samples with thin 

GaN wells. 

 2. By lowering the growth temperature, the abruptness of GaN/AlN MQWs was 

improved. Although the intersubband transition wavelength was blue-shifted due to the better 

GaN/AlN abruptness, at the growth temperature lower than 1100˚C, the intersubband absorption 

disappeared. 

 3. The reasons of no intersubband transition at low growth temperature were analyzed as 

the crystal quality of AlN barriers and the low carrier concentration in GaN wells. 

 4. Several groups have successfully demonstrated the short intersubband transition 

wavelength particularly at 1.5-µm-range by improving the growth method of GaN/AlN MQWs. 

The growth temperature was lowered as it was considered as a cause of non-abrupt interface. 

Nevertheless, the intersubband absorption intensities were very weak due to low carrier 

concentration in GaN wells. 

 Since the low temperature growth has been proved to be necessary for abrupt GaN/AlN 

interface and was promising for short intersubband transition wavelength, the improvement of 

carrier concentration in GaN wells grown at low temperature will be investigated in next chapter. 
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Chapter 3 GaN/AlN MQWs Grown by Pulse 
Injection Method on AlN Buffer 

 

 

 

 

rom the last chapter, the GaN/AlN MQWs grown by conventional MOVPE did not 

demonstrate any good intersubband properties although the MQWs structure itself was 

greatly improved by low temperature growth. One of the possible explanations is that 

the GaN wells in the MQWs had not enough carriers in the first subband to be excited to higher 

subbands and exhibit an intersubband transition. Therefore, at the beginning of this chapter, an 

improvement called pulse injection method is explained in section 3.1 as a promising technique 

for n-doped GaN layer grown at low temperature.  In section 3.2, the GaN/AlN MQWs grown by 

pulse injection method on AlN buffers have been investigated. The effects of growth temperature 

and AlGaN interlayer on intersubband characteristics in GaN/AlN MQWs grown by pulse 

injection method have been studied and explained in section 3.3 and 3.4. The simulation of 

intersubband transition wavelength in GaN/AlN MQWs has been conducted to explain the 

experiment results. This simulation model is based on a self-consistent Schrödinger-Poisson 

equation implemented with effects of piezoelectric field, band non-parabolicity and non-abrupt 

interface (graded interface) between GaN and AlN. The solution of self-consistent Schrödinger-

Poisson equation is determined using 3-point finite different method. Section 3.5 is an 

improvement of intersubband absorption intensity by changing the reactor pressure during the 

growth of MQWs to prepare samples for the fabrication of AlN-based waveguide with GaN/AlN 

MQWs core. The conclusion, therefore, is given in the last part, section 3.6. 
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3.1 Pulse Injection Method for Low Temperature GaN/AlN MQWs 
 
 As described in the previous chapter that one of the obstructions hindering the low 

temperature grown GaN/AlN MQWs to exhibit intersubband transition, even though the 

interface was much improved, is the low carrier concentration in GaN layers. The origin of this 

problem corresponds to the exceed carbon concentration due to ineffective carbon reduction at 

low temperature. Recently, J. S. Yang et al. has reported the GaN/AlN MQWs grown at low 

temperature and significantly blue shifted of intersubband transition wavelength [78]. This 

achievement was owing to the pulse injection (PI) growth method which enhances the carbon 

reduction and promotes surface migration. As a result, GaN layers can be sufficiently doped at 

relatively low temperature compared with conventional MOVPE growth [79-81]. Figure 3.1 

shows gas flow sequence during the GaN/AlN MQWs growth in Yang’s work. As its literature, 

in pulse injection method, TMG and SiH4 were pulse supplied with the constant flow of NH3 

during the growth of n-doped GaN. 1 cycle of pulse injection method consists of 12 seconds of 

group III and SiH4 supplying time and 7 seconds of only NH3 flow. The desired GaN thickness 

can be achieved by adding the number of cycles and changing the partial pressure of TMG. 

Although it is possible to adjust the deposition rate of pulse injection grown GaN layer by 

changing supply time, it was not recommended here since the carrier concentration in GaN layer 

can change dramatically with the changing of supply time. As illustrated in Fig. 3.1, AlN layers 

were grown by conventional method instead of pulse injection method which has been report in 

Ref. 82-84. This is based on an assumption that poor surface morphologies of low-temperature 

AlN layers shown in Fig. 2.14 did not obstruct the intersubband transition as much as the issue of 

low electron concentration in GaN wells. Hence, in this chapter, the pulse injection method and 

the structure of GaN/AlN MQWs in Yang’s work have been adopted to grow MQWs on AlN 

buffer layers. Here, AlN bulk layers were chosen as buffers for MQWs growth since: 

1. There are several publications report that the intersubband transition wavelengths of 

MQWs grown on AlN was noticeably shorter than that of MQWs grown on GaN 

buffer using the same structure [49,85]. 

2. S. Nicoley et al. has reported that strain in AlN layers in GaN/AlN MQWs system 

leads to non-abrupt interface between GaN and AlN [49]. Therefore, by changing the 

buffer layer from GaN to AlN, the strain in AlN barrier can be greatly decreased. 
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Consequently, the better abruptness of MQWs as well as the short intersubband 

transition wavelength can be possibly achieved. 

3. AlN bulk layer is more favorable than GaN in the view point of low background loss 

in waveguide-based optical devices [25,47,85,86]. 

 

 
 

Fig. 3.1 Schematic of gas flow sequence during 1 period of GaN/AlN MQWs 

grown by pulse injection method [78] 

 

3.2 Pulse Injection Grown GaN/AlN MQWs on AlN Buffers 
 

 In this chapter, 0.5-µm thick AlN bulk layers grown at 50 mbar, 1175 ºC were used as 

buffer layers for depositing GaN/AlN MQWs layers. The MQWs structure and the gas flow 

sequences were adopted from Yang’s work. However, in early state of this experiment all of 

GaN/AlN MQWs grown by pulse injection method on AlN buffers exhibited terribly poor 

characteristics in the view point of crystal quality, uniformity and abruptness. Therefore, there 

was no intersubband transition observed from these samples but only absorption from defects 

and dislocation in crystal structure. Fig. 3.2(a) and 3.2(b) display the XRD (0002) 2θ-ω scan and 
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p-polarization transmittance of a MQWs grown by pulse injection method on an AlN buffer. The 

XRD (0002) 2θ-ω scan revealed an extremely poor MQWs quality evidenced by lacking of 

satellite peaks and low MQWs peak intensity. One of possible explanations which cause the 

difference between MQWs in this experiment and Yang’s samples is the buffer layers; i.e. AlN 

in this work and GaN Yang’s work, leads to dissimilarity of strain level in GaN/AlN MQWs. 

Hence, in order to imitate the strain in MQWs as in Yang’s work, 0.1-µm-thick GaN interlayer 

was deposited on AlN buffer prior to the growth of MQWs as shown in Fig. 3.3. This was 

followed by the growth of GaN/AlN MQWs by pulse injection method as similar as the previous 

study. The samples grown with GaN interlayers showed a marvelous improvement not only the 

abruptness of MQWs but also the intersubband transition properties confirmed by XRD and 

FTIR. This improvement satisfied the assumption of strain in GaN/AlN MQWs. Thereafter, a 

series of GaN/AlN MQWs with varied GaN well thickness have been deposited on GaN-

interlayer/AlN-buffer to study the intersubband characteristics. The AlN thickness was 

controlled at 2.0 nm and the growth temperature of MQWs was fixed at 950 ºC for all samples.  

The p-polarized transmittance spectra of polished samples are shown in Fig. 3.4. 
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Fig. 3.2 (a) XRD (0002) 2θ-ω scan and (b) transmittance of p-polarized light in 

a MQWs grown by pulse injection method on an AlN buffer 
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Fig. 3.3 (a) GaN/AlN MQWs structure on an AlN buffer using an interlayer to 

manage strain and (b) gas flow sequence during GaN/AlN MQWs growth 
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Fig. 3.4 Transmittances of p-polarized light in GaN/AlN MQWs grown at 950 ºC on AlN buffers 

using GaN interlayer. The thickness of AlN barrier was 2.0 nm and varied GaN well thickness 
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 There are some remarkable points from the above figure including: 

• Compared with the conventional MOVPE grown sample which had similar 

MQWs structure, the intersubband transition of pulse injection grown MQWs 

were noticeably shifted to shorter wavelengths. This is due to the improvement of 

GaN/AlN abruptness and the resultant thinner graded interface layer by low 

temperature growth (950 ºC in this experiment). 

• Pulse injection method has been proved to be an effective method for growing 

good n-doped GaN for MQWs at low temperature. 

• The shortest intersubband transition wavelength in the experiment was 2.1 µm 

and could not be further shifted to a shorter wavelength by only changing the GaN 

well width. 

• Interlayer showed a potential to adjust the strain in GaN/AlN MQWs which the 

intersubband transition properties were remarkably improved compared with the 

sample without interlayer. 

With the above discussions, it seems that two key factors for realizing 1.5-µm-range 

intersubband transition are (1) the growth temperature which can be lowered than 950 ºC to 

obtain more abrupt interface (thin graded interface layer) and (2) the strain in GaN/AlN which 

can be tailored by an interlayer. By considering these two parameters, a MQWs sample was 

fabricated at 920 ºC using AlGaN interlayer with Al-content about 0.3. Figure 3.5(a) show XRD 

(0002) 2θ-ω scan of this sample. Obviously, the quality of GaN/AlN MQWs was very 

tremendous. XRD scan showed not only high order and sharp satellite peaks from -5th to +3rd 

order but also strong MQWs peaks intensity comparable with that of AlN buffer. Moreover, in 

Fig. 3.5(b), this sample demonstrated an intersubband transition wavelength at 1.64-µm which is 

the first one that can break through the limitation at 2.0 µm. This intersubband absorption peak 

can be fitted with 3 Lorentz curves indicating effective grade layer thickness of approximately 3 

monolayers (ML) [71]. Hence, of the most interesting factors, the growth temperature and 

AlGaN interlayer have been intensively studied. Before that, in the next section, some essential 

calculation methods and useful equations for analyzing MQWs structure are first given in details. 
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Fig. 3.5 (a) (0002) 2θ-ω XRD pattern of 40-period GaN (1.4 nm)/AlN (4.3 nm) MQWs on AlN 

buffer with an AlGaN interlayer and (b) transmittance of p-polarized light and Lorentz fitting 

 

3.3 Calculation of Al-content in AlGaN and Strain in GaN/AlN MQWs 
 

In this section, the essential equations and calculation method for determining Al-

contents as well as strains in AlGaN interlayer and MQWs are given in details. 2θ-ω symmetrical 

scans and a reciprocal space mapping by high-resolution XRD (Philips X’pert, CuKa1 radiation, 

λ=0.1514 nm) were used to study the structure properties. A 2θ-ω symmetrical scan (0002) for a 

40-period MQWs sample is shown in Fig. 3.6(a). One diffraction peak, between the AlN buffer 

(2θ= 36.067) and AlxGa1-xN (2θ=34.951) peaks, due to the MQWs structure, is marked as the 

zero-order (0th) superlattice peak. The fifth-order (-1th) to third-order (+3rd) satellite peaks are 

also clearly found in the figure. The average thickness, t , for one period in the MQWs is 

obtained by [87]: 

( ) 2
sin sinm n

m nt λ
θ θ

−
=

−
                                                       (3-1) 

where λ, m (n) and mθ  ( nθ ) are the wavelength of CuKa1 radiation, the satellite peak order and 

the satellite peak angle position, respectively. Thus, the average thickness of 1-period GaN/AlN 

MQWs, AlN GaNt t+ , is calculated to be 5.70 nm. In order to gain more information, especially 
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about the in-plain crystal lattice a  and compositions of the grown layers, a reciprocal space 

mapping around the AlN (10-15) plane was obtained by XRD. The result for the 40-period 

sample, after converting to reciprocal lattice units, is shown in Fig. 3.6(b). The strained lattice 

parameters, of both MQWs and interlayers, can be calculated from [88]: 

( )

[ ]

2 2

0002 0002 00021015 10 15 10 15

4
3

cos cos(2 ) cos cos(2 )
    

x

h hk k
Q
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ω θ ω ω θ ω
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− − − − −  =

          (3-2) 
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lQ
c

ω θ ω
λ

+ −
= =                                        (3-3) 

where xQ  and yQ are the in-plane and out-of-plane components of the reciprocal lattice vector 

given in r.l.u. (reciprocal lattice unit), respectively. Therefore, the strained lattice parameters for 

AlxGa1-xN are AlGaNa  = 0.3115 nm and AlGaNc = 0.5140 nm.  The Al-content, Alx , can be 

determined by:  

0 0

0 0

2x xc c a a
c a

υ
− −

= −                                                      (3-4) 

where 0a , 0c  and υ  are the unstrained AlxGa1-xN lattice parameters. Poisson’s ratio, υ , for 

AlxGa1-xN is linearly interpolated between GaNυ =0.19 and AlNυ =0.3 [89,90]. Therefore, the Al-

composition of AlxGa1-xN layer is calculated to be 37.8%. By representing the MQWs structure 

with one AlxGa1-xN layer, the average lattice parameters for the MQWs are calculated to be 

MQWa =0.3129 nm and MQWc =0.5011 nm from Eq. 3-2 and 3-3. Therefore, again using Eq. 3-4, 

the average Al-content for the MQWs is 82.2%. From Eq. 3-1, the average period thickness is 

known to be 5.70 nm, and then the GaN and AlN layer thicknesses could be calculated to be 1.01 

and 4.69 nm, respectively. In addition, the layer strain values, S, defined by:  

0

0

a aS
a
−

=                                                              (3-5) 

where a  is the strained layer lattice parameter, 0a  is the bulk lattice parameter of layer, gives 

GaNS =-1.88% and AlNS =0.55% for the MQW layers. The sign plus (+) and minus (-) denote 

tensile and compressive strain, respectively. 
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Fig. 3.6 (a) XRD (0002) 2θ-ω scan and (b) (10-15) RSM scan of a GaN/AlN MQWs 

on AlN buffer with an AlGaN interlayer, r.l.u. is reciprocal lattice unit 

 

3.4 Effects of Growth Temperature on MQWs Grown by Pulse Injection 
Method 

 

 In this section, one of two key parameters, the growth temperature of GaN/AlN MQWs 

has been investigated at 710, 740, 770, 800, 830, 860, 890 and 920˚C by using pulse method. 

The investigated structure is again shown in Fig. 3.3(a). First, 0.5-µm thick AlN buffers were 

grown at 1175˚C, 50 mbar, V/III=260, followed by 0.1-µm thick AlGaN interlayers grown at 

1150˚C, 100 mbar, V/III=1700, for all samples. Then, the growth temperatures were ramped 

down to the desired values, at reactor pressure of 50 mbar, and 40-period of GaN/AlN MQWs 

were deposited with pulse injection method which described in Fig. 3.3(b). V/III ratios during 

the growth of GaN well and AlN barrier were 5000 and 3000, respectively. After growth, the 

samples were evaluated using XRD, AFM and measured intersubband transition by FTIR. Let us 

consider the XRD (0002) 2θ-ω scans of each MQWs samples in Fig. 3.7. Clearly, GaN/AlN 

MQWs with excellent quality can be deposited at low temperature, especially at 800-860˚C 

range, evidenced by the existence of high order satellite peaks (-5th to +3rd order) and their shape. 

This indicates that the abruptness of GaN/AlN interface is better at lower growth temperature. 
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However, once the growth temperature is too low, the uniformity of MQWs as well as the crystal 

quality of epitaxial layers dramatically drops due to short surface migration of adatoms. In 

addition, an ineffective chemical reaction is also though as a cause since NH3, group V source, 

cannot well deform at low temperature. The MQWs grown at 710˚C, for example, exhibits poor 

quality as shown in Fig. 3.7. The (10-15) RSM scans of each sample are shown in Fig. 3.8. It is 

noted that good satellite peaks (denoted by numbers) can be observed in the samples grown at 

800-860˚C agreeing with (0002) 2θ-ω scans. The samples grown at 710-770˚C had unclear -2nd 

and +1st order satellite peaks resulted from low MQWs quality as described before. By using the 

calculation procedures as described in section 3.3, the information of MQWs structures can be 

evaluated. The average GaN well and AlN barrier thicknesses for all samples could be 

determined to be 1.13±0.06 and 4.72±0.25 nm, respectively. The averages Al-content in AlGaN 

interlayer and in MQWs were 0.3 and 0.8, respectively. The transmittance spectra of p-polarized 

light in each sample are comparatively shown in Fig. 3.9.  We can observe that intersubband 

transition wavelengths are blue-shifted with decreasing the growth temperature.  
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Fig. 3.7 XRD (0002) 2θ-ω scans of GaN/AlN MQWs grown at different 

temperatures on AlN buffers with Al0.3Ga0.7N interlayer 
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Fig. 3.8 (10-15) RSM scans of GaN/AlN MQWs grown at different 

temperatures on AlN buffers with Al0.3Ga0.7N interlayer 

 

In order to explain the origin of blue-shift, the strain in GaN well and AlN barrier were 

calculated using Eq. 3-5. The intersubband transition wavelength, full-width at half-maximum 

(FWHM) of transition peaks and the strain in MQWs are plotted in Fig. 3.10(a) as 3.10(b) as 

functions of growth temperature.  

First, considering the dependency of strain on the growth temperature in Fig. 3.10(b), 

since the substrates were AlN which has smaller lattice constants compared to that of GaN, the 

GaN layers in MQWs would be grown under compressive strain condition. At low temperature, 

the diffusion length of atoms and activity in epitaxial layers are limited by their low kinetic 

energy. Therefore, with the limitation of relaxation mechanism, the GaN epilayers grown at low 

temperature will more strain than that grown at high temperature. Strain in AlN can be inversely 

described, i.e. the AlN layers will more relax at lower temperature growth. 
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Fig. 3.9 Transmittance spectra of GaN/AlN MQWs grown at different 

temperatures on AlN buffers with Al0.3Ga0.7N interlayer 

 

Focusing on the origin of the blue-shift of intersubband transition wavelength, S. Nicolay 

et al. [49] reported that strain in AlN barrier induces non-abrupt GaN/AlN interfaces in MQWs 

systems. Recalling from Fig 3.10(b), we can see that AlN layers trend to be more relaxed at low 

temperature. Therefore, it can be logically inferred that, not only due to the improvement of 

interdiffusion issue at low growth temperature, but interface between GaN/AlN is also improved 

by the relaxation in AlN layers. As a result, the thickness of non-abrupt region becomes thinner 

and shifts the intersubband transition to a shorter wavelength. This is clearly supported by the 

simulation of intersubband transition wavelength in GaN/AlN MQWs using a self-consistent 

Schrödinger-Poisson equation [91-93] implemented with effects of piezoelectric field [8, 94-96], 

strain in GaN/AlN MQWs [97-98], non-parabolicity [99-100] and non-abrupt interface (see 

Appendix B). As can see that, by fixing the non-abrupt interface thickness at 2.75 monolayer 

(ML) and using the thicknesses of GaN wells and AlN barriers evaluated from XRD 

measurements, the calculation results in Fig. 3.11 do not fit or even have a tendency with the 

experiment data. It is implied that only the thickness and the strain of GaN/AlN MQWs could 

not explain the tendency or determine the intersubband transition wavelength. In fact, when the 
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thickness of GaN wells becomes small, the effect of the non-abrupt region or graded interface 

becomes larger. It can be simply state that, the strain and relaxation in GaN/AlN MQWs affect 

on the abruptness of GaN and AlN interface and the thickness of resultant non-abrupt interface 

determines the intersubband transition wavelength. The dependency of intersubband transition 

wavelength on the thickness of graded interface in GaN/AlN (1.15 nm/4.50 nm) MQWs is 

plotted in Fig. 3.12. 
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Fig. 3.10 Dependencies of (a) intersubband transition wavelength, FWHM of 

intersubband transition peak, and (b) strain in GaN wells, AlN barriers and 

MQWs on the growth temperature on MQWs 
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The FWHM of an absorption peak which attributes to the uniformity and surfactant of 

GaN/AlN MQWs had the least value at the growth temperature around 860 ºC (Fig. 3.10(a)). 

This can also be explained by the improvement of GaN/AlN interface owing to low temperature 

and strain in AlN layers. However, at the growth temperature lower than 800 ºC, the crystal 

quality and the uniformity of MQWs became worse because of poor surface migrations that have 

more effects than the abruptness of MQWs which is improved at low temperature.  

This experiment has proved the necessary of low temperature growth GaN/AlN MQWs 

for achieving short intersubband transition. The optimized temperature in this work was around 

800-860˚C where the quality of GaN/AlN MQWs was the utmost. 
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Fig. 3.11 Comparison between experiment and simulation data of the study of the 

temperature effects on intersubband transition wavelength. The calculation was 

performed fixing 2.75-ML thick of non-abrupt interface. 
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Fig. 3.12 The dependency of intersubband transition wavelength on the 

thickness of non-abrupt region 

 

3.5 Effects of Al-content in AlGaN Interlayer on MQWs Grown by Pulse 
Injection Method 

 

According to the previous experiment, the best temperature range for growing a high 

quality GaN/AlN MQWs by pulse injection method in the view point of abruptness of MQWs, 

crystal quality, intersubband transition wavelength and FWHM of intersubband transition peak 

has been proved to be around 800-860˚C. Therefore, all of GaN/AlN MQWs in this section were 

grown at 830˚C using different Al-content in AlGaN interlayer. The investigate structure is 

shown in Fig. 3.3(a) using the pulse injection growth method shown in Fig. 3.3(b). First, 0.5-µm 

thick AlN buffers were grown on 2-side c-plane sapphire at 1175˚C, 50 mbar with V/III of 260. 

Next, 0.1-µm AlGaN interlayers were grown at 1150˚C, 100 mbar. The Al-content in AlGaN 

layers ( Alx ) were varied from 0 (GaN) to 1 (AlN) by adjusting the partial pressures of TMG and 

TMA gases. Note that, in the case of Alx =1 (AlN), GaN/AlN MQWs was directly deposited on 

an AlN buffer layer, i.e. no interlayer. After that, 40-period GaN/AlN MQWs were grown at 

830˚C, 50 mbar using V/III of 5000 and 3000 during the GaN well and AlN barrier deposition, 

respectively. Similar to the previous section, XRD (0002) 2θ-ω and (10-15) RSM scans were 
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preformed to collect information from the MQWs and their lattice parameters were calculated 

using the methods in section 3.3. The intersubband transition characteristics were evaluated by 

FTIR at room temperature using multiple reflection method.  

The comparison of XRD (0002) 2θ-ω scans of each sample is shown in Fig. 3.13. Most of 

GaN/AlN MQWs, except for the one which was grown on GaN interlayer ( Alx =0), showed the 

excellent quality so that satellite peaks from -5th to +3rd order could be clearly observed along 

with peaks of AlN buffer and AlGaN interlayer. The average Al-content in GaN/AlN MQWs 

was estimated by Eq. 3-4 to be approximately 0.8 for all samples. By Al-content and angular 

distance between satellite peaks of MQWs, the thicknesses of GaN wells and AlN barriers for all 

samples were estimated to be around 1.15±0.08 nm and 4.80±0.09 nm, respectively. Fig. 3.14 

shows the RSM scans over AlN (10-15) plane of each sample. It agrees with the (0002) 2θ-ω 

scan in Fig. 3.13 that the quality of GaN/AlN MQWs grown on GaN interlayer was very poor 

evidenced by the relatively large satellite peaks’ spots compared with that of the rest. While the 

samples deposited on AlGaN show good XRD pattern both (0002) 2θ-ω and (10-15) RSM scans, 

the sample grown without interlayer, Alx =1, has excellent (0002) 2θ-ω scan but broad satellite 

peaks in (10-15) RSM scan. This indicated that the GaN/AlN MQWs grown without interlayer 

was gradually relaxation in the course of the growth of MQWs. 
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Fig. 3.13 XRD (0002) 2θ-ω scans of GaN/AlN MQWs grown at 830 ºC on 

AlN buffers with varied Al-content in AlGaN interlayer 
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Fig. 3.14 (10-15) RSM scans of GaN/AlN MQWs grown at 830 ºC on AlN 

buffers with varied Al-content in AlGaN interlayer 

 

The transmittance spectra of each sample are given in Fig. 3.15. We can observe that 

MQWs grown on GaN interlayer had no intersubband transition peak but only broad absorption 

because of its poor quality. The intersubband transitions were more clearly seen with the 

increasing of Al-content in AlGaN interlayer. The sample directly grown on AlN buffer also has 

no intersubband transition peaks although the XRD (0002) 2θ-ω scan was the most excellent. 

Because of the improvement of MQWs structure and the existence of intersubband transition, 

AlGaN interlayer has been proved to be necessary to achieve strong 1.5-µm range intersubband 

transition in GaN/AlN MQWs. 
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Fig. 3.15 Transmittance spectra of GaN/AlN MQWs grown at 830 ºC on AlN 

buffers with varied Al-content in AlGaN interlayer 

 

In order to clarify the effects of Al-content in AlGaN interlayer, the dependencies of 

intersubband transition wavelength, FWHM of intersubband transition peak and strain in GaN 

well and AlN barrier are plotted as functions of Al-content as shown in Fig. 3.16(a) and 3.16(b).  

Obviously, all of them have similar parabolic dependency with the Al-content in AlGaN. First, 

let us focus on the left-hand side of Fig. 3.16(a) where 0 0.7Alx< < . Since the lattice parameters 

of an AlGaN interlayer were smaller with an increased value of Alx , the MQWs ( Alx =0.8) which 

were grown on Al-rich AlGaN would be grown with more compressive strain than that on Ga-

rich AlGaN interlayer. The estimated compressive strain in GaN well increased while AlN 

barrier more relaxed when Alx  was raised from 0 to 0.7 as shown in Fig. 3.16(b). As described in 

the previous experiment that strain in AlN can induce surface instability and cause non-abrupt 

GaN/AlN interface. Thus, with the increase of Alx  from 0 to 0.7, the abruptness of MQWs could 

be improved and the intersubband transition wavelength was blue-shifted because the thickness 

of non-abrupt region was diminished. This better GaN/AlN interface was also favorable for the 

FWHM of intersubband transition peaks in which the FWHM was smaller when Alx  was 
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increased from 0 to 0.7. The shortest intersubband transition wavelength and the smallest 

FWHM value were achieved in the MQWs grown on AlGaN with Al-content around 0.7 where 

the GaN well was the most compressive strained and AlN barrier was the most relaxed.  

 

0.0 0.2 0.4 0.6 0.8 1.0

1.52

1.54

1.56

1.58

1.60

110

115

120

125

130

135

IS
B

T 
w

av
el

en
gt

h 
(µ

m
)

Al-content

 ISBT wavelength
 FWHM

FW
H

M
 (m

eV
)

(a)

 

0.0 0.2 0.4 0.6 0.8 1.0
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

 

 

St
ra

in
 (%

)

Al-content

 Strain in GaN
 Strain in AlN
 Strain in MQWs

Te
ns

ile
 

Relax
C

om
pr

es
si

ve

 
 

Fig. 3.16 Dependencies of (a) intersubband transition wavelength, FWHM of 

intersubband transition peak, and (b) strain in GaN wells, AlN barriers and 

MQWs on the Al-content in AlGaN interlayer 
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Although larger compressive strain in GaN wells is preferred, the strain management is 

not straightforward.  Focusing on the range Alx >0.8, the strain in GaN well layers rebounded to 

relaxed state instead of increasing toward more strained state, indicating that excess strain in 

GaN wells led to gradual relaxation in the course of the growth of MQWs. The MQWs sample 

grown on AlN buffer without interlayer was non-uniform, having gradual in-plane relaxation, 

resulting in broad and weak intersubband transition at a longer wavelength. This fact was 

supported by broad satellite peaks in xQ direction (parallel to the surface) in Fig. 3.14(h).  

In this experiment, the excellent intersubband transition properties had been achieved in 

the MQWs which have more relaxation in the AlN barrier rather than the MQWs with strained 

AlN. The Al content in the interlayer to realize this situation is not simply determined by the 

average Al content in the MQWs.  The most relaxed AlN barrier was achieved with the AlGaN 

interlayer which had Alx  of approximately 0.7, which is a little bit smaller than the average Alx  

of the MQWs.  

 

3.6 Effects of Reactor Pressure during the Growth of GaN/AlN MQWs by 
Pulse Injection Method 

 

 At this point, the growth temperature of GaN/AlN MQWs and Al-content in AlGaN 

interlayer have already been investigated and optimized for a strong intersubband transition with 

a sharp FWHM at 1.5-µm range. In this section, the reactor pressure during the growth of MQWs 

has been studied in order to investigate its effects on the intersubband transition characteristics. 

The MQWs structure and the pulse injection sequence are, once again, shown in Fig. 3.3(a) and 

3.3(b). First, 0.5-µm-thick AlN buffer layers were grown using conventional MOVPE at 1175 ºC, 

50 mbar. Then, the growth of 0.1-µm-thick AlGaN interlayers was carried out at 1150 ºC, 100 

mbar. The Al-content of AlGaN interlayer was designed to be a slightly lower than that of 

MQWs. For the growth of GaN/AlN MQWs, according to the study in section 3.4, the reactor 

temperature was 830 ºC. The effects of reactor pressure were investigated at 50 and 100 mbar. 

The other growth parameters were controlled and same for each growth. After the MQWs 

deposition, the samples were evaluated by XRD (0002) 2θ-ω and (10-15) RSM scans and the 

results are shown in Fig. 3.17 and 3.18. By using the calculation methods in section 3.3, the GaN 
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well and AlN barrier width of the MQWs grown at 50 and 100 mbar were estimated about 1.14 

nm/4.86 nm and 1.21 nm/3.04 nm, respectively. The increasing of reactor pressure enhanced the 

GaN growth rate but decreased AlN growth rate. From Fig. 3.17, although the high order of 

satellite peaks could not be observed in the sample grown at 100 mbar due to the average 

thickness of 1-period QW became thinner, the other satellite peaks were very sharp and strong 

indicating good GaN/AlN interface and uniformity. The satellite peak spots of these two samples 

shown in Fig. 3.18 had similar width in both xQ  and yQ  -directions explaining that the 

uniformity and the relaxation of both MQWs were similar. Fig. 3.19 reveals the transmittance 

spectra of p-polarized light in the MQWs. We can clearly see that, the absorption rate of the 

sample grown at 100 mbar was almost twice as stronger than that of the other. The reasonable 

explanation is, at 100 mbar, the partial pressure of SiH4 was doubled with the same V/III ratio. It 

means that the amount of Si atoms incorporating to GaN layers was also 2 times larger when the 

reactor pressure was doubled. With greater electron population in ground subband, the 

absorption rate by intersubband transition was also increased. In the view point of optical device 

fabrication, this study is very promising since it is possible to downsize the dimension of device 

without sacrificing the intersubband transition properties. 
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Fig. 3.17 XRD (0002) 2θ-ω scans of the GaN/AlN MQWs grown at 50 and 100 mbar 
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Fig. 3.18 (10-15) RSM scans of the MQWs grown at (a) 50 mbar and (b) 100 mbar 
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Fig. 3.19 Transmittance spectra of the GaN/AlN MQWs grown at 50 and 100 mbar 
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3.7 Conclusions 
 

 In this chapter, the pulse injection method has been proved to be a very effective method 

for the growth of GaN/AlN MQWs at low temperature. The intersubband transition at 1.5-µm-

range has been achieved owing to the low temperature growth using pulse injection method and 

the strain management using AlGaN interlayer. The growth parameters of GaN/AlN MQWs 

have been investigated for the purpose of understanding their effects on the intersubband 

transition properties and optimizing the condition for a strong intersubband transition with small 

FWHM peak at 1.5-µm-range. 

1. The abruptness of GaN/AlN MQWs is improved at low growth temperature but the 

uniformity of MQWs also becomes worse at extremely low temperature. The 

thickness of non-abrupt region determines the intersubband transition wavelength in 

which the thinner the non-abrupt region is, the shorter the intersubband transition 

wavelength becomes. The FWHM is controlled by the abruptness and the uniformity 

which is attributed to the growth temperature. The optimized growth temperature in 

this work is around 800-860 ºC. 

2. The Al-content in AlGaN affects on the strain level in MQWs. The relaxation in AlN 

layer is preferred since the strain in AlN induces the surface instability and non-

abrupt GaN/AlN interface. Al-content of AlGaN layer which is slightly lower that of 

MQWs is favorable for the shortest intersubband transition wavelength and the 

smallest FWHM value. 

3. By doubling the reactor pressure, the absorption rate by intersubband transition 

becomes almost twice as stronger because of greater carrier concentration. 

The behavior of intersubband transition wavelength in GaN/AlN MQWs has been 

explained by the simulation using a self-consistent Schrödinger-Poisson equation. It has been 

found that, in a GaN/AlN MQWs with thin GaN wells, the effects of non-abrupt interface 

(graded interface) becomes crucial as it determines the intersubband transition wavelength. 
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Chapter 4 Optimization of MQWs Structure 
for Fabrication of AlN Waveguide 
with GaN/AlN MQWs Core 

 

 

 

 

he achievement of 1.5-µm-range intersubband transition with a strong and small 

FWHM peaks in the last chapter has promoted the fabrication of optical devices using 

AlN waveguide (WG) with GaN/AlN MQWs active core. In this work, silicon nitride 

films (SiN, Si3N4) has been used as a waveguide cladding material. In section 4.1, the 

deposition of Si3N4 for the purpose of using as waveguide cladding material is discussed. The 

requirement of AlN upper cladding layer in order to compensate the effect of induced tensile 

strain from Si3N4 cladding is explained in section 4.2. After that, in section 4.3, the growth 

conditions of AlN upper cladding layer have been investigated and optimized for the best 

intersubband transition properties in the underneath GaN/AlN MQWs. In the last section, 4.4, the 

conclusion of this chapter is given. 

 

4.1 Using of Si3N4 as a Material for Waveguide Cladding 
 

 As described in the previous chapters that the key parameters of short intersubband 

transition wavelength in MOVPE grown GaN/AlN MQWs are the low temperature growth and 

the AlGaN interlayers. Because of these proposes, the abruptness and the uniformity of 

GaN/AlN interface can be enhanced to the utmost and short intersubband transition wavelength 

can be realized. Considering the optical devices using AlN waveguide with GaN/AlN active core, 

it is necessary that GaN/AlN MQWs have to be embedded in semiconductors or dielectric 

materials, called cladding layers, in order to confine the light within the MQWs structures. The 

T
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choices of appropriated materials are limited by the refractive index of material and the 

fabrication process. It is strongly suggest that, to avoid the degradation of GaN/AlN MQWs by 

the thermal process, the fabrication of cladding layer should be performed at temperature lower 

than or at least equal to the growth temperature of MQWs. Therefore, there are few materials that 

can be used as cladding layers for AlN waveguide including low-temperature-grown AlN, low-

temperature-grown GaN, silicondioxide (SiO2), silicon nitride (Si3N4) and silicon oxidenitride 

(SiOxNy). Although the pulse injection method allows the growth of good-quality bulk AlN and 

GaN layer at low temperature, this process requires remarkably large amount of resources and 

the deposition rate is extremely slow [79-83]. Among these materials, Si3N4, are used in 

numerous applications such as gate dielectric in thin film transistors, as oxidation mask for 

selective oxidation of silicon, and as passivation and protection barrier layer [101-103]. 

Moreover, considering its refractive index of 1.85 and dielectric constant 10 [104], Si3N4 is one 

of the most appropriate material of waveguide fabrication. Several demonstrations of the use of 

Si3N4 films in nitride semiconductors waveguide have been reported [47,86]. Sputtered silicon 

nitride films are also used, for example, in magneto-optical storage disks where low process 

temperatures are essential to avoid damage of the polycarbonate substrate. Substoichiometric 

semi-insulating silicon nitride films could be used for similar applications as silicon rich oxide 

films [105]. Silicon nitride films are commonly made by CVD processes. These films contain 

relative high amounts of hydrogen which can lead to degradation of films in subsequent high 

temperature processing steps [106]. Therefore, sputtering of silicon nitride is an interesting 

technique for all applications where low process temperatures are desired [107], where the 

hydrogen content of the films should be low [107,108] or where the stoichiometry of the films 

should be controlled [109,110]. In particular, an RF magnetron sputtering is suited, because it 

allows for high deposition rates and is an industrial technique for large area applications. 

Considering the above advantages of sputtered Si3N4 layers: 

• Refractive index of Si3N4 (~1.85@1.55µm) [111] which is match and a little bit 

lower than that of GaN (2.335@1.55µm) [112] and AlN (2.031@1.55µm) [112] 

allows the high efficiency optical coupling in AlN waveguide. 

• Fabrication process can be performed at relatively low temperature or even at 

room temperature. 

• Simple fabrication process, consume less resources.  
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• Low propagation loss at 1.5-µm range wavelength. 

It is highly suggested to use sputtered Si3N4 for the fabrication of optical device based on AlN 

waveguide. 

 

4.1.1 Si3N4 Fabricated by RF Magnetron Sputtering 
 

 All of Si3N4 films in this works were prepared in a ULVAC MNS 2000-RF sputter 

machine. The process chamber was equipped with an RF sputter magnetron with silicon targets. 

The base pressure in the chamber, which was pumped by a turbo-pump, was 41.5 10−× mbar. 

Typical sputter conditions for the Si3N4 layers are: RF-power: 200 W; sputtering gas pressure: 

0.70 Pa; argon flow: 15 sccm; nitrogen flow: 5 sccm; temperature: 250 ºC; deposition rate: 800 

nm/h. The schematic of sputtering system is shown in Fig. 4.1. Optical properties of sputtered 

Si3N4 were evaluated by ellipsometry for the investigation of the refractive index and extinction 

coefficient by T. Shimizu [111]. The results were shown as functions of wavelength in Fig. 4.2.  

 

 
 

Fig. 4.1 Schematic of an RF magnetron sputtering apparatus: MFC, mass flow 

controller; TMP, turbomodulator pump; RP, rotary pump 
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Fig. 4.2 Refractive index (n) and extinction coefficient (k) of Si3N4 film as 

functions of wavelength evaluated by ellipsometry [111] 

 

4.2 Requirement of AlN Thin Layer for Waveguide Cladding 

4.2.1 Properties of GaN/AlN MQWs with Sputtered Si3N4 Layer 
  

From the previous section, Si3N4 was successfully deposited using sputtering process and 

its optical properties were investigated. Although Si3N4 has been widely used as passivation 

layer in GaN/AlGaN heterostructure field-effect transistors [148-150], the effects on 

intersubband transition characteristics in GaN/AlN MQWs have not been yet revealed. Hence, 

before fabricating AlN waveguides with Si3N4 clad layers, the effects of Si3N4 on the 

intersubband transition properties in GaN/AlN MQWs should be first studied. The sample 

structure investigated here was as same as in the chapter 3, Fig. 3.3(a). A high temperature 

grown 0.5-µm-thick AlN buffer layers was deposited by conventional MOVPE, followed by a 

0.1-µm-thick AlGaN interlayer grown at 1150˚C. After that a 40-period GaN/AlN MQWs was 

deposited using pulse injection method shown in Fig. 3.3(b) by optimizing the intersubband 

transition at 1.5-µm-range. For being used as references, the sample was evaluated the MQWs 

structure by XRD (0002) 2θ-ω and (10-15) RSM scans. The intersubband transition property was 

measured by FTIR using multiple reflection method. The sample was, therefore, divided and 

deposited Si3N4 with thicknesses of 50, 100, 200 and 400 nm on the top of MQWs. The Si3N4-

deposited samples were, again, measured the crystal structures by XRD and the intersubband 
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transition by FTIR. Fig. 4.3 and 4.4 show the XRD (0002) 2θ-ω scans and (10-15) RSM scans of 

the sample without and with Si3N4 layer, respectively. The MQWs properties and structure have 

been changed slightly after Si3N4 sputtering at 250˚C as evidenced by Fig. 4.3 and 4.4. However, 

the transmittance spectra were greatly deformed as shown in Fig. 4.5. The absorption intensity 

via intersubband transition was much weaker in the samples with Si3N4 clad layer and found to 

be a function of Si3N4 thickness. There several reports on the effects of sputtered Si3N4 on the 

properties of the underneath structures including the damage of structure from sputtering [140-

142] and the reduction of the surface state [143-145]. However, these reports could not clearly 

explain this investigation which the intersubband absorption intensity depended on the thickness 

of Si3N4 layer. Moreover, the intersubband transition properties of sputtered Si3N4 sample was 

recovered after removing Si3N4 by HF solution (concentration 25 mol/kg, temperature 60 °C) 

[146]. Considering the effects of Si3N4 clad layer in this work, it reasonably corresponds to the 

strain in GaN/AlN MQWs which has also been reported in Ref. 147. The Si3N4 clad layer 

induces more tensile strain to the GaN/AlN MQWs layers. Since the oscillation strength of 

intersubband transition determines the absorption intensity, the change of oscillation strength due 

to the shape of conduction band and strain in GaN/AlN MQWs will also greatly affect the 

absorption intensity [154]. Hence, it can be implied that Si3N4 deposited directly on the top of 

GaN/AlN MQWs restructures the strain in GaN/AlN MQWs and changes the oscillation strength 

resulting in decreasing of intersubband absorption intensity. This evidence is shown in Fig. 4.6 

which the strain in GaN wells and the decrement of intersubband absorption intensity (respected 

to the sample without Si3N4 layer) are similarly depend on the thickness of Si3N4 clad layer. The 

relaxation of GaN wells weakens the oscillation strength and results in the decrement of 

intersubband absorption strength. 
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Fig. 4.3 XRD (0002) 2θ-ω scans of the samples without and with Si3N4 clad layer 

thicknesses of 50, 100, 200 and 400 nm deposited on the top on GaN/AlN MQWs 

 

From the above reason, in order to prevent the effect of induced tensile strain from 

sputtered Si3N4 layer, a thin GaN, AlN or AlGaN layer deposited between Si3N4 and GaN/AlN 

MQWs is highly suggested as a strain compensating layer. This thin layer, so-called upper 

cladding layer, has been investigated including effects of material, thickness and growth 

conditions for purposes of the best intersubband transition properties and the fabrication of AlN 

waveguide with GaN/AlN MQWs core. 
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Fig. 4.4 XRD (10-15) RSM scans of the samples without and with Si3N4 clad layer thicknesses 

of 50, 100, 200 and 400 nm deposited on the top on GaN/AlN MQWs 
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Fig. 4.5 Transmittance of p-polarized light in the samples without and with Si3N4 clad layer 
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Fig. 4.6 Dependencies of strain in GaN wells and decrement of intersubband absorption 

intensity on the thickness of Si3N4 layer sputtered on GaN/AlN MQWs 
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4.2.2 Effects of AlN, AlGaN and GaN as Upper Cladding Layers 
  

 In this experiment, AlN, AlGaN and GaN have been investigated their effects on the 

GaN/AlN MQWs properties and intersubband transition characteristics when used as upper 

cladding layer to compensate induced tensile strain from Si3N4 layer. The experiment was carried 

out by growing 40-period GaN/AlN MQWs using pulse injection method on AlN buffers with 

AlGaN interlayers (see Fig. 3.3(a) and 3.3(b)). After that 0.1-µm-thick AlN or AlGaN (same Al-

content with interlayer’s) or GaN was deposited at 850 ºC. The other parameters during the 

growth of upper cladding layer were similar to that of MQWs growth. After the growth by 

MOVPE, the samples were divided into two groups; one is control group and the other was 

deposited 0.5-µm-thick Si3N4 on the top of upper cladding layer.  

Figure 4.7(a) and 4.7(b) provide the information of transmittance spectra in the samples 

without and with Si3N4, respectively. As evidenced in Fig. 4.7(a), each upper cladding layer had 

different effects on the properties of intersubband transition. It is understandably that, in the view 

point of absorption intensity, the sample with AlN upper cladding layer had the strongest 

intersubband transition. This is because its conduction band line-up was the most appropriated 

which the most of the ground subband in MQWs laid beneath the Fermi energy level [113]. In 

addition, a broaden intersubband transition peaks in the sample with AlN clad layer can relate to 

the crystal quality of upper cladding layer grown at relatively low temperature compared to that 

of conventional AlN growth with relatively high V/III ratio. Nevertheless, after Si3N4 deposition 

on the top of the MQWs, the intersubband transition properties were improved dramatically as 

indicated in Fig. 4.7(b). We can think that the issue of low crystal quality was suppressed during 

the sputtering of Si3N4 layer. Compared to this sample, the sample with AlGaN had better shape 

intersubband transition peak but weaker absorption intensity. This can be implied that the sample 

with AlGaN layer had better quality clad layer but the lattice constant of AlGaN was bigger than 

that of AlN. Since the purpose of nitride upper cladding layer is to compensate induced tensile 

strain generated by sputtered Si3N4, the AlN which has the smallest lattice constant among 

AlxGa1-xN is the most suitable material. Note that, due to the disappearance of intersubband 

transition in the sample with GaN upper cladding layer as explained in [113], there is no 

meaning to deposit Si3N4 and investigate the resultant intersubband transition. Therefore, it was 

highly recommended to use AlN upper cladding layer for the purpose of a strong absorption peak. 
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In addition, the AlN layer was chosen to serve this purpose because of its simple deposition 

process. In this section, the AlN upper cladding layer was grown using the condition of AlN 

barriers of MQWs, low temperature and high V/III ratio. Hence, the crystal quality of AlN layer 

can be possibly improved by using higher growth temperature and lower V/II ratio which was 

the condition for AlN bulk layer grown by conventional MOVPE. These two growth parameters 

will be investigated in the next sections. 
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Fig. 4.7 Transmittance spectra in the MQWs with AlN, AlGaN and GaN upper 

cladding layer (a) without Si3N4 layers and (b) with Si3N4 layer 

 

4.3 Optimization of AlN Upper Cladding Layer 

4.3.1 Effect of Thickness of AlN Upper Cladding Layer 
 

 The influence of the thickness of AlN upper cladding layer has been studied in this 

section. On the top of 40-period GaN/AlN MQWs, AlN cladding layers were deposited at 850 ºC 

using the growth condition of AlN barriers of MQWs (V/III = 3000). Three samples with AlN 

cladding layers 25 nm, 50 nm and 100 nm thick were fabricated in this study. After the growth 

by MOVPE, the samples were deposited with sputtered Si3N4, 0.5-µm-thick. Figure 4.7(a) and 

4.7(b) reveal the FTIR measurement of p-polarized light transmittance in the samples without 

and with Si3N4 layers, respectively. These two graphs were intentionally plotted in the same 
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scale for easy comparison. We can observe that, before Si3N4 deposition, the sample with the 

thinnest AlN cladding possessed the strongest and the smallest FWHM of intersubband transition 

peak. It attributes to the poor crystal quality of AlN upper cladding layer grown by using the 

growth condition of AlN barriers of MQWs. Recalling from the experiment in chapter 2, we 

have assumed that AlN barriers in MQWs had relatively poor quality compared to that of GaN 

wells indicated by the AFM images in Fig. 2.15. This state is also applied for AlN cladding 

layers in this experiment since the growth conditions were similar. However, as shown in Fig. 

4.8(b), it is clear that the sample with 100-nm-thick AlN upper cladding layer was the most 

robust to the effects of Si3N4 layer in the view point of absorption intensity via intersubband 

transition. The strength of intersubband transition peaks were greatly degraded in the samples 

with thin AlN cladding layers. From this result, AlN upper cladding layer for the purpose of 

compensating the strain effects of sputtered Si3N4 layer should be at least 100-nm-thick. 

Nevertheless, the thick AlN upper cladding layer could eventually lead to the degradation of the 

shape of intersubband transition peak. Moreover, the issue of poor crystal quality should be 

improved by optimizing the growth conditions which will be investigated in the next sections.  
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Fig. 4.8 Transmittance spectra in the MQWs with 100-nm-, 50-nm- and 25-nm-thick 

AlN upper cladding layer (a) without Si3N4 layers and (b) with Si3N4 layer 
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4.3.2 Effects of V/III Ratio during the Growth of AlN Upper Cladding Layers 
  

 At this point, we have known that a 0.1-µm-thick AlN upper cladding layer is the 

requirement for preventing the degradation of intersubband transition properties in GaN/AlN 

MQWs from Si3N4 layer. The problem here is to optimize the growth condition of AlN layer 

since its poor quality affects on the FWHM and shape of an intersubband transition peak. In this 

section, the effects of V/III ratio during the growth of AlN upper cladding layer have been 

studied. So far, the growth condition of AlN barriers in GaN/AlN MQWs has been used for the 

deposition of AlN upper cladding layer which V/III ratio is 3000. The reason of using high V/III 

ratio during the growth of AlN barriers is to balance the gas flow because the growth of GaN 

wells by pulse injection method requires sufficient amount of NH3 (group V) for effective carbon 

reduction. Since there are several reports about the quality improvement of AlN bulk layer by 

lowering V/III ratio [114-117], this method has been adopted in order to solve the issue of low 

crystal quality of AlN upper cladding layer. Two samples with different 0.1-µm-thick AlN clad 

layers were fabricated using V/III ratios of 3000 and 500 at growth temperature of 850 ºC. After 

the growth, the samples were polished and measured intersubband transition properties by FTIR. 

The results are shown in Fig. 4.9. Without doubt, the intersubband transition properties were 

much better in the sample with AlN clad layer grown at low V/III ratio. This result was a good 

agreement with the above reference in which, at low V/III ratio, parasitic gas-phase pre-reactions 

between group-III and group-V precursors have been suppressed [117]. 
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Fig. 4.9 Transmittance spectra of 40-period GaN/AlN MQWs with 0.1-µm-thick AlN clad layers 

grown at 850 ºC using V/III of 3000 and 500 

 

4.3.3 Effects of Growth Temperature of AlN Upper Cladding Layers 
  

 Continue from the accomplishment in the last section, the effects of the growth 

temperature of AlN clad layer on the intersubband transition properties has been studied. It is 

widely known that the elevated temperature enhances the lateral movement of deposited species 

resulting in a quasi 2D growth of AlN bulk layers and eventually reducing the pits [118,119]. 

However, there is a possibility that the low temperature grown GaN/AlN MQWs will be suffered 

from the relatively high temperature during of the deposition of AlN clad layer. Hence, the 

growth temperature of AlN upper cladding layer should be optimized in this section.  

 40-period GaN/AlN MQWs were deposited on the top of 0.1-µm-thick AlGaN interlayers 

grown on high-temperature 0.4-µm-thick AlN buffer layers. On the top of the MQWs, 0.1-µm-

thick AlN upper cladding layers were deposited at 850 ºC, 950 ºC and 1050 ºC using V/III ratio 

of 500. A sample without AlN upper cladding layer was used as a reference. Transmittance 

spectra of p-polarized light of each sample are shown in Fig. 4.10. We can see that the sample 

with AlN clad layer grown at 1050 ºC did not possess any intersubband transition peak. It can be 

interpreted that the quality and the abruptness of underneath GaN/AlN MQWs extremely 
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dropped during the growth of AlN layer at high temperature. In addition, the intersubband 

transition peak in the sample with 950-ºC-AlN layer began to broaden and evidenced the 

restructure of GaN/AlN MQWs. Among the samples with AlN upper cladding layers, the 

GaN/AlN MQWs with 850-ºC-AlN layer exhibited the best intersubband transition properties 

comparable to that of GaN/AlN MQWs without upper cladding. This indicates that the growth 

temperature of 850 ºC was high enough to deposit good quality AlN layer without degrading the 

underneath GaN/AlN MQWs. Therefore, the growth conditions of AlN upper cladding layer 

have been optimized for the purpose of waveguide fabrication in the next chapter. 
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Fig. 4.10 Transmittance spectra of MQWs without and with AlN upper 

cladding layer grown at different temperature 

 

4.4 Conclusions 
 

 In this chapter, AlN upper cladding layer grown on the top of GaN/AlN has been proved 

to be mandatory for preventing the degradation of intersubband transition properties in 

underneath MQWs from sputtered Si3N4 layer. The origin of degradation is believed to be the 

change of strain level in GaN/AlN MQWs by induced tensile strain form Si3N4 layer which 

weakens the oscillation strength of intersubband transition and results in poor intersubband 
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absorption intensity. The AlN upper cladding layer and the effects of growth parameters have 

been investigated for the purpose of the best intersubband transition. 

1. Considering its energy band gap, AlN or Al-rich AlGaN has been highly 

recommended to be used as upper cladding layer for the purpose of strong 

intersubband transition intensity.  

2. From the study, a 0.1-µm-thick AlN is the minimum thickness required for 

preventing the underneath GaN/AlN MQWs from sputtered Si3N4 layer. However, 

with a thicker AlN cladding layer, the shape and the FWHM of an intersubband 

transition peak can possibly be suffered from poor crystal quality of AlN cladding 

layer.  

3. Low V/III ratio during the growth of AlN upper cladding results in the excellent 

crystal quality. The sample with an AlN upper cladding layer grown using low V/III 

ratio showed superb intersubband transition properties both intensity and FWHM of 

absorption peak. 

4. The high growth temperature of AlN cladding layer leads to the degradation of 

intersubband transition characteristic especially the absorption intensity even though 

the crystal quality of AlN layer can be improved. The growth temperature of 850 ºC 

has been proved to be an optimum point for achieving good AlN layer in the view 

point of resultant intersubband transition properties in the beneath MQWs and crystal 

quality. 
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Chapter 5 Fabrication of AlN-Based 
Waveguide with GaN/AlN MQWs 
Absorption Core 

 

 

 

 

ll effort from the previous chapters has been devoted in this chapter to fabricate 

optical devices utilizing intersubband transition in MOVPE grown GaN/AlN MQWs. 

This work has focused on all-optical switch based on AlN waveguide structure. The 

AlN-based waveguide has been designed in section 5.1 for the purpose of good optical 

confinement and single mode propagation. After that, ridge and high-mesa AlN waveguide with 

GaN/AlN MQWs core has been fabricated in section 5.2. In section 5.3, the intersubband (ISB) 

absorptions in AlN-based waveguides have been measured and compared with other studies.  

The intersubband absorption saturation has been evaluated in section 5.4. The conclusion of this 

chapter is given in section 5.5. 

 

5.1 Design of AlN-Based Waveguide with GaN/AlN MQWs Core 
 

 In the last chapter, chapter 4, AlN upper cladding layer which is mandatory for 

compensating the effect of induced tensile strain originated by Si3N4 layer has been investigated. 

The optimized structure exhibited a very excellent intersubband transition peak in the viewpoint 

of absorption strength and FWHM of the intersubband transition peak. This thesis has focused on 

all-optical switch based on intersubband transition in GaN/AlN MQWs embedded in AlN-based 

waveguide. Hence, AlN-based waveguide has to be investigated, designed and fabricated. In fact, 

the design of optical waveguide is a very important issue, especially for optical devices utilizing 

the saturation of intersubband absorption including all-optical switches and modulators. This is 

A
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because the energy required for pumping the intersubband absorption in the waveguide to a 

certain saturation level relates to the size of active region (MQWs core) and the optical 

confinement in the waveguide. At the present time, the lowest pumping energy required for 10-

dB saturation level is 38 pJ in a GaN ridge waveguide which has been reported in Ref. 25 owing 

to a good waveguide designing. This evidences the important and necessary of the designing of 

optical waveguide for the purpose of minimizing the switching energy. 

 Generally, in this work, two main parameters have been carefully considered during the 

designing of AlN-based waveguide including:  

1. The optical confinement in GaN/AlN MQWs core which should be as high as 

possible in order to effectively utilize intersubband transition and saturate 

intersubband absorption with low pumping energy. 

2. Mode of propagation which should be single mode in order to operate optical 

switches at high speed with stability and reliability using low switching pulse energy.  

From the chapter 3, the growth and the optimization of GaN/AlN MQWs have been done 

on AlN buffer layers. In addition to the advantages of AlN described in chapter 3, AlN material 

also exhibits an outstanding property over GaN material which will be explained later in the 

designing of waveguide structure. 

 

5.1.1 Optical Confinement and Mode Propagation in AlN-Based Waveguide  
  

 The designing of AlN-based optical waveguide in this work has been performed by the 

simulation of different structures using the beam propagation method (BPM). The refractive 

indexes of nitride material used in the simulation are 2.335[112], 2.031 [112], and 1.85 [111] at 

1.55-µm wavelength for GaN, AlN and Si3N4, respectively. The refractive indexes of AlGaN 

interlayer and GaN/AlN MQWs (both have Al-content ~0.8) can be interpolated from that of 

AlN and GaN. Therefore, the structures with MQWs embedded between cladding layers have 

been studied by the one-dimensional waveguide simulation of propagation mode in z-axis 

(growth direction), followed by the two-dimensional waveguide simulation. 

 The simulation started with the structure shown in Fig. 5.1 which 0.5-µm-thick Si3N4 was 

sputtered on the top of 0.1-µm-thick AlN cladding layer optimized in the last chapter. The 

underneath layers were 40-period of GaN/AlN MQWs with the total thickness of 0.24 µm on 
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AlGaN interlayer and AlN buffer, 0.1-µm-thick and 0.5-µm-thick, respectively. Since this 

structure has been well investigated during the optimization process, it was considered as a good 

starting point with 0.5-µm-thick Si3N4 to make the MQWs at the center of the structure. 

 

 
 

Fig. 5.1 Waveguide structure with GaN/AlN MQWs core buried with nitride material 

  

 The TE and TM mode intensity profiles on the waveguide structure in Fig. 5.1 are shown 

in Fig. 5.2 and 5.3, respectively. These TE and TM mode intensity profiles reveal that the optical 

confinement was maximized around the interface between AlGaN interlayer and MQWs core. 

Obviously, in both TE and TM mode intensity profiles, there exist two propagation modes 

including the fundamental mode and 1st higher order mode. This can be explained that the AlN 

buffer, AlGaN interlayer, AlN upper cladding layer and Si3N4 layer were thick and the optical 

confinement was large enough to confine multimode propagation. Although the coupling 

efficiency of higher mode from fiber to waveguide is generally lower than that of the 

fundamental mode, the higher mode propagation is considered as a loss. Particularly, the 

multimode propagations in the growth direction are undesirable since the most of higher mode 

intensities do not couple into the active region (MQWs core). This can be a major obstacle for 

the measurement and characterization of intersubband transition in waveguide as well as the 

pumping energy required for the saturation of intersubband absorption will be larger. From the 

above reasons, the single mode propagation in the waveguide is strongly preferred. There are 

several conservative methods for achieving this purpose including the use of materials that have 
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lower refractive indexes and the downsizing of the waveguide structure. Considering that AlN 

has the lowest refractive index among the AlGaN system, it suggests that the downsizing of the 

waveguide structure should be the best method for obtaining a single mode waveguide. Again, 

AlN buffer layer shows an outstanding merit over GaN layer in which MOVPE grown GaN 

buffer layer initially deposits in 3-D island mode and changes to quasi-2-D growth mode as its 

thickness exceeds 0.4 µm [120]. Generally, high quality GaN layer can be achieved when its 

thickness is around 0.8 µm. In the contrast, AlN layer deposits in 2-D growth mode from the 

initial state. Hence, it is possible to fabricate high quality AlN buffer layer as thin as 0.3-0.4 µm 

which is favorable for downsizing the waveguide structure. Moreover, GaN cladding layers in a 

waveguide structure easily lead to high optical confinement and multimode propagation due to 

large refractive index of 2.335. Consequently, AlN material is more preferred for optical devices 

based on waveguide structure owing to the above reasons including the relatively low dislocation 

density in AlN layer compared to that of GaN layer. 

 

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-2x106

-1x106

0

1x106

2x106

3x106

SiN

A
lN

 TE0
 TE1

 

M
od

e 
In

te
ns

ity
 (a

.u
.)

z-position (µm)

n

sapphire

AlG
aN

M
Q

W
s

A
lN

 
 

Fig. 5.2 TE mode intensity profiles and refractive index of waveguide structure shown in Fig. 5.1. 
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Fig. 5.3 TM mode intensity profiles and refractive index of waveguide structure in Fig. 5.1. 

 

 In order to design a single mode waveguide, the thickness of AlN buffer layer was, 

therefore, decreased to 0.4 µm, the limitation that ensures high-quality bulk AlN layers prepared 

by MOVPE. Using the optimization of intersubband absorption intensity by doubling the reactor 

pressure in chapter 3.6, the number of GaN/AlN MQWs can be reduced from 40 periods to 10 

periods while the intersubband transition intensity is high enough for the measurement of 

intersubband characteristics in the waveguide. The total thickness of MQWs was 45 nm as a 

result. The Si3N4 layer was also decreased to 0.4 µm to align the MQWs at the center of the 

waveguide. The new designed structure is displayed in Fig. 5.4. 

 

 
 

Fig. 5.4 The new designed waveguide structure by downsizing the thicknesses 
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Fig. 5.5 TE fundamental mode intensity profile and refractive index of the new 

designed waveguide structure 
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Fig. 5.6 TM fundamental mode intensity profile and refractive index of the new 

designed waveguide structure 

 

 Clearly, with the new designed structure, the AlN-based waveguide exhibits only single 

mode propagation. The mode intensity profiles both TE and TM mode in Fig. 5.5 and 5.6 
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indicate that the maximum optical confinement shifted to the bottom of AlGaN interlayer due to 

thinner MQWs core. The thicker MQWs core is favorable for the optical confinement but, in the 

contrast, can lead to multimode propagation in vertical direction. In addition, we can observe the 

larger optical leakage from the sapphire/AlN interface due to the thinner structure especially in 

TM mode light. However, compared with the multimode propagation in the old structure, the 

new designed waveguide has showed a potential for fabricating an optical switch requiring 

significantly low pumping energy. 

 

5.1.2 Ridge and High-mesa Waveguide 
 

 The structure of AlN-based waveguide has already designed and optimized for single 

mode propagation. Before conducting the waveguide fabrication, the shapes of waveguide have 

been studied for good device characteristics. In this section, two famous types of waveguide 

geometries, ridge and high-mesa waveguides, are introduced. 

 Ridge waveguide, illustrated in Fig. 5.7(a), is the structure which is shallow etched, not 

reaching the active layer (MQWs core). The ridge waveguide is widely used for semiconductor 

optical waveguide owing to its properties, for example: 

• Propagation loss in ridge waveguide is relatively low compared to that in high-mesa 

waveguide since the active core laterally expands in which the light can travel and be 

confined within the active core. Therefore, the propagation loss and interference from the 

roughness of sidewall of the above waveguide strip are relatively low.  

• Because of the large cross section area of ridge waveguide, the coupling of light from 

fiber to waveguide is easy and yields a good coupling efficiency.  

• The ridge waveguide is also famous for single mode waveguide because the optical 

confinement in lateral direction is not strong compared to that of high-mesa waveguide. 

• However, because the active core is buried under the upper cladding layers, it is not an 

easy task to align the light from the fiber at the center of the active core. In fact, the 

energy of light coupled to the MQWs core can be greatly suffered from the difficult 

alignment. 

• The large active region, especially in the lateral direction, can result in the requirement of 

high pulse energy to saturate the intersubband absorption. 
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Classified by the etching depth, high-mesa is the waveguide which is deeply etched pass 

through the active core as schematically shown in Fig. 5.7(b). The characteristics of high-mesa 

waveguide are different to that of ridge waveguide in which: 

• The roughness of sidewall of the waveguide greatly determines the propagation loss in 

the high-mesa structure. The fabrication process requires advance technique in order to 

obtain deep-etched smooth sidewall. 

• Considering the cross section area of high-mesa waveguide, the coupling efficiency of 

light from fiber to waveguide is not as good as ridge structure. 

• The optical confinement in high-mesa waveguide is high both horizontal and vertical 

directions making an excellent light confinement within the waveguide. It can be 

expected that the large portion of light is delivered into the active core. 

• However, such a high optical confinement, the multimode propagation can easily occur in 

this structure. 

• Compared to ridge structure, the relatively small active region in high-mesa waveguide is 

favorable for lowering the pumping energy required to saturate the intersubband 

absorption. 

 

      
 

Fig. 5.7 2-µm-wide AlN-based optical waveguide with optimized thicknesses 

(a) ridge waveguide and (b) high-mesa waveguide  

 

 Figure 5.8 displays the two-dimensional mode intensity profiles in the 2-µm-wide ridge 

waveguide which is shown in Fig. 5.7(a). Obviously, there exist single mode of TE propagation, 

TE 00, and two modes of TM propagation, TM 00 and TM 01. Note that the higher propagation 

mode does not appear in the vertical direction owing to the designing in the last section. We can 
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see that the intensities of each mode are maximum around the lower part of AlGaN interlayer, 

agreeing with the result in the last section. In addition, the portions of confined light into the 

MQWs core are also relatively high indicating a good designing.  

 

 
 

Fig. 5.8 2-D TE and TM mode propagation intensity profiles in 2-µm-wide 

ridge AlN-based waveguide  

 

 The TE and TM mode propagation intensity profiles of the high-mesa structure are 

shown in Fig. 5.9. We can see that the high-mesa waveguide designed in this work allows higher 

propagation mode compared with ridge structure. There exist 3 modes including fundamental 

mode, 1st and 2nd higher modes for both TE mode and TM mode. It should be noted that the issue 

of higher propagation mode in the vertical axis has been suppressed by the designing of 

waveguide structure in the last section. Hence, the higher propagation modes exist only in the 

horizontal direction which the loss from these propagation modes is much smaller than that of 

higher modes in vertical direction (if exists). Considering the intensity profiles in the high-mesa 

waveguide, the optical confinement of light into the MQWs core is remarkably better than the 

ridge waveguide case. 

 We can see that each waveguide structure has its own advantages. Ridge waveguide is 

easier to fabricate, easier to couple light from fiber, and yields low propagation loss, but the 

confinement of light into the center of active core is more difficult. For the high-mesa structure, 

on the other hand, the optical confinement is better but the fabrication is more advance and the 

propagation loss depends on the roughness of sidewall of the waveguide. For experimental 

comparison between two structures, in the following sections, ridge waveguide and high-mesa 
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waveguide have been fabricated and the intersubband transition characteristics in both structures 

have been evaluated. 

 

 
 

Fig. 5.9 2-D TE and TM mode propagation intensity profiles in 2-µm-wide 

high-mesa AlN-based waveguide  

 

5.2 Fabrication of AlN-Based Waveguide 
 

 In this section, the fabrication procedures of AlN-based waveguide are given in detail. 

First, the inductively coupled plasma reactive ion etching system (ICP-RIE) is briefly introduced 

as the most important instrument for the fabrication of nitride-based optical waveguide. The 

fabrication processes of high-mesa waveguide are quite similar to that of ridge structure and can 

directly derived from the fabrication of ridge structure. The only difference between two 

structures is etching depth. In the ridge structure, only Si3N4 layer is etched as illustrated in Fig. 

5.7(a) while the etching in high-mesa structure is deep to sapphire substrate as shown in Fig. 

5.7(b). Therefore, the fabrication procedures of two waveguide structures will be simultaneously 
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explicated. Note that the fabrication processes have been adopted from the optimized conditions 

which were thoroughly explained in Ref. 45-46, 111 and 120. 

 

5.2.1 Inductively Coupled Plasma Reactive Ion Etching 
 

 Dry etching (reactive ion etching) is a key technology for the microfabrication. In 

contrast to wet etching, it is capable to yield structures with high pattern transfer fidelity and 

high aspect ratios. The etching is achieved by generating plasma from a suitable gas above the 

sample. The plasma is excited by applying RF (radio frequency) power. The capacitor formed by 

the chamber walls and the stage couples the energy capacitively to the reactive gas. In addition, 

the more sophisticated inductively coupled plasma reactive ion etching system (ICP-RIE) can 

also couple the energy inductively into the plasma by a coil around the chamber (Fig. 5.10). This 

two independent power sources, RF-power and ICP-power, allow controlling the plasma density 

and the ion energy independently, giving more degrees of freedom for process optimization. 

 

 
 

Fig. 5.10 Schematics of an ICP-RIE reactor 

 

The different masses of the charge carriers (negative electrons and positive ions) cause a 

depletion of electrons close to the sidewalls of the plasma chamber, resulting in an electric field 

(DC-bias) between the plasma and the chamber wall. Through this field, electrically charged 
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positive ions are accelerated towards the sample, which they hit at almost normal incidence, 

causing vertical etching. These ions can either etch the underlying material chemically by 

forming volatile etch products, physically eject other atoms (sputtering or physical etching) or 

support chemical etching between the etched material and the neutral gas (ion-enhanced 

chemical etching). 

 In this work, the ICP dry etching was performed by ANELVA-201D ICP-RIE system. 

Rated powers and frequencies of ICP coil and RF source are 1000 W/13.56 MHz and 300 W/400 

kHz, respectively. The machine is equipped with argon (Ar), oxygen (O2), hydrogen (H2), 

chlorine (Cl2), methane (CH4), trifluoromethane (CHF3) and helium (He, for cooling) gases 

which allow the etching of various material systems.   

 

5.2.2 Fabrication Processes of AlN-Based Waveguide 
 

 Figure 5.11 gives us the overview of AlN-based waveguide fabrication processes which 

their details are described as followed: 

 

 
 

Fig. 5.11 Schematic diagram of waveguide fabrication processes 
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 1) Photolithography 

A sample which is deposited nitride semiconductor layers and sputtered Si3N4 layer is 

firstly cleaned with acetone and isopropanol. The cleaned sample is afterward dried with N2 and 

baked at 120 ºC for 10 minutes to remove the remaining isopropanol. After that, the 

photolithography technique is performed to pattern a photoresist mask on the top of Si3N4. In this 

procedure, AZ 5214 which is favorable for lift-off technique is used as negative resist. The 

processes are listed as followed: 

1. Spin Coating 

− 1st step: 500 rpm, 5 sec 

− 2nd step: 3000 rpm, 30 sec 

2. Prebaking: 90 ºC, 60 sec 

3. 1st exposure: 4 sec, hard contact with mask 

4. Reversal baking: 120 ºC, 120 sec 

5. 2nd exposure: 8 sec, soft contact without mask 

6. Developing: Tetra-methyl-Ammonium-Hydroxide (TMAH, NMD3) 3min 

Note that the exposure times are adjustable regarding to the intensity of Hg-lamp. 

 

 2) Electron-beam evaporation 

 The AZ 5214 photoresist itself cannot be used as a mask for ICP dry etching due to its 

softness. Hence, some harder materials have to be deposited as an etching mask. In this work, 

300-nm-thick silicon dioxide (SiO2) and 200-nm-thick aluminium oxide (Al2O3) have been used 

for this purpose. The deposition process is done by electron-beam (EB) evaporator using SiO2 

and Al2O3 targets. 

 

 3) Lift-off  

 The sample, which is already deposited SiO2/ Al2O3 mask, is then lift-off the AZ 5214 

photoresist using hot acetone, 80 ºC, for 5 minutes. This is followed by cleaning with acetone 

and IPA, each for 1 minute, in ultrasonic bath. After lift-off process, the mask pattern is clearly 

seen and ready for ICP dry etching. 
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 4) ICP dry etching of Si3N4 layer 

 To form a ridge waveguide structure, the sample is shallow etched Si3N4 layer using ICP-

RIE.  The etching is perform in the ambient of gas mixture, Ar:CHF3:O2=7:2:4 sccm, at the 

pressure of 1 Pa. The ICP powers and RF power are maintained at, respectively, 200 and 75 watt 

during the process. The etching rate is approximately 1.5 nm/s. The ridge waveguide is finished 

in this step, while the high-mesa structure will be done in the next process.  

 

 5) ICP dry etching and wet treatment of nitride layers 

 In this step, the high-mesa waveguide is formed by deep etching all nitride layers using 

ICP-RIE. The process is utilizing two-step etching technique [46,111] which the conditions are 

summarized in the table 5.1. With 1 cycle of two-step etching, nitride layers can be removed by 

600-700 nm thick.  

 

Table 5.1 Summarization of conditions during two-step etching for nitride layers  

Step No. Time(min) ICP Power RF Power Gas Press. Ar:Cl2 (sccm) Temperature 

1 3.5 600 W 175 W 7 Pa 2:8 RT 

2 2.5 450 W 175 W 7 Pa 2:8 RT 

 

After that, the wet treatment is carried out to remove spikes of remaining nitride layers. This 

procedure is done by TMAH at 70 ºC, 4 minutes. 

 

 At this point, two AlN-based waveguide structures have been successfully fabricated 

using the above procedures which the experimental results are shown in the next sections. 

 

5.2.3 Ridge AlN-Based Optical Waveguide 
 

 By using the waveguide structure as discussed in section 5.2, Fig. 5.7(a), and the 

fabrication procedures, step 1 to step 4, from the last section, the practical ridge AlN-based 

waveguide has been fabricated. The scanning electron microscope (SEM) image of fabricated 

device is shown in Fig. 5.12. We can clearly observe each layer separated by different colors. 
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Nevertheless, we cannot distinguish the GaN/AlN MQWs from the AlGaN interlayer because 

their Al-contents were similar. The sidewall of the waveguide was smoothly etched so that it 

could be expected for the low propagation loss in this sample. Obviously, SiO2 and Al2O3 mask 

layers still remained after the ICP etching of the Si3N4 layer. Since the refractive index of SiO2 

and Al2O3 are 1.46 and 1.75, by using the thicknesses of each layers as measured by the SEM 

image, the propagation mode in this structure was still single mode, both TE and TM, confirmed 

by the simulation method described in section 5.1. 

 

 
 

Fig. 5.12 SEM image of 2-µm wide ridge AlN-based waveguide 

 

5.2.4 High-mesa AlN-Based Optical Waveguide 
 

 The high-mesa waveguide structure in this work was based on the ridge type but 

performed the deep etching of nitride layers as mentioned above. Figure 5.13 reveals the 

practical result by SEM image of a high mesa waveguide using the fabrication process from step 

1 to step 5. Each layer was clearly observed separately from the others by different colors except 

the GaN/AlN MQWs and AlGaN layer. The Al2O3 layer was completely vanished while the SiO2 

layer was several removed by the nitride etching using Cl2 gas. The roughness of sidewall of the 

high-mesa waveguide, which crucially affects the propagation loss, was a little bit rough. 

However, by looking at the entire structure, the intersubband transition characteristics should be 

expectedly observed from this sample. The two AlN-based waveguide structures, ridge type and 
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high-mesa type, have been successfully fabricated using the procedures described in the previous 

section. This indicates that the fabrication processes have been well performed but leaves room 

for further optimization. The measurement of intersubband transition characteristics in both 

samples is carried out in the next section. 

 

 
 

Fig. 5.13 SEM image of 2-µm wide high-mesa AlN-based waveguide 

 

5.3 Intersubband Absorption in AlN-Based Waveguide with GaN/AlN 
MQWs Core 

 

Before the measurement of intersubband transition characteristics in AlN-based waveguide, 

the functionality of waveguide should be confirmed by the light propagation test. A 1.55-µm 

light from a tunable laser is directly coupled to the waveguide.  A lens is used for focusing the 

output from optical waveguide to an infrared camera. The functionality of the waveguide is 

considered from the near-field image of the propagating light. Captured by the infrared camera, 

Fig. 5.14(a) and 5.14(b) show the near-field images of propagating light through the ridge 

waveguide and the high-mesa waveguide which were fabricated in the last section, respectively. 

For the ridge type, the beams from the neighbor waveguides can also be seen as satellite spots. 

As shown in both figures, the round beams of propagating lights were clearly observed, 

indicating the functionality of fabricated waveguides. This means that the optical waveguides 

can be evaluated and characterized the intersubband transition properties in GaN/AlN MQWs.  
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Fig. 5.14 Near-field images of propagating light through (a) ridge AlN-based waveguide 

(b) high-mesa AlN-based waveguide which were fabricated in section 5.2 

 

5.3.1 Measurement Setup Using Direct Coupling Method 
 

 In this section, the measurement and characterization of propagating light through optical 

waveguide is performed. The quantities and parameters especially concerned are propagation 

spectrum, propagation loss and polarization dependency. The measurement system called direct 

coupling method was setup as illustrated in Fig. 5.15 [46,111,120]. A supercontinuum light 

source was used as an ultra-wideband light generator. Supercontinuum generation is a process 

where laser light is converted to light with a very broad spectral bandwidth (i.e., low temporal 

coherence), whereas the spatial coherence usually remains high. The spectral broadening is 

usually accomplished by propagating optical pulses through a strongly nonlinear device, such as 

an optical fiber [121-126]. The supercontinuum light source in this work has a high power and 

wide range from 1100 nm to 1750 nm. Hence, it is suitable for the measurement of 1.5-µm-range 

intersubband transition which is the most interesting wavelength in this study. The 

supercontinuum light is directly coupled from a fiber to the waveguide and the propagating light 

from the opposite facet is focused to a small beam by 100X lens. The focused light is then 

directly coupled to a large-diameter multimode propagation fiber using a collimating lens, 

preparing for measurements by power meter or optical spectrum analyzer (OSA). To get rid of 

unnecessary information and noise, a pin hole is placed between the 100X lens and the 

collimating lens and filters only the light propagating through the waveguide.  Because the 

supercontinuum light is typically non-polarization, the polarization of propagating light from the 

(a) (b)
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waveguide can be selected by placing a polarizer behind the 100X lens. In the last, with the 

measurement setup, transmission spectra of both TE mode and TM mode light can be separately 

evaluated and characterized by OSA. Finally, intersubband transition properties can be analyzed 

using the fact that only TM mode light can be absorbed via intersubband transition which is so 

called the selection rule in quantum well.  

 

 
 

Fig. 5.15 Schematic diagram of measurement setup for intersubband transition 

characterization using direct coupling method 

 

5.3.2 Characterization of Intersubband Transition in GaN/AlN MQWs Embedded in 
AlN-Based Optical Waveguide 

 

 The measurement results of intersubband transition characteristics in AlN-based 

waveguide both the ridge type and the high-mesa type are discussed and analyzed in this section. 

Before that, the optical loss occurs during the measurement is discussed and explained. Typically, 

we can classify the optical loss into two types. The first occurs within the optical waveguide 

which is called the propagation loss. The origins of propagation loss are defects in the waveguide, 

shape of the waveguide, roughness of the sidewall, optical leakage and multimode propagation. 

These are the parameters that can be controlled by carefully designing and fabricating of the 

waveguide. The second is the loss outside the optical waveguide. The optical coupling mismatch, 

reflection of light at cleaved area of the waveguide and scattering of light at cleaved area of the 

waveguide are classified as this loss. Figure 5.16 schematically shows the optical loss in the 

measurement classified into two groups, loss inside and outside of the optical waveguide. Before 

the measurement of optical waveguide, transmittance spectra of TE and TM mode light have 

been evaluated by fiber-to-fiber measurement to estimate the insertion loss of measurement 

system as illustrated in Fig. 5.17. 
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Fig. 5.16 Losses in the measurement of intersubband transition in AlN-waveguide 

 

1.1 1.2 1.3 1.4 1.5 1.6 1.7
-60

-50

-40

-30

-20

In
te

ns
ity

 (d
B

m
)

Wavelength (µm)

 Direct TE
 Direct TM

 
 

Fig. 5.17 Transmission spectra of TE mode light and TM mode light evaluated 

by fiber-to-fiber measurement 
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 1) Ridge optical waveguide 

 

The transmission spectra of TE mode light and TM mode light in 400-µm-long ridge 

AlN-based waveguide with GaN/AlN MQWs core are plotted in Fig. 5.18(a). As mentioned 

before, the ridge waveguide is favorable for low propagation loss structure. Hence, by comparing 

with fiber-to-fiber propagation spectra in Fig. 5.17, the summation of propagation loss and 

coupling loss at input facet of the waveguide, which is a non-saturated loss, was noticeably low 

in TE mode light, i.e. around 5-6 dBm for the 400-µm-long waveguide. Obviously, we can 

clearly see that the transmittance of TM mode light had a valley which was an absorption peak 

covered the wavelength from 1.45 µm to 1.75 µm with a center around 1.57 µm and a full-width 

at half-maximum of 160 meV. Besides the propagation loss and coupling loss, this relatively 

large absorption was due to the intersubband transition in GaN/AlN MQWs. The polarization 

dependent transmission spectrum including absorption via intersubband transition approximated 

by the ratio of TM and TE (subtraction in the log scale) is also plotted in Fig. 5.18(b). Without 

any doubt, the strong intersubband absorption has firstly been realized in MOVPE grown AlN-

based waveguide with GaN/AlN MQWs core. The absorption rate was around 21 dB in the 400-

µm-long waveguide, estimated 52 dB/mm. The interference and resonance in ridge waveguide 

have minor effects on the transmission spectra so that we can observe smooth transmittances in 

both TE mode light and TM mode light. 
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Fig. 5.18 (a) Transmission spectra of TE mode and TM mode lights and (b) TM/TE ratio in 

the 400-µm-long ridge AlN-based waveguide with GaN/AlN MQWs core 
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 2) High-mesa optical waveguide 

 

 Similar with the ridge waveguide structure, the intersubband transition properties in 

GaN/AlN MQWs in high-mesa waveguide was evaluated by measuring the transmittance of TE 

mode light and TM mode light. The measurement results of 400-µm-long high-mesa waveguide 

are plotted in Fig. 5.19(a). It is clear that the propagation loss in this sample was noticeably lager 

than that in the ridge structure, estimated around 5-10 dB at all wavelength. The TE loss in this 

high-mesa structure was estimated around 10-15 dB over 400-µm-long waveguide. The larger 

loss than the ridge structure attributed to the low coupling efficiency at input facet and the 

roughness of sidewall of the waveguide which was not completely smooth (Fig. 5.13). Hence, 

the travelling light can easily be scattered at the rough sidewall resulting in a large propagation 

loss. The spike-like transmission spectra or oscillation were originated from the resonance and 

interference in the waveguide structure. This is evidenced by the fact that the oscillation changes 

with the alignment of fiber. Nevertheless, we can also clearly observe the absorption via 

intersubband transition in GaN/AlN MQWs by the ratio of TM and TE transmission spectra as 

evidenced in Fig. 5.19(b). The absorption region covered the wavelength from 1.45 µm to 1.75 

µm with a peak around 1.60 µm and a full-width at half-maximum of 150 meV. The absorption 

rate was about 21 dB in 400-µm-long waveguide equaling to 52 dB/mm. The absorption via 

intersubband transition in this sample was similar to that of ridge waveguide regardless the large 

propagation loss in both TE- and TM-polarized light. 
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Fig. 5.19 (a) Transmission spectra of TE mode and TM mode lights and (b) TM/TE ratio in 

the 400-µm-long high-mesa AlN-based waveguide with GaN/AlN MQWs core 
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5.3.3 Comparison of Intersubband Absorption with Other Researches 
 

 The intersubband transition properties in AlN-based waveguide with GaN/AlN MQWs in 

this work are analytically compared with the data from the researches in Ref. 45, 120, labeled as 

sample “A”, and in Ref. 46, 111, labeled as sample “B”, which are the precedence of this thesis. 

Therefore, the fabrication processes from the growth to the device are partially similar while the 

measurement setup is same. The comparison of waveguide structures and related parameters are 

listed in the table 5.2. The major difference between this work and the others is that the 

GaN/AlN MQWs and cladding layers in this study were grown by MOVPE at low temperature 

instead of MBE. The doping concentrations in MBE grown samples, A and B, are approximately 

5 times higher than the value which can be achieved in this work. Hence, the numbers of MQWs 

period are also different by the factor of 5. A great outstanding of this work is that the crystal 

growth processes can be performed by MOVPE at once compared with the regrowth by MBE in 

the other works. It should be noted here that, up to the present, the intersubband absorption in 

AlN-based waveguide with GaN/AlN MQWs grown by MOVPE is first observed in this work. 

The fabrication processes in this work were partially optimized owing to the investigations of 

sample A and B, i.e. the fabrications of waveguide with utilizing the low temperature MOVPE 

were different with the fully optimized processes of sample B. It should also be remarked that 

the coupling efficiency of the waveguides in this work was relatively low compared with the 

other since the lack of fine polishing process. Hence, the coupling loss in this work was not 

optimized and higher than that of the rest. 

Figure 5.20 and 5.21 show the data of transmission spectra and TM/TE ratio of the 

sample A and B, respectively. Focusing on the results in Fig. 5.20(a), we can see that the 

propagation losses of TE mode and TM mode were greater than this work although the coupling 

efficiency was better. The absorption via intersubband transition was observed (Fig. 5.20(b)) 

which covered the wavelength from 1.15 µm to 1.65 µm with a center at 1.40 µm. This 

absorption result was not clear since the transmittance of TM mode light was very low which can 

easily be interfered from noise. Nevertheless, the absorption peaks was considerably broad 

compared to the results of both ridge waveguide and high-mesa waveguide in this work. The 

absorption rate was 25 dB in 400-µm-long waveguide, approximated 60 dB/mm, which was high 

considered the fact of high propagation loss.  
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Table 5.2 Lists of waveguide structure and related parameters of the AlN-base waveguide in this 

work and sample A and B 

Parameter This work A [45,120] B [46,111] 

Year 2009 2006 2007 

Sample 

Buffer 
MOVPE 

0.4-µm AlN 

MOVPE 

0.4-µm AlN 

MOVPE 

0.4-µm AlN 

Interlayer 
0.1-µm 

AlGaN 
- - 

MQWs 
MOVPE 

10xGaN/AlN 

MBE 

2xGaN/AlN 

MBE 

2xGaN/AlN 

Doping 2×1019 cm-3 1×1020 cm-3 1×1020 cm-3 

Cladding 

MOVPE  

0.1-µm AlN/ 

0.4-µm Si3N4 

MBE 

0.4-µm AlN 

MBE 

0.4-µm AlN 

Waveguide 
Structure 

Ridge/ 

High-mesa 
High-mesa High-mesa 

Optimized Partially Partially Fully 

 

 
 

Fig. 5.20 (a) Transmission spectra of TE mode and TM mode lights and (b) TM/TE 

ratio in the 400-µm-long high-mesa AlN-based waveguide with MBE grown 

GaN/AlN MQWs core (sample A [45,120]) 
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The result in Fig. 5.21 is the successor of the previous study in which the fabrication 

processes of the waveguide were fully optimized to achieve the lowest propagation loss. In 

addition, before the measurement, the backside of the sample was polished to improve the 

cleaved surface and coupling efficiency. Without doubt, the transmission spectra revealed the 

excellent propagation with low loss even in the high-mesa structure, completely outrunning the 

high-mesa waveguide in this work. However, the ridge waveguide in this work also exhibited 

comparably good transmittance spectra although the fabrication procedures were not fully 

optimized. The intersubband absorption peak was clearly observed from 1.30 µm to 1.65 µm 

with a peak center at 1.50 µm. The absorption strength was 25 dB over 800-µm-long waveguide 

equaling to 30 dB/mm. Comparing with 52 dB/mm in the ridge waveguide and the high-mesa 

waveguide in this work, it indicates that the optical waveguide in this study were well fabricated 

without the fully optimization. 

 

 
 

Fig. 5.21 (a) Transmission spectra of TE mode and TM mode lights and (b) TM/TE 

ratio in the 800-µm-long high-mesa AlN-based waveguide with MBE grown 

GaN/AlN MQWs core (sample B [46,111]) 

 

It has been clearly shown that the intersubband absorption in MOVPE grown AlN-based 

waveguide can competitive with the MBE grown sample which so long dominated the 1.5-µm-

range intersubband transition in GaN/AlN MQWs as followed: 
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• The crystal quality of GaN/AlN MQWs and AlN upper cladding grown at low 

temperature are excellent. There is no evidence for addition losses from defects or 

dislocation in these layers. 

• The carrier concentration in GaN wells grown at low temperature by pulse 

injection method is sufficient for intersubband absorption in AlN-based 

waveguide. 

• The AlN upper cladding layer has been well optimized in which strong 

intersubband absorption can be achieved. 

• The Si3N4 layer exhibits good performance as a cladding layer for nitride-based 

waveguide which can be deposited using sputtering method at low temperature. 

This achievement is very promising for the optical device utilizing intersubband 

transition in nitride waveguide. Therefore, the non-linear properties and saturation of 

intersubband transition in the waveguide which determine the functionality of optical devices are 

investigated in the next section. 

 

5.4 Intersubband Absorption Saturation in AlN-Based Waveguide with 
GaN/AlN MQWs Core 

 

 The saturation of intersubband absorption in GaN/AlN MQWs is one of the most 

importance characteristics for the optical devices utilizing saturation absorption including all-

optical switch. The saturation can occur by exciting carriers from first subband energy level to 

higher subband energy levels, generally second subband. In this section, the attempt of 

evaluating the saturation absorption is carried out using high energy pulse laser. 

 

5.4.1 Measurement Setup 
 

 It should be mentioned first that the measurement setup here is not the best configuration 

for observing the intersubband absorption saturation in GaN/AlN MQWs. This is because the 

intersubband relaxation in GaN/AlN MQWs is extremely fast [11-12,127-128]. Therefore, for 

evaluating the pumping energy required to saturate intersubband absorption, it is necessary to use 
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an ultrashort optical pulse which has a temporal width less than the intersubband relaxation time. 

In general, a femtosecond pulse generator with a pulse width around 150 fs is suitable for this 

purpose [12,23-25,44-47]. With the limitation of laboratory equipment here, the measurement of 

saturation absorption is carried out using self-saturation measurement instead of generally used 

pump-probe measurement. So that, the measurement cannot directly evaluate the required 

pumping energy in time-domain but determine the power of output light propagating in AlN-

based waveguide with GaN/AlN MQWs core. The measurement system was setup according to 

the schematic diagram in Fig. 5.22. A 63-MHz 1.56-µm laser with a pulse width of 0.4 ps 

(FWHM) was generated from a laser diode (LD) and used as an exciting source. In order to 

maintain the pulse width, the measurement setup was designed and eliminated unnecessary 

component as much as possible. The intensity of optical pulse can be adjusted by using optical 

attenuator (OA). The TE mode and TM mode of the optical pulse was adjusted by a polarization 

controller (PC). The propagating light through the optical waveguide was collected by 100X lens. 

After filtering unnecessary light using a pin hole, the focused light was coupled to a multimode 

fiber using a collimating lens and analyzed by a powermeter. Before the measurement, the 

average power of input light with varying the optical attenuator was evaluated. The energy of 

pumping optical pulse was calculated by the product of the average power and the repetition rate 

of optical pulse. 

 

 
 

Fig. 5.22 Schematic diagram of self-saturation absorption measurement 

 

5.4.2 Intersubband Absorption Saturation in Ridge AlN-Based Waveguide with GaN/AlN 
MQWs Core 

 

 The total loss in both TE- and TM-polarized light can be determined by the ratio of 

output power of TE-polarized light or TM polarized light and power of input light. The total loss 
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consists of coupling loss at both facets of a waveguide, the propagation loss, loss from defects in 

waveguide (only TM polarized light) and loss via intersubband absorption (only TM mode light). 

The coupling loss at the output facet of a waveguide can be estimated by measuring the power of 

optical pulse using fiber-to-fiber configuration, i.e. Fig. 5.22 but without waveguide. This 

coupling loss was estimated around 9 dB both TE and TM mode light. The coupling loss at input 

facet can be approximately determined by the calculation of coupling efficiency. The 

intersubband absorption saturation in the AlN-based waveguides both ridge and high-mesa 

structures are shown as following: 

 

 1) Ridge waveguide 

 

The dependencies of total loss in both TE and TM mode light on the input pulse energy 

have been plotted in Fig, 5.23. Non-saturated TE-polarized loss was around 15 dB at each input 

energy value. By the mean of beam propagation method, around 36% of input power can be 

delivered in this structure which equals to 4.4 dB loss (ideal case). Since the coupling loss at 

output facet was 9 dB, around 1.6 dB was the summation of propagation loss in waveguide and 

scattering loss at facets. The propagation loss at most 1.6 dB over 400-µm-long waveguide was 

remarkably low. This waveguide utilized a merit of low dislocation MOVPE-grown layers. As 

can clearly observe, the absorption saturation occurred in TM-polarized light. 5-dB saturation 

can be achieved with an input energy of 115 pJ. This required input energy was relatively high 

compared with the record from Ref. 25 and Ref. 47 which 10-dB and 5-dB absorption saturation 

were reported using pumping energy of 38 pJ and 25 pJ, respectively. One of the explanations is 

that the temporal width of exciting pulse in this work was 0.4 ps, longer than the typical 

intersubband relaxation time, while the pulse widths used in Ref. 25 and 47 were 160 and 130 fs, 

respectively. N. Suzuki et al have calculated the influence of the pulse width on the saturation 

characteristics of the intersubband absorption [151] and found that the energy required for 

saturation decreases with decreasing the pulse width as evidenced in Fig. 5.24. Therefore, we can 

expect the better result using a short pulse width comparable with the record form Ref. 25 and 47. 

Nevertheless, this is the first result of the intersubband absorption saturation in MOVPE grown 

AlN-based waveguide with GaN/AlN MQWs core.  
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Fig. 5.23 Transmittances of TE and TM mode light in the ridge AlN-based 

waveguide with GaN/AlN MQWs core as functions of input pulse energy 

 

 
 

Fig. 5.24 Saturation Characteristics of the intersubband absorption for short pulse [151] 
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 2) High-mesa waveguide 

The transmission spectra of both TE- and TM-polarized light in the AlN-based high-mesa 

waveguide were evaluated using the same manner with the ridge structure and plotted as 

functions of input pulse energy in Fig. 5.25. In this high-mesa waveguide, the non-saturated total 

loss in TE mode light was around 24 dB. By the simulation, the power guided in this high-mesa 

structure was around 30%, or 5.2-dB loss equivalent. Since the coupling loss at output facet was 

9 dB, the summation of propagation loss in the waveguide and scattering loss at facets was 9.8 

dB, 8.2 dB higher than that in the ridge structure. The major cause of this high propagation loss 

in TE mode mainly attributed to the sidewall roughness of the waveguide. This propagation loss 

also affected the TM polarized light as a non-saturable loss. Because of this loss, the absorption 

saturation in TM-polarized light was difficult and needed large amount of input pulse energy. 

Only 3-dB absorption saturation can be achieved with a pulse energy of 145 pJ. It should be 

noted here that the extinction ratio at low pulse energy was not different in both structures. 
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Fig. 5.25 Transmittances of TE and TM mode light in the high-mesa AlN-based 

waveguide with GaN/AlN MQWs core as functions of input pulse energy  
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The results of intersubband absorption saturation in the ridge and high-mesa waveguide 

indicate that the waveguides in this study can function and are promising for the fabrication of 

all-optical switch operated at communication wavelength. The issue of high required pumping 

energy can be further improved. First, the propagation loss can be suppressed by the 

improvement of crystal growth and waveguide fabrication. The background loss, originated from 

abnormal shape of waveguide including the roughness of sidewall, can be overcome by the 

designing of waveguide structure and improving fabrication process. The defects and dislocation 

in crystalline structure, causing extra propagation loss particularly in TM mode light, can be 

suppressed by improving the growth technique. Second, it is suggested that the required 

operating energy can be lowered by downsizing the cross-sectional area of the waveguide. Hence, 

although suffered from high propagation loss, the high-mesa structure is still promising for low-

energy optical switches. The issue coupling loss in high-mesa structure can be overcome by 

introducing spot-size converters which is given thoroughly in the next chapter.   

 

5.5 Conclusions  
 

 In this chapter, AlN-based waveguide with GaN/AlN MQWs core were designed and 

fabricated. The intersubband transition characteristics in fabricated waveguides were evaluated. 

The saturable intersubband absorption was observed in AlN-based waveguides both ridge and 

high-mesa structures. 

1. The designing of AlN-based optical waveguide with GaN/AlN MQWs core has been 

done in order to realize low loss but high optical confinement waveguide. Two 

waveguide structures, ridge type and high-mesa type have been designed for the 

purpose of single mode propagation waveguides.  

2. The ridge and high-mesa AlN-based waveguides have been successfully fabricated 

using ICP dry etching. However, the fabrication procedures can be fully optimized for 

the improvement of waveguide shape including sidewall roughness for the purpose of 

low propagation loss waveguide and low pumping pulse energy. 

3. The world first intersubband absorption in as-fabricated AlN-based waveguides with 

GaN/AlN MQWs core grown by MOVPE has been observed and characterized. Both 
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ridge and high-mesa waveguides exhibited excellent intersubband absorption peaks 

with an absorption rate of 52 dB/mm for each samples.  

4. The intersubband absorption characteristics in AlN-based waveguides with GaN/AlN 

MQWs fabricated by MOVPE have been compared with the MBE grown samples. 

The results of MOVPE grown samples are in the same league with the MBE grown 

sample. 

5. By self-saturation measurement using 1.56-µm pulse laser with a temporal width of 

0.4 ps and repetition rate of 63 MHz, 5-dB absorption saturation has been observed in 

a 400-µm-long ridge waveguide using pumping energy of 115 pJ. The propagation 

loss in this ridge waveguide was remarkably low. However, suffering from high 

propagation loss due to sidewall roughness, only 3-dB absorption saturation has been 

achieved in a 400-µm-long high-mesa waveguide using pumping energy of 145 pJ. 

The lower pumping energy can be expected using a shorter exciting optical pulse. 

6. These results confirm the functionality of fabricated AlN-based waveguide with 

GaN/AlN MQWs core. The performance can be further enhanced by optimizing the 

fabrication process and using a better measurement setup. 

In the next chapter, the AlN-based waveguide with integrated spot-size converters 

promising for enhancement of the coupling efficiency and lowering the saturation energy has 

been investigated. 
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Chapter 6 Fabrication of AlN-based Optical 
Waveguide with Integrated Spot-
Size Converter 

 

 

 

 

he ridge AlN-based optical waveguide fabricated in the last chapter exhibited 5-dB 

absorption saturation with an input pulse energy of 115 pJ which was still high. This 

can be explained by the large lateral dimension of the GaN/AlN MQWs core. Hence, 

the down scaled cross-sectional area of waveguide is one method in order to lower the required 

pulse energy for intersubband absorption saturation. In contrast with the ridge waveguide, the 

high-mesa structure possesses a better optical confinement with relatively small cross-sectional 

area of the MQWs core. From this reasons, the high-mesa waveguide can be considered as a 

solution for the issue of high pumping energy. The interesting structure, however, exhibited poor 

propagation spectra both in TE and TM modes because of excess loss from waveguide shape 

including sidewall roughness. This issue can be suppressed by careful fabrication. Moreover, the 

coupling efficiency of optical pulse from single-mode fiber to the waveguide is considerably 

lower than that of the ridge waveguide causing ineffective power transmission. In this chapter, 

the spot-size converter (SSC) integrated to AlN-based waveguide is introduced as an effective 

method for achieving high coupling efficiency in the downscaled cross-sectional waveguide. The 

brief introduction of spot-size converter is given followed by the designing of spot-size converter 

in section 6.1. After that, in section 6.2, the fabrication process which utilizes the ICP dry 

etching is explained in detail. The characterization of intersubband absorption and the absorption 

saturation in fabricated structure is evaluated in section 6.3. The last section is the conclusions of 

this chapter. 

 

T
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6.1 Spot-Size Converter 

6.1.1 Introduction 
 

 In fiber-optical network, most of optical components consist of III-V semiconductor 

devices. As each of these devices is connected to at least one optical fiber, it is important to 

obtain a good coupling of light between optical device and fiber. In a semiconductor optical 

waveguide, the cross-sectional area is, generally, smaller than the spot-size of a light beam from 

optical fiber. This is because of the mode size of semiconductor waveguide is typically small due 

to refractive index of semiconductor. In addition to the cross-sectional area, the field mismatch, 

due to the geometrical contrast between fiber (cylindrical) and semiconductor (rectangular) is 

considered as an origin of coupling loss.  

Focusing on the ridge AlN-based waveguide fabricated in this study, it is obvious that the 

intersubband absorption saturation required a great amount of pumping energy.  As consider an 

origin of this issue, the lateral size of GaN/AlN MQWs is suggested to be down-scaled by 

fabricating the high-mesa waveguide structure. However, the issue of coupling loss from a fiber 

to high-mesa waveguide becomes more serious when the cross-sectional area of the waveguide is 

small. Although, there are several methods to improve the fiber-to-waveguide coupling 

efficiency including the use of microlens or taper fibers [129-130], these methods still suffer 

from the difficult of the alignment and the fabrication cost. The other effective approach to 

achieve an effective coupling is the integration of spot-size converter to the waveguide. Although, 

there are several types of spot-size converter, they share a similar idea which one facet size is 

large for good coupling with optical fiber and diverges light to the small facet to couple with 

waveguide. Figure 6.1, 6.2 and 6.3 schematically show various types of spot-size converters 

using lateral tapers, vertical tapers and combined lateral and vertical tapers, respectively [131]. 

However, those types of spot-size converters have been designed for silicon and arsenide-

phosphide semiconductors which are not fully compatible with III-nitride semiconductors. One 

of reasons is that III-nitride, especially GaN/AlN MQWs and the other epilayers, are typically 

hexagonal structure which anisotropic wet etching is not available. Moreover, the hardness and 

robustness of nitride semiconductors to almost all of wet etchants make the fabrication of 

patterned nitride semiconductors more difficult. Because of these reasons, the spot-size converter 
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for AlN-based waveguide should be designed for compatibility with available nitride 

semiconductors related fabrication processes. 

 

 
 

Fig. 6.1 Lateral taper designs: (a) Lateral down-tapered buried waveguide. (b) Lateral up-

tapered buried waveguide. (c) Single lateral taper transition from a ridge waveguide to a 

fiber-matched waveguide. (d) Multisection taper transition from a ridge waveguide to a 

fiber-matched waveguide. (e) Dual lateral overlapping buried waveguide taper. (f) Dual 

lateral overlapping ridge waveguide taper. (g) Nested waveguide taper transition from a 

ridge waveguide to a fiber-matched waveguide. [131] 
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Fig. 6.2 Vertical taper designs: (a) Vertical down-tapered buried waveguide. (b) Vertical 

down-tapered ridge waveguide. (c) Vertical overlapping ridge waveguide taper. (d) 

Vertical overlapping waveguide taper transition from a buried waveguide to a fiber-

matched waveguide. (e) Vertical overlapping waveguide taper transition from a ridge 

waveguide to a fiber-matched waveguide. [131] 

 

 
 

Fig. 6.3 Combined vertical and lateral taper designs. (a) Combined lateral and vertical 

ridge waveguide taper. (b) 2-D overlapping waveguide taper transition from a buried 

waveguide to a fiber-matched waveguide. (c) Overlapping waveguide taper transition with 

two sections from a ridge waveguide to a fiber-matched waveguide. [131] 
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6.1.2 Design of AlN-Based Waveguide With integrated Spot-Size Converter 
 

 The spot-size converter in this study has been designed based on available nitride 

fabrication technologies while the fabrication procedures should be simple. Figure 6.4 shows the 

design of the AlN-based waveguide with integrated spot-size converters. The structure consists 

of three parts: the guiding region, the taper region and the active region. The Si3N4 layer is 

employed as spot-size converter region. As illustrated in the figure, AlN/MQWs core is buried 

between Si3N4 upper cladding and AlN lower cladding. Hence, the active core is down-scaled 

and the spot-size converter couples and transmits light from and to optical fibers. 

 The dimensions of guiding part and spot-size converter were, therefore, designed for 

achieving a good coupling efficiency. Since, the thicknesses of AlN buffer layer, AlGaN 

interlayer, GaN/AlN MQWs and AlN upper cladding layer as well as the width of absorption 

core have already been designed in the last chapter, only spot-size converter was simulated by 

varied the height (H), width (W) and taper length (L) as illustrated in Fig. 6.4. Therefore, the 

MOVPE growth structure consists of AlN buffer/AlGaN interlayer/MQWs/AlN upper cladding 

layer with the thicknesses of 0.4-µm, 0.1-µm, 0.045-µm and 0.1-µm, respectively. First, by the 

mean of beam propagation method (BPM), the coupling efficiency at junction between taper and 

active core was calculated by (a) fixing H at 3 µm and varying L and W and (b) fixing W at 4 

µm and varying L and H. The simulation results are shown in Fig. 6.5(a) and 6.5(b), respectively, 

Note that the diameter of beam spot from fiber was set as 3 µm. The value of coupling efficiency 

which is functions of dimensions of spot-size converter is shown in the color mapping with the 

color bar. It is indicated by both results that, when the length of taper is 15-20 µm and 32-37 µm, 

the value of coupling efficiency is relatively large and tolerance to the height and width of spot-

size converter. Since, the diameter of a light beam from optical fiber is around 3-µm, the spot-

size converter of 4-µm-wide (W) is reasonably enough for coupling most of input light. The 

problem is the height of spot-size converter. Although it was suggested from the simulation 

results that the height of Si3N4 layer of spot-size converter part should be more than 1.5-µm-

height for the best coupling efficiency, such a thick Si3N4 layer resulted in the multimode 

propagation in the active region which decreased the power coupled to the MQWs core. This can 

be solved by using a stair-step etching at the taper part of the structure to make vertical spot-size 

converter. In fact, the fabrication procedures will become much more difficult and need a very 
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advance technique and skill. So that, in this thesis, the designing of spot-size converter focused 

on the lateral spot-size converter. The propagation mode of light in the active region was 

calculated to find the thickest Si3N4 layer which allows single mode propagation in the active 

region. Hence, the simulation suggested that the Si3N4 layer should be 0.8-µm-thick. The length 

of active core was varied as 100, 200 and 400 µm long. The total of entire structure was 1000 

µm by adjusting the length of guiding region according to the length of active region. The top 

view and the side view of final structure is showed schematically in Fig. 6.6 

 

 
 

Fig. 6.4 The designed structure of AlN-based waveguide with integrated spot-size converter, the 

parameters H, W and L represents the height, width and length of the taper region, respectively. 

 

 
 

Fig. 6.5 Simulation results of coupling efficiency between 3-µm-diameter optical fiber and 

AlN-based waveguide with integrated spot-size converter: (a) Fixing H = 3 µm, varying W 

and L and (b) Fixing W = 4 µm, varying H and L. (Simulated by Haruhiko Yoshida, 

Corporate Research & Development Center, Toshiba Corporation) 
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Fig. 6.6 The final designed structure of AlN-based waveguide with integrated 

spot-size converter: (a) top view and (b) side view 

 

6.2 Fabrication of AlN-Based Waveguide With integrated Spot-Size 
Converters 

6.2.1 Fabrication Procedures 
 

 The fabrication procedures of AlN-based waveguide with integrated spot-size converter 

are partially similar to that of AlN-based waveguide. Figure 6.7 is giving an extensive scope of 

all fabrication processes in order to make the explanation easier and clearer. The fabrication 

procedure employs six steps including two photolithography processes, Si3N4 sputtering, EB-

evaporating and two ICP dry etchings. The details are described as followed: 

 

1) Photolithography 

The sample was deposited nitride semiconductor layers by MOVPE and cleaned with 

acetone 5 minutes, followed by isopropanol 5 minutes. Then, the cleaned sample was dried with 

N2 gun and baked at 120 ºC, 10 minutes to eliminate remaining isopropanol. The 

photolithography was conducted using a positive resist, TSMR8900 which is hard enough for a 

mask to etching core layer. The conditions were listed below:  

1. Spin Coating 

a. 1st step: 500 rpm, 5 sec 

b. 2nd step: 6000 rpm, 40 sec 
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2. Prebaking: 110 ºC, 90 sec 

3. Exposure: 4.5 sec, hard contact with mask 

4. Developing: Tetra-methyl-Ammonium-Hydroxide (TMAH, NMD3) 1min 

5. Post baking: 120 ºC, 60 sec 

The expose time can be adjusted according to the intensity of Hg lamp. Note that, the 

hardness of TSMR photoresist depends on the baking temperature and time. The higher 

temperature and longer time results in harder resist but more difficult to be cleaned after etching. 

 

2) Core removal by ICP dry etching 

After patterning the mask, the core layer consisting of AlN upper cladding layer and 

GaN/AlN MQWs was therefore etched by ICP dry etching using mixture Ar:Cl2 gases, 2:8 sccm. 

The two-step etching was employed using same conditions as listed in the table 6.1, except the 

time intervals which are 60 sec and 30 sec for the first step and the second step, respectively. The 

time of each steps required for core etching were estimated and determined by using a dummy 

sample. Because there is no etching stopper layer compatible with nitride semiconductors, the 

etching depth can only be controlled by etching times. Lots of spikes, which were unetched core 

layer, generally remained after ICP dry etching can be removed by dipping the sample into 

TMAH (70 ºC, 45 sec). After that, the remaining TSMR-8900 photoresist was completely 

cleaned by boiled acetone and boiled isopropanol and dried with N2 gun. 

 

3) Si3N4 sputtering 

As-cleaned sample was deposited Si3N4 layer by an RF magnetron sputtering machine. 

The sputtering was done under Ar and N2 ambient at 250 ºC with the designed thickness of 0.8 

µm.  

 

4) 2nd photolithography 

After cleaning and baking the sample, the AZ-5214 negative photoresist was spin-coated 

for a mask used in lift-off technique. The condition of photolithography can be referred with the 

chapter 5, section 5.2.2. 
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5) EB-evaporating and lift-off 

The sample with the mask was deposited 300-nm-thick SiO2 and 200-nm-thick Al2O3 by 

electron-beam evaporator. Then, the lift-off process was carried out using hot acetone and 

isopropanol.   

 

6) Waveguide etching 

The AlN-based waveguide with integrated spot-size converter was fabricated by ICP dry 

etching. First, the Si3N4 etching was perform followed by nitride etching which the etching 

conditions can be referred with section 5.2, chapter 5. After that, the remaining spikes were 

removed by wet treatment using TMAH. 

 

 

 
 

Fig. 6.7 Fabrication process of AlN-based waveguide with integrated spot-size converter 

 

With the above fabrication procedures, AlN-based waveguide with integrated spot-size 

converter was fabricated. The fabrication results are revealed in the next section. 

 

0. Core/AlN by MOVPE 1. Photolithography

2. Core/mask removal 3. SiN sputtering 4. 2nd photolithography

5. SiO2/Al2O3 mask by lift-off 6. Waveguide etching (ICP+wet)
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6.2.2 AlN-Based Waveguide with integrated Spot-Size Converters 
 

 The dimension and shape of fabricated structure were evaluated by SEM images. The 

pictures AlN-based waveguide with integrated spot-size converter are shown in Fig. 6.8(a) to 

6.8(d) for the images of (a) top view, (b) cross-sectional active region, (c) cross-sectional guiding 

region, and (d) side view of junction between active region and guiding region, respectively. We 

can see that the AlN-based wave guide as well as spot-size converter were well fabricated. The 

top view shows an array of 3 waveguides which the active region, taper and guiding region were 

clearly observed. The shape of waveguide both in active region and guiding region was not 

perfectly rectangular due to the over-etch Si3N4 layers during the nitride etching. Observing in 

Fig. 6.8(b) to 6.8(d), the sidewall of the waveguide was quite smooth. In the Fig 6.8(d) the 

junction between active region and guiding region was clearly seen together with the absorption 

core embedded in the active region. In addition to the SEM scans, the quality of AlN-based 

waveguide with integrated spot-size converter was examined using a near-field image. The 1.55-

µm light was directly coupled to the waveguide which was cleaved by cutting with a diamond-

pen. The near-field image of output light from the waveguide was captured by an infrared 

camera. The round shape of beam indicates the functionality of fabricated AlN-based waveguide 

which the intersubband absorption should clearly be observed in this sample. 
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Fig. 6.8 SEM images of AlN-based waveguide with integrated spot-size converter: 

(a) top view, (b) cross-sectional active region, (c) cross-sectional guiding region, and 

(d) side view of junction between active region and guiding region 

 

 
 

Fig. 6.9 Near-field images of propagating light in fabricated AlN-based 

waveguide with integrated spot-size converter 
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6.3 Intersubband Characteristics in AlN-based Waveguide with Integrated 
Spot-Size Converter 

6.3.1 Intersubband Absorption 
 

After testing the functionality, the AlN-based waveguide with integrated spot-size 

converter was evaluated the intersubband transition properties by transmission spectra of 

propagating light both TE mode and TM mode. The measurement setup was similar with the 

setting in Fig. 6.15. The back-side-polished sample was cleaved by cutting with a diamond-pen. 

The transmission spectra of TE mode light and TM mode light in a waveguide with 400-µm-long 

active core were plotted in Fig. 6.10(a). For comparison, the spectra of propagating light in the 

ridge AlN-based waveguide and in high-mesa AlN-based waveguide were also shown in Fig. 

6.10(b) and 6.10(c), respectively. The y-axis of each figures were intentionally balanced. As can 

obviously see, compared with the ridge waveguide, the AlN-based waveguide with integrated 

spot-size converter had similar loss in TE mode at 1.5-µm-range but a little poorer at short 

wavelength. This indicated that the deeply etched structure had smooth sidewall and good 

waveguide shape so that the total loss in TE-polarized light was comparable with that of ridge 

structure. Compared with the propagation loss in the high-mesa waveguide, the propagation loss 

in AlN-based waveguide with integrated spot-size converter was much improved although the 

two structures had similar active core shape. Considering the AlN-based waveguide with 

integrated spot-size converter, the propagation loss in TM mode light was noticeably large 

especially at short wavelength range. Since this TM-polarization loss was not found in the ridge 

and the high-mesa AlN-based waveguide, the fabrication procedures of spot-size converter 

induced some additional loss to TM-polarized light including (1) interface roughness between 

AlN buffer layer and Si3N4 layer during the ICP dry etching of MQWs core and (2) sidewall 

roughness of etched MQWs core. N. Iizuka et al. has reported excess TM polarization loss 

caused by edge dislocations parallel to the growth axis [24]. The edge dislocations introduce 

acceptor centers along the dislocation lines and electrons are captured by the acceptor centers 

[152,153]. Then, charges perpendicularly align and work like a wire-grid polarizer [44]. Hence, 

the damages along the growth direction occurred during MQWs removal process by ICP-RIE 

can induced excess TM-polarization loss in the same manner evidenced by propagation spectrum 

of TM mode light in Fig. 6.10(a). Figure 6.11(a) shows the SEM image of the sample after 
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MQWs removal process. It clearly displays the damages induced by ICR dry etching especially 

the damage perpendicular to the surface which can be act as a wire-grid polarizer as shown in 

Fig. 6.11(b). The oscillations in transmission spectra of light in AlN-based waveguide with 

integrated spot-size converter are due to the reflection and resonance in the waveguide especially 

at the spot-size converter regions. 
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Fig. 6.10 Transmission spectra of TE mode light and TM mode light in (a) AlN-based waveguide 

with integrated spot-size converter, (b) ridge AlN-based waveguide and (c) high-mesa AlN-

based waveguide  
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Fig. 6.11 (a) SEM image of the sample after MQWs removel showing the 

damages induced by ICP- dry etching (b) wire-grid polarizer passing only the 

component that perpendicular to the grid 

 

 The analyzing of polarization dependent transmission spectra including absorption via 

intersubband transition has been done using the ratio of TM mode light transmittance to TM 

mode light transmittance (subtraction in log scale). The results of the AlN-based waveguide with 

integrated spot-size converter, ridge waveguide and high-mesa waveguide are plotted as 

functions of wavelength in Fig. 6.12(a), 6.12(b) and 6.12(c), respectively. The absorption 

intensity in AlN-based waveguide with integrated spot-size converter was around 24 dB in 400-

µm-long active core which was slightly higher than the ridge AlN-based waveguide and the 

high-mesa AlN-based waveguide. It can be explained by the additional non-saturated TM-

polarization losses due to the fabrication of spot-size converter. It was also evidenced by large 

absorption at short wavelength range. The polarization dependent loss including absorption via 

intersubband transition was cover the wavelength from 1.35 to 1.75 µm with a peak at 1.59 µm 

and a full-width at half maximum of 160 meV. It should be noted that all of the AlN-based 

waveguides in this work were fabricated using a same epitaxial wafer. 
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Fig. 6.12 Polarization dependent of transmission spectra including absorption via intersubband 

transition in (a) AlN-based waveguide with integrated spot-size converter, (b) ridge AlN-based 

waveguide and (c) high-mesa AlN-based waveguide 

 

6.3.2 Intersubband Absorption Saturation 
 

 The original purpose of introducing the spot-size converter to AlN-based waveguide is to 

reduce the required pumping pulse energy for intersubband absorption saturation. In the previous 

chapter, the ridge AlN-based waveguide exhibited 5-dB absorption saturation with the pumping 

energy of 115 pJ. Therefore, the AlN-based waveguide with integrated spot-size converter 

should theoretically exhibit 5-dB absorption saturation at lower pumping power or deeper 

absorption saturation at 115 pJ pumping energy. The measurement was carried out in the same 

manner with the measurement of intersubband absorption saturation in chapter 5, section 5.4. 

The AlN-based waveguide with integrated spot-size converter evaluated in this study had a 400-
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µm-long active core with the total length of 1 mm. The measurement result is shown in Fig. 6.13. 

The y-axis is the power transmittance of propagation light in dB unit, determined by the 

difference between the transmission power and input pumping power. The results of each 

waveguide structure were given in Fig. 6.14 for a comparison. The AlN-based waveguide with 

integrated spot-size converter had non-saturated TE-polarization loss around 15.3 dB regardless 

the input pulse energy. It was comparable with low-loss ridge waveguide indicating the 

improvement of high-mesa structure by introducing spot-size converters. By simulation, it was 

revealed that 50% of input optical power can be coupled to the waveguide and spot-size 

converter can transmit 38% of input optical power to the active core which is a slightly higher 

than the ridge waveguide (36%). Hence the coupling losses at input facet and output facet were 

4.2 dB and 9 dB, respectively. The propagation loss and scattering loss were at most 2.1 dB, 

compared with 1.6 dB and 9.8 dB in ridge waveguide and high-mesa waveguide, respectively. 

This evidence confirmed a merit of integrating spot-size converters to a high-mesa structure. In 

Fig. 6.13, 5-dB absorption saturation in TM-polarization light can be achieved with an input 

pulse energy of 125 pJ, slightly higher than 115 pJ of ridge structure. One of explanations is the 

higher extinction ratio in AlN-based waveguide with integrated spot-size converter due to the 

additional non-saturated TM-polarization losses. At low absorption saturation, this higher 

extinction ratio needs more energy for saturating. However, by looking at the tendency of 

saturation curve and fitting with exponential curves, it seems that AlN-based waveguide with 

integrated spot-size converter can surpass the ridge AlN-based waveguide at high saturation level, 

i.e. the curve of AlN-based waveguide with integrated spot-size converter and ridge AlN-based 

waveguide had exponential growth constant of      × 10   and     × 10  , respectively. 

Therefore, the spot-size converter structure is still promising for an optical switching with low 

operating energy. The issue of saturation energy can be further improved by optimizing the 

fabrication process of spot-size converter and introducing vertical converting effect for 

enhancing the coupling efficiency. 

This achievement indicates that the MOVPE grown AlN-based waveguide with GaN/AlN 

MQWs core can be in the same league with MBE grown sample. Although we cannot directly 

compare the results from this work with the reports from N. Iizuka in Ref. 47 and Y. Li in Ref. 

25 due to the limitation of short pulse laser, the absorption saturation in AlN-based waveguide 

with GaN/AlN MQWs fabricated by MOVPE has been demonstrated.  
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Fig. 6.13 Transmittances of TE and TM mode light in the AlN-based waveguide with integrated 

spot-size converter with GaN/AlN MQWs core as functions of input pulse energy  
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Fig. 6.14 Transmittances of TE and TM mode light in the ridge AlN-based waveguide, 

high-mesa AlN-based waveguide and AlN-based waveguide with integrated spot-size 

converter with GaN/AlN MQWs core as functions of input pulse energy 

 

6.4 Conclusions 
 

The spot-size converter has been introduced to the AlN-based high-mesa waveguide as a 

promising technology for improving the saturation energy issue. The sputtered Si3N4 has been 

used as the material for spot-size converter and cladding layer. The AlN-based waveguide with 

integrated spot-size converter has been designed for compatibility with nitride semiconductors. 

In order to simplify the fabrication procedures, the spot-size converter only affects on the lateral 

direction. However, the design has a potential to integrate vertical spot-size converting effect. 

The fabrication of AlN-based waveguide with integrated spot-size converter has based on the 

optimized fabrication processes of high-mesa AlN-based waveguide found in literature [46,111]. 

Although the fabrication processes were not fully optimized, the fabricated AlN-based 
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waveguide with integrated spot-size converter possessed a good shape and smooth sidewall 

which its functionality was tested by the near-field image of propagating light. Compared with 

two AlN-based waveguide from the last chapter, the intersubband absorption characteristics in 

AlN-based waveguide with integrated spot-size converter was quite similar to the ridge AlN-

based waveguide and the high-mesa AlN-based waveguide from the last chapter. However, at 

short wavelength range TM-polarization loss in AlN-based waveguide with integrated spot-size 

converter was noticeably higher than the others. This was due to the additional non-saturated 

TM-polarization losses induced by the fabrication of spot-size converter and by the waveguide 

structure. Coupling loss at input facet of the AlN-based waveguide with integrated spot-size 

converter was around 4.2 dB improved from 4.4 dB and 5.2 dB in the ridge waveguide and the 

high-mesa waveguide, respectively. The TE propagation loss was 2.1 dB over 400-µm-long core, 

1-mm-long devices, compared with 1.6-dB loss of 400-µm-long ridge structure and 9.8-dB loss 

of 400-µm-long high-mesa structure. For 5-dB absorption saturation, the AlN-based waveguide 

with integrated spot-size converter required 125-pJ of input pulse energy, slightly higher than 

115-pJ in the ridge AlN-based waveguide but much better than 3-dB saturation at 145-pJ in the 

high-mesa AlN-based waveguide. Although there was no improvement at 5-dB absorption 

saturation compared with the ridge waveguide due to the additional non-saturated TM-

polarization losses, the AlN-based waveguide with integrated spot-size converter was still 

promising at high absorption saturation. By the exponential fitting curves, the exponential 

growth constant of saturation curve of the AlN-based waveguide with integrated spot-size 

converter was of      × 10   higher than      × 10   of the ridge AlN-based waveguide. It 

should be noted here that the structure of spot-size converter can be further improved by 

introducing the vertical converting effect to the current spot-size converter which can increase 

the optical power coupled to the active core. The achievement in this thesis clearly indicates the 

potential of MOVPE grown AlN-based waveguide with GaN/AlN MQWs core as an optical 

switch.  
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Chapter 7 Conclusions 
 

 

 

 

his work has focused on the growth and fabrication of 1.5-µm-range all-optical 

switches utilizing intersubband transition in GaN/AlN MQWs. The unique points of 

this work from previous reports and publications are as followed: 

1. All nitride semiconductors layers were deposited using metalorganic vapor phase 

epitaxy. This is an outstanding point of this work, since at the present time all of 

publications related to intersubband GaN/AlN MQWs optical switches were fully 

or partially fabricated by molecular beam epitaxy, especially GaN/AlN MQWs 

layer and upper cladding layer. 

2. The sputtered Si3N4 spot-size converter has been designed for the most 

compatible with nitride fabrication technologies. Although the structure of AlN-

based waveguide with integrated spot-size converter inspiration from the other 

publications, the structure in this work has been designed for lateral spot-size 

converting in order to simplify the fabrication procedures and increase fabrication 

yield. 

The experiments in this thesis have been carried out step-by-step from the investigation 

of GaN/AlN MQWs, the optimization of GaN/AlN MQWs for the best intersubband transition 

properties, the design and fabrication of AlN-based waveguide and the measurement and 

investigation of intersubband transition characteristics in fabricated AlN-based waveguide. 

In chapter 1, the basic knowledge of intersubband transition in GaN/AlN MQWs has 

been introduced followed by some examples of intersubband optical devices. The motivations 

and objectives of this thesis have also been given in this chapter.  

The chapter 2 has related to the growth of GaN/AlN MQWs by conventional MOVPE. 

Several experiments have been performed to point out the possible factors that hinder the 

T



 

126 
 

accomplishment of short intersubband transition wavelength in MOVPE grown GaN/AlN 

MQWs. The growth temperature of GaN/AlN MQWs has been highly expected to be an answer 

as it plays a crucial role on the abruptness of GaN/AlN MQWs. This evidenced by many reports 

and publications which several methods have been put to improve the surface morphologies and 

abruptness of GaN/AlN MQWs, for examples, the use of indium as a surfactant, the growth at 

low temperature, and the pulsed MOVPE grown GaN/AlN MQWs. However, as evidenced in 

this work and by other references, the GaN/AlN MQWs grown at low temperature generally 

exhibit very weak intersubband absorptions which the carrier concentration in GaN wells has 

been assumed as a cause of this issue. 

In chapter 3, the pulse injection growth method which has been investigated and used in 

our group has been adopted and employed for depositing GaN/AlN MQWs on AlN buffer layers. 

This method allows the growth of high quality “n-doped” GaN at low temperature. The 

GaN/AlN MQWs grown by pulse injection method exhibited superb quality in terms of crystal 

quality, surface morphologies and the interface abruptness. Later in this chapter, a strong 

intersubband transition in GaN/AlN MQWs has been realized by inserting a strain-tailoring thin 

AlGaN interlayer between GaN/AlN MQWs and AlN buffer. The effects of growth parameters 

on the intersubband transition properties have been investigated. In order to explicate the 

behavior of intersubband transition wavelength in GaN/AlN MQWs, the simulation has been 

performed using finite-different method implemented with non-parabolicity and non-abrupt 

interface effects. A strong intersubband at 1.5-µm-range with a small full-width at half-

maximum value has been achieved after investigating and optimizing the growth parameters. 

Hence, in this chapter, the GaN/AlN MQWs with a good intersubband transition characteristic 

has been prepared for the fabrication of AlN-based waveguide with GaN/AlN MQWs core. 

The chapter 4 has introduced the utilizing of Si3N4 as a material for waveguide 

fabrication which is compatible with nitride semiconductors. However, the Si3N4 directly 

deposited on the top of GaN/AlN MQWs dramatically degrade intersubband transition properties. 

This phenomenon is possibly due to the additional tensile strain in GaN/AlN MQWs induced by 

sputtered Si3N4 layer which restructures the energy band diagram and affects the oscillation 

strength of intersubband transition. For this reason, a thin AlN layer, called upper cladding layer, 

has been inserted before the sputtering of Si3N4 in order to protect the underneath GaN/AlN 
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MQWs. The growth parameters of AlN upper cladding layer have been investigated to realize 

the best intersubband transition properties and effectively protect the beneath GaN/AlN MQWs. 

In chapter 5, the AlN-based waveguide structures have been designed for a purpose of 

low loss single-mode propagation waveguide. The design has been done by down-sizing the 

layer thicknesses, from the bottom AlN layer to the top Si3N4 layer. The 2-µm-wide ridge AlN-

based waveguide and 2-µm-wide high-mesa AlN-based waveguide have been designed and 

clarified the propagation mode by the mean of beam propagation method. The intersubband 

absorption in AlN-based waveguides has been examined and found that both waveguide 

structures existed clearly 1.5-µm-range intersubband absorption. The absorption spectrum and 

the absorption intensities of the ridge AlN-based waveguide and the high-mesa AlN-based 

waveguide were similarly around 52 dB/mm. However, the high-mesa waveguide had much 

higher propagation loss due to the sidewall roughness of the waveguide. The intersubband 

absorption saturations in the ridge AlN-based waveguide and in the high-mesa AlN-based 

waveguide pumped by 1.56-µm laser with a temporal width of 0.4 ps and repetition rate of 63 

MHz were 5 dB and 3 dB at the input pulse energy of 115 pJ and 145 pJ, respectively. Although 

the result could not be directly compared with other related reports which utilizing intersubband 

transition in MBE grown GaN/AlN MQWs because of the limitation of short pulse laser, AlN-

based waveguide fabricated by MOVPE showed a good prospectiveness for practical used all-

optical switches. It should be remarked here that the required input energy can be decreased with 

decreasing of temporal width of exciting laser. 

In chapter 6, the issue of high demanded pumping power for saturating intersubband 

absorption in the ridge AlN-based waveguide has been challenged. By analyzing the ridge 

waveguide structure fabricated in this work, the optical confinement in MQWs layer and the 

large active core in lateral direction have been though as causes of this problem. Hence, the 

downscaling of active core and the utilizing of high-mesa structure were recommended. For 

these purposes, the Si3N4 spot-size converter has been introduced to enhance the coupling 

efficiency of high-mesa waveguide. The structure has been designed for the simplest fabrication 

procedures and the most compatible with nitride fabrication technologies. However, the 

fabrication of spot-size converter and the waveguide structure caused some additional non-

saturated TM-polarization loss. For 5-dB absorption saturation, the AlN-based waveguide with 

integrated spot-size converter required 125-pJ of input pulse energy, slightly higher than the 
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ridge AlN-based waveguide but much better than the high-mesa AlN-based waveguide. By the 

exponential fitting curves, the exponential growth constant of saturation curve of the AlN-based 

waveguide with integrated spot-size converter was of      × 10   higher than      × 10   of the 

ridge AlN-based waveguide. Therefore, the AlN-based waveguide with integrated spot-size 

converter was promising at high absorption saturation.  

This thesis has clearly demonstrated the potential and capability of MOVPE grown AlN-

based waveguide with GaN/AlN MQWs core as an optical switch. The strong intersubband 

transition in MOVPE grown GaN/AlN MQWs has been successfully realized. The 5-dB 

intersubband absorption saturation has been demonstrated in the ridge AlN-based waveguide and 

in the AlN-based waveguide with integrated spot-size converter. It has shown a potential for 

further improvement and the utilizing as a practical all-optical switch. This study has renewed 

the interest of GaN intersubband optical devices and is an importance milestone of the 

development in GaN intersubband devices. 
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Appendex A Material Parameters 
 

Table A.1 Material parameters of AlN and GaN 

 wurtzite AlN GaN 

Lattice constant 0a  (Å) 3.111 3.189 

 0c  (Å) 4.978 5.185 

Energy bandgap gE  6.25 4.88 

Effective mass *
0m m  0.33 0.20 

Dielectric constant sε  8.5 9.5 

Spontaneous polarization SPP  (C/m2) -0.081 -0.029 

Piezoelectric constant 31e  (C/m2) -0.60 -0.49 

 33e  (C/m2) 1.46 0.73 

Stiffness 13C  (GPa) 106 120 

 33C  (GPa) 398 395 

 

Table A.2 Lists of scientific constants used in this work 

Boltzmann’s constant k  1.380662×10-23 JK-1 

Electron charge q  1.602189246×10-19 C 

Electron rest mass 0m  9.109534×10-31 kg 

Permittivity of vacuum 0ε  8.854187827×10-12 Fm-1 

Pi π  3.1415926535897932384 

Plank’s constant h  6.626176583×10-34 Js 

Reduced Plank’s constant h  1.054588757×10-34 Js 
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Appendex B Simulation Model   
 

This section is giving a brief theory of a simulation mode for calculating the intersubband 

transition wavelength in GaN/AlN MQWs. The numerical model is based on a self-consistent 

Schrödinger-Poisson equation implemented with the effects of piezoelectric field, strain in 

GaN/AlN MQWs, band non-parabolicity and non-abrupt interface between GaN and AlN.  

B.1 Polarization in Quantum Well 
 

It is widely recognized that there exists a very large built-in field due to spontaneous and 

piezoelectric polarization in the (0001)-oriented wurtzite nitride-based structures [8,94-97]. This 

built-in electric field plays a crucial role in the electrical and optical properties of the group III 

nitride materials. Optical transition energy and oscillator strength are typical physical parameters 

that strongly depend on the built-in field. It is necessary to take the effect of spontaneous and 

piezoelectric polarization into account in the realistic calculations in order to obtain accurate 

results.  

The piezoelectric tensor of wurtzite group-III nitrides InN, GaN, and AlN has three 

independent components. Two of these components, 31e  and 33e , determine the piezoelectric 

polarization, PEP , induced by strain along the c-axis. The relevant relationship is 

0 13
31 33

0 33

2PE
a a CP e e

a C
 −

= − 
 

                                        (B-1) 

where 13C  and 33C  are the elastic stiffness constants.6 The lattice structure can be defined by the 

length of the hexagonal edge 0a  or a , and the height of the prism 0c  or c  for relaxed and 

strained crystals, respectively. 

Bernardini et al. predicted that in addition to the piezoelectric polarization, a spontaneous 

polarization (polarization of an unstrained, equilibrium lattice) is present in wurtzite group-III 

nitride crystals [95,132]. The calculated values of spontaneous polarization are very large. The 

sign of the spontaneous polarization of AlN and GaN is found to be negative (Table A-1). The 

orientation of the spontaneous and piezoelectric polarization is defined assuming that the positive 
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direction goes from the metal (cation) to the nearest neighbor nitrogen atom (anion) along the c-

axis. Since ( )( )31 33 13 33 0e e C C− < for AlGaN over the whole range of compositions, from 

equation (B-1), it follows that the piezoelectric polarization is negative for tensile and positive 

for compressive strained crystals. As a consequence, the orientation of the piezoelectric and 

spontaneous polarization is parallel in the case of tensile strain, and anti-parallel in the case of 

compressive strained layers.  

 

 
without built-in electric filed                            “with” built-in electric field 

 
Fig. B.1Effect of built-in electric field on a conduction band of a GaN/AlN quantum well 

 

Consequently, the negative spontaneous polarization of GaN and the alloys as well as the 

piezoelectric polarization of the tensile strained layers are pointing from the nitrogen towards the 

nearest neighbor metal atom along the c-axis. The value of the total polarization inside one layer 

is the sum of the piezoelectric and spontaneous polarization, PE SPP P P= +  [98]. The presence of 

spontaneous and piezoelectric polarization induces immobile polarization charges at the interface 

between the two layers and the surface density of immobile polarization charges at the interface 

k  can be expressed as: 

( ) ( ) ( )k k kz P z P zσ + −= −                                              (B-2) 

where kz  only has values at the heterointerfaces, and ( )kP z+  and ( )kP z−  are the polarizations to 

the right and left of the plane kz , respectively. The effect of spontaneous and piezoelectric 

polarization can be incorporated in to the Poisson equation as a term of immobile polarization 

charges. As a result of polarization, the electric field over the well and barrier in a QW can be 

written as: 
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( )
( )0

b w b
w

b w w b

P P L
F

L Lε ε ε
−

=
+

 and 
( )
( )0

w b w
b

b w w b

P P L
F

L Lε ε ε
−

=
+

                        (B-3) 

where F are built-in electric fields, L are layer thicknesses, 0ε is the permittivity of free space, 

and ε  are dielectric constants of materials. The subscript w  and b  denote the well and barrier, 

GaN and AlN, respectively. 

 

B.2 Schrödinger Equation  
 

In physics, specifically quantum mechanics, the Schrödinger equation is an equation that 

describes how the quantum state of a physical system changes in time. It is as central to quantum 

mechanics as Newton's laws are to classical mechanics. In the standard interpretation of quantum 

mechanics, the quantum state, also called a wave function or state vector, is the most complete 

description that can be given to a physical system. The Schrödinger equation takes several 

different forms, depending on the physical situation. The Schrödinger equation for a particle of 

mass m  in a potential well (one-dimensional potential) aligned along the z-axis is: 

  
2 2

2
( ) ( ) ( ) ( )

2
z V z z E z

m z
ψ ψ ψ

∂
− + =

∂
h                                     (B-4) 

 For an electron in a crystal structure (in semiconductor), the Schrödinger equation can be 

derived from eq. B-4 by substituting m  with an empirical fitting parameter called the effective 

mass *m  where: 

 
2 2

*2
kE

m
=

h                                                           (B-5) 

 Equation B-5 is known as the effective mass approximation where k  is a wave vector. 

The eq. B-4 can now be written as: 

  [ ]
2 2

* 2
( ) ( ) ( ) 0

2
z V z E z

m z
ψ ψ

∂
− + − =

∂
h                                 (B-6) 

The problem now is to find the solution of both the energy eigenvalues E  and the eigenfunction 

( )zψ  for any ( )V z . Hence, the shooting method using 3-point finite difference method (FDM) 

for numerical solution has been introduced [133] by expanding the second-order derivative in 

terms of finite differences. The Eq. B-6, then, can be derived as: 
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*
2

2

2( ) ( ) ( ( ) ) 2 ( ) ( )mz z z V z E z z zψ δ δ ψ ψ δ + = − + − −  h
                (B-7) 

Equation B-9 implies that if the wave function is known at the two points ( )z zδ−  and z , 

then the value of the wave function at ( )z zδ+ can be calculated for any energy E . This iterative 

equation forms the basis of a standard method of solving differential equations numerically, and 

is known as the shooting method [133].  

Using two known values of the wave function ( )z zψ δ−  and ( )zψ , a third value, i.e. 

( )z zψ δ+ , can be predicted. Using this new point ( )z zψ δ+ , together with ( )zψ and by making 

the transformation z z zδ+ → , a fourth point, ( 2 )z zψ δ+ , can be calculated, and so on. Hence, 

the complete wave function can be deduced for any particular energy. The solutions for 

stationary states have wave functions which satisfy the standard boundary conditions, i.e. 

( ) 0zψ →  and ( ) 0d z
dz

ψ
→ , as z → ∞                              (B-8) 

The first two values of the wave function necessary to start off the procedure can be 

generally chosen as: 

(0) 0ψ =  and ( ) 1zψ δ =                                           (B-9) 

 

B.3 Band Non-parabolicity Implement 
 

For semiconductor heterostructures with relatively low barrier heights and low carrier 

densities, the electrons cluster around the subband minima and their energy is in turn reasonably 

close to the bulk conduction band minima, i.e. within a couple of hundred meV, compared to a 

bandgap of the order of 1.5 eV. In this region, the band minima, both the bulk conduction band 

and the in-plane subband, can be described by a parabolic E − k  curve, recalled from eq. B-5: 
22

*2
E

m
=

kh
                                                     (B-10) 

where k  can be read as a three-dimensional vector for the bulk, or as a two-dimensional in-plane 

vector ,x yk  for a subband. 

However, in situations where the electrons are forced up to higher energies, by either 

large barrier heights or narrow wells, or in the case of very high carrier densities, eq. B-10 
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becomes more approximate [99,100]. This is even more important for holes in the valence band. 

The approximation can be improved upon by adding addition terms into the polynomial 

expansion for the energy. For example, no matter how complex the band structure along a 

particular direction, it clearly has inversion symmetry and hence can always be represented by an 

expansion in even powers of k , if sufficient terms are included, i.e. the energy E  can always be 

described by: 

0 2 4 6 2
0 2 4 6 2

0

i
i

i
E a k a k a k a k a k

∞

=

= + + + + = ∑K                           (B-11) 

Usually when discussing single band models, as has been focused on entirely so far, the 

energy origin is set at the bottom of the band of interest, and thus 0 0a = . In addition, truncating 

the series at 2k , gives 2 *
2 (2 )a m= h . 

 

 
 

Fig. B.2 Non-parabolicity of the bulk and subband structure 

The next best approximation is to include terms in 4k , hence accounting for band non-

parabolicity, as displayed in Fig. B.2, with: 

( )
2

2 4 2 4
2 4 *2

E a k a k k k
m

β= + = +
h                                   (B-12) 

where  
*

2 2

2maβ =
h

                                                   (B-13) 

According to the basic definition of effective mass [134], i.e. 

k

E

0

2E k∝

2 4E k kβ∝ +

k

E

0

2E k∝

2 4E k kβ∝ +
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12
* 2

2

Em
k

−∂ =  ∂ 
h                                               (B-14) 

then clearly *m  remains a function of k , unlike the case of parabolic bands where it is a constant. 

As it is a function of k , then it is also a function of energy, and indeed band non-parabolicity is 

accounted for by allowing the effective mass to have an energy dependence [135]: 

[ ]* *( ) (0) 1 ( )m E m E Vα= + −                                       (B-15) 

where V  is the barrier height and the parameter α  is given by [136,137]: 

2
*

0

(0)1 g
m E

m
α

 
= − 

 
                                            (B-16) 

where gE  is the semiconductor bandgap. With this new form of the effective mass, the 

Schrödinger equation (eq. B-4) then becomes: 

  
2

*

1 ( ) ( ) ( ) ( )
2 ( , )

z V z z E z
z m z E z

ψ ψ ψ
∂ ∂

− + =
∂ ∂

h                          (B-17) 

which can be solved by adapting the iterative shooting equation (eq. B-7). From eq. B-17, using 

3-ponit finite different method, one can write as: 

( ) [ ]
2

2
* * *

*

2( ) 1 1( ) ( )
( , ) ( , ) ( , )

2 2 2
( )                                                                                               

( , )
2

zz z V z E zz z zm z E m z E m z E

z z
zm z E

δψ δ
ψ

δ δ δ

ψ δ
δ

 
 +

= − + + 
 + + −
 

−
−

−

h
   (B-18) 

which is the variable effective mass shooting equation, and is solved according to the boundary 

condition. The effective mass *m  can be found at the intermediate points, 2z zδ± , by taking 

the mean of the two neighboring points at z  and zδ± . Clearly, eq. B-18 collapses back to the 

original form in eq. B-7 when *m  is constant. 

 

B.4 Non-abrupt Interface Implement 
 

In addition to the band non-parabolicity implement, the effect of non-abrupt interface 

between layers has also to be included to the calculation model. The non-abrupt region is 
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represented by step-shape graded layer. To simplify the model, the built-in electric field across 

the step-shape graded layer was neglected. The thickness of non-abrupt interfaces was varied so 

that the simulation fits with the experiment result. The Al-content in AlGaN non-abrupt layers 

was 0.5 by considering that the center of non-abrupt region was centered at the junction of AlN 

and GaN. 

 

B.5 A Self-Consistent of Schrödinger-Poisson Equation 
 

At this point, the Schrodinger equation for any heterostructure for which the band-edge 

potential profile defining the structure is known has been solved. However, all of the theoretical 

methods and examples described so far have concentrated solely on solving systems for a single 

charge carrier. In many devices such models would be inadequate as large numbers of charge 

carriers, e.g. electrons, can be present in the conduction band.  In order to decide whether or not 

typical carrier densities would give rise to a significant additional potential on top of the usual 

band-edge potential terms, it then becomes necessary to solve the electrostatics describing the 

system. 

When considering the case of an n-type material, then (although obvious) it is worth starting 

that the number of 'free' electrons in the conduction band is equal to the number of positively charged 

ionized donors in the heterostructure. The additional potential term ( )V zρ arising from charge 

distribution ρ , can be expressed by using Poisson's equation: 

2Vρ
ρ
ε

∇ = −                                                       (B-19) 

The solution is generally obtained via the electric field strength E; recalling that: 

V= ∇E                                                       (B-20) 

the potential then would follow in the usual way [138]: 

( )V d
−∞

= − •∫
r

r E r                                                (B-21) 

 

Given that the potential profiles, ( )CBV z  for example, are one-dimensional, then they will 

also produce a one-dimensional charge distribution. In addition, remembering that the quantum 
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wells are assumed infinite in the x-y plane then any charge density ( )zρ  can be thought of as an 

infinite plane, i.e. a sheet, with areal charge density ( )zσ  and thickness zδ , as shown in Fig. 

B.3(a). Such an infinite plane of charge produces an electric field perpendicular to it, and with a 

strength: 

2
σ
ε

=E                                                       (B-22) 

 

 
 

Fig. B.3 Electric field strength from an infinite plane of charge of volume 

density ( )d z  and the thickness zδ  

 

Note that as the sheet is infinite in the plane, then the field strength is constant for all 

distances from the plane. The total electric field strength due to many of these planes of charge, as 

shown in Fig. B.3(b), is then just the sum of the individual contributions as follows: 

( ) sign( )
2z

z z zσ
ε

∞

′=−∞

′ ′= −∑E                                          (B-23) 

where the function sign is defined as 

sign( ) 1,  0z z= + ≥  and sign( ) 1,  0z z= − <                            (B-24) 

and has been introduced to account for the vector nature of E , i.e. if a single sheet of charge is at 

a position z ′ , then for z z′≥ , ( ) (2 )z σ ε= +E , whereas for z z′< , ( ) (2 )z σ ε= −E . Note 

further that it is only the charge neutrality, i.e. there are as many ionized donors (or acceptors) in 

the system as there are electrons (or holes), or expressed mathematically:  

zδ

( )zσ

E E

z

z′

( ) ( )z d z zσ δ=

σ

(a) (b)
zδ

( )zσ

E E

z

z′

( ) ( )z d z zσ δ=

σ

(a) (b)
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( ) 0
z

zσ
∞

=−∞

=∑                                                     (B-25) 

which ensures that the electric field, and hence the potential, go to zero at large distances from 

the charge distribution. For the case of a doped semiconductor, there would be two contributions 

to the charge density ( )zσ , where the first would be the ionized impurities and the second the 

free charge carriers themselves. While the former would be known from the doping density in 

each semiconductor layer, as defined at growth time, the latter would be calculated from the 

probability distributions of the carriers in the heterostructure. Thus if ( )d z  defines the volume 

density of the dopants at position z , where the planes are separated by the usual step length zδ , 

then the total number of carriers, per unit cross-sectional area, introduced into the heterostructure 

is given by:  

( )N d z dz
∞

−∞

= − ∫                                                  (B-26) 

The net charge density in any of the planes follows as 

[ ]*( ) ( ) ( ) ( )z q N z z d z zσ ψ ψ δ= −                                   (B-27) 

where q  is the charge on the extrinsic carriers. The step length zδ  selects the proportion of the 

carriers that are within that 'slab' and converts the volume density of dopant, ( )d z  into an areal 

density. 

If the charge carriers are distributed over more than one subband, then the contribution to the 

charge density ( )zσ  would have to be summed over the relevant subbands, i.e. 

*

1
( ) ( ) ( ) ( )

n

i i i
i

z q N z z d z zσ ψ ψ δ
=

 
= − 

 
∑                               (B-28) 

where 
1

n
ii

N N
=

=∑ . 

The energy eigenvalues are calculated by considering the introduction of a further test electron 

into the system and incorporating the potential due to the carrier density already present into the 

standard Schrödinger equation, i.e. the potential term ( )V z  in eq. B-6 becomes:  

( ) ( ) ( )CBV z V z V zρ→ +                                           (B-29) 

where CBV  represents the band edge potential at zero doping and the potential due to the non-

zero number of carriers, i.e. the charge density ρ , is represented by the function V ρ . 
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The numerical shooting method, described in detail earlier in this chapter, can be used 

without alteration to solve for this new potential, which will thus yield new energies and wave 

functions. The latter is an important point since the potential due to the charge distribution is 

itself dependent on the wave functions. Therefore, it is necessary to form a closed loop solving 

Schrödinger equation, calculating the potential due to the resulting charge distribution, adding it 

to the original band-edge potential, solving Schrödinger equation again, and so on—a process 

which is illustrated schematically in Fig. B.4. 

The process is repeated until the energy eigenvalues converge; at this point the wave 

functions are simultaneously solutions to both Schrödinger and Poisson equations—the solutions 

are described as self-consistent, rather like Hartree's approach to solving many electron atoms 

[139]. 

 

 
 

Fig. B.4 Block diagram illustrating the process of self-consistent iteration
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Appendex C Suggestions on Further 
Investigation 

 

 

 This section is offered for one who would like to investigate the intersubband optical 

devices related to the intersubband absorption in MOVPE grown GaN/AlN MQWs and/or the 

AlN-based optical waveguide. This section is divided into two parts: the growth of GaN/AlN 

MQWs aspect and the fabrication of AlN-base optical waveguide aspects. 

 In the viewpoint of the growth of GaN/AlN MQWs by pulse injection MOVPE, though 

the optimization of growth parameters has been carried out in this dissertation, the intersubband 

transition characteristics in GaN/AlN MQWs can be possibly improved. In term of shorter 

transition wavelength < 1.5-µm range, the most important factor is considerably the abruptness 

of GaN/AlN interface. Several growth methods can be employed implementing with the current 

pulse injection growth method; for example, the growth of AlN barrier by pulse injection method 

[82-84] and the indium surfactant [48,50]. J. S. yang et al. has report the tremendous 

improvement of crystal quality and surface morphology of AlN layer deposited by pulse 

injection method at 800 °C which is comparable to that of high quality AlN layer grown at high 

temperature. However, in order to adopt this propose to the growth of GaN/AlN MQWs, one 

should consider and adjust the growth condition and gas flow sequence. The full-width at half-

maximum of an absorption peak should be most likely improved with the abrupt interface of 

MQWs since the sharpness of absorption peak corresponds to the surfactant of GaN/AlN 

interface. In the view point of intersubband absorption intensity, it is possible to enhance the 

electron concentration by increasing the amount of Si atoms incorporating into GaN layers. This 

includes the increasing of partial pressure of SiH4. Nevertheless, the issue of 3-D island growth 

of GaN layer induced by large amount of Si should be kept in mind as a factor that can 

dramatically degrade the crystal quality of GaN layer as well as roughen the interface between 

GaN and AlN. 

 For the aspect of the AlN-based optical waveguide fabrication, one can challenge the 

issue of high non-saturated propagation loss by careful fabrication and revising the waveguide 
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structure. As indicated in chapter 5 that, the AlN-based waveguides in this work were suffered 

from an immaturity fabrication resulting in an imperfect waveguide shape and rough sidewall 

particularly the high-mesa structure. It is very promising that the unnecessary propagation loss 

can be marvelously decreased just by the careful and optimized fabrication. The suggestion 

method is optimizing the ICP dry etching of nitride layers since the step-like sidewall of high-

mesa waveguide is considerably occurred during ICP dry etching process. In the viewpoint of 

spot-size converter, one can employ the vertical spot-size converting by some additional etching 

processes in order to form a stair-like spot-size converter [47,86]. One should also concern about 

the damages of sidewall of the GaN/AlN MQWs and of surface AlN buffer layer during the core 

removal process by ICP-RIE. These damages induce additional non-saturated loss in TM-

polarization and increase the saturation energy. This propose should counter the issue of high 

required pumping pulse energy by enhancing the coupling efficiency, confining more light into 

the MQWs core and decrease excess TM-polarization loss. The number of GaN/AlN MQWs 

should also be optimized for the best absorption saturation per unit area of MQWs core. 
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