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CHAPTER 1 

General Introduction 
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Semiconductors are fundamental components in electronic devices. Without 

them, the existence of electronic devices would be impossible. In the development of 

the information technology era in recent years, the heat generated by semiconductor 

elements has steadily increased yearly. Consequently, a comprehensive understanding 

of heat energy transport mechanisms in semiconductors has become critical not only 

for reducing the power consumption of semiconductor elements but also for the 

enhancement of semiconductor devices. 

III-nitride, a semiconductor material, is applied to high-power devices, micro-

light-emitting devices (micro-LEDs), and transistors. The device operation 

characteristics of these devices are degraded by heat energy generation and the increase 

in temperature [1-3]. Moreover, the heat energy problem is significant in micro-LEDs 

during operation because of the heat energy generation in a small amount, and thus, 

higher phonon transport is generally desirable for device efficiency. Consequently, 

micro-LEDs have several thermal problems because of their size [4], which is described 

in Figure 1.1. Now, it is widely recognized that heat energy is required to be discussed 

by means of the quanta of the waves of lattice vibration, that is phonon. It is known that 

phonons have various interactions with other particle species and physical fields such 

as radiation. Depending on the size of the sample, diffusive and ballistic phonon 

transports have been discussed [5,6] as shown in Figure 1.2.  The thermal conductivity 

of gallium nitride (GaN) significantly decreases when its thickness is reduced to 100nm 

[7].  Analyses of the cumulative thermal conductivity of GaN indicate that 50% of the 

thermal conductivity is attributed to phonons with mean-free-path values greater than 

1μm [8]. As semiconductor devices become increasingly minimized and incorporate 

multilayer thin film structures, the heat transport properties of these thin films are a 

crucial part of determining the performance of devices [9]. Therefore, understanding 

and optimizing these thermal properties is essential for enhancing energy consumption 

of devices efficiency. In this study, we focus on analyzing the heat transport 

mechanisms at the active region of device operation, especially in semiconductors, to 

provide high-efficiency devices through more effective heat dissipation. Figure 1.3 

shows the schematic diagram of the longitudinal optical (LO) phonon decomposition 

process. The LO phonon is the most harmful mode, which is decomposed to the heat 

energy of acoustic mode, E2(High) (E2
H) mode, and transverse optical (TO) modes.  

III-nitride semiconductors have a higher interaction of electrons and LO

phonons. Figure 1.4 shows the electron-LO phonon interaction strength, which is 
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defined by a term included in its Hamiltonian 𝐸LO.  (1 𝜀⁄ (∞) − 1 𝜀⁄ (0)) . The 

exclusion of LO phonons from the active regions of devices is considered to have a 

particularly significant effect on the performance of devices based on III-nitride 

materials. Here, 𝐸LO , 𝜀(∞)  and 𝜀(0)  represent the LO phonon energy, the relative 

electric permittivity at the infinite frequency limit, and the static limit, respectively. 

Additionally, there is a requirement to expel the acoustic phonons generated by the 

decomposition of LO-phonons to reduce the regeneration of LO phonon from the other 

mode phonons. Therefore, the analysis of the generation and decomposition of LO 

phonons inducing acoustic phonon generation is a crucial issue for the further control 

of electron-LO phonon interactions. 

 

 

Figure 1.1.  Surface temperature of the center LED vs the current density, for center 

distances of 100 m, 300 m, 500 m, 700 m and flat substrate, compared with the 

results obtained for substrates with arrays of pillars and fins, for the center distance of 

500 m [4]. 

 

 

Figure 1.2.  Various processes of phonon transport types: ballistic and diffusive 

transport and diffraction. 
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Figure 1.3. A Schematic diagram of LO phonon decomposition process. 

 

 

Figure 1.4. Interaction between LO phonon and the electric field in semiconductors 

[37]. 

 

 III-nitride semiconductors are mostly grown on heterogeneous substrates such 

as sapphire and silicon. That induces misfit dislocations, threading dislocations, and 

complex defects [11-12]. In this study, GaN and indium nitride (InN), are mainly 

focused. The band gaps are 3.4 eV and 0.63 eV, respectively, at room temperature [13].  

On the other hand, the Ga1-xInxN alloy exhibits a wide lattice parameter range based on 

the lattice mismatch of 11% between InN and GaN [13-15]. The varying crystal growth 

temperatures lead to localized compositional fluctuations. These fluctuations can lead 

to distortion and lattice defects. Some of the lattice defects induce radiative 
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recombination of carriers, which yields heat energy or phonons. The increased density 

of phonons and an increase in the occupancy of phonon states cause further non-

radiative recombination (NR), resulting in additional heat generation. However, studies 

on the phonon transport properties at heterointerfaces have remained limited [16]. In 

addition, the LO phonons have a significant impact on device characteristic degradation 

due to temperature increases in nitride semiconductors [17]. Therefore, observing and 

analyzing of each vibration mode is crucial for understanding and controlling these 

effects. 

The observation of the nonradiative recombination centers can be investigated 

by using electron-induced luminescence (cathodoluminescence (CL)) images, which 

result in a dark spots region in CL. However, direct imaging of carrier density has not 

been achieved despite the impact on the luminescence intensity. It can be clearly shown 

in Figure 1.5 (c), which is CL imaging of the GaInN layer. Figure 1.5 (a) (b) was PL 

mapping imaging of the GaInN layer; the dashed lines in these figures indicated the 

common observation area of the CL and PL mapping images. The CL image exhibits 

high intensity at the white circle, which agrees with the PL image. At the left-hand side 

dark-blue circle, the intensity takes a local maximum though the PL intensity takes a 

local minimum. In this region, generated carriers are estimated to be transported outside 

the observation region. At the right-hand-side dark-blue circle, a weak CL spot is 

observed, where the PL peak energy of the GaInN layer takes a local minimum, whereas 

that of the GaN layer takes a local maximum. Strain relaxation or In segregation [36] is 

estimated to take in this region. In regions marked by light-blue circles, NRs are thought 

to dominate the PL and CL intensities. At some CL dark spots, the PL intensity does not 

take a local minimum. To interpret this phenomenon, it is required to analyze the carrier 

transport, radiative and nonradiative recombination processes [29]. 

As, thermal energy and carrier transport processes have a significant impact on 

carrier recombination processes, simultaneous imaging analysis of luminescence, 

temperature, and carrier density are essential features for a comprehensive 

understanding of PL and Raman imaging. The PL emission efficiency, which is defined 

as the luminescence intensity per electron, is especially important in crystal fields with 

nonuniformity in alloy composition and defect density. The local carrier density was 

determined through the analysis of longitudinal optical (LO) phonon-plasmon coupling 

(LOPC) modes using microscopic Raman scattering measurements [31, 34-35]. As it is 

known that electron density is high in regions of local minima of potential energy, the  
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Figure 1.5. The Ga0.95In0.05N layer of (a) PL intensity, (b) PL peak energy, and CL 

intensity. Note that the region below the dashed line is observed in PL imaging. The six 

circles in CL imaging represent the respective same region in PL imaging [29]. 

 

   

 

Figure 1.6. (a) Imaging of PL intensity of Ga0.95In0.05N (b) Imaging of E2
H modes 

energy using the 325 nm laser with power 14 mW (c) decrease E2H energy mode with 

increasing incident laser power (7 mW – 14mW). 
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electron density is thought to be fluctuated by local fluctuation of alloy composition, 

stress, temperature, and so on. Local fluctuation of temperature is considered to induce 

local strain, potential minima, and fluctuation of the kinetic energy of carriers. In 

addition, local analysis of the correlation of the images of the temperature obtained 

from the Raman spectroscopy and photoluminescence has a small mismatch from the 

reported [20] as shown in Figure 1.6.  The local analysis of the correlation among 

temperature, electron density, and photo-emission efficiency was investigated in this 

study. Selective heating and simultaneous observation of phononic and photonic 

properties are studied to contribute to the analysis of carrier dynamics in 

inhomogeneous crystals.   

In this research, the combination analysis of the two-dimensional images of 

phonon mode energies, as well as PL peak energies and intensities, localized 

temperature increases are observed in the vicinity of crystal defects. When the carriers 

are photoexcited to a high energy level above the band edge, the carriers generate 

phonons through the carrier energy relaxation inside the bands. Therefore, the local 

temperature increases in this process. The increase in temperature can be detected by 

Raman scattering measurements [16, 20, 29, 30]. Raman imaging was performed by 

controlling the generated heat energy, the heating position, and the measurement 

position through the simultaneous irradiation of two lasers (pump and probe techniques). 

The investigation of thermal energy transport imaging within thin films and across 

interfaces was conducted using a microscopic Raman measurement system with a 

double laser system [16, 30]. The transport of thermal energy across interfaces is a key 

factor in determining the accumulation of heat energy in the active regions of electronic 

and photonic devices.  

There are five chapters in this thesis. Chapter two introduces the measurement 

system and experimental method. Chapter three demonstrates the PL emission 

efficiency analysis by integrating analysis of Raman imaging of E2
H mode and A1

LO 

mode in a heterostructure of Ga0.95In0.05N and GaN. Chapter four shows the details of 

analysis of phonon transport at Ga1-xInxN and GaN heterointerface. Chapter five 

describes the mechanism of the ratio of energy decrease of A1LO by E2H mode of 

Fe-doped GaN and bulk GaN. Chapter six expresses the conclusions of the present 

research.  
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Figure1.7.  Research method. 
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CHAPTER 2 

Measurement System and Experimental 

Method 

 

Abstract 

The basic experimental setup of the present Raman and PL spectroscopy, as well 

as the measurement systems and the measurement methods, are expressed. Especially 

the present techniques are designed to capture lateral and cross-interface phonon 

transport, which is essential for understanding phonon dynamics in the material. The 

key experimental factors, such as resolution constraints, data accuracy, and sources of 

measurement uncertainty are expressed.  
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2.1. Measurement System of Raman Spectroscopy 

Raman spectroscopy is known as a method to analyze the crystal structure, alloy 

composition, and strain by means of vibrational lattice frequency. In this study, a 

confocal Raman microscopic instrument using a double laser system was used. This 

study utilized the three-dimensional (3D) laser Raman spectroscopy system 

(Nanofinder30, Tokyo instruments). The measurement system of the Raman 

spectroscopy is shown in Figure 2.1. In this study, two types of continuous wave (CW) 

lasers were utilized, which are 532 nm second harmonic radiation of a Nd: YAG laser 

(Showa Optonix) and a 325 nm He-Cd laser (Kimmon Kohwa). The 325 nm He-Cd 

laser was utilized as the excitation light source in PL measurements and the heating on 

probing light in Raman scattering analysis. The objective lens of numerical aperture 

(NA) is 0.47, 40x (Thorlabs, LMU-40x-NUV) was used. The laser spot diameter was 

approximately 0.69 µm for the 532 nm laser and 0.42 µm for the 325 nm laser. In the 

simultaneous irradiation of the two cases, the respective spot diameters were 0.69 µm 

for the 532 nm light, while the 325 nm light was diffused to a diameter of approximately 

7 µm. The focal length of the monochromator was 81.6 cm, and a diffraction grating in 

the spectrometer was selected from three types of groove counts: 600 G/mm, 2400 

G/mm, and 3600 G/mm. In the measurement system, the wavelength range and 

resolution were varied according to the groove count of the diffraction grating. The 600 

G/mm of groove count was used for low resolution and wide spectral range. The 2400 

G/mm grating offered better resolution than 600 G/mm and provided a moderate level 

of wavelength separation. The groove count of 3600 G/mm was utilized for the high 

spectral resolution and narrow spectral range.  In this study, the grating of 600 G/mm 

was used for PL measurements by using the 325 nm laser and, the 3600 G/mm grating 

was used for Raman spectroscopy for 325 nm laser, and the 2400 G/mm was used for 

Raman spectroscopy using the 532 nm laser. The optical signals were captured from a 

charge-coupled device (CCD) camera (ANDOR). For the simultaneous irradiation 

measurements by using two lasers (532 nm for the Raman signal probe laser and 325- 

nm for the heating laser), where a harmonic reflector was utilized to reflect the 325 nm 

laser light and to pass through the 532 nm laser light before the entrance of these lasers 

into the objective lens. The light path for the basic Raman measurement setup is shown 

in Figure 2.1. The laser light emitted from the laser source passes through an 

interference mirror and enters the Nanofinder30 system. The laser light passes through 
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the neutral density (ND) filter and beam expander, which was expanded by the beam 

expander. After that, the light passed through a mirror and an objective lens and was 

focused onto the sample. The scattered light from the sample was dispersed by the 

spectrometer after reducing the Rayleigh scattering light by an edge filter. The light 

then passed through the diffraction grating and was detected by the CCD camera, where 

photons are captured and converted into electrical signals. This process reads out and 

produces the detected spectral information as an output. 

 

2.2. Sample Stage and Mapping 

 An XYZ-axis piezo stage (LJ014M01, Nano control) was installed on the stage 

for positioning the microscope sample, with fine adjustments made using a controller 

(NCM6301C, Nano control). The sample stage was composed of a coarse adjustment 

stage, a piezoelectric stage, a rotation stage, and a goniometer stage from the bottom. 

The coarse stage enables manual adjustment on the XYZ axis, and the XY axis, in 

particular, is equipped with a micrometer. The piezoelectric stage can be controlled 

from the software in an area of 100 µm square with a resolution of a few tens of 

nanometers on the XYZ axis. The rotation stage can be manually adjusted to the 

direction of the sample, and the goniometer stage enables manual adjustment of the 

sample’s inclination. Additionally, the mapping measurement was controlled 

automatically by the software using the piezo stage. Therefore, the measurement of the 

mapping area was specified by the measurement size and step size resolution. The 

piezoelectric stage was automatically moved to perform measurements. During 

mapping measurements, the microscopy system was covered with an acrylic plate 

which is thermoplastic material to prevent changes in the surrounding temperature. The 

temperature in the sample chamber was controlled by following an air, the temperature 

of which was controlled 23℃  (±  0.1℃) . The surrounding temperature of the whole 

system was controlled at 22 ~ 23℃.  
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Figure 2.1. Measurement system of Raman Spectroscopy. 
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2.3. Spatial Resolution 

 The confocal Raman spectroscopy has the ability to spatially resolve the same 

diameter at the laser spot on the sample when the observation wavelength is the same 

as that of the laser, enabling analysis of the sub-micrometer size structure of the sample. 

It is important to take into account spatial averaging when analyzing temperatures 

measured by confocal Raman spectroscopy which is determined by the optical 

resolution of the measurement system.  In this system, the monochromator had a cross-

slit, which worked as the confocal slit. The diameter of the slit was controlled in a range 

of 50 m ~ 150 m. There are two types of spatial resolution, which are lateral (XY) 

resolution and depth (Z) resolution. The schematic diagram of spatial resolution is 

shown in Figure 2.2. The lateral (XY) resolution determined by the specification of the 

objective lens is expressed with Equation 2.1 [1]. 

 


lateral

=
0.61

𝑁𝐴
 

 

 

(2.1) 

where  is the wavelength of the laser light used, and 
lateral

 is the lateral resolution of 

the XY plane in nanometers.  

The diameter and focal length of the achromatic lens in front of this slit was 25- 

mm and 150 mm, respectively. When we use the objective lenses with NA values of 

0.95 and 0.47 with 532 nm laser wavelength, the diameter of the image of the object 

spot is estimated to be 0.34 m and 0.69 m, respectively. As for the focal length of the 

lens in front of the split is 150 mm, the diameter of the image on the entrance slit are 

9.6 m and 19 m for the respective objective lens according to Equation 2.1. The 50 

m is approximately 2.5 times the 19 m. Therefore, the spatial resolution is 

determined by the NA value of the objective lens when the cross diameter is less than 

50 m.  The axial resolution in the z-direction of the spatial resolution, which is related 

to the depth of field (DoF), is expressed by Equation 2.2 [1]. 

 


axial

=
0.61

𝑁𝐴
∗ √1 + (



 𝜋∗(
0.61
𝑁𝐴

)
2)
2 

 

(2.2) 
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where  is the wavelength of the laser light used, and 
axial

 is the axial resolution (or 

depth resolution) in the z-direction. 

In confocal Raman spectroscopy measurement, the axial spatial resolution is 

primarily determined by the absorption depth of incoming and scattering light rather 

than the DoF when the laser wavelength is used in the above bandgap. 

 

 

Figure 2.2. Schematic diagram of spatial resolution. 

 

2.4. Wavenumber Calibration 

 In the Raman scattering measurement system, wavenumber calibration is 

essential to ensure the precision and accuracy of the spectral data obtained. The primary 

purpose of this calibration is to correct any discrepancies between the detected and the 

actual wavenumbers from the molecular vibrations. The energy shift of the scatter light 

from the irradiated laser (Rayleigh light) is observed in Raman spectroscopy. When the 

Raman shift is high, it is impossible to obtain both the signals of the Raman scattering 

and Rayleigh scattering on the CCD sensor array without scanning the monochromator 

grating. In addition, wavelength accuracy cannot be guaranteed due to changes in the 

surrounding environment, such as room temperature, which are caused by long-term 

measurements. Therefore, the specification of the lamp neon or mercury lamps, suitable 

for a measurement depends on the objective phonon mode energy.  Figure 2.3 (a) shows 

the fluctuation of the 73Si-6
3P2 (5460.7 °𝐴) lines of the mercury lamp and the difference 

in the value of fluctuation of the wavelength expressed in Figure 2.3 (c). Figure 2.3 (b) 

shows the resolution of the peak energy is high enough. The fluctuation of the 
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wavelength of the mercury lamp line is attributed to the fluctuations in the measurement 

environments. 

 (a) (b)  

 

(c)  

 

Figure 2.3. Mapping image of a mercury lamp of (a) peak energy, (b) standard 

deviation of the peak energy, and (c) the value of the calibration of wavelength at the 

GaN layer with 532 nm laser excitation.  

 

2.5. Wavenumber Resolution 

 The wavenumber resolution depends on the slit width of the spectrometer and 

the distance between the CCD devices, the pixel size of the CCD camera, the grooving 

period of the grating of the monochromator, and the focal length of the monochromator. 

The wavenumber resolution 𝑑𝜆 is expressed by 

𝑑𝜆 = 𝑑𝑥 (
𝑑

𝑓
) cos[tan−1

𝜆
𝑑

√(1 + 𝑐𝑜𝑠𝛼)2 + sin2 𝛼 − (
𝜆
𝑑
)
2
− 𝜑] 

(2.4) 

 

  

where d is the ruling period, dx is the slit width and 𝛼 is the angle of the incident and 

outflow light directions.  
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2.6. Sensitivity Calibration 

The light scattered by the sample is detected using mirrors, filters, a grating, and 

a CCD camera. Sensitivity calibration is required to ensure the accurate signal intensity 

for each wavelength. A halogen lamp (Philips, FCR A1/215) was used to calibrate the 

sensitivity of the measurement system equipped with an objective lens and a diffraction 

grating. This lamp has a color temperature of 3300 K. The theoretical formula for a 

halogen lamp was assumed to subject to Planck’s blackbody radiation formula𝐼𝑏𝑏𝑟(𝐸)  

as shown in Equation 2.5.  

 

𝐼𝑏𝑏𝑟(𝐸) =
2ℏ𝑣3

𝑐2
∗

１

𝑒
ℏ𝑣
𝑘𝑇 − 1

 
(2.5) 

 

where, 𝐼𝑏𝑏𝑟(𝐸)  is the spectral radiance of the blackbody radiation, ℏ is the Plank’s 

constant, 𝑣 is the frequency of the radiation, 𝑐 is the speed of light in a vacuum, 𝑘 is the 

Boltzmann’s constant, and 𝑇 is the color temperature of 3300 K of the halogen lamp. 

The spectrum observed for the lamp is 𝐼𝐻𝑎𝑙, and the light intensity as a function 

of photon energy is set to be  

 

𝐼𝐻𝑎𝑙 = 𝐼
𝑏𝑏𝑟
(𝐸)𝑑𝐸 ∗  𝜂(E) (2.6 a) 

 

𝐼𝐻𝑎𝑙 = 𝐼𝑏𝑏𝑟(𝐸) ∗ (
ℎ𝑐


2) [𝑑𝑥 ∗

𝑑

𝑓
∗ cos{tan−1 (



d

√(1+𝑐𝑜𝑠𝛼)2+𝑠𝑖𝑛2𝛼−(


d
)2
) − ∅}] 𝜂(E)  

(2.6 b) 

 

where, 𝑑𝑥 is the slit width, d is the ruling period of the diffraction grating, f is the focal 

length of the spectrometer, 𝜂(𝐸) is denoted as the sensitivity and 𝛼 is the angle of the 

optical path of the diffraction grating.  

The spectral sensitivity 𝜂(𝐸) calibration can be calculated by using equation 

(2.7). When the equation is rearranged using the halogen lamp measurement data, IHal, 

the sensitivity data 𝐼0(𝐸) is expressed by Equation 2.7. 

 

𝜂(E) = 𝐼𝐻𝑎𝑙/𝐼𝑏𝑏𝑟(𝐸)𝑑𝐸 (2.7 a) 
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Figure 2.4. The emission spectrum of the (a) halogen lamp, (b) before, and (c) after 

sensitivity calibration of a Raman scattering spectrum. 
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𝜂(E) =

𝐼𝐻𝑎𝑙 ( 

2

ℎ𝑐
)

𝐼𝑏𝑏𝑟(𝐸) ∗

[
 
 
 
𝑑
𝑓
∗ cos

{
 

 
tan−1 

(

 


d

√(1 + 𝑐𝑜𝑠𝛼)2 + 𝑠𝑖𝑛2𝛼 − (

d
)2
)

 − ∅

}
 

 
𝑑𝑥

]
 
 
 
 

  

(2.7 b) 

This is the In0.05Ga0.095N of the Raman spectrum before and after sensitivity 

calibration, shown in Figure 2.4. The measurement conditions, that is, spectrometer 

entrance slit (pinhole), CCD center, track height, and wavenumber range, are all the 

same calibrations. 

 

2.7. CCD Camera  

 In this study, Raman scattering light was observed using a CCD camera 

(ANDOR, DU420A-B). The CCD has a structure is 1024 horizontal and 256 vertical 

light-receiving elements, with a pixel size of 26 µm. Therefore, 1024 data points are 

obtained during measurement. To reduce the noise, only some rows of vertical pixels 

were used. In measurements, the center of the CCD was set up to 130 ~145 and the 

track height was set up to 10. The sensitivity of the CCD was determined by the system 

readout rate and preamplifier setting, and the signal intensity is the value converted 

from the number of photoelectrons. The noise of the CCD camera is determined as the 

base label, and when the system readout rate was 0.03 MHz, and the preamplifier gain  

 

 

 

Figure 2.5. Bulk Si with Raman spectroscopy with 325 nm laser excitation. 
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setting was 1x, the noise of the CCD camera was approximately 1100 counts. Figure- 

2.5 expresses the noise level of the CCD camera starting from the 1100 counts, 

measured using bulk silicon with a laser power of 5 mW and 5 seconds exposure time 

with a one-time accumulation under the 325 nm laser excitation in Raman spectroscopy. 

 

2.8. Patterning on the Sample Surface  

A gold sputtering mask was deposited onto the sample to obtain a precise 

position for phonon transport measurement. The (Mikasa, MA-20) was utilized for 

exposure, and the magnetron sputtering (Labotec, LA-S2020) system was used for 

sputtering. The entire mask was 10 mm square, and the small pattern was 20 µm square.  

Figure 2.6 shows an example image of the patterned sample. The patterned structure of 

the sample enabled precise determination of the measurement locations and repeating 

measurements at the same point. Moreover, the thickness of the deposited metal was 

approximately 20 nm, and the PL peak intensity (IPL) at that location shows a reduced 

intensity as shown in Figure 2.7.  

 

 

 

Figure 2.6. Example image of sample patterning. 

 

 

Figure 2.7. Examples of the PL peak intensity of Ga0.95In0.05N with Au pattern. 
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2.9. Method of Phonon Transport Analysis 

In this study, the phonon transport analysis by using 532 nm laser for 

observation region at GaN with 325 nm laser for heat generation at GaInN layer by 

simultaneous irradiation on the sample. Figure 2.8 clearly shows a schematic diagram 

of the method of phonon transport analysis. The 325 nm laser is higher energy than the 

band gap of Ga1-xInxN. It means that the laser is allowed to absorb by the Ga1-xInxN 

layer. In contrast, the 532 nm laser has lower energy than the band gap of Ga1-xInxN. 

Therefore, the 532 nm laser allowing to pass through the Ga1-xInxN layer and observe 

the underlayer of  GaN in this measurement. Thus, the 325nm laser was used to detect 

the GaInN layer, while the 532 nm laser excitation was used to observe the underlayer 

of  GaN. The phonon transport can be investigated by using two lasers systems in 

Raman spectroscopy. Table 2.1 shows the energy bandgap of the measurement sample 

and laser excitation.  

Table 2.1. Measurement sample of the energy bandgap and laser excitation energy. 

Sample Bandgap energy (eV) 

GaN 3.4 

InN 0.6 

InGaN (x=0.05) 3.2 

InGaN (x=0.09) 3.0 

InGaN (x= 0 → 0.17) 2.8 

Laser excitation Energy (eV) 

532.09 nm 2.33 

325.05 nm 3.81 
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Figure 2.8. Schematic diagram of phonon transport analysis (a) Ga1-xInxN (b) GaN 

layers. 
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  CHAPTER 3 

Methodology of PL Emission Efficiency 

Analysis by Integrating Raman 

Spectroscopy by Combination of E2(High) 

and A1(LO) Modes in a Ga1-xInxN/ GaN 

Heterostructure 

 

Abstract 

Microscopic lattice vibration images of E2
H mode and A1

LO mode or higher 

energy branch of LOPC modes in a GaInN film on a GaN template are obtained by 

using the Raman scattering spectroscopy by using the 325 nm laser. The decrease in the 

energy shift of EE2H is obtained by increasing the temperature by increasing the laser 

power. The energy shift of the LOPC+ is obtained by using the theoretical formula 

comprising two terms based on the mode energy vibration of the bulk material and the 

thermal strain effect. The mapping images of the temperature and electron density in 

the x-y plane are simultaneously obtained by using the obtained temperature and the 

energy shift of the LOPC+. Finally, the image of the photoluminescence (PL) emission 

efficiency defined by the PL intensity per electron is obtained from the images of the 

PL intensity and electron density under the condition that the laser-excited electron 

density is higher than the residual background electron density. This method enables a 

quantitative discussion on microscopic photo-emission efficiency.  
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3.1. Introduction 

 Radiative carrier recombination efficiency has been discussed in many articles. 

Microscopic imaging of PL and cathodoluminescence (CL) are powerful measures for 

this purpose. The dark spots in these images exhibit the existence of threading 

dislocations and reveal the carrier diffusion length. However, these images are not 

enough to show the local radiative recombination efficiency.  

 When obtaining local PL using a confocal measurement system, it is considered 

difficult to determine the emission efficiency due to variations in carrier density caused 

by carrier diffusion. Although CL enables imaging of non-radiative recombination (NR) 

centers clustered in the vicinity of threading dislocations (TDs) when the carrier 

diffusion length is sufficiently short less than 500 nm [1], the luminescence peak 

intensity does not always show the spatial variations in emission efficiency due to the 

carrier diffusion or the carrier density distribution. The information of carrier density is 

required, and the local carrier density can be analyzed by microscopic Raman 

spectroscopy, where LO phonon coupling modes are analyzed.  

 Raman images are affected by heat energy, which is known by temperature, 

strain, and alloy composition. Thermal energy transport across interfaces is a critical 

factor in determining the accumulation of thermal energy in the active regions of 

electronic and photonic devices. In semiconductor films with nonuniform alloy 

composition, such as the GaInN system, thermal energy transport inside the film also 

impacts the local temperature in the active region of devices. Thermal energy transport 

imaging inside the thin films and across interfaces has been investigated using a 

microscopic Raman measurement system equipped with a double-laser setup [1,2]. For 

example, Raman imaging revealed the blocking of heat energy transport across the 

interface at misfit dislocations and TDs. However, the spatial variation of LOPC mode 

energies which depends on temperature, carrier density, and strain, has not been studied 

to investigate local carrier dynamics.  

 The local photoemission efficiency per electron or hole is obtained by 

combining the analyses of local temperature increase, LOPC, and luminescence 

intensity. This information can subsequently be analyzed in relation to the temperature 

increase resulting from NR. It will provide a deeper understanding of the interaction 

between recombination processes and thermal effects. The simultaneous imaging of  PL 

intensity, carrier density, and temperature is required to provide the details of local 
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carrier dynamics, including both radiative and nonradiative recombination rates. The 

analysis of all energy modalities within the carrier–radiation–phonon system enabled 

to study of local carrier dynamics, especially in epitaxial films with nonuniform alloy 

composition and/or strain, such as GaInN. This comprehensive approach assists in 

understanding the interactions in materials with nonuniformity in alloy composition of 

nitride materials. 

In this study, two-dimensional (2D) images of electron density under the photo-

excitation of carriers were obtained by utilizing two phonon modes of EE2H and EA1LO 

or the higher energy branch of LOPC+ modes of a GaInN film. An image of PL 

efficiency as the intensity per electron is investigated, and a methodology is used to 

analyze the local carrier recombination processes in a nonuniform crystal field 

including thermal nonequilibrium carriers and phonons. 

 

3.2. Experiment  

The sample was Ga0.95In0.05N (100 nm) / n+ -GaN (3.5 μm) / n -GaN (3 μm) 

heterostructure grown on an sapphire (α-Al2O3) substrate through a metal-organic vapor 

phase epitaxy process. The values of electron density (ne ) of n+ and n -GaN were 3x1018 

cm-3 and 1x1017 cm-3, respectively. The residual electron density (ne
0) of the 

Ga0.95In0.05N layer was determined to be less than 6×1017 cm-3 by infrared (IR) 

reflectance analysis [1,4]. Figure 3.1 shows the reciprocal space mapping of the (110̅5) 

X-ray diffraction and the rocking curves of the (0002) and (1012̅) diffractions [1]. The 

Ga0.95In0.05N layer was grown pseudo-morphically on the GaN template. The full-width 

at half maximum (FWHM) of the (0002) rocking curve was obtained to be 315 arcsecs 

for the GaInN layer film and 340 arcsecs for the GaN layer. The FWHM of the (1012̅) 

rocking curve of the GaN layer was 486 arcsec. Assuming the TDs are generated at 

grain boundaries, the estimated density of screw and mixed-type dislocations was 

estimated to be on the order of 109 cm-2. This estimation is consistent with the atomic 

force microscope (AFM) images of the GaN template wafer [1] as shown in Figure 1.1 

(e). 

Hook-shaped Au thin plates with a thickness of 20 nm were deposited at the 

four corners of every 20 µm square area aligned on the surface. Figure 3.2 shows the 

images of PL intensity, and the hook-shaped Au pattern images are exhibited in the PL 

intensity image. The Raman and PL measurement positions were identified at every 
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scanning measurement. However, a displacement of a few micrometers takes place in 

the final process to optimize the measurement conditions. Therefore, the mutual 

positions of the images are correlated by conducting PL measurements immediately 

after the Raman measurements and using the patterns of both the Raman and PL images 

for alignment. 

 

(a)    (b)  

 

(c)   (d)  

(e)  

 

Figure 3.1. The X-ray diffraction of (a) reciprocal space mapping for (101̅5), and 

rocking curves for (b) (0002) diffraction of the GaInN layer, (c) (0002) diffraction of 

the GaN layer, (d) (101̅2) diffraction of the GaN layer, and AFM image of the GaN 

template[1]. 
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Raman scattering and PL spectroscopies were conducted using a system 

equipped with a CCD camera and a monochromator with a focal length of 81 cm and a 

grating featuring 3600 grooves per millimeter. A 532 nm or 325 nm laser light was 

incident onto the sample through an objective lens with a numerical aperture (NA) of 

0.47. The entrance slit of the monochromator was a cross slit, and it enabled for an in-

plane resolution of 0.3 µm and also enabled confocal measurement. The microscope 

system was in a chamber which is maintained at a temperature of 296 (±0.05) K. The 

ambient temperature of the measurement system was maintained at 296 (±1) K. The 

relaxation energy of an excited electron-hole pair to the band bottom is estimated to be 

16.6 (±1.3) % of the excitation photon energy which was obtained from the energy 

difference between the excitation laser and the PL peak. The PL peak energy is thought 

to represent the final energy states of electrons and holes before photoemission. This 

energy is considered to be determined by the local energy states in the nonuniform 

energy structure, and it was not determined by the average bandgap energy in the GaInN 

crystal. Additionally, further energy is expected to be transferred to the lattice vibration 

system through NR processes. Raman images in the x-y plane were obtained for the E2
H 

and A1
LO or LOPC+ modes. PL imaging was conducted using the same optical system 

as the Raman imaging with the surrounding temperature at 296 K. 

 

3.3. PL Imaging on Sample Surface 

The investigation of the images of PL peak energy and intensity measured at a 

laser power of 0.1 mW on the sample surface are shown in Figure 3.2. Since the 

excitation laser light and the PL partially transmit through the Au film of the pattern, 

the PL peak energy image can be captured across the entire region. A hook-shaped Au 

pattern can be observed where the PL intensity is weak. Raman imaging was conducted 

in the square regions.  In the vicinity of position , the PL peak energy is lower than 

that of the surrounding region, which reveals that the energy gap (Eg) in this region is 

higher InN mole fraction. This feature suggests that carriers are expected to be localized 

because of the lower carrier-escape probability due to the potential barrier of  20 – 25 

meV. In this region, PL intensity is lower than that of the surrounding region. Thus, it 

is considered that the PL emission efficiency is required to be investigate to know the 

information of local carrier density. Figure 3.3 expresses the spatial nonuniformity of  
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(a)     (b)  

 

Figure 3.2. PL imaging of (a) peak energy, and (b) intensity of the  Ga0.95In0.05N 

layer by the 325 nm excitation. Note that Raman measurements were conducted inside 

the square regions. 

 

    

 

Figure 3.3. The histograms of the distribution of PL peak energies for (a) the GaInN 

layer and (b) the GaN layer. 

 

the peak energy variation in GaInN and GaN layers of the energy states of 

approximately 20–25 meV for GaInN and 2 meV for the underlayer of GaN.  

Figure 3.4 illustrates an example of PL intensity as a function of the distance 

between the excitation and observation positions and the decay of PL intensity in a 

time-resolved photoluminescence (TRPL) measurement. Figure 3.4 (a), (b), and (c) 

show the x-y mapping images of PL intensity, peak energy, and FWHM respectively. 

The PL intensity is investigated on the three lines with keeping the exctitation position 

at the right side edge of these lines even if the observation position is shifted from the 

excitation position by several micrometers, the PL is observed. The candidate reasons 

of this luminescence diffusion include carrier diffusion, multiple cycles of absorption 

and emission, as well as the waveguide effect of the GaInN layer. When considering 

the increase in the absorption coefficient with increasing photon energy, the PL peak 
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energy is expected to shift to the lower energy side by radiation traveling inside the 

GaInN film. However, the PL peak energy did not exhibit a shift to the lower energy 

side as shown in Figure 3.5. It indicates that the transport of luminescence due to the 

waveguide effect of the GaN layer is excluded from the candidate origins. The possible 

reasons are carrier diffusion and repeated absorption and emission. It is thought that the 

latter process also extends the volume of carrier existence. Figure 3.4 (d)  indicates that 

the effective carrier diffusion length is thought to be in the range of 1.5–2.5 μm. The 

TRPL measurement was conducted using 266 nm laser pulses with a pulse duration of 

150 fs and a repetition frequency of 80 MHz, a high-speed photomultiplier, and a time-

correlated single photon counting system. The PL lifetime was observed to be 

approximately 80 ps, as shown in Figure 3.6. These results suggest that the carrier 

density in the Ga0.95In0.05N layer is in the order of 1017 cm-3 for an excitation power of 

1 mW of the 325 nm laser in the present microscopic system, assuming the complete 

absorption of the incident laser light in the Ga0.95In0.05N layer and the uniform 

confinement of carriers in the layer.  

  

(a)    (b)  

(c)   (d)  

 

Figure 3.4. PL imaging includes the three measurement scan lines: (a) intensity, (b) 

peak energy, (c) FWHM, and (d) PL imaging as a function of the distance between the 

excitation and observation positions. 
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Figure 3.5. Example of PL spectrum as a function of the distance between the 

excitation position and observation position. Note that the position is from line (1) in 

Figure 3.4.   

 

 

 

Figure 3.6. PL lifetime for Ga0.95In0.05N. 

 

3.4. Temperature development of PL intensity by the laser excitation 

Figure 3.7 describes an example of Raman scattering spectra obtained using the 

325 and 532nm lasers. The figure highlights the difference in the peak energies of E2
H 

and A1
LO modes between the two excitation laser wavelengths. This variation is 

attributed to the short penetration depth of the 325 nm light (70 nm depth) caused by 

absorption from the interband transition in the Ga0.95In0.05N film. The beam waist length 

in the depth direction is calculated to be 4.7 μm, and it indicates that the Raman signals 

mainly represent the properties of the surface 70 nm region of the penetration depth. 
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For the 532 nm laser, which is not absorbed in the GaInN layer, the beam waist length 

in the depth direction is estimated to be 7.8 μm. Since the focus point was adjusted to 

the sample surface during the observation, the upper 3.9 μm region of the 6.5 μm thick 

GaN layer was primarily observed. The contribution of the 100 nm thick GaInN layer 

to the Raman signal is significantly limited when using the 532 nm laser. The peak 

energies of these modes shift to the lower energy side by increasing the excitation power 

as shown in Figure 3.7 (b). This shift reflects the temperature increase caused by the 

rising amount of relaxation energy from the excited carriers. 

 

 

 

 

 

Figure 3.7.  Raman scattering spectra (a) using 532 nm and 325 nm laser, and (b) 

325 nm with two different laser powers. 
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Figure 3.8. Mapping images of EE2H with 325 nm laser excitation in (a) and (c) at 

0.7 mW laser power, and EA1LO in (b) and (d) at 9.0 mW laser power. Note that the 

dashed line squares show the same measurement region. 

 

 Figure 3.8 shows the EE2H and EA1LO spectrum peak energies at excitation 

powers of 0.7 mW and 9.0 mW. The regions inside the squares are consistent in the 

measurements of the two excitation powers. The energy shift to the lower energy side, 

∆𝐸𝑗(∆𝑇)  suggests an increase in temperature (∆𝑇 ). ∆𝐸𝑗(∆𝑇)  can be approximately 

expressed by two terms which is the energy shift of bulk material with a uniform 

temperature (ℏ𝜕𝜔𝑗/𝜕𝑇) . ∆𝑇, and the shift caused by thermal strain Equation (3.1). 

 

−∆𝐸𝑗(∆𝑇) = ℏ𝜕𝜔𝑗

𝜕𝑇
∆𝑇 − (2𝑎𝑗 − 2𝑏𝑗

𝑣

1 − 𝑣
 ) 𝑙𝑡ℎ∥ ∆𝑇 (3.1) 

 

where, 𝑎𝑗 , 𝑏𝑗 , 𝑣 , and 𝑙𝑡ℎ∥  are compressive and shear deformation potentials of the 

modes of E2
H (𝑗 =  E2H) and A1

LO (𝑗 =  A1LO), Poisson ratio, and linear expansion 

coefficient in c plane, respectively. 𝐸𝑗 is ℏ𝜔𝑗. Table 3.1 shows reference parameters for 

GaN and InN. In this study, two values of 𝜕𝐸𝑗/𝜕𝑇 for InN were calculated based on the 
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reported ∆𝐸𝑗  values obtained from samples on sapphire substrates. In addition, the 

difference in 𝑙𝑡ℎ∥  between InN and α-Al2O3 was taken into account for the thermal 

strain in the InN film. The data of 𝜕𝐸𝑗/𝜕𝑇 for InN were obtained from the free-standing 

InN films produced via molecular beam epitaxy (MBE) growth. The parameters for 

Ga0.95In0.05N were obtained by linear interpolation between the values of GaN and InN. 

 

Table 3.1 Parameters utilized in the calculation. 

 𝑎 𝑏 𝜔𝑗 𝜕𝜔𝑗/𝜕𝑇 𝑣 𝑙𝑡ℎ∥ 

 cm-1 cm-1 cm-1 10-2 cm-1K-1  10-6 K-1 

EE2H       

GaN -742[3] -715[3] 567.6 [7] -1.5 

[a](300~500 K) 

0.183 

[18] 

5.7 [8] 

(573 K) 

 -1027[9] -597[9] 567.9 [9] -1.7 [b]  4.2[8] 

(296 K) 

 -850[10] -920[10] 568.4 [3] -2.2 [12] 0.21 [6] 4.0 [5] 

 -911[11] -852[11]  -6.2 [14]   

InN -938[6] -407[6] 494.6 [6] -4.8[b]   

 -610[13] -857[13]     

EA1LO       

GaN -664 -881 736.4[3] -2.4 [18]   

 -685 -997  -3.7[b]   

InN -901 -587 582.3[6] -3.3[c]   

    -11[d]   

    -8.2[b]   

 

(a)Average between 300 and 500 K in ref [18]. (b) present work (280-380 K). (c) 

calculated from ref [12]. (d) calculated from ref [14]. 𝜕𝜔𝑗/𝜕𝑇  shows the mode energy 

derived from bulk material with a uniform temperature. 

  

 Figure 3.9 shows the decrements in the mode energies in the common 

measurement area inside the dashed squares in Figure 3.6. Figure 3.9 (c) shows that the 

ratio of  EA1LO/ EE2H is in a region of 1 to 3.6. Figure 3.10 expresses the uncertainty 

of these mode energies. The uncertainty is mostly less than 0.25 cm-1, while values up  
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Figure 3.9. Mode energy decrements in (a) EE2H and (b) EA1LO by increasing the 325 

nm laser power from 0.7 mW to 9.0 mW and (c) the ratio of these energy decrements. 

 

to 0.4 cm-1 are observed in some regions. These images reveal the validity of the 

observed spatial nonuniformity in the images of EE2H and EA1LO. The ratio of 

EA1LO/EE2H is lower in the center region.  This ratio, covering a range of 1 to 3.6, is 
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attributed to the nonuniform increase in ne, which is higher in the regions with a higher 

InN mole fraction. 

 

   

 

 

 

Figure 3.10.  Images of uncertainty values of EE2H with 325 nm laser excitation in (a) 

and (c) at 0.7 mW laser power, and EA1LO in (b) and (d) at 9.0 mW laser power. 

 

When observing the temperature increase in the n-GaN layer using double lasers 

of 532 nm for probing and 325 nm for heating the GaInN [1], EE2H  of the n-GaN layer 

was observed with a decrease to approximately 10% of the value observed in the GaInN 

layer. Additionally, it was further reduced by 60% when the probing position was 

moved 20 μm laterally from the excitation point. The energy of the Raman peak at 414 

cm-1 from the sapphire substrate remained constant within an error of 0.03 cm-1 at a 

position 5 μm away from the excitation point, indicating that the temperature increase 

deep within the sapphire substrate is negligible. Thus, the assumption of the thermal 

strain model in Equation (3.1) is valid. As shown in Table 3.1, several deformation 

potential values have been reported for GaN. Regarding the Poisson ratio, values of 
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0.183 for GaN and 0.21 for InN were adopted. In the study, the validity of these 

deformation potential values is expressed. 

 

3.5. Analysis of Temperature and Electron Density 

 Figures 3.2 and 3.8 indicate that the EE2H is mostly higher in the region of lower 

PL peak energy. This result indicates that EE2H is higher in regions with a higher InN 

mole fraction, where the increase in EE2H by the compressive strain dominates. A mode 

energy 𝐸j(j = E2
𝐻 or A1

𝐿𝑂)  is expressed in Equation (3.2) as a function of InN mole 

fraction of x. 

𝐸𝑗(𝑥) = 𝐸𝑗(0) (1 − 𝑥) + 𝐸𝑗(1) 𝑥 

(3.2) 
+ ( 2𝑎𝑗 − 2𝑏𝑗  

𝑣

1 − 𝑣
 )  

𝑥(𝛼0 − 𝛼1) 

𝛼1𝑥 +  𝛼0(1 − 𝑥)
 

where 𝛼0 and 𝛼1 are the 𝑎 lattice constants of GaN and InN, respectively. Here, a linear 

dependence of mode energies on the mole fraction of x is assumed. The respective 𝑎 

lattice constants of GaN and InN of 3.189 Å and 3.548 Å are utilized in this study. The 

nonuniformity of E2
H corresponds to an alloy composition fluctuation of 0.007 where 

measured value of fluctuation is 1.5 cm⁻¹ in Figure 3.8 (a). This value agrees with the 

fluctuation value obtained from the PL peak distribution of 25 meV when assuming the 

bowing factor of 0.7 eV [22]. 

 

 

 

Figure 3.11. Relation of  E2
H and A1

LO energies of the pseudo-morphologically grown 

Ga0.95In0.05N/GaN. Note that the numbers in the figure show the excitation power in the 

unit of mW and the solid lines are the theoretical functions. 
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 Figure 3.11 exhibits an example of the experimental relation between E2
H and 

A1
LO peak energies and theoretical functions. Two examples of theoretical functions are 

plotted in Figure 3.10. The adopted values of the deformation potential values for A1
LO 

are 𝑎= -664 cm-1 and 𝑏 = -882 cm-1 for GaN, and 𝑎 = -901 cm-1 and 𝑏= -587 cm-1 for 

InN. For E2
H , 𝑎 = -938 cm-1 and 𝑏= -407 cm-1 for InN are adopted, and these values 

are utilized in these fixed functions. Two sets of deformation values of 𝑎 and 𝑏 of E2
H 

for GaN are (-1027, -597) cm-1 and (-742, -715) cm-1 are adopted. Here, the Poisson 

ratio of 0.183 for GaN is adopted. The two listed data sets for A1
LO in GaN give 10% 

difference in dEA1LO/dT for the GaInN layer. Thus, the values of (-664, -881) cm-1 for 

A1
LO in GaN are selected. For InN, the adopted data set for both E2

H and A1
LO was 

obtained from an experiment [29]. The plot of the energy pair (E2
H, A1

LO) at 0.7 mW 

excitation power is located above both the theoretical functions in Figure 3.11. This 

relation is attributed to the shift of the LOPC+ energy from the pure EA1LO, which 

excludes the effect of the plasmon. Since the GaN layer on the α-Al2O3 substrate is 

strained, the theoretical curve obtained using Equation (3.2) is shifted parallelly. Thus, 

the point at x = 0 agrees with the experimentally obtained (E2
H, A1

LO) of the GaN 

underlayer as an approximation. 

 

Figure 3.12. The value of E2
H and A1

LO modes in the Ga0.95In0.05N layer as a function 

of excitation laser power. 

 

Figure 3.12 shows an example of the E2
H and A1

LO peak energies as a function 

of the excitation laser power. Using the intersection of E2
H energy at 0 mW and the 
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theoretical relation shown in Figure 8, the A1
LO peak energy at zero-laser power limit 

was obtained. The difference between the A1
LO peak energy at the zero-power limit and 

the value obtained by the theoretical relation using Equation (2) is attributed to the 

energy increase of the LOPC+ mode, and it is represented by the pure A1
LO energy 

without the plasmon effect compared to the A1
LO. The LOPC+ mode energy E+ was 

obtained using Equation 3.3(a). 

 

𝐸+
2  = [𝐸𝑃

2 +  𝐸𝐴1𝐿𝑂
2 +  √(𝐸𝑃

2 + 𝐸𝐴1𝐿𝑂
2 )2 − 4𝐸𝑃

2𝐸𝐴1𝑇𝑂
2 ]/2 (3.3 a) 

 

𝐸𝑃  = ℏ√(𝑛𝑒𝑒2/𝑚∥𝜀∥(∞)   (3.3 b) 

 

𝐸𝐴1𝑇𝑂 /𝐸𝐴1𝑇𝑂 = √𝜀∥(∞) /𝜀∥(0)   (3.4) 

 

where, 𝐸𝐴1𝐿𝑂 , 𝐸𝑃 , 𝜀∥(∞) , and 𝑚∥  are represented as A1(TO) (A1
TO ) phonon mode 

energy, plasmon energy, the dielectric constant at the high-frequency limit, and 

effective electron mass, respectively. 

The values of 𝜀∥(∞)/𝜀0 and 𝑚∥/𝑚0 are obtained from the linear interpolation 

of the values of GaN and InN. The 𝜀0 and 𝑚0are the dielectric constant of the vacuum 

and electron rest mass, respectively. Table 2 shows the parameters for GaN and InN. 

𝜀∥(0) was obtained from the relation of Equation (3.4).  

 

Table 3.2. Parameters required for the discussion on LOPC. 𝜀∥(∞)/𝜀0  of InN was 

obtained form EA1LO =582.3 cm-1 and EA1LO 449.0 cm-1 and 𝜀∥(0)/𝜀0 = 7.0 [15] of InN 

using the Lyddane-Sachs-Teller relation. 

 

 𝜀∥(∞)/𝜀0 𝜀∥(0)/𝜀0 𝑚/𝑚0 

GaN 5.01[16] 9.14 [16] 0.24[17] 

InN 7.0[15] 11.7 0.054 [15] 
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(a)   (b)  

 

Figure 3.13. Residual carrier density ne
0 for the conditions of (a) (a,b)= (-1027,-597) 

for GaN, and (b) (a,b) = (-742,-715) for GaN. 

 

 Since the coupling with the hole plasmon is negligible due to the high scattering 

rate and heavy hole mass [30,31], the observed shift is attributed to coupling with the 

electron plasmon. The obtained mapping of the residual electron density ne
0 is shown 

in Figure 3.13. It was found that the deformation potentials listed in Table 3.1 give a 

residual electron density ne
0 in the range of less than 6 × 1017 cm-3 from the IR 

reflectance analysis. 

 

     

Figure 3.14. Examples of images of temperature increase in the Ga0.95In0.05N layer 

obtained from EE2H (a) (𝑎, 𝑏)  =  (−1027, −597)  for GaN, and (b)  (𝑎, 𝑏)  =

(−742, −715) for GaN. 

 

When adopting the value of (𝑎, 𝑏) = ( −1027, − 597)  of GaN for the 

theoretical curve in Figure 3.11, the temperature-dependent variations of the phonon 

mode energies of the Ga0.95In0.05N layer are expressed in cm-1. These variations are 

calculated using the thermal expansion coefficient values of GaN at the two listed 

temperatures. 

 

𝐸𝐸2𝐻(𝑇)  = − ∫ (1.39 − 9.24 × 10−4𝑇)
𝑇

296
 × 10−2𝑑𝑇 (3.5 a) 
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𝐸𝐴1𝐿𝑂(𝑇)  = − ∫ (3.67 − 4.95 × 10−4𝑇)
𝑇

296
 × 10−2𝑑𝑇 (3.5 b) 

 

where, the base temperature of 296 K, used in Raman measurements, is adopted for the 

calculations of temperature-dependent variations in the phonon mode energies of the 

Ga0.95In0.05N layer. When exciting the sample with a 9 mW laser, the temperature 

increase T was determined from ΔEE2H due to the power increase from 0 to 9 mW. 

Two examples of using (𝑎, 𝑏) = ( −1027, − 597)  and ( −742, − 715)  for GaN, are 

plotted in Figure 3.14. The highest temperature increase in the center region is 150K 

and for Figure 3.14(a) and 120K for Figure 2.14(b). 

Equation (3.5) provides the ratio of ΔEA1LO(T)/ΔEE2H(T) in the range of 3.6 ~ 

4.2 in the temperature range of 450 ~ 545 K. The maximum value observed in the 

experimental results of Figure 3.9 (b) is consistent with this theoretical estimation. The 

distribution of this ratio to lower values is attributed to the variation in LOPC+ energy 

due to the variation in the increase in ne by increasing the laser power.  

Using the temperature T obtained from Equation (3.5 a) and (3.5 b), the EA1LO 

value free from the LOPC+ effect at 9 mW excitation was obtained. This value was 

found to be lower than the experimentally obtained EA1LO or LOPC+ energy, which is 

attributed to the increase in ne by laser irradiation. Figure 3.15 schematically shows the 

relation between the experimentally and theoretically obtained EA1LO or LOPC+ energy. 

Figure 3.16 shows the histogram of the effective increase in the EA1LO or LOPC+ energy 

shift due to the excitation laser irradiation (ΔELOPC) for the two deformation potential 

data sets for E2
H of GaN at (𝑎, 𝑏) = ( −1027, − 597) , (−911, −852) , and 

( −742, −715).This figure indicates the inclusion of negative ΔELOPC or the decrease 

in ne due to laser irradiating, particularly in the case of Figure 3.16 (b). This 

contradiction is attributed to the uncertainty of the mode energies as shown in Figure 

3.10. The uncertainty values at positions 1 and 2 in Figure 3.9 (c) are listed in Table 3.3. 

As ΔEA1LO(T)/ΔEE2H(T) calculated using Equation (3.5) covers within the range of 3.6 

to 4.2, the uncertainty of 0.24 cm-1 and 0.38 cm-1 for EE2H corresponds to the error up 

to 1.1 and 1.6 cm-1 for EA1LO. Therefore, the negative values of 1.7 cm-1 in Figure 3.16 

(b) and (c) are considered acceptable within this uncertainty range. ELOPC is plotted in 

Figure 3.17 (a) and  (b) for the two (𝑎, 𝑏)  pairs of GaN for (− 1027, −597)  and 

( −742, −715). In the latter case, in the right side region of x at 3.4 to 3.6 μm, the 

image is dominated by negative values. It is thought to be beyond the statistical 
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randomness of the appearance of negative values under the condition of the EA1LO 

uncertainty of 1.6 cm-1. In the case of the (𝑎, 𝑏) of  ( −911, −852)and  ( −742, −715), 

ΔELOPC are negative in 25% and 47% of the measured region. Finally, it is found that 

the deformation potentials (𝑎, 𝑏)  of ( −1027, −597)  is acceptable with respect to 

ΔELOPC.   

 

 

Figure 3.15. Schematic of the relation among of the shift values experimentally 

obtained EA1LO including the effect of the LOPC and pure A1
LO excluding the effect of 

the LOPC. 

 

Table 3.3. Uncertainty values of phonon mode energies in the mapping images. 

Position 
EE2H (cm-1)  EA1LO (cm-1) 

Power (mW) EE2H Power (mW) EE2H 

 0.7 9.0 - 0.7 9.0 - 

1 0.29 0.19 0.38 0.25 0.39 0.46 

2 0.17 0.17 0.24 0.18 0.17 0.24 
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(a)   

(b)   

(c)   

 

Figure 3.16. Histogram of effective LOPC+ energy shift by irradiating the 9.0 mW 

laser (a) (𝑎, 𝑏)  =  (−1027, −597)  (b) (𝑎, 𝑏)  =  (−911, −852) , and (c) (𝑎, 𝑏)  =

 (−742, −715) for GaN. Note that the negative value occupies 10%, 25% and 40% of 

pixels in the images of ELOPC for (a), (b), and (c), respectively. 

 

The images of ne obtained by the present process based on the LOPC+ mode 

energy at 9 mW excitation power with (𝑎, 𝑏) of (− 1027, − 597) for GaN are exhibited 

in Figure 3.17 (c). Electron density up to 2 x1017 cm-3 is obtained. It is found that the ne 

at 9  mW excitation power is consistent for the (𝑎, 𝑏) of (− 1027, − 597). In this figure, 
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a high ne is observed in the region of high InN mole fraction region where the high EE2H 

is obtained. However, the PL intensity in this region is lower than in the surrounding 

region, as demonstrated in Figure 3.2 (b). Figure 3.16 (d) represents the PL intensity 

per electron, indicating low emission efficiency in the region of high electron density 

shown in Figure 3.17 (c). The result reveals a higher nonradiative recombination or a 

lower radiative recombination rate in the high ne region. Figure 3.14 shows a higher 

increase in temperature in the centre regions, it indicates a higher nonradiative 

recombination rate in that region, while the emission efficiency is not so low. However, 

the highe carrier injection rate and high nonoradiative recombination rate possibly 

affects. 

 

(a)  (b)  

(c)  (d)  

 

Figure 3.17.  Images of ELOPC for two (𝑎, 𝑏) pairs of GaN (a)(−1027, −597) (b) 

(𝑎, 𝑏) =  (−742, −715)   (c) ne at 9 mW excitation for  (𝑎, 𝑏)  = (−1027, −597) for 

GaN (d) PL emission efficiency for the case of (c). 

 

3.6. Conclusion 

 The temperature increases were detected by the analysis of EE2H, and EA1LO can 

be extracted without the influence of LOPC+ effects in this study. Differences between 

EA1LO and LOPC+ shifts revealed increased electron density and the image of spatial 

distribution of ne. This method consists of an analysis of PL limitations in materials 
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with spatially nonuniform compositions. It provided key information to solve the 

complicated relation between radiative, non-radiative, spatial fluctuation of electron 

density, heat energy transport, and electron or hole transport properties. The result of 

the present analysis of images in the local region of high nonradiative recombination 

rate the local temperature increase was observed. In this region, the PL emission 

efficiency defined as the PL intensity per electron was found to be lower than that in 

the surrounding region. 
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 CHAPTER 4 

Local Augmentation of Phonon Transport 

at Ga1-xInxN/GaN Heterointerfaces 

 

 

Abstract 

The pump and probe technique in Raman spectroscopy of the E2(High) (E2
H) 

mode is a method using two laser pulses to study the heat energy transport in the 

material. The phonon transport process across the heterointerfaces is the factor 

dominating the thermal conductivity in multilayer structures of semiconductors. In this 

chapter, the transport process at the interface of GaInN/GaN is investigated. Two 

samples of  Ga0.91In0.09N /GaN (sample A) and another one with a graded variation in x 

from 0.17 to 0 along the depth direction in Ga1-xInxN (sample B) are utilized. Lateral 

phonon transport can be examined by scanning the 532 nm probing laser from the 

irradiation position of the 325 nm heating laser. The transport across the interface is 

analyzed by the irradiation of these two lasers at the same position. The microscopic 

images of the decrease in the mode energy or the increase in the temperature of the GaN 

layer reveal the local phonon transport across the heterointerfaces between the GaN and 

GaInN. It is found that the agreement E2
H mode energy between the two layers forming 

the heterointerface enhances the phonon transport. 
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4.1. Introduction 

Electronic devices consist of multiple layers with thicknesses from nanometers 

to micrometers. The thickness of 100 nm of the GaN films has a thermal conductivity 

less than 10% that of 10 m thick GaN. It indicates that the reduction of the thermal 

conductivity affects. This knowledges highlights the significant impact of the study on 

phonon transport at heterointerfaces. Additionally, the experimental transport processes 

remain unclear. The information on local thermal conductance properties across 

interfaces of epitaxial layers is significantly limited. The local blocking of phonon 

transport across the defective interfaces has already been reported using microscopic 

Raman imaging [9,10]. However, more experimental information is necessary on the 

energy transportation efficiency at semiconductor heterointerfaces.Ga1-xInxN alloys 

covering the bandgap energy range of 0.63 [1] ~ 3.4 eV at room temperature. This 

bandgap range is used for applications for blue to green light-emitting diodes. The 

spatial nonuniformity of alloy composition leads to significant nonuniformity of strain 

variations because of the lattice mismatch of 11% between InN and GaN [3-5]. Thus, it 

enhances the nonuniformity of electronic and phononic energy structures [2,6,7,8]. Now, 

this alloy system is applied to red light-emitting diodes because thermal issues in micro 

LED structures are significant in investigating. 

    

4.2. Experiment 

 In this study, the two samples with different InN mole fractions of the Ga1-xInxN 

film are utilized. Sample A, Ga1-xInxN film with a nonuniform system of InN mole 

fraction of  0.09 and sample B, Ga1-xInxN film with a graded variation of InN mole 

fraction of 0.17 to 0 along the depth direction. These two GaInN layers have the  

thickness of 100 nm and 110 nm, respectively. The Ga1-xInxN films of these sample 

were grown on  n+-GaN (3.5 m) templates on the Sapphire substrates [2,6] by using 

the metal-organic vapor phase epitaxy (MOVPE) system. The electron density value of 

the n+-GaN was 3×1018 cm-3. It has been reported that the residual electron density of 

the GaInN layer of sample A was found to be less than 7×1016 cm-3 from the analysis 

of LOPC modes of an infrared (IR) spectrum analysis [11]. In that report, it is used the 

static and high-frequency limits of the dielectric constant of 9.80 and 5.20, respectivity, 

where 0 is the dielectric constant in the vacuum. Additionally, the effective electron 

mass is 0.21 m0, where m0 electron rest mass. Figure 4.1 expresses the reciprocal space 
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maps for the (10 1̅ 5) diffraction of  -ray (Cu K1 line Å) and atomic force 

microscope (AFM) imgae of a GaN template. The full width at half maximum (FWHM) 

values of the (0002) rocking curve was obtaind as 320 arcsec for the Ga0.95In0.05N layer 

and 340 arcsec for the GaN layer. The rocking curve width for the (101̅2) diffraction 

for the GaN layer was 468 arcsec. Here, the formation of threading dislocations (TDs) 

at grain boundaries is assumed [12,13], which includes mixed-type one for the GaN 

layer. The densities of Ga0.95In0.05N and GaN was found to be 2×108 cm-2 and 2×109 

cm-2, respectively. The density of the nodal points of atomic steps in the AFM image 

agrees with the density of 2×108 cm-2. Sample A was 6% lattice relaxation. Sample B 

was pseudo-morphologically grown on the GaN template. It has been reported that the 

generation of misfit dislocations was suppressed by using a graded x variation to 0.16, 

which was observed in tunneling electron microscope images [2]. In addition, no clear 

dark line due to misfit dislocation was observed in the present PL intensity images. 

Figure  4.2 shows an example photoluminescence (PL) intensity (IPL) and PL peak 

energy (EPLP) image of the 1m square gold (Au) film patterns with a distance of 10 

um deposited on sample B. In each image of IPL, Au film patterns are observed as four 

dark regions at the GaInN layer in the image of peak energy (EPLP). The Au films 

possibly induce tensile strain in the GaInN and that strain affects little outside the 

pattern. However, this effect is not recognized in the GaN layer. The observation 

position can be identified at every measurement by using this Au pattern. The thickness 

of this Au film was 20 nm, and some of the PL is transmitted through this Au film. 

Raman measurement system is exploited with the double laser systems 532 nm 

(signal probing) and 325 nm (heating and signal probing) to investigate the EE2H of the 

GaInN and GaN films [9,10].  Backscattering was observed when the laser incident 

perpendicularly on the sample surface. No polarization selection was conducted. The 

heating is induced by the energy relaxation of photo-excited electrons and holes. The 

NR processes is a heating source[14]. The microscopic system was in a chamber and 

the temperature was kept as a constant temperature by controlling a gas flow into a 

chamber. Thus, the sample temperature was kept at 296 K. In the observation system, 

the monochromator with a focal length of 81cm, a grating of 2400 or 3600 grooves per 

mm, and a CCD camera were utilized. An objective lens with an NA of 0.47 was utilized. 

The FWHM of the Rayleigh scattering signal peak was measured to be 0.02 cm-1.  
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(a)  (b)  

(c)  

Figure 4.1.  (a) Fundamental crystal-structural properties: reciprocal space mapping 
images of (101̅5)  -ray diffraction for  (a) sample A and (b) sample B, and (c) AFM 

image of the GaN template [9].  The profile of x of sample B is plotted in the inset of 

(b). 

 

  

   

Figure 4.2. PL mapping images of sample B at 0.8 mW with 325 nm laser power (a) 

IPL of the GaN layer (b) IPL of the GaInN layer (c) EPLP of the GaN layer (d) EPLP of the 

GaInN layer. 
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The instrumental spectral resolution of the FWHM of a peak was 0.4 cm-1. A more 

precise energy resolution was obtained by fitting the spectrum. The energy resolution 

of the spectrum peak relies on the signal-to-noise (SNR) ratio of the spectrum intensity. 

During the measurements of the GaN underlayer, high resolutions ranging from 0.015 

to 0.03 cm-1 were achieved depending on the position through spectrum fitting. The 

lower resolutions between 0.1 and 0.2 cm-1 were observed for the GaInN layers. When 

two beams of different wavelengths were simultaneously incident on the sample, the 

532 nm light was focused to a diameter of approximately 0.65 µm, whereas the 325 nm 

light was diffused to a diameter of approximately 7 µm. The reduction in ΔEE2H energy 

was investigated. When the 532 nm laser is used for irradiation, the entire region of a 

3.5 µm thickness of the GaN layer is expected to be observed. For sample A, the 

relaxation energy of an excited electron-hole pair to the band bottom is expected to be 

20.8 (±0.8) percent of the excitation photon energy. The relaxation energy of sample B 

is calculated to be 18.4% when accounting for the graded variation in x and an 

absorption coefficient of 1/70 nm-1 [38]. The variation in x gained from the growth 

recipe is expressed in the insert of Figure 4.1 (b). The Raman images in the x-y plane 

were analyzed by scanning the sample position or laser irradiation spot. The Raman 

peak energy of EE2H for the GaInN layer was measured by varying the power of the 325 

nm laser-focused on the sample surface. The density of free carriers generated by the 

325 nm beam was estimated to be less than 1x1018cm-3 when considering the carrier 

lifetime. The consideration of carrier lifetime is approximately 100 ps or less, and the 

extension of the 2 m volume occupied by the excited carriers is due to the carrier 

diffusion and repeated emission and reabsorption processes [39]. The occupied volume 

was estimated by observing the reduction in  IPL  as the distance between the observation 

and excitation positions increased. Additionally, the excited electron density is 

estimated to be 1016 cm-3 for an excitation laser power of 1 mW when the sample is 

irradiated simultaneously with the two laser systems. The consideration of the thermal 

conduction by the free carriers is negligible in this study. Raman imaging of PL peak 

energy EPLP and IPL was conducted at 296 K by using the 325 nm laser in the same 

optical system. Figure 4.3 illustrates the schematic diagram of the laser irradiation and 

measurement conditions used in the Raman scattering spectroscopy.  
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Figure 4.3. Schematic diagram of the laser irradiation and measurement in Raman 

spectroscopy. 

 

4.3. Characteristics of Raman Spectra of EE2H Modes in Ga1-xInxN / 

GaN  

Figure 4.4 shows example spectra probed using the 532 nm and 325 nm lasers 

in samples A and B. The blue-filled cycle curve of the spectrum is the E2
H mode of the 

GaN underlayer using the 532 nm laser. The other two spectra correspond to the E2
H 

mode of the GaInN film layer using 325 nm laser. According to the result, the phonon 

energy of the E2
H mode of the GaInN layer shows a greater strain effect compared to 

the GaN layer. In sample A,  the spectrum is broadened according to this factor,  

 

 

Figure 4.4. Example of Raman spectrum of sample A and B at 532 nm laser 325 nm 

laser excitation. 
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including that is the nonuniform strain and alloy composition and temperature. In 

sample B, the spectrum is a significant shoulder structure in the lower energy side of 

the peak. According to the calculation of the GaInN spectra of sample B by the solid 

and dashed curves, the calculated spectrum shape agrees with the experimental results. 

In this calibration, The calculation process takes into account the laser intensity 

attenuation with depth from the surface according to the absorption coefficient of 

1.4×105 cm-1 [15] and the depth profile of E2H mode as a function of x and the biaxial 

strain  . The estimated variation of energy gap (Eg) is plotted in insert of Figure 4.4. 

The dependence of EE2H  on  is obtained from the Equation 4.1 [23]. 

 where, 𝑎,𝑏, 𝑣, and EE2H0(x) are compressive and shear deformation potentials, Poission 

ratio, and EE2H of unstrained Ga1-xInxN, respectively. In addition, the values of the Ga1-

xInxN were obtained by the linear interpolation of the respective values of GaN and 

Indium Nitride (InN). The two dimensional stress condition is assumed on the basis of 

the pseudo morphological growth. Thus, the in-plane lattice constant of the GaInN layer 

equals that of GaN. Moreover, the main peaks and the shoulder structure are attributed 

to the Raman signal from the regions near the surface with high InN and lower InN 

mole fractions, respectively. However, there is a possible reason for the discrepancy in 

the peak energy position because of these factors. Peak position in the simulation 

depends on the specific set of deformation potential. In Figure 4.4, the solid line [16] 

was obtained by using a previous report [17] based on the consistency of the mode 

energy, strain, mole fraction, and electron density when varying the temperature of a 

sample with x = 0.05. The dashed line is used a different set of deformation potentials 

[18]. However, the peak energy reduces when the temperature increases, according to 

experimental results. The shift of 1 cm-1 was estimated by increasing the 325 nm laser 

power by from 0.7 mW to 9 mW, with a temperature increase T of 94 K [17]. However, 

a local temperature increase in a few tens of nanometers on the surface side and a 

nonthermal distribution of phonon energy due to the acoustic phonon generation from 

the LO phonon induced by the electron energy relaxation are possible. 

These issues are beyond the resolution of the detection system and analytical 

formula described in Equation 4.2. The reduction in EE2H as a function of T was 

determined using the following equation. It is an approximated expression comprising 

𝐸𝐸2𝐻 =   𝐸𝐸2𝐻
0 (𝑥) − (2𝑎 − 2𝑏

𝑣

1−𝑣
) . 𝜀   (4.1) 
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the two terms of the energy shift of bulk material 
𝜕𝐸2𝐻

𝜕𝑇
∆𝑇 and the effect of thermal 

strain.   

where, 𝑙𝑡ℎ is the linear thermal expansion coefficient in tha 𝑎 − 𝑏 plane. The value of 

the Table 4.1 parameter are utilized. The temperature dependence 𝑙𝑡ℎ  of GaN was 

obtained by linear interpolation between the two values are  utilized as shown in Table 

4.1. The EE2H of the GaInN layer in Sample B was not obtained due to the significantly 

high IPL with increased 325 nm laser power. Therefore, a temperature (T) of 296 K was 

used under conditions without 325 nm laser irradiation. Integrating Equation 4.2 from 

296 K to a T yielded a quadratic equation of T. The solution to this equation provides a 

T of 24 K for a  EE2H = 0.1 cm-1 in the GaN layer, using the data from Table 4.1 with 

the deformation potential of EE2H mode 𝑎 = -911 cm-1 and 𝑏 = -852 cm-1.   

 

4.4. Characteristics of Lateral Phonon Transport in Ga1-xInxN/GaN 

Heterointerfaces 

 Figure 4.5 shows the EE2H value measured using the 532 nm laser, while the 

325 nm laser irradiates that indicating the corresponding T in the GaN layer. This shift 

is plotted as a function of the distance between the 325 nm and 532 nm laser irradiation 

spots, while the position of the 325 nm laser irradiation is fixed constant. For a GaN  

 

 

  

Figure 4.5.  The EE2H as a function of the difference scanning distance with two 

lasers spot of heating and probing. 

−∆𝐸𝐸2𝐻(∆𝑇) =   
𝜕𝐸2𝐻

𝜕𝑇
∆𝑇 − (2𝑎 − 2𝑏

𝑣

1−𝑣
) . 𝑙𝑡ℎ// . ∆𝑇   4.2 
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layer sample without any GaInN layer, the EE2H was determined to be less than 0.05 

cm-1. In most regions of sample A, this shift was observed to be less than 5%  EE2H of 

GaN when the same laser power was applied. This low value of EE2H is consistent 

with the higher thermal conductivity of GaN. It indicates that the observed EE2H 

mainly reflects the lateral phonon transport within the Ga1-xInxN layer rather than in the 

GaN layer from the 325 nm laser irradiation position.  

 

4.5. Characteristics of Phonon Transport Across the 

Heterointerfaces in Ga1-xInxN/GaN  

A histogram of the EE2H for the GaN template indicating the results with both 

lasers is incident in the same position as shown in Figure 4.6. This figure shows that 

sample B exhibits regions with higher T compared to sample A, even though both 

samples have a nearly identical average x value of 0.085 (sample B) compared to 0.09 

for sample A. There are three possible factors expressed. Firstly, the higher phonon 

transport across the interface in various regions of sample B. Secondly, increased 

phonon transport both laterally and across the interface in sample B due to the factor of 

a higher heat energy generation rate. Thirdly, the heat energy generation position is 

different within the GaInN films. The same identical gradient of EE2H in Figure 4.6 

between the two samples indicates the same T, indicating that the lateral phonon 

transport flux is mostly the same between the two samples. Based on these factors, the 

transport across the interface is believed to be enhanced in sample B compared to 

sample A. Thus, the first factor is supporting while the second and third factors is  

  

 

Figure 4.6.  Histogram of the distribution of EE2H at sample A and B. 
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excluding. Thus, the lower energy bandgap on the surface side of sample B suggests a 

higher heat energy generation rate on the surface side.  

 

4.6. Phonon Transport Analysis Heterointerfaces in Ga1-xInxN / GaN 

with graded increase in x toward the surface (sample B) 

 The Raman mapping imaging of EE2H values of the GaN with 532 nm laser and 

GaInN layers with  325 nm (5 mW) laser in the same regions of sample B as shown in  

 

     

 

  

 

    

Figure 4.7.  Mapping images of Raman and PL properties of Sample B (a) EE2H of 

GaN (b) EE2H of GaInN (c) E2H of the GaN layer by the irradiation of the 325 nm 

laser (d) difference in EE2H between the GaInN and GaN layers, (e) EPLP of GaInN () 

FWHM of EE2H of the GaInN layer, and (h) IPL of GaN. Note that the hatched region in 

(a) is covered by an Au plate. The 325 nm laser powers are 5 mW and 16 mW for the 

Raman measurements of the GaInN and GaN layers, respectively, and 0.8 mW for the 

PL measurement. 
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Figure 4.7 (a) and (b). The EE2H of the GaN layer was measured by irradiating the 325 

nm laser at a power of 16 mW in the same region as shown in Figure 4.7 (c). The inside 

of the squares region indicated by the arrows is the commonly observed region by the 

measurements using 532 nm and 325 nm lasers. The EE2H or T values of the GaN 

layer in the vicinity of positions , , and  are higher than those in the surrounding 

regions. Figure 4.7 (d) reveals that the difference in EE2H between the two layers is low 

in these regions. This result shows that phonon transport is increased at an interface 

consisting of a compressively strained GaN layer and a GaInN layer with a low InN 

mole fraction. The photoluminescence energy (EPLP) values of the GaN and GaInN 

layers are shown in Figures 4.7 (e) and (f), respectively.  The high EPLP values of the 

GaN and GaInN layers in the vicinity of positions   and indicate high energy gap 

of GaN and GaInN in the local regions. This observation is consistent with the 

compressive strain in GaN and the low In content (x) in Ga1-xInxN, which suggests a 

lower compressive strain in the GaInN layer. The factor of higher energy generation 

rate due to the laser excitation in these regions is excluded because of the higher energy 

gap values. Figure 4.7 (g) shows the image of the FWHM value of the EE2H peak, 

showing no structural features as exhibited in Fig. 4.7 (c). This result indicates the factor 

dominating the phonon transport rate has no relation with crystal quality. Figure 4.8 

shows IPL and errors in EE2H of the GaN and GaInN layer of sample B. IPL is thought to 

be affected by the gradient of the potential or Eg in the present confocal measurement 

system. Thus, IPL is weak in the region where the generated carriers escape to other 

regions. The IPL is weak in the vicinity of the positions of   and . In these regions, 

the EPLP is found to be high in Figure 4.7 (f). Carriers are estimated to be transported to 

the lower potential regions. In region , high EPLP and IPL show lower NR probability 

in the GaInN layer than other regions, which denies the high energy generation by the 

NR process. The images of errors in EE2H of GaN and GaInN have high values in some 

regions, while these images exhibit no structures correlated with regions , , or . 

The uncertainties of EE2Hs of GaInN and GaN are equal to or less than 0.1 cm
-1 and 

0.015 cm-1, respectively. 

The high EE2H and low EPLP of GaN at position  cannot be clarified by the 

model of two-dimensional stress. The high photoluminescence intensity IPL in this 

region of GaN shown in Figure 4.7 (h) indicates a low density of NRC center which 

means a low phonon generation rate and lesser blocking effect of phonon transport [29].  
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Figure 4.8.  Raman and PL of Sample B (a) IPL of the GaInN layer (b) error in EE2H 

of the GaN layer and (c) error in EE2H of the GaInN layer in the images in sample A. 

 

4.7. Phonon Transport Analysis with Raman Imaging in Ga1-xInxN 

/GaN Heterointerfaces (x=0.09) 

Figure 4.9 shows the data of sample A. EPLP of the GaInN layer shows high 

energy, indicating low InN mole fraction in the region of high EE2H of the GaN layer. 

The error in EE2H of the GaInN layer shown in Figuure 4.9 (b) is high compared to GaN 

template layer and the GaInN layer of sample B, while this error is lower than the 

variation in EPLP of the GaInN layer. The error of EE2H of the GaN layer in Figure 4.9 

(c) shows the variation in EE2H , and Figure 4.9 (d) shows an image of IPL in a large 

region. In this image, no dark line originating from misfit dislocations is identified.  

In Figure 4.9, a high IPL was observed in this region of the GaInN layer, 

indicating that the heat energy generated by carrier energy relaxation and NR processes 

in this region cannot be higher than that of other regions. When lattice relaxation takes 

place in the GaInN layer,  EE2H and Eg are expected to decrease in contrast with the 

values of the pseudo-morphological GaInN. In the vicinity of   and , where the 

ΔEE2H of the underlying GaN layer is higher than in other regions, the GaInN surface-
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side layer exhibits lower EE2H and higher Eg compared to the surrounding regions. Thus, 

the selective NR processes and phonon generation caused by lattice relaxation in these 

regions are ruled out from the candidate origins.  

 

 

 

Figure 4.9. Raman and PL Sample A (a) EPLP of the GaInN layer, (b) error in EE2H 

the GaInN layer, (c) error in EE2H of the GaN layer, (d) PL peak intensity in a large 

area of the sample without Au patterning. 

 

Since the present crystals are grown on a c-face surface, the heterointerface is 

considered to be negatively charged due to piezoelectric polarization, indicating that 

electron accumulation cannot take place at the heterointerface. Therefore, electron 

accumulation in the vicinity of the heterointerface cannot be the reason for the energy 

transport at the heterointerface. These results suggest that the lower discontinuity in 

phonon energy is the key factor dominating the phonon transport across the interface. 

The observed difference in EE2H between GaN and GaInN is approximately 3 

cm-1, which is reduced to 2 cm-1 in regions  - . The impact of this difference on 

phonon transport is discussed. It is known that longitudinal optical (LO) phonons at the 

Γ point are generated as the initial step and then decompose into EE2H and longitudinal 

acoustic (LA) phonons at the M critical point, or into E1(TO) and LA phonons at the L- 
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point, with a time constant of approximately 3 ps or less [26]. These processes are 

followed by the decomposition of EE2H and E1(LO) phonons, occurring with a time 

constant of a few picoseconds [26], and those of the LA phonons with time constants 

of 5 – 300 ps [27]. As the conservation of energy and momentum are critical in these 

processes, the modulation of phonon energy by a few cm⁻¹ due to structural variations, 

such as graded x potentially influence the decomposition processes in the vicinity of the 

interface. 

 

Figure 4.10.  GaN of phonon dispersion curve. 

 

Figure 4.10 shows the phonon energy dispersion curve [24-25]. This figure 

shows examples of estimated decay processes in GaN, which is EE2H mode, which is an 

important mode for studying the phonon transport processes. The results show that the 

momentum relaxation of the LO phonon takes place in several picoseconds. Therefore, 

this process can be related to the interaction with generated electrons. According to the 

combination of the values of phonon energy modes of EE2L and EE2H is impossible from 

the viewpoint of energy conservation. As the excited electron density is estimated to be 

2×1016cm-3 yields the lower energy branch of the LO phonon plasma coupling mode 

(LOPC-) at 25 cm-1. Therefore, the decomposition of the EA1LO phonon into the EE2H() 

and the LOPC- () phonon is not possible. It has been reported that 30% of the 

decomposition of EA1LO phonon is attributed to the processes yielding EE1TO (L) and TA 

(M) phonons [26]. The Umklapp processes in the decomposition of the EA1LO phonons 



  CHAPTER 4 

 64 

to EE2H and TA (M) phonons are also considered to be feasible. Thus, the EE2H mode 

energy difference between the M and  points is feasibly within the energy uncertainty 

determined by the short lifetime of the EE2H (M) phonon. 

 

   

 

   

 

  

Figure 4.11.  Mapping images of EE2H of the (a) GaN layer and (b) the GaInN layer 

(c) EE2H of GaN by irradiating the 325nm laser (d) the difference in EE2H between 

GaInN and GaN layers (e) FWHM of the EE2H peak of GaInN (f) and PL peak energy 

of GaN. The laser excitation conditions are the same as those for Sample B. 

 

Figure 4.11 shows the PL and Raman images of GaN and Ga0.91In0.09N layers of 

sample A. The square region indicated with arrows is commonly observed using the 
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532 nm and 325 nm lasers. In Figure 4.11 (c), the EE2H of the GaN layer of sample A 

is lower than that of sample B when compared. The highest T in this region is 

approximately 14 K.  A low ΔEE2H of the GaN layer is observed near position , which 

corresponds to the significant EE2H difference between the GaN and GaInN layers in 

this region as shown in Figure 4.11 (a), (b), and (d). Figure 4.11 (e) shows the FWHM 

value of the GaInN layer where no correlation observed with Figure 4.11 (c) is 

identified. In this sample, the low difference in EE2H between the layers comprising an 

interface is also considered to be the origin of the high rate of phonon transport across 

the heterointerface.  

 

4.8. Conclusion 

In conclusion, thermal energy transport at GaInN/GaN heterointerfaces was 

investigated using a Raman-scattering measurement system equipped with a heating 

laser and a signal-probing laser. Higher energy transport was observed at the Ga1-

xInxN/GaN heterointerface with a graded variation in x (0 ~ 0.17) compared to the 

Ga0.91In0.09N/GaN heterointerface, despite the average InN fraction x of 0.085 for 

sample B being nearly identical to the x of 0.09 for sample A. The high thermal energy 

transport is attributed to the higher phonon transport from the lower phonon energy gap 

at the heterointerface for the E2
H mode. This result is considered to the related to the 

LO phonon decomposition via E2
H mode and the energy and momentum conservations 

at the heterointerface. 
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CHAPTER 5 

Fe-doped GaN with microscopic Raman 

spectroscopy analysis  

 

Abstract 

 Fe-doped GaN is widely utilized as a semi-insulating material. The electron 

dynamics have been investigated, while some of the hole dynamics still remains 

unknown. We focus on the extraordinal nature of the temperature dependence of the 

longitudinal optical (LO) phonon – plasmon coupling (LOPC) in Fe-doped GaN. The 

difference in energy shifts of phonon modes between two heating conditions of thermal 

equilibrium case and laser heating in Raman spectroscopy is investigated. A 325-nm 

laser is used as the heating and probing laser, and a 532-nm laser is used to detect the 

Raman signals in GaN. An abnormal high mode energy shift to the lower energy side 

is observed for the laser-heating condition for the A1(LO) mode but not for the E2(high) 

mode. This phenomenon is more significant for samples with higher Fe densities. This 

phenomenon can be attributed to the energy shift of the higher energy branch of the 

LOPC modes to the lower energy side, which is possible for the coupling with hole-

plasmon. This result suggests the domination of hole density in the photo-excited area 

by the fast capture of electrons by Fe atoms.  
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5.1. Introduction 

GaN has properties of high bandgap energy of 3.4 eV at room temperature, high 

saturation velocity, and high critical electric field [1-4]. The development of growth 

technique in bulk GaN wafers is expected to enable the growth of epitaxial layers with 

low defect density, resulting in high carrier mobility [5-10] even with a thinner buffer 

layer as compared to the layers grown on Si, SiC, and sapphire [10.11]. However, high-

density impurities can be introduced during growth [11-13], resulting in some undesired 

properties of crystals, e.g., n-type conduction despite non-doping conditions and 

leakage paths in the active region of the device [14-15]. A high-resistivity buffer layer 

is required to reduce the leakage [16,17], particularly in high-power devices. Iron (Fe) 

doping is commonly used to achieve high resistivity GaN layer [18-20].  

The carrier dynamics in Fe-doped material have been reported in many papers. 

Electron capture, populating the FeGa
2+ state with free holes, after the band-band 

transition is followed by the radiative transition to 6A1 state [21]. Ščajev et al. reported 

a high hole capturing cross section by analyzing the transient transmissivity after a pulse 

generation of electrons and holes using rate equations [22]. Although we can refer to 

several papers discussing electron and hole capture and transition processes related to 

deep levels [21 - 24], there are few reports on the density of electrons or holes remaining 

in the bands. The remaining carriers possibly yield the LO phonon − plasmon coupling 

modes and shift the A1(LO) mode energy to the higher or lower region depending on 

the plasmon scattering rate.    

It is known that E2
H and A1

LO of a wurtzite crystal are the allowed modes in 

Raman scattering when adopting the configuration of <-z, - - ,z> using a c-face sample. 

As the temperature derivative of A1
LO energy is reported to have a higher value than 

that of the E2(high) mode, the former mode is considered to be more sensitive to the 

temperature increase than the latter one. However, when a certain portion of carriers 

exist even in the Fe-doped GaN, the peak energy of the A1(LO) mode can be varied by 

the carriers. When holes remains, it is difficult to estimate the density because of the 

low mobility and the resultant low rate coefficient of the capture by deep levels, even 

for a high cross section.   

 Many of the operational functions of electronic and photonic devices are 

suppressed by temperature increases. Therefore, the control and analysis of phonon 
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dynamics are indispensable. In this chapter, the mechanism of LO phonon between the 

two differences of bulk GaN and Fe-doped GaN was investigated.  

 

5.2. Experiment 

 Three samples of Fe-GaN with high Fe density in the range of 51018 ~21019 

cm-3, sample N and sample S, and an undoped free-standing GaN wafer were 

investigated. The more yellowish color of sample N indicates the higher deep levels 

due to higher Fe density. It is known that Fe levels compensate the background electrons 

of GaN due to residual oxygen or Si, and give high resistivity [25]. We investigated the 

difference in energy shifts of phonon modes between two heating conditions of thermal 

equilibrium case and laser heating in Raman spectroscopy. A 325 nm laser was used as 

the heating and probing laser with different laser power excitation, and a 532 nm laser 

was used to detect the Raman signals under the sample uniform heating of wafers. 

When samples were heated by a Peltier device in a vacuum chamber, the temperature 

of the samples on the device was controlled between 296K to 400K, and the temperature 

was uniform in the sample. The temperature was monitored by a alumel-chromel 

thermocouple. A confocal optical system with an objective lens or mirror with NA in 

the 0.47 was utilized.  

The excitation power density was controlled in a range of 3.1105 - 3.1106 Wcm-

2, indicating the generated electron density is estimated to be  1.11018 - 1.11019 cm-3. 

Here, the carrier diffusion is neglected. This value is comparable to the Fe density in 

the GaN sample. 

 

5.3. Temperature dependence with 532 nm laser excitation 

 Figure 5.1 shows an example of a Fe-GaN (Nanowin) sample of the Raman 

spectra of the E2
H and A1

LO modes of GaN as a function of thermal equilibrium 

temperature in the range of 300 K to 400 K. The 532 nm laser excitation was used. The 

ratio of EA1LO/EE2H is approximately 2 and constant in the measurement temperature 

range and independent of the Fe-doping density. Thus, the variation in the degree of the 

anharmonicity of the lattice vibration can be neglected.  
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Figure 5.1. Example of the dependence of the spectrum of the 532 nm laser excitation 

on temperature for Fe-GaN (sample N). 

Figure 5.2. The ratio of the EA1LO/EE2H obtained using the 532 nm laser as a function 

of temperature, (a) Fe-GaN (sample S), (b) Fe-GaN (sample N), and (c) bulk undoped 

GaN. 

 

5.4. Power dependence with 325 nm laser excitation  

 Figure 5.3 shows an example of the dependence of Raman spectra by using the 

325 nm laser excitation on the laser power. Figure 5.4 shows the histogram of the ratio 

of the shift of the A1
LO mode energy EA1LO, and the shift of the E2

H mode energy EE2H, 

EA1LO/EE2H, in a 3.0 -3.5 m square region. EA1LO is over five times greater than 

EE2H in the case of laser heating, as shown in Figure 5.4. These values are 

unexpectedly high when considering the result of the previous section. It was reported 

that the electron mobility for the Si doping density over 1020 cm-1 is still higher than 

(a)  (b)  (c)  
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100 cm2/Vs [26], corresponding to the plasmon broadening of 450 cm-1. In this case, 

the increase in the LOPC+ mode as the increase in electron density is expected, 

indicating higher energy than the LO mode energy; the ratio EA1LO/EE2H lower than 

2 is expected. Thus, the electron plasmon is excluded from the candidate origins. In 

contrast, when the broadening factor of plasmon is as high as 1000 cm-1, overdamping 

condition, it is known that the higher energy branch of the LOPC mode energy 

decreases as the increase in the charge carrier density, which is typically identified for 

p-type materials [27]. Thus, the LO phonon–hole plasmon coupling is a probable 

candidate.   

 The abnormal high energy decrement in the A1(LO) mode indicates electrons 

are firstly trapped, and the holes possibly remain. The high value of the hole capture 

cross section has been reported, while the diffusion length is quite low because of the 

high scattering rate of the plasmon.  

 

 

 

Figure 5.3.  Example of the spectrum of the 325 nm laser excitation with different 

laser power of Fe-GaN (sample N).  
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(a)    (b)  

 

Figure 5.4.  The ratio of the EA1LO/EE2H with 325 nm laser excitation power of 

1mW – 10mW (a) Fe-GaN (Sample S) and (b) Fe-GaN (Sample N). 

 

 

5.5.  Conclusion 

 In conclusion, Fe-doped GaN and bulk GaN were investigated using two 

heating conditions of thermal equilibrium and laser heating in Raman spectroscopy. The 

ratio of the value of energy decrement in A1
LO mode is five times as high as the energy 

decrement in E2
H mode or higher when heating by the 325 nm laser. In contrast, The 

ratio of the value of energy shift decrement of the A1
LO mode is approximately two 

times as high as the energy decrement of E2
H mode when heating was conducted by the 

Peltier device holding the sample and with a uniform temperature inside the sample. 

The result indicates an abnormal high-mode energy decrement in the A1
LO mode. As it 

is known that the electrons are firstly captured by the Fe atoms, this result and the low 

hole mobility or diffusion length indicate the A1
LO is affected by the hole plasmon, 

which induces the mode energy decrease because of the overdamping. When we 

analyze the LO mode peak of layers with high-density deep levels in Raman scattering 

analysis, consideration of hole plasmon is thought to be required under the condition of 

high-density irradiation of UV light for heating.  
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CHAPTER 6 

Conclusion 

 

 The operational characteristics of III-Nitride devices are degraded by heat 

energy generation due to phonon generation, which leads to temperature increases in 

electronic devices. Phonon energy can be eliminated from the active layer, especially 

in the non-thermal equilibrium condition, to improve the performance of the device. 

These studies focus on the observation of phonon transport processes in GaInN/GaN 

heterostructures.  

The combinations of the Raman imaging analysis of the E2
H and A1

LO or LOPC+ 

modes were conducted on a thin Ga0.95In0.05N film with a thickness of 100 nm on a GaN 

template. The temperature increase was determined by the analysis of E2
H mode, and 

the experimental value of the A1
LO

 mode included the effects of temperature and 

increased electron density. According to that situation, the increased electron density 

can be extracted from the difference between the estimated A1
LO and the experimentally 

observed LOPC+ energy shift. This analysis is based on the local thermal strain on the 

sapphire substrate without a temperature increase. This analysis enabled the study by 

combining the analyses of local temperature increase, LOPC, luminescence intensity, 

and the local photoemission efficiency per electron or hole obtained. There is a 

limitation of PL analysis to obtain information of the carrier density, especially in 

materials with spatially nonuniform alloy composition distribution. This present 

analysis assists to obtain the information of the carrier density. In addition, it will 

provide a deeper understanding of the interaction between recombination processes and 

thermal effects. The simultaneous imaging of PL intensity, carrier density, and 

temperature provides the details of local carrier dynamics, including both radiative and 
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nonradiative recombination rates. This comprehensive approach assists in 

understanding the interactions within the nonuniformity alloy composition of nitride 

materials. 

In addition, thermal energy transport at the heterointerfaces of Ga1-xInxN/GaN 

was studied using a microscopic Raman measurement system with two laser systems. 

The 532 nm laser observed the GaN layer and 325 nm provided as a heating laser at the 

GaInN layer to investigate thermal energy transport across the heterointerfaces. In this 

study, higher energy transport was observed at the Ga1-xInxN/GaN heterointerface with 

a graded variation in x (0~0.17) compared to the Ga0.91In0.09N/GaN heterointerface, 

despite the average InN fraction x of 0.085 for sample B being nearly identical to the x 

of 0.09 for sample A. The high thermal energy transport is attributed to the higher 

phonon transport from the lower phonon energy gap at the heterointerface. Therefore, 

the mechanism of the phonon transport analysis can be investigated in this study by 

using the two lasers system. 

Furthermore, Fe-doped GaN and bulk GaN were studied using two heating 

conditions of thermal equilibrium and laser heating in Raman spectroscopy. The ratio 

of the value of energy decrement in A1
LO mode is five times as high as the energy 

decrement in E2
H mode or higher when heating by the 325 nm laser. In contrast, The 

ratio of the value of energy shift decrement of the A1
LO mode is approximately two 

times as high as the energy decrement of E2
H mode when heating was conducted by the 

Peltier device holding the sample and with a uniform temperature inside the sample. 

The result indicates an abnormal high-mode energy decrement in the A1
LO mode. An 

abnormal high mode energy shift to the lower energy side is observed for the laser-

heating condition for the A1(LO) mode but not for the E2(high) mode. This phenomenon 

is more significant for samples with higher Fe densities.  Thus, that phenomenon can 

be attributed to the energy shift of the higher energy branch of the LOPC modes to the 

lower energy side, which is possible for the coupling with hole-plasmon. This result 

suggests the domination of hole density in the photo-excited area by the fast capture of 

electrons by Fe atoms. The low hole mobility or diffusion length indicate the A1
LO is 

affected by the hole plasmon, which induces the mode energy decrease because of the 

overdamping. When we analyze the LO mode peak of layers with high-density deep 

levels in Raman scattering analysis, consideration of hole plasmon is thought to be 

required under the condition of high-density irradiation of UV light for heating.  
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These studies allow us to study the effect of phonon transport or cooling of 

lattices on the carrier dynamics, electronic temperature, and radiation efficiency of the 

electronic band-to-band transition. 
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