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Abstract 

 

The purpose of this study is to explore the possibility of phosphor-free white-emitting LED’s 

based in the gallium nitride material system. The structures are to be grown using mixed source 

hydride vapor phase epitaxy (MS-HVPE). It is unique crystal growth technology different from 

conventional HVPE and MOCVD system using mixed metal source of aluminum, indium and 

gallium.  

The first step in this project is the optimization of MS-HVPE growth process. This was 

achieved successfully, as binary, ternary and quaternary films are demonstrated. Successful n and p-

type doping are also demonstrated introducing Te and Mg. 

The second step in this project is fabricating broadband spectrum emitting device of phosphor-

free white LED by MS-HVPE. The device structure consisted of conventional double-hetero (DH) 

structure, which was the undoped InAlGaN active layer and n, p-AlGaN cladding layers. We 

observed that the device of AlInGaN quarternary active grown by MS-HVPE emitted multi 

spectrum from UV to red area. We also found that its spectrum was variable as indium mole 

 xiii



fraction and controllable. It was nano phase epitaxy phenomenon being only observed in HS-HVPE 

process. An extensive growth study of GaN based material was also carried out. The effects of 

several growth parameters on emission characteristics were presented. PL emission wavelengths for 

each structure were demonstrated. And EL emission wavelengths were also demonstrated after 

wafer fabrication process. Additionally, x-ray diffraction and x-ray photoelectron spectroscopy 

(XPS) showed to verify crystal quality of MS-HVPE.  

The dissertation presented herein demonstrates achieving phosphor-free solid-state white 

lighting. But it still has unknown physical characteristics. Continuation of this study will lead to 

future industry. And hopefully it will be commercialized and applied to residential illumination due 

to this technology. 

 xiv



Chapter 1.  

Introduction 

 

 

1.1. Overview of LED 

Optoelectronic materials and physics represent a deep and broad foundation of knowledge that 

has an impact on a wide range of important areas of science and technology. Solid-state lighting 

such as LED is among the most recent of these areas, emerging as a concept only in the past decade, 

with the sudden development in the mid-1990s of blue and green light-emitting diodes (LEDs) 

[Nakamura et al. 1994], and with the increase in brightness of red LEDs to the extent of being 

applied to outdoor applications, such as traffic lights. An important example of the broader impact 

of the foundational science and technology is the use of heterostructures in optoelectronic and 

electronic devices. A semiconductor heterostructure consists of two or more layers with different 

energy bandgaps, formed by changing the composition of the material. 

LEDs are p-n junction devices composed of gallium arsenide (GaAs), gallium nitride (GaN), 

gallium arsenide phosphide (GaAsP), or gallium phosphide (GaP). Silicon and germanium are not 

suitable because those junctions produce heat and no appreciable IR or visible light. The junction in 

an LED is forward biased and when electrons cross the junction from the n-type to the p-type 

material, the electron-hole recombination process produces some photons in the IR or visible range 

in a process called electroluminescence. 

An exposed semiconductor surface can then emit light. When the applied forward voltage on 

the diode of the LED drives the electrons and holes into the active region between the n-type and p-

type material, the energy can be converted into infrared or visible photons. This implies that the 

electron-hole pair drops into a more stable bound state, releasing energy on the order of electron 
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volts by emission of a photon. The red extreme of the visible spectrum, near 700 nm, requires an 

energy release of 1.77 eV to provide the quantum energy of the photon. At the other extreme, 400 

nm in the violet, 3.1 eV is required. LEDs are also small extended sources with extra optics added 

to the chip, which emit a complex intensity spatial distribution [1]. 

The color of the emitted light depends on the composition and condition of the semiconductor 

material used, and can be infrared, visible or near-ultraviolet. Rubin Braunstein of the Radio 

Corporation of America first reported on infrared emission from gallium arsenide (GaAs) and other 

semiconductor alloys in 1955. Experimenters at Texas Instruments, Bob Biard and Gary Pittman, 

found in 1961 that gallium arsenide gave off infrared (invisible) light when electric current was 

applied. Biard and Pittman were able to establish the priority of their work and received the patent 

for the infrared light-emitting diode. Nick Holonyak Jr. of the General Electric Company developed 

the first practical visible-spectrum LED made of a compound semiconductor alloy, gallium 

arsenide phosphide in 1962, which emitted red light. From 1962, compound semiconductors would 

provide the foundation for the commercial expansion of LEDs. Holonyak's former graduate student, 

Dr. M. George Craford, invented in 1972 the first yellow LED and 10x brighter red and red-orange 

LEDs [1]. LED luminous output has been following Haitz’s Law doubling every 18–24 months for 

the past 35 years. The first LEDs became commercially available in the 1970s, and were almost all 

red. From 1968 when the first commercial LEDs were introduced at 0.001 lm/LED using GaAsP 

until the mid-1990s commercial LEDs were used exclusively as indicators. In addition to energy 

savings, LED lifetime and robustness provides lower cost of ownership due to reduction or 

elimination of source replacement costs. LED white emission is most efficiently generated by 

mixing light from red, green and blue LEDs. In terms of the number of LEDs sold, indicators and 

other small signal applications in 2002 still consume the largest volume of LEDs, with the annual 

global consumption exceeding several LEDs per person on the planet. 
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The development of AlGaAs LEDs grown on GaAs substrates and employing fully lattice-

matched direct bandgap systems and hetero-structure active regions allowed these early red LEDs 

to exceed the luminous efficiency of a red-filtered incandescent bulb [2]. Efficiency was further 

doubled by the use of transparent substrate devices [3]. The luminous efficiency of monochromatic 

LED lamps improved to match and exceed conventional incandescent and halogen sources. More 

recently, the development of large area “flip-chip” die, and improved package design have resulted 

in individual red, amber, green, and white LED lamps with flux exceeding 100 lumens, and blue 

LED lamps with the optical power of greater than 1W. 

 

                   Fig.1.1 CIE Chromatic Diagram 
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The development of metallic organic vapor phase epitaxy (MOVPE) crystal growth techniques 

enabled us to introduce a new material system, AlGaInP on GaAs. AlInGaP resulted in the 

fabrication of high-brightness materials from yellow to red [4]. AlInGaP material system allows the 

creation of light in the red and amber regions of the spectrum. Alloy ordering, hydrogen passivation 

of acceptor atoms [5], p–n junction placement and oxygen incorporation into the aluminum-

containing semiconductor layers proved to be substantial challenges that required nearly a decade 

of work to resolve [6]. The result was AlInGaP LEDs with internal quantum efficiencies 

approaching 100%; nearly every electron and hole pair injected into the device resulted in the 

creation of a photon. The problem was then how to get the photons that had been generated inside 

the semiconductor LED out into the world outside the semiconductor where they could be used. 

The first hurdle was to prevent light from being absorbed in the narrow bandgap (eV nm) GaAs 

substrate. Techniques such as incorporation in the epitaxial structure of Bragg mirrors, and direct 

growth on GaP have been tried, but the most successful technique was the removal of the GaAs 

substrate by etching and replacing GaAs with transparent GaP by wafer bonding. At 25 lm/W 

efficiency, nearly ten times the efficiency of a red filtered light bulb, and several lumens per LED, 

these LEDs enabled the first LED stop lights on automobiles, LED red traffic signals, and single 

color outdoor signs. But 3 lm/LED uses were still limited to those applications where the user was 

expected to look directly at the LED. Following closely behind the commercialization of AlInGaP, 

two groups, Shuji Nakamura at Nichia Chemical [7] and Prof. Akasaki and Prof. Amano [8] at 

Nagoya University and later Meijo University were mastering the complex OMVPE growth 

process of aluminum indium gallium nitride on sapphire substrates using atmospheric-pressure 

OMVPE. The AlInGaN material system has a wider bandgap than AlInGaP and allows access to 

the higher energy green, blue, and UV parts of the color spectrum. As it has been found in AlInGaP, 

alloy clustering, hydrogen passivation of acceptor atoms [9], p–n junction placement and oxygen 
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incorporation into the aluminum-containing semiconductor layers proved to be substantial 

challenges. After a decade of intense research, a bright blue LED was successfully produced by 

Nichia Chemical of Japan in 1994. The material used for the diode was gallium nitride GaN. Nichia 

has also produced an InGaN laser diode that lasers in the blue-violet region of the spectrum. The 

AlInGaN material system is not as well understood as the AlInGaP material system, and today 

internal quantum efficiencies at typical operating current densities for AlInGaN green devices 

hover around 20–40 % with blue devices operating in the 40–60 % range. Nevertheless, by taking 

advantage of the transparent sapphire substrate and the human eye’s greater sensitivity to green 

light than to either blue or red, Nichia Chemical, Lumileds and others have been able to introduce 

multilumen green LEDs that together with multilumen red AlInGaP and 1 lumen blue LEDs 

enables large full color signs to be made entirely from solid state light sources. 

 

Fig.1.2 Luminous efficiency of light sources 

(IEEE Circuit & Devices Vol 20 No 3 pp 28-37 May/June 2004) 
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They were commonly used as replacements for incandescent indicators, and in seven-segment 

displays, first in expensive equipment such as laboratory and electronics test equipment, then later 

in such appliances as TVs, radios, telephones, calculators, and even watches. These red LEDs were 

bright enough only to be used as indicators, as the light output was not enough to illuminate an area. 

Later, other colors became widely available and also appeared in appliances and equipment. As the 

LED chemistry became more advanced, the light output was increased, and LEDs became bright 

enough to be used for illumination  

Blue LEDs are important for the development of high-information-density storage on optical 

disks, as well as a host of other applications such as high-resolution television and computer 

displays, image scanners and color printers, biomedical diagnostic instruments, and remote sensing. 

Along with the high brightness blue LEDs, white LEDs that use high energy blue photons from a 

blue AlInGaN LED, and incorporate a phosphor to convert some of the blue photons into yellow, 

the complementary color to blue, have emerged. The human eye perceives this combination of blue 

and yellow light as a white light. Finally, 30 years after the introduction of the first commercial 

LED in 1968 the stage has been set for some new thinking. 

 

1.2. Wide bandgap compound semiconductor 

Gallium nitride is a direct, wide bandgap semiconductor that has been intensively investigated 

and has achieved practical success in optoelectronic devices like green-blue LEDs (Light Emitting 

Diodes) and the blue laser [10,11]. 

They are also widely used in many application fields such as optical displays, optical 

information processing systems, optical sources, and optical detectors. Materials advances in GaN 

have also had significant impact on high-power, high frequency electronics. III-nitride, AlN, GaN, 

InN, and their alloys, AlGaN, GaInN, and AlGaInN, are very promising materials for fabricating 
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blue-green light optoelectronical devices, especially light-emitting diodes (LEDs), laser diodes 

(LDs) and detectors, because they possess large direct band gap energy from 1.9 eV to 6.2 eV, 

corresponding to the spectral range from visible to ultraviolet.  

This family of materials has direct bandgaps that span a tremendous range of energies, enabling 

light emission from the near infrared to the deep-ultraviolet region of the spectrum. Nitride-based 

LEDs employ light emission from InxGa1-xN quantum wells (QWs) with InyGa1-yN or GaN barriers. 

Emission wavelengths of these LEDs can be tuned across the entire visible spectrum (see Fig.1.3) 

by varying the indium composition of the QW. Other structural parameters, such as the thickness of 

the QW and barrier layers, in addition to the strain and piezoelectric fields of the QW, can also 

affect the emission wavelength. To date, the most efficient InGaN LEDs emit in the near-UV to 

blue region, using QWs with relatively low indium compositions. LEDs with higher indium 

compositions emit at green and longer wavelengths, but have significantly lower efficiencies. 

 

Fig.1.3 Energy bandgap versus lattice-constant diagram for wurzite nitride 

semiconductors [12]. 
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While the origin of this reduced efficiency is not well understood, it is speculated to arise from 

the complex interplay of a range of material properties, including localized variation in composition, 

high defect densities, and the presence of strong piezoelectric fields. Achieving high-efficiency 

emission across the entire visible region with InGaN alloys is one of the fundamental challenges for 

LED application. The realization of full-spectrum capability from a single semiconductor alloy 

family would provide substantial benefit for future SSL architectures and may ultimately be 

achieved using InGaN alloys. 

In general, the use of heterostructures allows the energy and flow of electrons in a device to be 

controlled in a sophisticated manner unobtainable in a single material. Materials advances in GaN 

have also had significant impact on high-power, high frequency electronics. The electron saturation 

velocity in GaN is high, and since the bandgap is large, the breakdown voltage of the material is 

also very high. As a result, these high-power, high frequency transistors are being introduced in 

state-of-the-art radar systems to replace the large, heavy tube sources used in the past. GaN 

transistors can also operate in high-temperature environments, where electronics made from 

conventional materials cannot reliably perform. 

Blue LEDs and Lasers based on GaN semiconductor compounds represent one of the most 

important breakthroughs in electronics and opto-electronics of recent years. GaN based LEDs have 

started to replace traditional light bulbs in traffic lights and are likely to gain an ever increasing 

market share for many other lighting applications. GaN based blue lasers allow data storage with 

much higher density than traditional red lasers. In addition, there are many less obvious 

applications in medical fields including diagnostics and other areas. 

Despite its commercial success, many of the physical properties of GaN and its growth 

mechanism are still not well known. Usually GaN is grown on highly mismatched substrates like 

sapphire and silicon carbide using thin, low temperature, polycrystalline AlN or GaN buffer layers 
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[13,14]. A buffer layer gives dense nucleation on the substrate surface, but introduces strong 

disorder in the first hundred nanometers and a high density of dislocations in the final film [15]. 

The difference between the thermal expansion coefficient of the substrate and the film introduces 

stress during the cooling after the growth. This stress may cause additional dislocations. 

Most papers dedicated to GaN heteroepitaxy describe the influence of the buffer layer on 

properties of the final film. The most important conclusion of these works is that the best film 

morphology can be obtained by using the thinnest possible buffer layer [14]. This approach is 

useful, but it does not explain the nature of the defects influencing the quality of the film. For 

example, the nature of electrically active defects supplying free electrons and defects influencing 

the electron mobility is still unknown. 

 

(Copyright© Lumileds Lighting LLC) 

 

Fig.1.4 Quantum efficiency of compound semiconductors 
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Since the first GaN epilayers were grown on sapphire substrates in 1971 [16], various 

techniques have been applied to optimize the quality of the resulting films, such as nitridation [17] 

of the substrate, or the growth of a low temperature AlN [18] or GaN buffer layer [19]. Recently 

significant advances in GaN blue LEDs and LDs technology have been made after the reducing of 

the background electron concentration and the achievement of the p-GaN since high-brightness 

blue LEDs were obtained in 1994 [20]. 

 

1.3. Overview of white LED 

Illumination means white light, and a very particular kind of white light at that. Having evolved 

under a black body emitter, the sun, with a correlated color temperature (CCT) in the 3000 K–6500 

K range depending on time of the day, weather and season, the human eye is quite sensitive to 

small changes in spectral content of illumination sources. The Planckian locus on the CIE diagram 

is scaled in Kelvin, denoting the CCT describing the color of a black body source. Sensitivity to 

color change is a function of location on the CIE curve. Near 3000 K–4000 K where incandescent 

bulbs and halogen lamps operate typical humans can detect changes in CCT on the order of K–100 

K. Multiple illumination sources visible at the same time must therefore have CCTs that are the 

same to within K–100 K and chromaticity coordinates lying very near the black curve. However, 

this is still insufficient. Even though a white light source may have color coordinates close to the 

black body curve, the source may not render true colors when used to illuminate an object. If the 

wavelengths reflected by a surface are absent in the source, then the surface will appear dark or 

gray, not colored. Upon reflection or transmission, spectrally incomplete sources will produce less 

vivid color quality than those with a more complete spectrum. The ability of an illumination source 

to render true colors is determined by measuring the color rendering index, Ra, scaled 0 to 100 [21]. 

The noon-day sun, incandescent lamps and other near black body radiators have Ras of near 100. 
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Fluorescent lamps with choppy emission spectra have lower Ras in the 75–90 range which explains 

why most people would prefer to see their own reflections when illuminated with incandescent 

rather than fluorescent lights. Before LEDs can be seriously considered to be sources of 

“illumination”, CCT variations within a lamp and from lamp to lamp must be homogeneous to 

within 50 K–100 K, and Ra . There are three general approaches to generate white light from LEDs. 

The first method directly mixes light from three (or more) monochromatic sources, red, green and 

blue (RGB), to produce a white source matching with the RGB sensors in the human eye. The 

second technique uses a blue LED to pump one or more visible light-emitting phosphors integrated 

into the phosphor-converted LED (pc-LED) package. The pc-LED is designed to leak some of the 

blue light beyond the phosphor to generate the blue portion of the spectrum, while phosphor 

converts the remainder of the blue light into the red and green portions of the spectrum. The third 

technique uses an ultraviolet LED to pump a combination of red, green and blue phosphors in such 

a way that none of the pump LED light is allowed to escape. Each of these approaches has potential 

advantages and clear technical challenges. 

The most straightforward technique mixes the emission from at least three different colored 

LEDs. A three-colored (RGB) LED array will be perceived as a color within the triangle depending 

upon the relative luminance balance of the sources. Properly balanced, the array can produce any 

particular point within the triangle and in particular along the Planckian black body curve. In more 

sophisticated versions, onboard electronics adjust the individual drive currents to change the CCT 

at will [22], or to maintain the color point as each source ages over the life of the array or changes 

with the ambient temperature. RGB mixing is the most efficient way to make white light from 

LEDs since there is no quantum deficit (arising from the Stokes shift characteristic of photonic 

energy down-conversion of the phosphor [23]), and offers infinitely graduated color and white 

point control. Efficiencies for state of the art devices are in the 30–40 lm/W. Color rendering can be 
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excellent, 95, but CCT is controlled dynamically by an external detector plus feedback system. For 

specialized applications such as LCD backlighting or projection images, and applications requiring 

dynamic color control, RGB mixing is the preferred choice. 

By far the most common LED-based white light source is the pc-LED used in a configuration 

with a blue LED and a complimentary yellow phosphor. The blue LED is used to pump a yellow 

emitting phosphor integrated into the LED package. Inherently less efficient than an RGB source, 

simple white sources are made. The phosphor density and thickness are chosen to leak a 

predetermined fraction of the blue light. 

Mixed with phosphor the resulting yellow emission, white light emits. Striking the correct 

blue/yellow ratio depends upon having the correct amount, density, and particle size of phosphor, 

distributed evenly around the blue-emitting chip. Variations in any of these parameters will give 

rise to color or CCT variations at different viewing angles from a single lamp, or between adjacent 

LED lamps. First generation white pc-LEDs are made by depositing in measured quantities of a 

slurry mixture of phosphor and epoxy within a containment cup surrounding the pump die during 

the encapsulation step. Several factors inhibit process uniformity, including the difficulty of 

measuring precise small quantities of a viscous fluid, slurry settling both before and after 

dispensing, distribution of the mixture within the cup, and phosphor powder grain size variations. 

To illustrate typical variations, the circles in Fig.1.1 illustrate typical CCT control within a single 

LED radiation pattern (viewing angle) using a first generation slurry deposited pc-LED to be very 

large, K, or 8–16 times the human detectable difference. The triangles indicate results from a 

second-generation phosphor deposition process developed in which a conformal layer of phosphor 

is deposited only around the die. In this case, variation within a single LED radiation pattern drops 

to 80 K, fully 10 times better than first generation pc-LED technology. In effect, the flip-chip LED 

with the conformal layer of phosphor act as a white light-emitting die. 
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The conformal deposition process also improves LED to LED color variation. To demonstrate, 

examine the color locus created from combining a 470 nm pump LED and a 575 nm emitting 

phosphor as showing the dark tie line. This line crosses the Planckian at a color temperature of 

5000 K. Small variations in phosphor thickness, grain size and efficiency create lamps spanning a 

range large compared to the 50–100 K minimum detectable CCT difference. The Ra for the single 

phosphor pc-LED is low due to the lack of spectral content in the red. By employing two phosphors, 

covering a broader emission range, the two-phosphor pc-LED rises to Ra, well above acceptable 

levels for most illumination. The pc-LED technique with state-of-the art material gives luminous 

efficacy performance in the 25–30 lm/W. Recently, there has been renewed interest in creating a 

white source using a UV-emitting LED to pump a trio of RGB-emitting of phosphors, the UV-LED. 

The UV light is completely adsorbed by the phosphors, and the mixed RGB output appears white 

much the same as an RGB mixed LED array. The quantum deficit between the UV pump and the 

phosphors, especially the low-energy red phosphor, dissipates significant energy and makes this 

approach inherently less efficient than either the RGB or the pc-LED schemes for generating white 

light. Scattering and absorption losses in the package are also considered. The result indicates that 

an UV-LED must be more than twice the wall plug efficiency of the green LED in an RBG solution 

in order to overcome packaging and Stokes’ losses. Today, there are no ideal blue phosphors that 

emit efficiently in the 450~470 nm blue range while absorbing efficiently in the 400~430 nm pump 

range, so actual efficacy numbers are not yet available. The UV-LED approach has the advantage 

that color can be controlled by the phosphor mix at least at one point in time and at one temperature, 

so color rendering should be excellent. On the other hand, the high-energy UV light deteriorates the 

organic LED package materials, limiting the useful lifetime of the lamp. As of today, no UV-LED 

based RGB white products are in production. Though the basic tradeoffs between the three 

different approaches to making white LEDs are well established, the long-term winner is hard to 
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predict. Today most of the LEDs used to make white light are based on the pc-LED with a blue 

pump plus a single yellow phosphor. The best of these lamps are at least two orders of magnitude 

too high in cost per lumen to compete in major illumination markets. The major cost driver stems 

from low yields into the very narrow bins that are required for CCT and color point control. The 

winning alternative depends upon which set of problems yield most expediently [21] G. Wyszecki 

and W. S. Stiles, Color Science: Concepts and Methods, Quantitative Data and Formulae, 2nd ed. 

New York: Wiley, 1982. 

 

 

Fig.1.5 Evolution of light sources 

 

In order to provide a stable white light, a blue LED precoated with yellow phosphor. The 

phosphor YAG:Ce emits yellow light when excited by blue light consequently, the mixing of the 

yellow light and the blue light can be perceived by human eyes as white light. This blue/yellow 

white light LED, with characteristics of compact size, high efficiency, long lifetime, low power 

requirement, and energy savings, has been widely used in various applications such as liquid crystal 
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display backlighting, full-color displays, cell phones, and traffic signals. However, because the 

yellow light emitted from the phosphor YAG:Ce lacks sufficient red emission, this white light has a 

low CRI(color rendering index) around 80. For improvement, red enhanced YAG:Ce and a red 

phosphor were used in this blue/yellow white light LED. 

A new interesting item of research in white light is a three-band white LED. A blue LED is 

precoated with a green phosphor and a red phosphor, and the phosphors emit green and red 

emissions when excited by the blue light from the blue LED, respectively. Not all the blue light is 

absorbed by the phosphors; the remaining blue light is mixed together with the green and red 

emissions as a three-band white light. 

This white light from the combination of the blue, green, and red emissions has an obvious 

advantage. It has a higher color-rendering index than blue/yellow white light, i.e., colors can be 

reproduced more vividly. Therefore, it can be more suitably used in museums, galleries, and the 

medical field. 

 

1.4. Purpose and outline of this project 

With the external quantum efficiency of III-V nitride, LED’s continuously improved the 

emission wavelength region widened and covered the area from the ultraviolet region to the 

infrared region [24]. Thus, white LED’s can be created for the first time by combining blue, green, 

and red LED’s, bringing white LED’s toward general lighting [25-27]. But various LED’s 

experience is different from light output degradation rates, which will produce unstable white light 

over time. 

Much attention has been given and a huge impact on the solid-state lighting device has been 

made by GaN-based LEDs that function in the visible or ultraviolet (UV) wavelengths. Commercial 

white light LEDs are usually composed of GaN LEDs, which function in the blue or UV 
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wavelengths [28-29], and a mixture of red and yellow phosphor. However, due to loss during the 

processes of optical pumping and re-emission, the internal quantum efficiency of this kind of 

phosphor converted white light LED is sacrificed. In addition, the phosphor in discarded LEDs may 

lead to serious environmental protection problems. 

By utilizing the GaN-based ternary (AlGaN, InGaN) and quaternary (AlInGaN) with multi 

wavelengths, Si and Mg codoped in active and cladding, white-light or near-white-light generation 

without using phosphor wavelength converter has been demonstrated. However, their output 

electroluminescence (EL) spectra are seriously dependent on the bias current [30-35]. Only white-

light luminescence is exhibited under low bias current due to the nonuniform distribution of 

injected carriers in the Active layers [30-35] (or the saturation of the donor-to-acceptor transitions 

[33-34] in the case of Si and Mg co-doped LEDs). 

In this paper, we discuss a novel structure for a phosphor-free white-light LED. Transverse p-n 

junctions are incorporated into GaN-based Multi wavelength (from blue to red) active. The optical 

spectra of the near white light emitted by the device are little bit variable, from low to high levels of 

bias current. The bias independent performance of the optical spectra of the demonstrated device 

can be attributed to the uniform distribution of the injected carriers in active with different center 

wavelengths. Use of phosphor in fabricating white-light LED has the disadvantages of lower 

efficiency and lower reliability. This accomplishment should be useful for the developments of 

solid-state lighting and display. 

The problems of nonuniform carrier distribution and bias dependent electroluminescence 

spectra that occur in phosphor-free white-light or near-white-light LEDs should be improved by 

optimized process. 
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Chapter 2.  

Fundamentals of Gallium Nitride 

 

 

2.1. Introduction 

Gallium nitride (GaN) is a direct-bandgap semiconductor material of wurtzite crystal structure 

with a wide (3.4 eV) band gap, used in optoelectronic, high-power and high-frequency devices. It is 

a binary group III/group V direct bandgap semiconductor. Its sensitivity to ionize radiation is low 

(like other group III nitrides), making it a suitable material for solar cell arrays for satellites. 

Because GaN transistors can operate at much hotter temperatures and work at much higher voltages 

than GaAs transistors, they make ideal power amplifiers at microwave frequencies. GaN is a very 

hard, mechanically stable material with large heat capacity [1]. In its pure form it resists cracking 

and can be deposited in thin film on sapphire or silicon carbide, despite the mismatch in their lattice 

constants [1]. GaN can be doped with silicon (Si) or with oxygen [2] to N-type and with 

magnesium (Mg) to P-type [3], however the Si and Mg atoms change the way the GaN crystals 

grow, introducing tensile stresses and making them brittle [4]. GaN crystals are also rich in defects; 

100 million to 10 billion per cm2 [5]. 

GaN based parts are very sensitive to electrostatic discharge [6]. To develop such novel devices 

and clarify the intrinsic materials properties of nitrides, it is essential to grow high-quality single 

crystals and control their electrical conductivity. However, high-quality epitaxial GaN is difficult to 

grow and its conductivity is hard to control.  These problems have prevented the development of 

GaN-based p-n junction blue-light-emitting devices for many years. 

The high crystalline quality of GaN can be realized by low temperature deposited buffer layer 

technology [7]. This high crystalline quality GaN led to the discovery of p-type GaN, p-n junction 
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blue/UV-LEDs [3] and room-temperature stimulated emission [8] (indispensable for laser action) 

[9]. This has led to the commercialization of high-performance blue LEDs and long-lifetime violet-

laser diodes (LDs), and to the development of nitride-based devices such as UV detectors and high-

speed field-effect transistors. High-brightness GaN light-emitting diodes (LEDs) completed the 

range of primary colors, and made applications such as daylight visible full-color LED displays, 

white LEDs and blue laser devices possible. The first GaN-based high-brightness LEDs were being 

used a thin film of GaN deposited via MOCVD on sapphire. Other substrates used are zinc oxide, 

with lattice constant mismatch only 2 %, and silicon carbide (SiC). 

Group III nitride semiconductors are recognized as one of the most promising materials for 

fabricating optical devices in the visible short-wavelength and UV region. Potential markets for 

high-power/high-frequency devices based on GaN include microwave radio-frequency power 

amplifiers (such as used in high-speed wireless data transmission) and high-voltage switching 

devices for power grids. A potential mass-market application for GaN-based RF transistors is used 

as the microwave source for microwave ovens, replacing the magnetrons currently used. The large 

band gap means that the performance of GaN transistors is maintained up to higher temperatures 

than silicon transistors. GaN, when doped with a suitable transition metal such as manganese, is a 

promising spintronics material (magnetic semiconductors). 

Nanotubes of GaN are proposed for applications in nanoscale electronics, optoelectronics and 

biochemical-sensing applications [10]. GaN-based blue laser diodes are used in the Blu-ray disc 

technology. 

The mixture of GaN with In (InGaN) or Al (AlGaN) with a band gap dependent on ratio of In 

or Al to GaN allows to build Light Emitting Diodes (LEDs) with colors that can go from red to blue. 

The toxicology of GaN has not been fully investigated. The dust is an irritant to skin, eyes and 

lungs. The environment, health and safety aspects of gallium nitride sources (such as 
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trimethylgallium and ammonia) and industrial hygiene monitoring studies of MOVPE sources have 

been reported recently in a review [11]. 

 

2.1.1. Current Issues in GaN-based LED 

A great deal of development has already been achieved in the field of GaN-based emitters, 

yielding the new generation of lighting and optical storage options. However, there are yet many 

challenges that must be addressed in order to make it available the full range of possibilities 

seemingly offered by a materials system covering such a large swath of bandgap energies. In terms 

of wavelengths made available by the AlGaInN system, there are reasons for pushing the devices to 

perform at both longer and shorter wavelengths than the blue to near-UV spectrum in which one 

can currently find the best performing devices. Pushing to longer wavelengths to address the 

problem of the “green gap”, especially for the sake of creating more efficient white lighting, also 

occupies a prominent place in the research space. In terms of enabling technologies, one finds that 

film quality, growth methods and substrate engineering still occupy a prominent place in the 

research space, as does research into p-type doping of materials does. These issues continue to 

show a need for improvement, while some qualitatively different developments have emerged that 

continue to stoke the progress of GaN-based materials. 

One of the crucial steps in developing the current generation of GaN-based emitters was the 

development of film growth techniques allowing adequate material quality on non-native substrates. 

While, epitaxial lateral overgrowth (ELO, LEO, ELOG) has established itself so far to be a critical 

technique in achieving long lifetime lasers [12], tuning of planar growth technologies still yields 

valuable steps forward. One interesting example of the latter is a very recent paper focusing on 

using a multi-step technique for optimizing the earliest stages of film nucleation and coalescence to 

improve resulting dislocation densities [13]. The most recently presented results show a reduction 
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in dislocations from 109 cm-2 down to the mid-107 cm-2 levels without using any sort of lateral 

epitaxy [14]. Other important improvements have been made using versions of pulsed atomic layer 

epitaxy, wherein the flows of group III and group V precursors are not always concurrent. For one 

example of the success enabled by such methods, consult the cited paper by Prof. Asif Khan’s 

group [15].  

One of the other developments in non-overgrowth epitaxy that has allowed for significant 

improvements is the use of superlattices of AlGaN/GaN and AlN/GaN. According to theory, the use 

of such superlattices can lead to strain relaxation unavailable without the modulated strain fields 

present in such a structure. Using these structures one aims to increase dislocation annihilation and 

increase the thickness one can grow before cracking or other strain-related morphological 

degradation occurs [16,17] Many groups have successfully applied this concept to the challenge of 

making the thick, transparent, and therefore high Al-content, layers necessary to serve as the 

cladding to deep UV emitters. One particularly successful recent example of this is cited here [18].  

Given the successes achieved using ELO for devices in the blue and violet spectrum, ELO for 

the high Al-content AlGaN compounds needed for deep UV devices is currently a high research 

priority. Similar to the work mentioned above where nucleation and coalescence control were used 

to improve planar growth quality, variations on ELO have emerged in which growth interruptions 

and growth rate tuning are used to increase the amount of dislocation filtering afforded by the ELO 

process [17, 19]. As it stands ELO GaN currently shows defect densities estimated to be around 

106~107 cm-2 and represents a fairly mature technology. However its utility for devices using high 

Al-content AlGaN layers is hampered by the mismatch strain between the GaN underlayers and the 

subsequent AlGaN layers. Unfortunately, lateral overgrowth of layers has proven problematic 

because of observed tendencies of Al-containing nitrides to growth without much lateral growth 

front propagation. Some successfully coalesced layers of ELO AlN or AlGaN with >90 % Al 
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content have been achieved only very recently [20,21] and one finds that the vertical growth needed 

to achieve film coalescence is very large compared to that of GaN ELO. Finding methods to 

increase the rate of lateral growth would definitely be a boon to the growth of higher quality 

AlGaN-based devices. One alternative that has been used to produce a successful laser is the use of 

a hetero-ELO technique in which part of the lateral growth is undertaken using GaN before 

completing the film coalescence using AlGaN. One noteworthy result achieved using this method is 

the 350.9 nm laser described earlier.  

One final area of interest related to film growth for deep UV emitters in the GaN materials 

system concerns the fine structure of the grown layers. As discussed earlier, much of the success of 

current GaN-based emitters owes to the Indium localization that occurs in In-containing 

compounds. While the lack of In in deep UV active regions precludes the possibility of such In 

localization, a very recent paper could show that there is promise in creating AlGaN layers showing 

similar localization effects. Though the precise growth procedure is not yet published, MBE layers 

of 20~50 % Al content AlGaN have been grown that show improved photoluminescence and long 

carrier lifetimes on the order of those in low dislocation density (108 cm-2) GaN films despite the 

high (1010 cm-2) dislocation content of the films [22]. Such behavior, along with observed 

redshifting from the bandedge and inhomogeneous CL emission, make a strong case for 

localization similar to that found in InGaN active regions.  

 

A. P-type doping: 

The problem of p-type doping is still an important issue, with doping levels becoming even 

lower with increasing Al content in device layers. Researchers continue to attempt to improve p-

type doping, and the current state of the art shows doping levels of about 1017 cm-3 in AlGaN 

containing up to 50 % aluminum [23]. More attention has also been paid in recent years to Mg-
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related defects whose appearance correlates with sudden decreases in hole concentrations when the 

atomic concentration of Mg passes a critical level [24,25]. The main lesson taken so far from this 

latter issue is that very careful control of the Mg concentration must be maintained to avoid the 

decreased doping that will occur if Mg-related crystal begins to form in grown layers. 

 

B. Polarity 

Non-polar growth is typically regarded as a possible solution to the problem of piezoelectric 

fields reducing emission efficiency. However, recent papers imply that non-polar growth might 

hold some promise for improving p-doping of GaN-related compounds. One piece of evidence 

supporting this comes from ELO growths in which parts of the film grown with a non [0001] 

growth facet show no evidence of extended Mg-related defects, even though pl associated with the 

presence of Mg atoms implies no decrease in Mg concentration [26]. Another piece of evidence 

comes from recent results showing higher doping levels achieved when growing a-plane GaN 

instead of c-plane GaN. It is worth mentioning here that both of these results would be consistent 

with such surface-sensitive processes as the requirement of supersaturation observed by Stephan 

Figge et. al in their study of pyramidal defect formation in Mg-doped GaN layers [27]. 

 

2.2. Crystallography of Gallium Nitride 

First of all, GaN is a direct bandgap material (see Fig 2.1), which means that electron-hole pairs 

will combine radiatively, i.e. through photon emission. This is in contrast to indirect bandgap 

materials, in which recombination tends to be non-radiative.  

Another positive aspect of GaN is that it can be alloyed with related compounds aluminum 

nitride and/or indium nitride to form ternary compounds AlGaN and InGaN, or the quaternary 

compound AlInGaN. Starting with the binary GaN (E
g 
= 3.4 eV), one can theoretically alloy InN 
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(or AlN) into GaN, and decrease (or increase) the bandgap in a controlled fashion. As shown in 

Figure 1.3, The GaN material system can thus be used to cover a very broad range of bandgap 

values (0.7~6.1 eV), and thus a wide span of emission wavelengths (200~1378 nm) that covers 

nearly of the visible spectrum. Use of the quaternary material, AlInGaN, has the added advantage 

of giving one the ability to independently control both bandgap and lattice parameter. 

 

 

 

                    Fig.2.1 E-k diagram of gallium nitride  

 

There are two allotropes of gallium nitride: cubic and hexagonal. The vast majority of research 

in the GaN field focuses on the stable hexagonal form, including the work presented herein. 

However, there has been a significant amount of attention paid to the metastable cubic phase. The 

atoms in cubic GaN (c-GaN) are arranged into a zinc blende (also known as sphalerite) structure. 

This arrangement is achieved by the juxtaposition of two FCC unit cells (one with Ga atoms and 

one with N atoms), with a displacement ¼ length along the cubic diagonal, as shown in Fig. 2.2.  
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Fig.2.2 The unit cell of Zinc blende ( a = 4.52 @300K ) 

                                    

 

   

Fig.2.3 Band structure of zinc blende(cubic) GaN.  

 

The lattice parameter of this allotrope gallium nitride is 4.52 Å; its bandgap is 3.28 eV [28]. As 

is the case with hexagonal gallium nitride (h-GaN), c-GaN is normally grown using MOCVD 

[29,30] or molecular beam epitaxy (MBE) [31,32]. There are several intriguing aspects of cubic 

GaN that make it a potentially useful material. First of all, due to its inversion symmetry, there is no 
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spontaneous polarization present in the material [33]. The higher symmetry of the cubic crystal, as 

compared to its hexagonal counterpart, should also lead to lower phonon scattering and thus higher 

mobilities [29, 34]. Additionally, it is believed that cubic GaN may be more amenable to p-type 

doping [35]. Synthesis of ternary alloys does not appear to be prohibitively problematic, as 

successful growth of cubic AlGaN [36] and InGaN [37] has been reported. However, there are also 

many difficulties inherent in the growth of c-GaN. 

As mentioned earlier, there is a large lattice mismatch between c-GaN and GaAs which makes 

epitaxy challenging. Also, due to the metastability of c-GaN, it is very difficult to grow material that 

is purely cubic; appreciable amounts of the stable hexagonal subdomains tend to form during 

growth [34, 38, 39].  

The hexagonal form of GaN is by far the more commonly studied allotrope. Its atoms assume 

the wurtzite structure (space group P6
3
mc) [40], which is shown in Fig.2.4. All samples in this 

study were grown under conditions conducive to wurtzite GaN, thus the remainder of the 

dissertation will focus exclusively on this crystal structure. Fig.2.3 shows Brillouin zone of the face 

centered cubic lattice, the Bravais lattice of the diamond and zincblende structures. And Wurtzite 

(Brillouin zone of the hexagonal lattice) Band structure (see Fig.2.5) which have important minima 

of the conduction band and maxima of the valence band. Its valence band has 3 splitted bands. This 

splitting results from spin-orbit interaction and from crystal symmetry.  
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Fig.2.4 The unit cell of wurtzite ( a = 3.19 Å, c= 5.18 Å  @ 300K) 

                          Qien, et al. (1996) 

 

 

 

Fig.2.5 Band structure of zinc wurtzite GaN  

 

The band discontinuities (see Fig.2.6) of nitride semiconductors in valence and conduction 

bands are the key parameters governing the behavior of heterojunctions; these junctions are 

essential for the device properties of optoelectronic devices. The large lattice mismatch between the 

nitride semiconductors (AlN, GaN, InN) complicates determination of these offsets, which are 
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strongly affected by strain [41]. 

The nitride semiconductors crystallize in the wurtzite structure but the zinc-blende structure is 

only slightly higher in energy (see Fig.2.7). These two structures differ from each other in the 

stacking sequence along the [0001] (or [111]) direction. Stacking faults can form relatively easily 

[42]; 

 

 

Fig.2.6 Band offsets at nitride semiconductors        

 

 

Fig.2.7 Zinc-blende/wurtzite band offsets 
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2.3. Chatacteristics of Gallium Nitride 

GaN crystallizes both in the hexagonal wurtzite and zincblende forms [43-46]. However, 

wurtzite polytype appears to be more common than the zincblende polytype. This semiconductor 

has been most extensively studied [47-50] among all the few Ⅲ-Ⅴ nitrides. Similar to AlN, 

chemical stability at elevated temperatures combined with its wide bandgap has made GaN an 

attractive material for device operation in high temperatures and caustic environments. While the 

thermal stability of GaN allows high temperature processing steps to be performed, the chemical 

stability of GaN requires that dry etching methods be used for processing. Many different growth 

techniques have been employed to obtain high-quality single-crystal GaN films. As a result, it can 

now be grown with background concentrations as low as mid-E16. In. order to produce GaN, large 

kinetic barriers of crystal formation have been overcome by employing high temperatures, activated 

nitrogen species and/or high nitrogen pressures. 

For example, for MOCVD growth of GaN, typical pressures are of the order of 0.1~1.0 

atmosphere, and typical temperatures are of the order of 600~700 °C in reactive ion beam assisted 

vacuum deposition. In order to minimize ionimpact damage and decomposition during MBE growth, 

a source (such as Kauffman ion source) which can produce a high flux of activated species with a 

small but well-defined kinetic energy has been adopted [51-53]. Several groups have reported p-

type GaN using electron cyclotron resonance (ECR) and radio frequency (RF) plasma activated 

nitrogen, and light emitting diodes with p-n junctions have been fabricated. The growths of 

zincblende GaN using several substrates have also been reported [47-50]. All these zincblende 

polytypes grown so far have high densities of planar defects, mostly {1 1 1} microtwins and 

stacking faults, resulting from large lattice mismatches. Structural, electrical, and optical properties 

of GaN have been critically reviewed in previous articles. Thus only a brief outline of these 

properties is presented in the following. 
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2.3.1. Doping of Gallium Nitride 

Nitride semiconductors are easy to dope n-type; in fact they often exhibit unintentional n-type 

conductivity. Nitrogen vacancies were long thought to be the source of this unintented doping; I 

know that nitrogen vacancies are unlikely to form in n-type nitrides. Unintentional impurities, such 

as oxygen or silicon, are a more consistent explanation for the observed n-type conductivity. 

Oxygen exhibits a very interesting behavior in nitrides. In GaN, it behaves as a shallow 

acceptor, but when the band gap is increased (either under hydrostatic pressure, or by alloying with 

AlN), the oxygen undergoes a transition to a deep center (a so-called DX center). In this new 

configuration, which is illustrated at right, oxygen actually behaves as a deep acceptor, i.e., it 

becomes a compensating center. Note that the oxygen atom (the red ball) moves away from its 

normal, substitutional site by almost 1 angstrom. (see Fig.2.8) 

 

 

                    Fig.2.8 Moving away of oxygen atom 

Oxygen becomes a deep level in AlGaN when the Al concentration exceeds about 30 %. Our 

calculations have shown that silicon does not undergo the DX transition. Silicon should therefore 

act as a shallow donor in AlGaN up to very high Al concentrations. Note, however, that oxygen 
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tends to be unintentionally incorporated in compound semiconductors with high Al content; and 

any oxygen that is present in AlGaN with more than 30 % Al will act as a compensating center [54-

56]. Magnesium is the most common p-type dopant. I have found that the limits in the hole 

concentration are mainly due to Mg solubility, not to incorporation of Mg on other sites [57,58]. 

 

A. n-Type Doping 

In order to utilize the n-GaN for device fabrication, the unintentional doping, attributed by some 

to background nitrogen vacancies must be minimized. The level of such unintentional doping in 

some cases is as high as E20 cm-3. Following the reduction in background doping, intentionally 

doped n-GaN was realized, among others, by Nakamura et al. who used Si and Ge as n dopant 

atoms for the GaN growth by MOVPE [59]. The electron concentrations of GaN doped with Si were 

in the range of E17~2E19 cm-3. On the other hand, the electron concentrations of GaN doped with 

Ge were in the range of 7El6~2E19 cm-3. Goldenberg observed that n-type GaN conductivities can 

be increased significantly if NH3 flow is increased during the growth [60]. This might have been 

due to hydrogen passivation of acceptors in the material during the growth. In this paper, I tried to 

introduce Te as n dopant of GaN and In(Al)GaN growth by MS-HVPE. It was the first trial to make 

white LED ever not reported till now either. 

 

B. p-Type Doping  

As many device applications of GaN depend on the formation of p-n junctions, concerted 

efforts were made to dope GaN p-type. Various types of acceptor atoms including Mg and C were 

tried for this doping. However, these efforts led only to compensate high resistivity material until 

Akasaki et al. demonstrated that compensated Mg-doped GaN could be converted into conductive 

p-type material by low energy electron beam irradiation (LEEBI) [61,62]. Due to large binding 
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energy of Mg (150~200 meV), until recently, acceptor activation ratios of only 10-2~10-3 was 

achieved in Mg doped p-GaN. Thus very large Mg incorporation was necessary in order to obtain 

high p-doping levels. These results were later improved upon by Nakamura et al. who achieved p-

GaN with hole concentration as high as 3E18 cm-3 and resistivity 0.2 Ω-cm [63-65]. Subsequently it 

was discovered that thermal annealing at 700 ℃ under an N2 ambient can serve the same purpose 

as LEEBI process. However, as the GaN reverts to insulating and compensated material when 

annealed under NH3, the process appeared to be reversible. The main compensating agent 

responsible for the reversibility was thought to be hydrogen. So, when growth techniques were 

modified to minimize the effect of hydrogen, such as MBE with ECR, p-type conductivity in as-

grown wurtzite GaN was readily achieved [66]. 

 

2.3.2. Optical Properties of Gallium Nitride 

As reported earlier, GaN is a direct wide bandgap semiconductor crystallizing usually in the 

wurtzite structure. The value of the energy bandgap Eg and its gradient with respect to the 

temperature, dEg/dT are determined from measurements of absorption edge position and its 

temperature evolution. Optical absorption studies indicate that, for GaN with negligible contribution 

due to free electrons, the temperature dependence of Eg is linear with a temperature coefficient of -

4.5E-4 eV /K at 300 K [67]. Based on photoluminescence excitation measurements the temperature 

dependence of the energy bandgap may empirically be modeled as [68] 

 

             αg T2  
Eg  =  E00 -           eV  …………………………….. (1)  
             T + Tg  

Ground State Energy @ 2K 
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When E00 = 3.503 eV, Tg = -996 K, and αg =5.08E-4 according to Monemar [54], (1) is valid 

for T < 295°K. Recent experimental data by Tiesseyre et al. suggest that when Tg = 745 K for the 

bulk crystals, and Tg = 772 K for layers, (1) becomes valid for T as high as 600 K [69]. 

Measurements in high quality samples in laboratory indicate that E00 = 3.489 eV, αg = 7.32E-4, and 

Tg = 700 K, respectively [70]. To obtain the bandgap accurately, however, one must add the exciton 

binding energy to E00 figure that brings its bandgap value to 3.509 eV in films grown in laboratory.  

 

 

Fig.2.9 (a) GaN, Wurtzite. Band gap energy versus temperature.  

GaN samples were grown on different substrates using different techniques. Experimental 

data are taken from four different works…. Bougrov et al. (2001)

 

(b) GaN, Zinc Blende(cubic). The Band gap energy versus temperature. 

GaN films were grown on Si (100) substrates. The dependences were extracted from 

pseudodielectric-function spectrum using two different theoretical models...Petalas et al. (1995)

 

Owing to intense activity in light emitters and detectors, there has been also an activity into the 

transition energies of optical processes in GaN and AlGaN. The available data up to a few years ago 
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were recently reviewed by Akasaki and Amano [71]. Pioneering work in this area was performed by 

Pankove et al. who reported on the low temperature (1.6 K) photoluminescence spectrum of 

wurtzite GaN [72]. Strong near gap emission was observed at 3.477 eV and a weaker peak was 

noted at 3.37 eV, which split into a -10 meV spaced doublet when the temperature was increased to 

35 K. Again, recent investigations in collaboration with D. C. Reynolds of Wright Laboratory and 

Profs. Jiang and Lin at Kansas State University, identified all three excitonic transitions, A, B, and 

C associated with the three closely spaced valence bands [73]. (In wurtzitic structures, such as that 

for GaN, the valence band is degenerate with light and heavy hole bands closely spaced and the spin 

orbit splitting is very small which allow observation of excitonic transitions associated with all three 

bands in high quality samples.) In addition, neutral donor bound excitons I2, was also identified.  

In brief, the 2 K energies of I2 (donor bound exciton), A, B, C related excitonic transitions are 

3.477, 3.4831, 3.4896, and 3.525 eV, respectively (see Table 2.1).  

                         Table.2.1 GaN Pamameters 
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A number of studies of optical properties have been performed on the zincblende GaN grown 

on MgO, Si, GaAs, and 3C-SiC, respectively. Employing these measurements at 300 K Lei et al. 

determined the refractive index below the absorption edge to be n = 2.5 [74]. The low temperature 

CL spectrum of GaN obtained by Strite et al. tentatively identified the free electron to acceptor and 

D-A transitions, and a phonon mode at 403 cm-l [75]. 

A temperature coefficient of -3.5E-4 eV/K was measured for the free electron to acceptor peak 

in the linear region above 180 K. Notably, the phonon mode at 740 cm-l obtained from Raman 

spectroscopy measurement on zincblende GaN by Humphreys et al. E621 and by Pankove [76] is 

about twice that value obtained by Strite et al. [75]. 

 

 

2.3.3. Polarity in Gallium Nitride 

Another way in which the highly directional bonds in nitrides manifest themselves is through 

the presence of polarity in the as-grown films. Epitaxial growth of wurtzite GaN almost always 

results in films growth with the [0001] or [000-1] direction perpendicular to the substrate. Since this 

is the polar axis of the material, the resultant films will exhibit strong polarity. 

It is important to be able to distinguish between the two different polarities (Ga-face and N-

face) possible in gallium nitride. In the interest of clarity, I will adhere to the polarity designations 

set forth in the “standard framework” suggested by Hellman [77]. These designations will be 

explained henceforth.  

Fig.2.10 shows both polar orientations of GaN. In Fig.2.10(a), the gallium atoms (depicted as 

white spheres) are shown to have a single bond pointing upwards away from the substrate. This is 

indicative of growth in the [0001] direction, which is defined as Ga-face. On the other hand, the 

configuration in Fig.2.10(b) shows the nitrogen atoms (blue spheres) with a single bond pointing 
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away from substrate. This is an example of growth the [000-1] direction, which is defined as N-face.  

 

Fig.2.10 the wurtzite-GaN crystal structure showing inequivalent faces 

 

It is important to bear in mind that polarity is a bulk property, not a surface property. For that 

reason, the often-used terms “Ga-terminated” and “N-terminated” can be misleading. For example, 

the structure shown in Fig.2.10 can conceptually be capped with a layer of N, P atoms (ie, be N, P-

terminated). However, the proper polarity designation of the structure remains Ga-face. The terms 

“Ga-terminated” and “N-terminated”, when used correctly, refer to a surface property only.  

There are several ways to measure the polarity of as-grown GaN films, including convergent 
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beam electron diffraction [78], Rutheford backscattering ion channeling [79], and chemical etching 

in KOH [80]. Characterization results have consistently shown that high quality MOCVD-grown 

films grown with a low temperature buffer layer and having a smooth surface morphology is almost 

exclusively Ga-face [77]. The GaN samples grown in this study have shown no reason why they 

should be anomalous, and therefore will be assumed to be Ga-face as well.  

One of the consequences of the polarity in GaN is the presence of a spontaneous polarization 

field, P
sp

, within the material. The value of this field has been found to be  -0.029 C/m
2 
[81]. The 

negative sign indicates that the field is pointed towards the substrate (Ga-polar material is assumed).  

 

2.4. Substrates for GaN Epitxial Growth 

2.4.1 Substrate Issues  

One of the early problems with the growth of gallium nitride was lack of suitable substrates for 

homoepitaxy. Due to its high melting temperature and high pressure, GaN crystals cannot be made 

by typical techniques like Czochralski or Bridgeman. Instead, GaN was grown heteroepitaxially, 

most commonly on c-plane (0001) sapphire. However, due to the large lattice parameter and 

thermal conductivity mismatch (Δa0 = 16.1 %, ΔαT
 
= 25.5 %) [82], the resultant films were of poor 

crystal quality.  

A major breakthrough occurred in 1986 when Akasaki and Amano reported that a low-

temperature “buffer layer” of AlN, when grown under the right set of conditions, drastically 

improved the quality of GaN-on-sapphire [83]. A low-temperature buffer layer of GaN was found 

by Nakamura to have similar beneficial effects [84].  

C-plane sapphire is by no means the only substrate upon which high-quality GaN can be grown. 

Silicon carbide is a very common (albeit costly) alternative [85-86]; and reports of GaN grown 

successfully on (111) silicon [87], zinc oxide [88], and spinel (MgAl2O4) [89] have been published. 
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The use of alternate crystallographic orientations of sapphire, such as a-plane, r-plane, and m-plane 

[90-92], has been studied as well. In all cases, some form of buffer layer was required to 

compensate for the lattice parameter and thermal conductivity mismatches between film and 

substrate.  

 

2.4.2. Sapphire 

Sapphire semiconductor substrates are manufactured from high quality optical grade 

Czochralski sapphire. As shown in Fig.2.11, Sapphire semiconductor substrates are available in all 

orientations including r-axis (10-12), c-axis (0001), a-axis (11-20), and m-axis (11-10). Fig.2.11 

also shows orientations of sapphire semiconductor substrates.  

 

Fig.2.11 Orientations of sapphire semiconductor substrates 

 

Spphire is also an anisotropic crystal these are average values. Sapphire (single crystal of 

Al2O3) is being used extensively as a substrate for III-V nitrides and for many other epitaxial films. 

Synthetic single-crystal sapphire is a single crystal form of corundum, Al2O3, also known as alpha-

alumina, alumina, and single crystal Al2O3. Sapphire is aluminium oxide in purest form with no 

 41



 
 

porosity or grain boundaries, making it theoretically dense. The combination of favourable 

chemical, electrical, mechanical, optical, surface, thermal, and durability properties make sapphire 

preferred material for high performance system and component designs. For various semiconductor 

applications sapphire is the best choice in the comparison with other synthetic single-crystals. 

Sapphire is highly inert and resistant to attack in most process environments including 

hydrofluoric acid and the fluorine plasma applications commonly found in semiconductor wafer 

processing. Sapphire also provides a high, stable dielectric constant with the electrical insulation 

required for electronic substrates, RF and microwave transmitting windows and tubes. A selection 

of crystallographic orientation ensures consistent electrical properties. Sapphire is characterized by 

high toughness and solidity, and demonstrates excellent resistance in different environments 

ranging from cryogenic to over 1500 ℃. Due to the transmission range from below 0.2 ㎛, to over 

4 ㎛, combined with the favourable chemical durability, wear resistance, toughness, and the ability 

to withstand high temperatures sapphire may be used in windows and sensor optics in high 

performance vacuum systems, furnaces, and for other optical applications. 

Thermal properties with a melting point over 2000 ℃, and high thermal conductivity are often 

used in many harsh process environments for a combination of its thermal, chemical, mechanical, 

and optical properties. Thanks to it's unique properties sapphire is the preferred material for a 

number of substrate applications that require dielectric isolation, uniform dielectric constant, and a 

favourable lattice match.  
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Table.2.2 Physical property of sapphire  

Parameter Physical property
Crystal structure Hexagonal a=4.758Å c=12.992Å

(11-20) - a plane ; 4.758Å    (1102) - r plane ; 1.740Å

(1010) - m plane ; 1.375Å    (1123) - n plane ; 1.147Å

(0001) - c plane ; 2.165Å    (1011) - s plane ; 1.961Å

Melt point 2040℃

Density 3.98 g/cm3
Hardness 9 (mohs)

Thermal expansion 7.5  (E-6/℃)
Specific heat 0.10 (cal/℃)

Thermal conductivity 46.06@0℃    25.12@100℃    12.56@400℃      (W/m.K)
Dielectric constant ~9.4@300K, A axis         ~11.58@300K, C axis        

Loss tangent at 10GHz <2E-5 @A axis,          <2E-5 @C axis

Crystallographic spacing

 

Sapphire has high intrinsic crystalline quality and can be processed to achieve very smooth 

surface finishes without residual stress or work damage. Sapphire is the substrate for the growth of 

III-V and II-VI compounds such as GaN for LED's. It also provides the substrate for the growth of 

mercury cadmium tellurium (HgCdTe).  
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     Fig.2.12 Schematic illustration of GaN growth on sapphire (0001) surface 

                   

Sapphire is used for its durability and erosion/corrosion resistance, often in combination with 

the ability to withstand high heat while having a very broad transmission range. Sapphire is used 

for short and long wavelength applications UV and IR) beyond the range where conventional optics 

performs adequately. High temperatures and hostile environments also necessitate the use of 

sapphire optics. Sapphire lightguides are used in high temperature thermometry beyond the range 

of quartz optics. Optical components such as lenses, prisms and other laser and infrared optics are 

fabricated from high optical quality sapphire. 
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2.4.3. SiC 

Silicon carbide exists in at least 70 crystalline forms. Alpha silicon carbide (α-SiC) is the most 

commonly encountered polymorph; it is formed at temperatures greater than 2000 °C and has a 

hexagonal crystal structure (similar to Wurtzite). The beta modification (β-SiC), with a face-

centered cubic crystal structure (similar to diamond and zincblende or sphalerite), is formed at 

temperatures below 2000 °C. Until recently, the beta form has had relatively few commercial uses, 

although there is now increasing interest in its use as a support for heterogeneous catalysts, owing 

to its higher surface area compared to the alpha form. 

Silicon carbide has a specific gravity of 3.2, and its high sublimation temperature 

(approximately 2700 °C) makes it useful for bearings and furnace parts. Silicon carbide does not 

melt at any known pressure. It is also highly inert chemically. There is currently much interest in its 

use as a semiconductor material in electronics, where its high thermal conductivity, high electric 

field breakdown strength and high maximum current density make it more promising than silicon 

for high-powered devices. In addition, it has strong coupling to microwave radiation, which 

together with its high melting point, permits practical use in heating and casting metals. SiC also 

has a very low coefficient of thermal expansion and experiences no phase transitions that would 

cause discontinuities in thermal expansion. Table 2.3 shows several pysical properties of SiC 

comparing GaAs and Si.  

Pure SiC is clear. The brown to black color of industrial product results from iron impurities. 

The rainbow-like luster the crystals are caused by a passivation layer of silicon dioxide that forms 

on the surface. Pure α-SiC is an intrinsic semiconductor with band gaps of 3.26 eV (4H) and 3.03 

eV (6H) respectively. 
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 Table.2.3 Physical property of SiC 

Parameter Physical property
4H-SiC ~ 3.26 (eV)  
6H-SiC ~ 3.03 (eV)
4H-SiC ~ 2.2E6 (V/cm)  
6H-SiC ~ 2.4E6 (V/cm)
4H-SiC ; 3.0~3.8 (W/cm.K)  
6H-SiC ; 3.0~3.8 (W/cm.K)  
4H-SiC ~2E7 (V/cm)  
6H-SiC ~2E7 (V/cm)   

Energy Bandgap

Breakdown Electric Field

Thermal conductivity (@RT)

Electron drift velocity (@E≥2E5)

GaAs~1.43eV, Si~1.12eV

GaAs~3E5 (V/cm)  , Si~2.5E5 (V/cm)

GaAs~0.5(W/cm.K), Si~1.5(W/cm.K)  

GaAs, Si~1.0(V/cm)  

 

Silicon carbide is used for blue LEDs, ultrafast, high-voltage Schottky diodes, MESFETs and 

high temperature thyristors for high power switching. A famous paper by Jayan Baliga shows 

enormous potential of SiC as a power device material [93]. However, some problems with the 

interface of SiC with silicon dioxide have hampered the development of SiC based power 

MOSFET and IGBTs. Extensive research is going on to solve the problem. Due to its high thermal 

conductivity, SiC is also used as substrate for other semiconductor materials such as gallium nitride 

[94]. Due to its wide band gap, SiC-based parts are capable of operating at high temperature (over 

350 °C), which together with good thermal conductivity of SiC reduces problems with cooling of 

power parts. They also possess increased tolerance to radiation damage, making it a material 

desired for defense and aerospace applications. Its main competitor is gallium nitride. Although 

diamond has an even higher band gap, SiC-based devices are easier to manufacture due to the fact 

that it is more convenient to grow an insulating layer of silicon dioxide on the surface of a silicon 

carbide wafer than it is with diamond. 

Pure SiC is a poor electrical conductor. Addition of suitable dopants significantly enhances its 

conductivity. Typically, such material has a negative temperature coefficient between room 

temperature and about 900 °C, and positive temperature coefficient at higher temperatures, making 
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it suitable material for high temperature heating elements. 

Silicon carbide is also used as an ultraviolet detector. Nikola Tesla, around the turn of the 20th 

century, performed a variety of experiments with carborundum. Electroluminescence of silicon 

carbide was observed by Captain Henry Joseph Round in 1907 and by O. V. Losev in the Soviet 

Union in 1923 [95]. 
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Chapter 3.  

Overview of Epitaxial Growth Experimental 

 

3.1. Hydride Vapor Phase Epitaxy 

3.1.1. Introduction to HVPE 

Although we have seen a tremendous development of short wavelength optoelectronic and 

electronic devices based on GaN and related materials for the recent years, the further improvement 

of such devices is still limited by the fact that epitaxial structures have to be grown on foreign 

substrates like sapphire, SiC, or Si, because high quality bulk GaN wafers are not yet really 

available. Therefore, the heteroepitaxial growth of thick GaN layers by hydride vapor phase epitaxy 

(HVPE) has been developed in many R&D groups that can be used as substrates for subsequent 

device epitaxy. As we have observed on thin GaN layers grown by MOVPE (metalorganic vapor 

phase epitaxy), the residual strain depends strongly on the nucleation method. When an AlN 

nucleation layer is used, the GaN layer exhibits large compressive strain whereas samples with a 

low temperature GaN nucleation layer show much lower strain at room temperature. GaN layers of 

these types are often used as templates for the deposition of thicker GaN layers by HVPE. Thus, it 

is interesting to evaluate whether the strain state of these templates may influence the final strain or 

other properties of the HVPE layers. 

Therefore, we have investigated the HVPE growth of thick GaN layers on different GaN 

templates. Besides the cracking behavior, our studies focus also on the surface morphology 

problem and its relation to the template properties. Such studies require an optimization of all 

growth parameters to achieve an excellent surface morphology. 

The hydride vapor phase epitaxy (HVPE) process is straightforward chemistry. When 

producing gallium nitride (GaN), hydrochloric acid gas is passed over a bowl of molten gallium, 
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which reacts with the gas to form gallium chloride gas. The gallium chloride flows into a chamber 

where it meets the sapphire substrates and ammonia gas. The ammonia reacts with the gallium 

chloride forming the GaN, which condenses on the substrate. 

HVPE is cheaper, faster, and simpler than metal organic chemical-vapor deposition (MOCVD) 

because the HVPE reactor does not require a vacuum. HVPE uses less expensive and dangerous 

chemical precursors, and it deposits material faster than MOCVD. MOCVD deposits between 1 

and 2 microns of wide-bandgap semiconductor material per hour and HVPE deposits the material 

up to 100 times faster. HVPE is capable of producing much thicker layers with lower defects. 

The HVPE method is the most popular technique for the development of bulk GaN substrates. 

This process is still in a rather early stage, but the produced material is of interest for studies of the 

HVPE process as well as the physical properties of bulk GaN. The HVPE growth of GaN in 

different laboratories is so far essentially done on homemade growth equipment, meaning that 

growth conditions in different laboratories cannot be directly compared. We shall give some 

materials characteristics related to the growth conditions in our growth systems, related to structural 

defects but mainly optical properties. The residual impurities and their corresponding optical 

signatures will be also discussed. 

For HVPE, gallium metal is used as group III precursor. At a temperature between 800 °C and 

900 °C the liquid gallium reacts with hydrogen chloride (HCl) and forms gallium chloride (1). On 

the wafer gallium chloride and the group V precursor ammonia (NH3) react to gallium nitride (2). 

 

Ga(l) + HCl(g)  ⇔  GaCl +½H2……………………..(1) 

NH3 + GaCl  ⇔  GaN + HCl + H2………….……..….(2) 

 

GaN has been grown on several substrates, the most popular and widely used being Sapphire 
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and SiC.  Both of these substrates have relatively large lattice mismatches with GaN and require 

the use of a Nucleation layer (or Buffer layer) made up of AlN or GaN.  This Nucleation layer is 

usually grown at low temperature, while this layer is necessary for the growth of GaN, it is also one 

of the most likely sources of Threading Dislocations in the material [1]. 

For the production of GaN substrates the Hydride Vapor Phase Epitaxy (HVPE) is the most 

promising technique due to it’s capability to grow high-quality GaN layers with a growth rate of up 

to 100 μm/h. 

 

3.1.2. Mixed-source HVPE Sysyem 

To study the growth of GaN by HVPE [2-4], a horizontal hot-wall reactor was made with quartz 

tubes and the substrate was mounted horizontally with respect to the oncoming gas streams. The 

mixed-source hydride vapor phase epitaxy (HVPE) system was designed to be able to grow InN, 

AlN, GaN and their ternary/Quaternary compounds by using metallic materials and ammonia as 

preliminary sources. It is alternative growth method against conventional HVPE growth. 

The metallic In (Ga) mixed with Ga (In) and Al is loaded in the HVPE chamber as a source 

material. In order to obtain the In(Al)GaN layer by mixed-source HVPE, the source zone 

temperatures of the metallic In mixed with Ga are varied from around 750 °C to 1000 °C. The 

InGaN layers are grown from chemical reaction between a NH3 and an In-Ga chloride formed by 

HCl flown over metallic In mixed with Ga at 990 °C. The growth of InGaN layer is generally 

performed on a sapphire (0001) substrate with templated GaN. The system is homemade growth 

equipment in laboratory to perform experiment of GaN related materials. It is exclusive fusion 

system of liquid phase epitaxy (LPE) and vapor phase epitaxy (VPE). 
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Fig.3.1(a) Mixed Source HVPE system. 

 

 

 

Fig.3.1 (b) Schematic diagram of the MS-HVPE reactor. 

 

Normally, the experiments were carried out in a atmospheric horizontal HVPE system (see 

Fig.3.1) by using N2 as the carrier gas. The GaN layers were grown on GaN buffer/Al2O3 substrates. 

The reactor is divided into six separate temperature zones to create the definite temperature profile. 

The NH3 flow rates and HCl flow rates were kept by mass flow controller (MFC) respectively. 
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Either a mixture including nitrogen or only nitrogen was used as the carrier gas. The growth 

temperature and the Ga source temperature were maintained at the difference of 200 ℃ (see 

Fig.3.2). The GaN layers were grown by the use of metallic Ga and ammonia (NH3). High purity 

NH3 gas and Ga ingot were employed as nitrogen and gallium sources, respectively. The mixed-

source HVPE method is simple and economic for III-V semiconductors (see Fig.3.3). 

 

Source Zone
(700~900℃)

Growth Zone
(900~1100℃)

Ga Substrate

N2 N2

NH

HCl GaCl, H HCl, H

GaN

Source Zone
(700~900℃)

Growth Zone
(900~1100℃)

Ga Substrate

N2 N2

NH

HCl GaCl, H HCl, H

GaN

Ga + HCl → GaCl + (1/2)H2     GaCl + NH3 → GaN + HCl + H2

                            GaN ↔ Ga + (1/2)N2

Ga + NH3 ↔ GaN + (2/3)H2 

 

Fig.3.2 GaN growth by HVPE 

 

Top plate

ReactorHCl inlet quartz tube

Ga+In Ga+Al+Mg Ga+Al+Si Ga+Mg

Fig.3.3 Multi-sliding boat system of the mixed-source HVPE  
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3.1.3. Some parameters for optimized GaN Growth 

The development of substrates for GaN based devices is a topic of increasing importance as the 

lifetime and performance of recent devices like laser diodes, UV emitting LEDs or FETs require 

high-quality substrates. Usual GaN layers grown on foreign substrates have a high dislocation 

density in the order of 108~1010 cm-2 thus reducing the carrier mobility, the efficiency in 

optoelectronic devices and the homogeneity of the grown structures. 

A big improvement can be achieved by applying methods to reduce the dislocation density like 

the epitaxial growth on structured substrates. However, the perfect solution is the homoepitaxial 

growth on GaN substrates. For MOVPE nitrogen and hydrogen are used as carrier gas and it is a 

well-known fact that the choice of the carrier gas affects the properties of the grown layer. For 

HVPE hydrogen must not be regarded, as an inert carrier gas because hydrogen is directly involved 

in the growth reactions as Chlorine is removed from the crystal surface by a reaction to HCl. 

Therefore a strong impact of the carrier gas composition must be expected. 

With pure nitrogen a severe cracking of the GaN layer occurs. Cracking can be reduced by 

adding hydrogen. Another effect on the sample morphology is that the number and size of 

hexagonal pyramids on the surface is reduced with increasing hydrogen concentration. The growth 

rate on the other hand was reduced. After the optimization of the carrier gas composition, the V-III 

ratio was re-adjusted. A sample series with V-III ratios by varying the ammonia flow. This 

parameter has a significant impact on the growth rate. For the higher V-III values the surface 

morphology remained almost constant, whereas for the lowest value an upcoming coarse pattern 

replaced the typical fine structure. The effect of the reactor pressure was also important. Again a 

decrease in the growth rate was found. A roughening of the surface was found for decreasing reactor 

pressure. Based on the described experiment, Because of the mismatch in the thermal expansion 

coefficients a bowing of the structure was also found.  
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3.2. Wafer fabrication process 

3.2.1. Selective area growth 

In this paper, I report the selective area growth (SAG) of GaN directly on patterned (0001) 

sapphire and Si substrates by the MS-HVPE technique, thus eliminating an entire GaN growth 

sequence. The selective area growth leads to epitaxial lateral overgrowth (ELO) of the GaN on the 

patterned substrate. Bare sapphire substrates were coated with a silicon dioxide layer. The SiO2 was 

photolithographically patterned and etched to make selective area patterns on the sapphire substrate. 

These substrates were used for the ELO-GaN growth. The pattern was chosen in such a manner that 

coalescence between the individual GaN islands nucleated in the openings was not possible in the 

growth times employed for these samples. This allowed for the growth of segregated GaN structures, 

in the form of hexagonal pyramids, on these patterned substrates. These structures were studied by 

optical and scanning electron microscopy. Photoluminescence and optical pumping studies were 

also performed to characterize the ELO-GaN layers. In this paper, most of device had processed as 

selective area growth (SAG) method.  

 

            

 Fig.3.4 (a) SAG Growth process on Si substrate  
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Fig.3.4 (b) SEM of SAG on Si substrate  

 

 

 

Fig 3.4 (c) GaN SAG types by HVPE 

 

3.2.2. Metallization of GaN 

Ohmic contacts to GaN related materials are an essential part of the production of all optical 

and electronic devices from the GaN system, but the requirements are particularly stringent for high 

power microwave devices, and the contacts are still not well understood or optimized. To 
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understand such contacts, and hence establish the major factors influencing electrical behaviour, 

studies of the microstructure of various contacts are required. Nitrides are wide band gap 

semiconductors that are supposed to exhibit reduced interface Fermi level pinning with respect to 

lower gap III –V’s and large dependence of Schottky barrier heights on the metal work function. 

Yet, these issues are still largely undecided. This rather surprising situation, given the technological 

importance of the materials, is due in most part to the lack of a ‘‘standard’’ starting nitride surface, 

which in turn results from the difficulties of preparing clean, stoichiometric, and ordered surfaces 

by conventional techniques. It is well known that parasitic resistances, in the form of contact 

resistance, substantially reduce the overall performance of these electronic and optical devices [5]. 

Often the major loss of performance is due to high resistance metal-semiconductor “ohmic” 

contacts. Therefore, in order to attain optimum device performance, minimization of the contact 

resistance is absolutely necessary. Low resistance ohmic contacts for GaN are particularly 

challenging, as compared to the other well studied III-V compounds (GaAs and InP), because of its 

large band gap (3.4 eV). Although the nitrides, GaN, AlN, and InN, show great potential for use as 

ultraviolet and blue optical devices as well as high temperature/high power electrical devices, there 

still remains much more work to be done in obtaining ohmic contacts with small specific 

resistivities. In an earlier attempt to achieve ohmic contacts on GaN epilayers, Foresi et al used Al 

and Au contacts with 575 °C anneal cycle [6]. However, the specific contact resistivity of these 

contacts was relatively poor (10-3 Ω-cm2). In this dissertation, we report the process of an ohmic 

contact of device metallization schemes is Ti/Al for n-GaN, Ni/Au for p-GaN. We also introduced 

RTA (rapid thermal anealing) process. 
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3.3. Measurements 

3.3.1. Photoluminescence 

Photoluminescence (PL) spectroscopy is a contact-less, nondestructive method to probe the 

structure and composition of materials. PL is a process in which a chemical compound absorbs 

photons thus transitioning to a higher electronic energy state, and then radiates photons back out, 

returning to a lower energy state. The intensity and spectral content of the emitted 

photoluminescence is a direct measurement of various important material properties. The spectral 

distribution of PL from a semiconductor can be analyzed to nondestructively determine the 

electronic band-gap. This provides a means to quantify the elemental composition of compound 

semiconductor. The PL spectrum at low temperatures often reveals spectral peaks associated with 

impurities contained within the host material. The high sensitivity of this technique provides the 

potential to identify extremely low concentrations of intentional and unintentional impurities that 

can strongly affect material quality and device performance. The quantity of PL emitted from a 

material is directly related to the relative amount of radiative and nonradiative recombination rates. 

Nonradiative rates are typically associated with impurities and thus, this technique can qualitatively 

monitor changes in material quality as a function of growth and processing conditions. Ultimately, 

available chemical energy states and allowed transitions between states are determined by the rules 

of quantum mechanics. A basic understanding of the principles involved can be gained by studying 

the electron configurations and molecular orbitals of simple atoms and molecules.  

The PL set up used in this works is shown schematically in fig. Basically, it consists of 

excitation light sources, a spectrometer, a lock-in amplifier and computer system. As excitation 

sources, the 325 nm line of a He-Cd laser was used. Its optical power was around 100 mW. For the 

detector, PM tube was used. For the low-temperature cryostate, Helium compressor was used, 

which is necessary to obtain the fullest spectroscopic information by minimizing thermally 
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activated non-radiative recombination processes and thermal line broadening. PL measurements in 

this work were carried out at 10 K. 

 

(a)                                     (b) 

Fig.3.5. (a) Schematic diagram of the PL measurement (b) Experimental setup of PL system in Lab. 

 

3.3.2. DXRD 

X-ray diffraction techniques are based on the elastic scattering of x-rays from structures that 

have long range order. High-resolution x-ray diffraction is used to characterize thickness, 

crystallographic structure, and strain in thin epitaxial films. It employs parallel-beam optics. X-ray 

pole figure analysis enables one to analyze and determine the distribution of crystalline orientations 

within a crystalline thin-film sample. X-ray rocking curve analysis is used to quantify grain size 

and mosaic spread in crystalline materials. 

X-rays are electromagnetic radiation with typical photon energies in the range of 100 eV - 100 
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keV. For diffraction applications, only short wavelength x-rays in the range of a few angstroms to 

0.1 angstrom (1 keV ~ 120 keV) are used. Because the wavelength of x-rays is comparable to the 

size of atoms, they are ideally suited for probing the structural arrangement of atoms and molecules 

in a wide range of materials. The energetic x-rays can penetrate deep into the materials and provide 

information about the bulk structure. 

X-rays are produced generally by either x-ray tubes or synchrotron radiation. In a x-ray tube, 

which is the primary x-ray source used in laboratory x-ray instruments, x-rays are generated when a 

focused electron beam accelerated across a high voltage field bombards a stationary or rotating 

solid target. As electrons collide with atoms in the target and slow down, a continuous spectrum of 

x-rays are emitted, which are termed Bremsstrahlung radiation. The high-energy electrons also eject 

inner shell electrons in atoms through the ionization process. When a free electron fills the shell, a 

x-ray photon with energy characteristic of the target material is emitted. Common targets used in x-

ray tubes include Cu and Mo, which emit 8 keV and 14 keV x-rays with corresponding 

wavelengths of 1.54 Å and 0.8 Å, respectively. (The energy E of a x-ray photon and it's wavelength 

is related by the equation E = hc/λ, where h is Planck's constant and c the speed of light) 

X-rays primarily interact with electrons in atoms. When x-ray photons collide with electrons, 

some photons from the incident beam will be deflected away from the direction where they original 

travel, much like billiard balls bouncing off one anther. If the wavelength of these scattered x-rays 

did not change (meaning that x-ray photons did not lose any energy), the process is called elastic 

scattering (Thompson Scattering) in that only momentum has been transferred in the scattering 

process. These are the x-rays that we measure in diffraction experiments, as the scattered x-rays 

carry information about the electron distribution in materials. On the other hand, in the inelastic 

scattering process (Compton Scattering), x-rays transfer some of their energy to the electrons and 

the scattered x-rays will have different wavelength than the incident x-rays. Diffracted waves from 
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different atoms can interfere with each other and the resultant intensity distribution is strongly 

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

diffracted waves will consist of sharp interference maxima (peaks) with the same symmetry as in 

the distribution of atoms. 

Measuring the diffraction pattern therefore allows us to deduce the distribution of atoms in a 

material. The peaks in a x-ray diffraction pattern are directly related to the atomic distances. Let us 

consider an incident x-ray beam interacting with the atoms arranged in a periodic manner. For a 

given set of lattice plane with an inter-plane distance of d, the condition for a diffraction (peak) to 

occur can be simply written as 

2dsin  = nλ ………………………　 (3) 

Which is known as the Bragg's law, after W.L. Bragg, who first proposed it. In the equation, is 

the wavelength of the x-ray, the scattering angle, and n an integer representing the order of the 

diffraction peak. The Bragg's Law is one of most important laws used for interpreting x-ray 

diffraction data. 

It is important to point out that although we have used atoms as scattering points in this 

example, Bragg's Law applies to scattering centers consisting of any periodic distribution of 

electron density. In other words, the law holds true if molecules or collections of molecules, such as 

colloids, polymers, proteins and virus particles, replace the atoms. Generally speaking thin film 

diffraction refers not to a specific technique but rather a collection of XRD techniques used to 

characterize thin film samples grown on substrates. These materials have important technological 

applications in microelectronic and optoelectronic devices, where high quality epitaxial films are 

critical for device performance. Thin film diffraction methods are used as important process 

development and control tools, as hard x-rays can penetrate through the epitaxial layers and 

measure the properties of both the film and the substrate. 
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There are several special considerations for using XRD to characterize thin film samples. First, 

reflection geometry is used for these measurements, as the substrates are generally too thick for 

transmission. Second, high angular resolution is required because the peaks from semiconductor 

materials are sharp due to very low defect densities in the material. Consequently, multiple bounce 

crystal monochromators are used to provide a highly collimated x-ray beam for these 

measurements. For example, a 4-crystal monochromator made from Ge is used to produce an 

incident beam with less than 5 arc seconds of angular divergence. Basic XRD measurements made 

on thin film samples include precise lattice constants measurements derived from 2θ scans, which 

provide information about lattice mismatch between the film and the substrate and therefore is 

indicative of strain & stress. Rocking curve measurements made by doing a scan at a fixed 2 angle, 

the width of which is inversely proportionally to the dislocation density in the film and is therefore 

used as a gauge of the quality of the film. Superlattice measurement in multilayered heteroepitaxial 

structures manifests as satellite peaks surrounding the main diffraction peak from the film. Film 

thickness and quality can be deduced from the data. Reflectivity measurements of incidence x-ray 

can determine the thickness, roughness, and density of the film. This technique does not require 

crystalline film and works even with amorphous materials. 

 

3.3.3. SEM/CL 

The scanning electron microscope (SEM) is a type of electron microscope capable of 

producing high-resolution images of a sample surface. Due to the manner in which the image is 

created, SEM images have a characteristic three-dimensional appearance and are useful for judging 

the surface structure of the sample. 

In a typical SEM, electrons are thermionically emitted from a tungsten or lanthanum 

hexaboride (LaB6) cathode and are accelerated towards an anode; alternatively, electrons can be 
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emitted via field emission (FE). Tungsten is used because it has the highest melting point and 

lowest vapour pressure of all metals, thereby allowing it to be heated for electron emission. The 

electron beam, which typically has an energy ranging from a few hundred eV to 100 keV, is 

focused by one or two condenser lenses into a beam with a very fine focal spot sized 1 nm to 5 nm. 

The beam passes through pairs of scanning coils in the objective lens, which deflect the beam 

horizontally and vertically so that it scans the sample surface.  

 

 

Fig.3.6 SEM/CL system 

 

When the primary electron beam interacts with the sample, the electrons lose energy by 

repeated scattering and absorption within a teardrop-shaped volume of the specimen known as the 

interaction volume, which extends from less than 100 nm to around 5 µm into the surface. The size 

of the interaction volume depends on the beam accelerating voltage, the atomic number of the 

specimen and the specimen's density. The energy exchanges between the electron beam and the 

sample results in the emission of electrons and electromagnetic radiation which can be detected to 

produce an image. The most common imaging mode monitors low energy secondary electrons. Due 
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to their low energy, these electrons originate within a few nanometers from the surface. The 

electrons are detected by a scintillator-photomultiplier device and the resulting signal is rendered 

into a two-dimensional intensity distribution that can be viewed and saved as a digital image. This 

process relies on a raster-scanned primary beam. The brightness of the signal depends on the 

number of secondary electrons reaching the detector. If the beam enters the sample perpendicular to 

the surface, then the activated region is uniform about the axis of the beam and a certain number of 

electrons "escape" from within the sample. As the angle of incidence increases, the "escape" 

distance of one side of the beam will decrease, and more secondary electrons will be emitted. Thus 

steep surfaces and edges tend to be brighter than flat surfaces, which results in images with a well-

defined, three-dimensional appearance. Using this technique, resolutions less than 1 nm are 

possible [7].  

The spatial resolution of the SEM depends on the size of the electron spot which in turn 

depends on the magnetic electron-optical system which produces the scanning beam. The resolution 

is also limited by the size of the interaction volume, or the extent to which the material interacts 

with the electron beam. The spot size and the interaction volume are both very large compared to 

the distances between atoms, so the resolution of the SEM is not high enough to image down to the 

atomic scale, as is possible in the transmission electron microscope (TEM). The SEM has 

compensating advantages, though, including the ability to image a comparatively large area of the 

specimen; the ability to image bulk materials; and the variety of analytical modes available for 

measuring the composition and nature of the specimen. Depending on the instrument, the resolution 

can fall somewhere between less than 1 nm and 20 nm. In general, SEM images are much easier to 

interpret than TEM images. 
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Fig.3.7 Schematic diagram of SEM system 

 

Cathodoluminescence, the emission of light when atoms excited by high-energy electrons 

return to their ground state, is analogous to UV-induced fluorescence, and some materials such as 

zinc sulphide and some fluorescent dyes, exhibit both phenomena. Cathodoluminescence is most 

commonly experienced in everyday life as the light emission from the inner surface of the cathode 

ray tube in television sets and computer CRT monitors. In the SEM, CL detectors either collect all 

light emitted by the specimen, or can analyse the wavelengths emitted by the specimen and display 

a spectrum or an image of the cathodoluminescence in real colour. 

Cathodoluminescence is an optical and electrical phenomenon whereby a beam of electrons is 

generated by an electron gun (e.g. cathode ray tube) and then impacts on a luminescent material 

such as a phosphor, causing the material to emit visible light. The most common example is the 
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screen of a television. In geology, mineralogy and materials science a scanning electron microscope 

with specialized optical detectors, or an optical cathodoluminescence microscope, is used to 

examine internal structures of semiconductors, rocks, ceramic, glass etc. in order to get information 

on the composition, growth and quality of the material. 

Cathodoluminescence occurs because the impingement of a high energy electron beam onto a 

semiconductor will result in the promotion of electrons from the valence band into the conduction 

band, leaving behind a hole. When an electron and a hole recombine, it is possible for a photon to 

be emitted. The energy (color) of the photon, and the probability that a photon and not a phonon 

will be emitted, depends on the material, its purity, and its defect state. In this case, the 

"semiconductor" examined can,  

In materials science and semiconductor engineering, cathodoluminescence will mostly be 

performed in either a scanning electron microscope or a scanning transmission electron microscope. 

In these cases, the highly focused beam of electrons impinges on a sample and induces it to emit 

light from a localized area. This light will be collected by an optical system, such as an elliptical 

mirror. From there, a fiber optic will transfer the light out of the microscope where it will be 

separated by a monochromator and then detected with a photomultiplier tube. By scanning the 

microscope's beam in an X-Y pattern and measuring the light emitted with the beam at each point, a 

map of the optical activity of the specimen can be obtained. The primary advantages to the electron 

microscope based technique is the ability to resolve features down to 10-20 nanometers, the ability 

to measure an entire spectrum at each point if the photomultiplier tube is replaced with a CCD 

camera, and the ability to perform nanosecond- to picosecond-level time-resolved measurements if 

the electron beam can be "chopped" into nano- or pico-second pulses. However, as the abilities are 

improved, the cost of the electron-microscope based techniques becomes very high. These 

advanced techniques are useful for examining low-dimensional semiconductor structures, such a 
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quantum wells or quantum dots. 

Although direct bandgap semiconductors such as GaAs or GaN are most easily examined by 

these techniques, indirect semiconductors such as silicon also emit weak levels of light, and can be 

examined as well. In particular, the luminescence of dislocated silicon is different from intrinsic 

silicon, and can be used to map defects in integrated circuits. Cathodoluminescence is a technique 

that can be implemented in an optical or electron microscope with the proper accessories, and 

allows the optical properties of non-metallic materials to be examined. 

 

3.3.4. E-CV 

The study of capacitance associated with the depletion region of a schottky junction diode 

provides extensive information on the characteristics of electrically active centers in the near 

surface region of semiconductors. The contact of two materials with different workfunctions results 

in the diffusion of free carriers at the interface, until equilibrium state is obtained. Then, the 

transition regions at the interface of the two materials that free carrier are diffused out and depleted 

is composed of space charges. Consequently, the transition region is called as the space charge 

region or the depletion region. The absence of free carriers in the space charge region causes it to 

act as an insulator. Therefore, the represents a parallel plate capacitor having a space between two 

conducting materials, which is considered as 

 

C=ε(A/x)…………………..(4) 

Where C is the capacitance due to space charges, ε is permitivity, A is the junction area, and x 

is the width of the space charge region. We note that the capacitance, determined by the width of 

the space charge region, is dependent on applied bias voltage. Capacitive-voltage (C-V) 

measurement relies on the space charge region of the Schottky junction diode. Using the voltage 
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dependence of the space charge region, the information about net doping density can be obtained. 

When reverse bias voltage is applied to Schottky junction diode for the instance of an n-type 

semiconductor, the width of the space charge region is increased. In Schottky junction diode, there 

is no ambiguity of the width of the space charge region. Since it does not almost spread into a metal 

electrode but only spreads into a semiconductor. Moreover, it terminates at the breakdown voltage 

and cannot be extended further. Then, capacitance is determined by superimposing a small 

amplitude ac voltage on a DC voltage, which is defined as 

 

C=dQ/dV……………………...(5) 

Where dQ is the increased charge and dV is the incremental voltage. 

Increasing from zero to small positive voltage adds an equal amount of charge increment to a 

metal electrode and s semiconductor. The charge increment in the semiconductor (dQs) is given by  

 

dQs=qANd(x)dx…………….(6) 

Where Nd(x) is the net-doping density and dx is the increment of space charge region. We note 

that the net-doping density, which is due to shallow levels, is more or less different from the free 

carrier concentration obtained by Hall measurements. In the ideal case without defects and 

dislocations, the two would be the same. 

From (5),(6), we find 

 

C= qANd(x)(dx/dV)……………(7) 

Differentiating with respect to V and substituting dx/dV into (5), the net doping density is 

derived as 
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Nd(x)=2/{qεA2(dC-2/dV)}………..….(8) 

Which can also be written as 

 

C-2=2(Vmeas-Vbi)/ qεA2 Nd(x)……….…..(9) 

In the derivation of the C-V relationship, we used the depletion approximation that completely 

neglects minority carriers and assumes the total depletion of majority carriers in the space charge 

region and perfect charge neutrality beyond the space charge region. This is generally a reasonably 

good approximation when a sample is uniformly doped. Furthermore we used the incremental 

charge variation of ionized donor concentration at the edge of the space charge region. However, 

the charges that actually move in response to ac voltage are mobile electrons, not ionized donors. 

From that point of view, the carrier profiling obtained from C-V measurements determines the 

majority carrier concentration, not the net doping density. 

 

3.3.5. Hall measurement 

The Hall effect was discovered by Hall in 1879 when he investigated the nature of the force 

acting on a conductor carrying current in a magnetic field. In particular, he measured the transverse 

voltage on gold foils. Later, K.R. Sopka gave A nice discussion of the discovery of the Hall effect, 

including the excerpt from Hall’s unpublished notebook. The Hall effect can be achieved by 

inducing a magnetic field perpendicular to the current flow direction in a semiconductor. Under 

such conditions, a voltage is developed perpendicular to both the current and magnetic field. This 

voltage is known as the Hall voltage. The origin of the Hall voltage can be seen by considering the 

forces on a charged carrier in the presence of a magnetic field (see figure 3.8): 

 

F = qE + (qV × B)  ………………  (10) 
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The first term is due to the total electric field driving the current through the sample. The 

second term is due to the Lorentz force on the charged carriers, and tends to deflect the carrier 

toward the side of the sample.  
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Fig.3.8 Hall effect device.  

 

(Current flows in the positive x-direction. The applied magnetic field is in the positive z-

direction. For a p-type sample an internal electric field develops in the positive y-direction.) 

 

The direction of the deflection depends on the sign of the carrier’s charge. Consider the 

example illustrated in Fig.3.8 Let’s assume that we have a p-type semiconductor bar. The applied 

electric field and the current are in the positive x-direction, the applied magnetic field is in the 

positive z-direction. The y-component of the force is: 

 

Fy = qEy + (qVx × Bz)  ………………  (11) 

This equation implies that unless something happens, all carriers moving in the sample will 

experience a force that will drive them toward one side of the sample. In this case, the holes would 
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move in the negative y-direction. If a number of holes were to collect at the right side of the sample, 

that side would take on a positive charge relative to the left side. This sets up an internal electric 

field in the +y-direction. Note that the only applied electric field is in the +x-direction. The force 

due to the internal electric field opposes the Lorentz force. To maintain a steady flow of current 

through the sample, we must have a balance of forces: 

 

Ey = Vx × Bz  ………………  (12) 

Resulting in no net force on the carriers in the y-direction. The internal field can be set up by 

moving the holes only slightly to the right. The presence of the internal field can be detected by 

measuring the voltage developed across the sample: 

 

Ey = Vy / w  ………………  (13) 

Where w is the width of the sample. This is known as the Hall voltage. Carriers subject to an 

electric field move with a velocity called the drift velocity. The hole current in our sample can be 

written as 

 

Ip = q p Vd A  ………………  (14) 

Where +q is the hole charge, p is the hole density in #/cm3, vd is the drift velocity, and A is the 

cross sectional area of the sample. If we convert this to an equation for the current density vector, 

where the magnitude J = I/A and the direction is parallel to the drift velocity, we have 

 

Jp = q p Vd  ………………  (15) 

The drift velocity is related to the electric field driving it through a proportionality constant 

known as the mobility: 
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Vd = μp E  for holes,   Vd = -μn E  for electrons,  ………………(16) 

Substituting this into the current density equation, we get 

 

Jp = q p μp E  for holes,   Jn = q p μn E  for electrons,  ……………… (17) 

Using this relationship in our equation for the field Ey, we get: 

 

Ey = Vx Bz = (Jx/q p) Bz = RH Jx Bz  ……………… (18) 

Where RH =1/qp is called the Hall coefficient. You can also show that RH = –1/qn for n-doped 

samples. We can also extend this model to consider the Hall effect when both electrons and holes 

are present, resulting in the following equation (for small fields): 

 

 

            1      (P μp
2  -  n μn

2 ) 
  RH  =                                    ……………..  (19) 

q      (P μp
2  +  n μn

2 )2  

 

                    Fig.3.9 Hall Measurement System. 
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Chapter 4.  

Mixed source HVPE growth experiment for Bulk Characteristics 

 

 

The uniqueness of HVPE in growing thick layers arises due to its near-equilibrium nature of 

the process. In such a process, the growth rate is proportional to the input amount of the active 

gases. Near equilibrium nature arises due to the reversible processes occurring at the interface due 

to the volatility of chlorides of group Ⅲ (e.g., InCl) at the operating temperatures [1]. In this 

report, we have tried to indicate the strength of MS-HVPE. This technique of MS-HVPE's specific 

phenomenon enables to make new white LED competitive. 

 

4.1. GaN growth 

GaN crystallizes both in the hexagonal wurtzite and zincblende forms [2-5]. However, wurtzite 

polytype appears to be more common than the zincblende polytype. This semiconductor has been 

most extensively studied [6-8] among all the Ⅲ-V nitrides. Similar to AlN, chemical stability at 

elevated temperatures combined with its wide bandgap has made GaN an attractive material for 

device operation in high temperatures and caustic environments. While the thermal stability of GaN 

allows high temperature processing steps to be performed, the chemical stability of GaN requires 

that dry etching methods be used for processing. Many different growth techniques have been 

employed to obtain high-quality single-crystal GaN films. As a result, it can now be grown with 

background concentrations as low as mid-E16 cm-3. In order to produce GaN, large kinetic barriers 

of crystal formation have been overcome by employing high temperatures, activated nitrogen 

species and/or high nitrogen pressures.  

To study the growth of GaN by HVPE [9-11], a horizontal hot-wall reactor was made with 

 82



 
 

quartz tubes and the substrate was mounted horizontally with respect to the oncoming gas streams. 

The HVPE system was designed to be able to grow AlN, GaN and/or their ternary compounds by 

using metalorganic materials and ammonia as preliminary sources. GaN and AlN buffer layers were 

each formed by HVPE on sapphire substrate to test growth condition. In this paper, we studied 

about the surface morpology problems to get optimized crystal quality. 

The growth temperature during buffer growth is an important parameter to improve crystal 

quality of devices, which need step growth. It also unavoidably occurs in the specific fabrication 

method. Thus, we need to examine the influence of the growth temperature to develop hetero-

structures with high -quality GaN. The GaN samples were analyzed by PL measurements at 300 K 

and RMS roughness. Here, we keep the following problems in mind during the epitaxial growth. As 

mentioned, surface morpology is basic issue of GaN growth technology. 

 

4.1.1 Buffer growth of GaN layer 

The experiments were carried out in a conventional atmospheric horizontal HVPE system by 

using N2 as the carrier gas. The GaN layers were grown on GaN buffer/Al2O3 substrates. The AlN 

layers were also grown on AlN buffer/Al2O3 substrates. The reactor is divided into six separate 

temperature zones to create the definite temperature profile. The NH3 flow rates and HCl flow rates 

were kept at 300 sccm and 12 sccm, respectively [12]. Either a mixture including nitrogen or only 

nitrogen was used as the carrier gas. The GaN layers were grown by the use of metallic Ga and 

ammonia (NH3). High purity NH3 gas and Ga ingot were employed as nitrogen and gallium 

sources, respectively. The samples were measured by PL system and atomic force microscope 

(AFM) and compared with each other. 
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A. GaN Buffer 

Fig.4.1 shows the 3D AFM images of GaN epitaxial layer by mixed source HVPE method. And 

Fig.4.1 presents the RMS roughness of each sample. We could get smallest RMS roughness at 

800 ℃. And FWHM (Full Wave Half Maximum) of CL also was sharper than others at 800 ℃. 

 

 

Fig.4.1 the 3D AFM images of GaN buffer layer by mixed source HVPE method  

 

 

Fig.4.2 the RMS roughness of each samples of GaN buffer layer by mixed source HVPE method 
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Fig.4.3 CL measurement of each GaN buffer layer 

 

 

B. AlN Buffer  

Fig.4.4 shows the 3D AFM images of AlN epitaxial layer by mixed source HVPE method. And 

Fig.4.4 presents the RMS roughness of each sample. RMS of AlN buffer is proportional to growth 

temperature different from GaN layer. But FWHM(Full Wave Half Maximum) of CL was 

narrowest at 1000 ℃. 

 

 

 Fig.4.4 the 3D AFM images of AlN buffer layer by mixed source HVPE method 
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Fig.4.5 the RMS roughness of each samples of AlN buffer layer by mixed source HVPE method 

 

 

Fig.4.6 CL measurement of each GaN buffer layer 
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4.1.2. Mg-doped GaN layer 

One of the most important issues for GaN-based devices is the control of p-type doping. 

Various types of acceptor atoms including Mg and C were tried for p-doping. The device 

performance of GaN-based material strongly depends on doping concentration and activation. We 

studied the growth of Mg-doped GaN layers by the mixed source HVPE method. These 

experiments led to compensate high resistivity of GaN material. Fig.4.7 shows the optical 

microscopic images of GaN epitaxial layer by mixed source HVPE method. 

 

             (a)                            (b) 

 Fig.4.7 (a) The surface of GaN film by MS-HVPE (the Mg atomic fraction ; sample A ~0.026, 

sample B~0.057)  (b) SEM image of cleaved facet of Mg-doped GaN film   

 

The carrier concentration at room temperature increased with Mg atomic fraction. We also 

found that the activation energy of grown sample was 378 meV at 250 K~300 K. The optimized 

Mg-doped GaN layer was applied to the fabrication of DH LED structure. 

Fig.4.8 shows XRD spectrum of Mg-doped GaN by mixed source HVPE method. It presents 

that Mg-doping in mixed-source HVPE does not have a great effect on the GaN crystalline 

structure. 
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Fig.4.8 XRD spectrum of Mg-doped GaN On sapphire by mixed source HVPE 

 

Fig.4.9 shows AFM Images of Mg-doped GaN. The RMS roughness of the Mg-doped GaN 

films is about 2.0 nm and 9.5 nm, respectively.  
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Fig.4.9 AFM Images of Mg-doped GaN (scan area: 5ⅹ5 μm2 ) 

 

Fig.4.10 shows hole concentration and Mobility dependence on atomic fraction of Mg. The 

hole concentration increase linearly, As Mg atomic fraction in [Ga+Mg] solution increases. But 
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mobility decreases because the ionized impurity scattering increase 
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Fig.4.10 Hole Concentration and Mobility vs. atomic fraction of Mg 
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Fig.4.11 Temperature dependence of Hall measurement 

 

We also got activation energy by Hall measurement. The activation energy was 378 meV for 

Mg-doped GaN (250~300 K). In general, an activation energy of Mg-doped GaN grown by 

MOCVD is about 110~215 meV. Fig.4.11 shows the hole concentration increases at T > 250 K. It 
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means the ionization of acceptors increases. But hole concentration decreases at 100 K < T < 150 K 

because hopping conduction occurs due to the high acceptor concentration. The mobility decreases 

at T > 250 K because of phonon scattering. But it increases at T < 250 K due to ionized impurity 

scattering. 

 

4.2. AlGaN Growth 

A. Introduction 

Currently there is some controversy in the choice of method for determining A1 mole fraction 

in AlGaN. One of the key properties of an alloy is the compositional dependence of the energy 

bandgap. This dependence appears to be controversial in the case of AlGaN. Yoshida et al. [13] 

observed that the energy bandgap of AlxGa1-xN deviates upwards with increase in A1N mole 

fraction. However, Hagen et al. [14] and Koide et al. [15] observed that energy bandgap deviates 

downward with increase in A1N mole fraction. They noted that the energy bandgap of AlxGa1-xN 

might be given by 

 

Eg(x) = xEg(AIN) + (1 - x)Eg(GaN) - bx(1 - x) ……………..(1) 

 

where Eg(GaN) = 3.39 eV, Eg(AIN) = 6.20 eV, b = 1.0±0.3 eV.  

However, recent studies [16,17] suggest that a linear relationship (e.g., b = 0) between the 

energy bandgap of this ternary and the A1N mole fraction can be attained. According to Yoshida et 

al. [13] the energy bandgap Eg of AlGaN is a nonlinear function of the A1 mole fraction. AlGaN is 

reasonably linear with respect to the A1N mole fraction.  

While according to Koide et al. the bowing parameter b~1.0 eV, according to Yoshida et al. b~-

0.80 eV [13]. The optical energy bandgap of AlGaN with A1 mole fraction is rather a linear 
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function of x. A recent Hall measurement for n-Al0.09Ga0.91N at 300 K yielded a mobility of 35 

cm2/V.s corresponding to a carrier concentration of 5x1018 cm-3 [18]. 

Other Hall measurements on Mg-doped p-Al0.08Ga0.92N grown by MOVPE indicated that the 

hole mobility decreases with increase in temperature, and that it is about 9 cm2/V.s for a doping 

density of 1.48x1019 cm-3 [19]. Given the fact that the carrier concentration is high, and that the inter 

grain scattering is present even in the best samples, such a low mobility is expected. Until recently it 

was noted that the resistivity of unintentionally doped AlGaN however increases rapidly with 

increasing A1N mole fraction, and AlGaN becomes insulating for AlN mole fraction exceeding 

20 %. 

For example, the n-type carrier concentration dropped 1020 to 1017 cm-3 and mobility increased 

from 10 to 0.4 cm2/V.s as the AlN mole fraction was increased from 0.0 to 0.3. This is probably due 

to an increase in the native defect ionization energies with increasing AlN. Although it was not 

known how the doping characteristics of AlGaN with dopant atoms such as Si and Mg react to the 

variation of AlN mole fraction, it was anticipated that, as the A1N mole fraction increases, the 

dopant atoms would move deeper into the forbidden energy bandgap. The scenario has lately 

changed, and AlGaN with A1 mole fraction as high as 50~60 % and up to 30 % is dopable by n-

type and p-type impurity atoms, respectively. More however, lattice constant dependency of 

promising results should soon be expected as A1N can be doped both n- and p-type. The ability to 

dope high mole fraction AlGaN, especially when low resistivity p-type material is required, is 

important, because it may otherwise restrict the overall structure of devices such as laser diodes. 

Despite the fact that good optical field confinement may be obtained with low A1 mole fraction in 

AlGaN, this is an important issue, as devices operating in UV will surely be investigated. 

Generally, for the HVPE growth of GaN epitaxial layers, a Ga and a NH3 are used as a volatile 

chlorine compound and a nitrogen precursor, respectively. In case of the AlGaN growth, Al 
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metallic source is also usually loaded in the HVPE chamber and HCl is passed over the metals to 

form aluminum chloride. The AlGaN cladding layer with an arbitrary carrier concentration can be 

employed on high power light emitting diode (LED) structures with an InGaN/GaN MQWs [20]. 

Generally, silane (SiH4) is commonly used as a source for n-type doping [21]. 

In this paper, I got the AlxGa1-xN layers on GaN/Al2O3 substrates for various source zone 

temperatures of the metallic Ga mixed with Al. The AlxGa1-xN layers are characterized by x-ray 

diffraction (XRD) measurements. I report the new results from the growth of Te-doped by a new 

attempt and Si-doped AlGaN layers using mixed-source HVPE, respectively. The n-type doping of 

AlGaN layers were attempted on a (0001) sapphire substrate using Al-Ga-Te (or Si), HCl and NH3. 

The n-type AlGaN cladding layers was achieved successfully, and the InGaN/GaN MQWs are 

grown on SAG-Te (or Si)-doped AlGaN cladding layers by MOCVD, respectively. And p-n diodes 

are fabricated, the optical properties are investigated. I experiment the EL properties of SAG-LEDs 

for two cladding layers, resprctively. The highlight of the present study is on the successful growth 

of Te-doped AlGaN layers by our mixed source HVPE method. 

 

B. Experiment 

The AlxGa1-xN layers are grown on GaN templated (0001) sapphire substrates. The metallic Ga 

mixed with Al as a source material is loaded in the HVPE chamber. NH3 and Al-Ga chloride 

formed by HCl that is flown over Ga mixed with Al are used. In order to change the composition x 

of AlxGa1-xN layer by mixed-source HVPE, the source zone temperatures of the metallic Ga mixed 

with Al are varied from 700 °C to 1000 °C. The AlxGa1-xN layers are grown at 1090 °C. The SiO2 

mask with the approximately 2500 Å thickness formed by sputter for SAG is used. The SAG 

window is formed by conventional photolithography and wet chemical etching. The SAG diameter 

is 250 µm. The Te and Si-doped AlxGa1-xN (x = 0.16) are achieved by putting small amount of Te 
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(or Si) into the Al-Ga source, respectively. The thickness of the sample is typically 20 µm and 

shows n-type conduction with mirror-like surface morphology. For the growth of n-type AlGaN, 

we use metallic Te and undoped single crystalline Si as an n-type source. To change the carrier 

concentration of n-type AlGaN layers, the Xℓ
Te (where Xℓ

Te is atomic fraction of Te in the Ga-Al-Te 

solution) is varied from 0.003 to 0.042, and the Xℓ
Si (where Xℓ

Si is the atomic fraction of Si in the 

Ga-Al-Si solution) is varied from 0.102 to 0.218. InGaN/GaN MQWs are grown on SAG-Te-doped 

and SAG-Si-doped AlGaN cladding layers by MOCVD, respectively. The InGaN/GaN MQWs 

consist of 7 wells and 6 barriers. The thicknesses of InGaN well and GaN barrier are 2.5 nm and 6 

nm, respectively. 

 

C. Results 

Fig.4.12(a) shows the typical XRD result of the undoped AlxGa1-xN layers grown by mixed-

source HVPE using the ω-mode scan of (0002) reflecting planes. In case of the AlxGa1-xN layer 

grown at source zone temperature of 900 °C, the rocking curve shows two peaks. One of the two 

peaks is the (0002) peak of GaN; the other is that of AlGaN. The Al mole fraction of the AlGaN is 

determined by calculating the difference of peak positions between AlGaN and GaN peaks 

assuming that the (0002) peak of GaN is constant at 2θ = 34.53 degree and Vegard’s law is valid. 

Fig.4.12 1(b) shows the source zone temperature dependence of the Al composition of the 

AlxGa1-xN layer. The sample with Al composition of 80 % shows large compositional fluctuation 

with non-uniformity of Al in sample due to hillocks and islands [22]. From these results, we find 

that the range of the source zone temperature for the composition x of AlxGa1-xN layer limits the 

application scope of the mixed-source HVPE. 
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Fig.4.12 (a) Typical XRD results of the AlxGa1-xN layers grown at source zone temperature of 

900 .℃  (b) Dependence of the Al composition of the AlxGa1-xN layer on source zone temperature. 

 

 

Fig.4.13 shows the typical cross-section SEM images of Te (or Si)-doped AlGaN layers grown 

by mixed-source HVPE. The thicknesses of the Te (or Si)-doped AlGaN layers are 30 µm and 20 

µm, respectively. 

The carrier concentrations of Te (or Si)-doped Al0.16Ga0.84N layers are measured at 300 K by 

Hall effect measurement using the van der Pauw technique. The n-ohmic of the n-Al0.16Ga0.84N 

layers is formed by e-beam deposited Ti(500 Å)/Al(1000 Å) as shown in inset Fig. 3(a). Annealing 

is performed at 600  under℃  N2 for 60 s. 
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Fig.4.13 Typical SEM images of n-type Al0.16Ga0.84N layers grown by mixed-source HVPE.  

(a) Te-doped Al0.16Ga0.84N layer  (b) Si-doped Al0.16Ga0.84N layer 

 

Fig.4.14 shows the dependence of the carrier concentration of n-type AlGaN layers on the 

atomic fraction of Te and Si in the Ga-Al source. In case of Te-doped AlxGa1-xN (x = 0.16), the 

carrier concentration is varied from 1.1 x 1018 to 8.0 x 1018 /cm3 while in case of Si-doped one, it is 

varied from 2.0 x 1016 to 1.1 x 1017 /cm3. The carrier concentration did not increase linearly with the 

atomic fraction of Te in the source. The Te and Si activation energies are not estimated yet, but the 

successful growth of a Te-doped AlGaN layer shows that our novel method provides the possibility 

of a high n-type concentration of the Te-doped AlGaN layer. This shows that Te doping is more 

suitable to get a high n-type concentration by mixed-source HVPE. 

The InGaN/GaN MQWs structures are grown on SAG-Te-doped and SAG-Si-doped AlGaN 

cladding layer by MOCVD, respectively, and p-n diodes are fabricated. EL characteristics of these 

fabricated LED structure at room temperature are evaluated by injecting DC current into these LED 

structures. 
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Fig.4.14 Dependence of the carrier concentrations of the n- Al0.16Ga0.84N layers on the atomic 

fraction of Te (or Si).  (a) Te-doped Al0.16Ga0.84N layer   (b) Si-doped Al0.16Ga0.84N layer 

 

Fig.4.15 shows the EL spectra of LEDs of the two different cladding layers at room 

temperature. The typical EL spectrum of SAG-InGaN/GaN MQWs LED structure on SAG-Te-

doped AlxGa1-xN (x = 0.38) cladding layer is shown in Fig.4.15 (a). The wavelength of emission 

peak is observed at nearly 488 nm (2.5 eV) and the full width at half maximum (FWHM) is 355 

meV. Fig.4.15 (b) shows the EL spectrum of SAG-InGaN/GaN MQWs LED structure on SAG-Si-

doped AlxGa1-xN (x = 0.38) cladding layer. The wavelength of emission peak is about 520 nm (2.4 

eV) and the FWHM is 420 meV. The difference between two wavelengths may be because the 

flatness of SAG-Si-doped AlGaN cladding layer is not uniform. The thicknesses of InGaN well and 

barrier might be varied along the distance from the center to the edge of the SAG window. This 

will be the reason why we have got the large FWHM values of the LEDs. 
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Fig.4.15 EL spectra of LEDs of the two different cladding layers at room temperature.  

(a) SAG-Te-doped Al0.38Ga0.62N cladding layer  (b) SAG-Si-doped Al0.38Ga0.62N cladding layer 

 

 

4.3. InGaN growth 

A. Introduction 

InGaN can be a promising strained QW material having use for the fabrication of electrical and 

optical devices, such as LED's and lasers which can emit in the violet or blue wavelengths. During 

last several years there has been significant progress in the growth and characterization of this 

material. Osamura et al. [23] measured the bandgap across the entire compositional range and found 

a smooth variation with some bowing represented by 

 

Eg(x) = (1 - z)Eg(InN) + zEg(GaN) - bx(1- x)………………..(2) 

 

Where Eg(GaN) = 3.40 eV, Eg(InN) = 2.07 eV, and b = 1.0 eV. The bandgap dependence of 

InzGa(l-z)N (z is the In mole fraction) on In mole fraction has also been deduced by a number of 

researchers [23-26]. The observed and calculated dependencies of InGaN energy bandgap with InN 
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mole fraction are shown in Fig. 2. From this figure one may note that, despite variations in the 

growth conditions, the experimental dependence of energy bandgap on In mole fraction tends to 

follow a regular trend, and that the calculated results from (4) agree well with experiments. 

Nagatomo et al. [27] have observed that the InN lattice constant is 11% larger than GaN that places 

strict limits on the InN content and thickness of InGaN layers on GaN. They have also noted that the 

InzGa(l-z)N lattice constant varies linearly with InN mole fraction up to at least z = 0.42, thus 

violating Vegard's law for x > 0.42. Yoshimoto et al. [25] observed that for a particular alloy 

composition (a: = 0.2) grown on sapphire a reduction in carrier concentration from 1020 to 1018 cm-3 

and an increase in the carrier mobility from less than 10 cm2/Vs to 100 cm2/Vs can be possible if the 

deposition temperature is increased from 500 °C to 900 °C. Similar results were observed by them 

[28] again in 1992 for films grown onto ZnO substrates. InN mole fractions as large as 23 % were 

achieved by these workers. Nakamura and Mukai [29] discovered that if InGaN films are grown on 

high-quality GaN films, they could exhibit significantly improved quality. 

Thus, from the reports cited above it may be concluded that the major challenge of obtaining 

high mobility InGaN is to find a compromise in the growth temperature, since InN is unstable at 

typical GaN deposition temperatures. Nakamura et al. have since expanded the study of InGaN 

employing Si and Cd [30] as dopant atoms. Note that In incorporation at these elevated 

temperatures is very inefficient because of In desorption and flow rates for In precursor larger than 

those used for GaN must be employed just to get 20~30 % in the solid. In addition the ammonia 

flow rate must be increased well above that used for GaN growth only. A review of various 

transport properties of GaInN and AlInN is given by Bryden and Kistenmacher [31], and the growth 

and mobility of p-GaInN is presented by Yamasalu et al. [32]. 
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B. Growth temperature vs. Phase shape of InGaN Crystal 

We investgated phase shape of InGaN layers which are grown by MS-HVPE. Growth 

temperature was varied from 650 ℃ to 800 ℃ at same temperature source zone of 900 ℃. And 

we increased indium composition purposely to study various crystal formation of MS-HVPE. As 

known, high indium composition in InGaN on GaN makes indium segregation and accelerates nano 

phase such as nano-rod. Table 4.1 shows growth condition for each sample. 

 

Table 4.1 Growth conditions of samples 

 

Temperature of

source zone 

Temperature of

growth zone 

HCl 

flow 
Growth time Phase shape 

In composition 

(XPS) 

1 900℃ 800℃ 20sccm 60min Tetrapod 80% 

2 900℃ 750℃ 20sccm 60min 
Symetric 

cluster 
27% 

3 900℃ 700℃ 20sccm 60min 
Asymetric 

cluster 
37% 

4 900℃ 650℃ 20sccm 60min 
Mapole  

Leaf 
44% 

 

 

We got various phase shape on each substrate according to growth temperature. We also got 

various Indium compositions in InGaN nano phase crystal as Fig.4.17~4.49. It was important 

physical phenomenon that was a clue of multi spectrum emission.  

Fig.4.16 shows room temperature CL spectrum of sample grown at 750 ℃ on ssiillccoonn  ssuubbssttrraattee. 

Three peaks of 400 nm, 440 nm and 520 nm were observed at localized region. It presents 

extraordinary state being seen in mixed source HVPE growth mechanism. In this experiment, 

typical surface images of the InGaN layer grown on each substrate taken by scanning electron 
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microscope (SEM) were similar. But growth temperature had a strongly effect on phase shape. 
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Fig.4.16 CL spectrum of sample grown at 750℃ 

 

 

FFiigg..44..1177  sshhoowwss  IInnGGaaNN  pphhaassee  sshhaappee  oonn  cc--ppllaannee  ssaapppphhiirree..  AAtt  llooww  tteemmppeerraattuurree  ggrroowwtthh,,  mapole 

leaves were seen all over surface of substrate. As ggrroowwtthh  tteemmppeerraattuurree  iinnccrreeaassiinngg,,  IInnddiiuumm  

ccoommppoossiittiioonn  rreedduucceess  ggrraadduuaallllyy..  BBuutt  it increased aatt  800 ℃, tetrapod shape. I think it needs 

supplementary experiment to verify a cause. In this experiment, we confirmed MS-HVPE 

technology had specific chemical and physical phenomenon dislike other crystal growth system. 

Especially, for indium related GaN, multi spectrum emission can be possible. We targeted its 

phenomenon for making white emission LED. 
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FFiigg..44..1177  IInnGGaaNN  pphhaassee  sshhaappee  oonn  cc--ppllaannee  ssaapppphhiirree

 

  

 

Fig.4.18 shows InGaN phase shape on silcon substrate. And Fig.4.19 also shows InGaN phase 

shape on r-plane sapphire. We think there are different compositions in each hexagonal rod of nano 

phase shape. 

 

  

FFiigg..44..1188  IInnGGaaNN  pphhaassee  sshhaappee  oonn  ssiillccoonn  ssuubbssttrraattee  

  

  

FFiigg..44..1199  IInnGGaaNN  pphhaassee  sshhaappee  oonn  rr--ppllaannee  ssaapppphhiirree  
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FFiigg..44..2200  sshhoowwss  5 μm x 5 μm AFM images of InGaN surfaces grown by mixed-source HVPE.  

 

  

       FFiigg..44..2200  AFM images of InGaN surfaces grown by mixed-source HVPE. 

 

Fig.4.21 shows RMS roughness change of InGaN grown by mixed source HVPE. At source 

zone temperature of 800 ℃, RMS roughness was minimum. 

 

 

Fig.4.21 RMS roughness of InGaN source zone temperature  
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C. InGaN layer grown on the GaN templated (111) Si substrates  

HVPE growth method is necessary to obtain freestanding substrates even though it is difficult 

to grow high quality GaN layer directly on the Si substrates. Recently, the epitaxial lateral 

overgrowth (ELO)-GaN layer was grown using AlGaN as an intermediate layer on Si (111) 

substrates [33]. The problems in the growth process of GaN layer on Si substrates by HVPE are 

melt-back etching of substrates caused by Ga droplet and chemical reactions between substrates 

and source gas (HCl) [34]. So, Si substrates should be covered with a GaN or AlN buffer layers. In 

order to obtain the thick GaN layer on Si substrates, another severe problem should be solved is 

cracking of the buffer layers. 

In this paper, we solved the problem of the melt-back etching of substrates caused by Ga 

droplet by the growth of a GaN on a GaN templated Si (111) substrates using an InGaN 

intermediate layer grown by mixed-source HVPE method. 

Even in the case of using GaN templated Si substrates for the growth of thick GaN layer by 

HVPE, the templated GaN layer on Si can be easily cracked in the growth process of thick GaN at 

relatively high temperature. In order to grow an InGaN intermediate layer, the metallic In mixed 

with Ga is loaded in the HVPE chamber as a source material. The temperature of the metallic 

Indium mixed with Ga zone was 900 , and the InGaN layer ℃ was grown at 990 . The 400 nm℃ -

thick InGaN as an intermediate layer was grown by mixed-source HVPE method. The growth rate 

was about 0.1 μm/h. To perform selective area growth (SAG) process, dot-patterned and stripe 

windows were formed by conventional photolithography and wet chemical etching. The SiO2 mask 

formed by sputter for SAG was used. The InGaN surface was slightly etched by HCl gas for 5 min 

before the GaN growth, and the thick GaN layer was grown at 1050 °C. For the growth of GaN 

layer, the gas flow rate of HCl and NH3 were maintained at 10 sccm and 500 sccm, respectively. 

The temperature of the source zone was 850 °C. The thickness of the GaN layer was about 12 μm. 
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The growth was 25 μm/h. The 500 nm-thick templated GaN layer on Si (111) was grown by 

MOCVD. 

Typical surface images of the InGaN layer grown on the GaN templated (111) Si substrates 

taken by scanning electron microscope (SEM) are shown in Fig.4.22 The SEM image shows the 

fine surface morphology as shown in Fig.4.22 (b). We found that the ratio between the vertical and 

the lateral growth rate for the InGaN grown on the GaN templated Si (111) substrates is 5.5. 

 

InGaN 

SiO2 

(a) (b) 

 

Fig.4.22 Typical surface images of the InGaN layer grown on the GaN templated (111) Si 

substrates by mixed-source HVPE method  

 

Fig.4.23(a) and (b) show typical PL spectra of the InGaN layer and the GaN templated Si (111) 

substrates at 300 K, respectively. There is an intensive edge peak wavelength attributed to the band 

edge emission of the InGaN layer at 492 nm (2.50 eV, labeled as A2). The FWHM of the peak is 

0.64 eV. The In composition is estimated to be about 23 %. The two peaks (labeled as A1 and A3) at 

443 nm (2.79 eV) and 561 nm (2.20 eV) in PL spectrum might be due to the optical property of the 

GaN templated (111) Si substrates. The PL spectrum of the GaN templated Si (111) substrates is 

shown in Fig.4.23 (b). In Fig.4.23 (b), the band-edge peak is observed at 365 nm (3.39eV, labeled 

as B1). The strong peak at 373 nm (3.32eV, labeled as B2) corresponds to the impurity related peak. 
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The two peaks (labeled as B3 and BB

Fig.4.23 (a) rum of GaN 

tem

ig.4.24 shows typical SEM images of the GaN layer grown on the InGaN intermediate layer 

on G

300 350 400 450 500 550 600 650 700 750

5) at 432 nm (2.86 eV) and 554 nm (2.23 eV) in PL spectrum 

might be related to oxygen and yellow band emission, respectively. Although the origin of a broad 

peak (labeled as B4) at 478 nm (2.59 eV) has not been identified yet, this might be considered due 

to unintentional impurities. 

 

 

B1
B5B4

B3

B2
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(b)
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 Typical PL spectrum of the InGaN layer at 300 K. (b) PL spect

plated Si (111) substrates at 300 K. 

 

F

aN templated Si (111) substrates. As shown in Fig.4.24 (a), the uniform GaN layer is achieved 

successfully. The c-axis is along the <111> axis of the Si and the <1101> axis is parallel to the 

<112> axis [34]. The GaN surface is flat as shown in Fig.4.24 (b). The thickness of GaN layer is 

3.5 μm. At the longer growth time, the thickness of GaN layer is 12 μm and we can see the lateral 

overgrowth of GaN layer as shown in Figs.4.24 (c) and (d), respectively. But in this particular 

sample, the surface morphology is poor. We might expect better results by improving the growth 
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method. 

 

GaN 

(b) 

(d) 

InGaN 

GaN 

(a) 

(c) 

Fig.4.24 (a) Cross-sectional SEM image, (b) Surface (the sample thickness of the GaN layers 

in (

ig.4.25 shows the SEM and the CL images of the thick GaN layer at 230 K. The CL intensity 

ima

a) and (b) is 3.5 μm). (c) Cross-sectional SEM image, (d) Surface (the sample thickness of the 

GaN layer in (c) and (d) is 12 μm). 

 

 

F

ge is measured at peak wavelength of 0 and 362 nm, respectively. The corresponding 

monochromatic CL image taken at 362 nm is shown in Fig.4 (c). The SEM image shows the fine 

surface morphology whereas the CL image shows spatially the bright/dark region for 362 nm 

emission. A strong emission due to oxygen impurity is observed at 390 nm (not shown). However, 

we successfully grow a GaN layer on the GaN templated Si (111) substrates using an InGaN 

intermediate layer grown by mixed-source HVPE. 
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ig.4.25 (a) SEM image. The CL images measured at the peak wavelength of (b) 0 and (c) 362 

nm 

D. SAG-InGaN grown by mixed-source HVPE 

sults in the low crystalline quality and the 

inho

aN templated sapphire 

(0

a (99.9999 %) was loaded in the HVPE chamber as 

a so

F

at 230 K. Figs. (a), (b), and (c) are images of the GaN layer with 12 μm thickness. 

 

The growth of the thick InGaN layer re

mogeneous distributions of the In composition in the InGaN layer [36]. 

In this experiment, we showed the SAG of thick InGaN layers on a G

001) substrates by mixed-source HVPE method as a new method to investigate growth 

performance. The mixed-source HVPE growth technique could be also used to obtain the AlGaN 

layer with an arbitrary composition [37]. The grown InGaN layers were characterized by XPS, PL 

and CL measurements to verify its properties. We got the new results of the SAG growth of the 

InGaN layers by mixed-source HVPE method. 

The metallic In (99.9999 %) mixed with G

urce material. The source zone temperature of the metallic In mixed with Ga is 900 , and the ℃

InGaN layer was grown at 990 . The atomic fractions of Ga (X ℃ ℓ
Ga) in the solution used for the 

growth of InGaN layers were 0.25 and 0.18, respectively. The gas flow rates of HCl that enabled to 

make In-Ga chloride and NH3 were maintained at 10 sccm and 500 sccm, respectively. The HVPE 

SiO2 mask

(c) 

SiO2 mask

(c) 

SiO2 mask 

(a) 

SiO2 mask SiO2 mask 

(b) 
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method had maintained the atmospheric pressure during processing. To perform the SAG process, 

the dot-patterned and the stripe-patterned windows were formed by conventional photolithography 

and wet chemical etching [38]. The dot pattern had the array of 3 ㎛ diameter with a 7 ㎛ period. 

The stripe patterns had the array of 3 ㎛ and the 5 ㎛ windows with 10 ㎛ period, respectively. 

The SiO2 mask with the approximately 2500 Å thickness formed by sputter for was used. 

Figure 4.26 shows the scanning electron microscopy (SEM) images of the SAG-InGaN. As 

sho

 

ig.4.26 SEM images of hexagonal pyramid with height 5 µm obtained by 30 min growth. 

 

Fig.4.27 shows the SEM image of SAG-InGaN with stripe windows. The vertical growth 

thic

 

wn in Fig. 1, a good selectivity of the SiO2 mask was achieved. The height of the hexagonal 

pyramid InGaN layer was 5 ㎛ at dot-patterned area. We found that the pyramidal InGaN with 

narrow top c-plane is formed. 

 

F

kness of InGaN grown by the selective mixed-source HVPE method was 12 ㎛ and the lateral 

growth thickness was 6 ㎛. We found that the ratio between the vertical growth rate and the lateral 

growth rate for the InGaN grown on GaN templated substrates was 2. 
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ig.4.27 SEM image of thick InGaN alloy with thickness 12 µm obtained by 60 min growth. 

igs.4.28 (a) and (b) show XPS narrow-scan of each element and the PL spectrum of the 

InG

Fig.4.28 hod. (b) 

Typi al PL spectrum of InGaN. 

340 360 380 400 420 440 460 480
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F

aN layer (X ℓGa = 0.25), respectively. The binding energy of the In3d peak shown in Fig.4.28 (a) 

was 445 eV. The strong peak of 530 eV was due to the oxide. In the HVPE growth, the indium 

metal often interacted with O2 and/or H2O as unintentional impurities caused by the metal source, 

the source gases and the quartz ware. Thus, more refinement of the growth conditions was desirable 

to improve the crystal quality. As shown in Fig.4.28 (b), there were two peaks at 362 nm and 382 

nm, which correspond to the band edge emission of GaN templated layer and InGaN layer, 

respectively. The In composition was estimated to be about 3 %. 

 

 (a) XPS spectrum for the SAG-InGaN grown by mixed-source HVPE met

c

T = 300 K
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Fig.4.29 shows the SEM and the CL images of the cross-section of the SAG-InGaN layer (X 

ℓ
Ga = 0.25) at 230 K. The corresponding monochromatic CL image taken at 380 nm is shown in 

Fig.

 

Fig.4.29 (a) 0.25) by mixed-

sou e HVPE method measured at the peak wavelength of (b) 0 nm, (c) 360 nm, and (d) 380 nm at 

230

4.29 (d). In case of the InGaN layer grown at X ℓGa = 0.25, the In composition is about 3 %. In 

case of X ℓGa = 0.18, the In composition of the InGaN layer was about 10 % (not shown). The SEM 

image shows the fine surface morphology of cross-section whereas the CL image shows spatially 

inhomogeneous optical properties due to the non-uniform growth of InGaN SAG area. It was 

considered as the variation of the indium composition along the crystal direction. However, we 

demonstrated that the thick InGaN alloys were successfully grown using our new novel method. 

 

(a) (b)

(c) (d )

 SEM image. The CL intensity images of InGaN grown (X ℓGa = 

rc

 K. 

 

 110



 
 

References 

 

[1] G.B. Stringfellow, “Fundamental aspects of vapor growth and epitaxy,” J. Crystal Growth , vol. 

115, pp. 1-11, 1991. 

[2] I. Gorczyca and N. E. Christensen, “Band structure and highpressure- phase transition in 

GaN,” Solid State Commun., vol. 80. v. 335, 1991 

[3] M. Mizuta, S. Fujieda, Y. Matsumoto, and T. Kawamura, “Low temperature growth of GaN and 

AIN on GaAs utilizing metal organics and hydrazine,” Jpn. J. Appl. Phys., vol. 25, p. L-945, 1986. 

[4] M. J. Paisley, Z. Sitar, J. B. Posthill, and R. F. Davis, “Growth of cubic phase gallium nitride 

by modified molecular beam epitaxy,” J. Vac. Sci. Technol. A, vol. 7, pp. 701-705, 1989. 

[5] M. E. Sherwin and T. J. Drummond, “Predicted elastic constants and critical layer thicknesses 

for cubic phase AIN, GaN, and InN on-Sic,’’ J. Appl. Phys., vol. 69, pp. 8423-8425, 1991 

[6] H. Morkq, “GaN and silicon carbide as optoelectronicmaterials,” CRC Handbook on 

Optoelectronics, M. Gupta, Ed. 

[7] S. Strite, M. E. Lin, and H. Morkoq, “Progress and prospects for GaN and the 111-V nitride 

semiconductors,” Thin Solid Films, vol. 231, Issues 1-2, pp. 197-210, 1993 

[8] R. F. Davis, “111-V nitrides for electronic and optoelectronic applications,” IEEE Proc., vol. 

80, pp. 702-712, 1991. 

[9] E. Aujol, A. Trassoudaine, D. Castelluci and R. Cadoret, Mater. Sci. Eng. B 82, 65 (2001). 

[10] P. R. Tavernier, E. V. Etzkorn, Y. Wang and D. R. Clarke, Appl. Phys. Lett. 77, 1804 (2000). 

[11] T. Paskova, E. M. Goldys, R. Yakimova, E. B. Svedberg, A. Henry and B. Monemar, J. Crystal 

Growth 208, 18 (2000). 

[12] S. A. Safvi, N. R. Perkins, M. N. Horton, R. Matyi and T. F. Kuech, J. Crystal growth 182, 233 

(1997). 

 111



 
 

[13] S. Yoshida, S. Misawa, and S. Gonda, “Properties of Al, Gal - , N films prepared by reactive 

olecular beam epitaxy,” J. Appl. Phys., vol. 53, pp. 6844-6846, 1982. 

. Phys. 

ality self-

ylow-pressure metal organic chemical vapor deposition,” Appl. 

se epitaxy,” Appl. Phys. Lett., vol. 65, pp. 593-595, 1994 

hys. 

im, M. Yang, J. Y. Yi, H. J. Lee, J. H. Chang, H. S. Kim, S.W. Kim, S. C. 

samura, K. Nakajima, and Y. Murakami, “Fundamental absorption edge in GaN, InN, and 

m

[14] J. Hagen, R. D. Metcalfe, D. Wickenden, and W. Clark, “Growth and properties of GaxAI1-xN 

compounds,” J. Appl

[15] Y. Koide et al., “Energy band-gap bowing parameter in an AlGaN alloy,” J. Appl. Phys., vol. 

61, pp. 454W543, 1987. 

[16] M. A. Khan, R. A. Scogman, R. G. Schulze, and M. Gershenzon, “Properties and ion 

implantation of Al,Gal-,N epitaxial single crystal films prepared by low pressure metal organic 

chemical vapor deposition,” Appl. Phys. Lett., vol. 43, pp. 492494, 1983. 

[17] D. K. Wickenden, C. B. Bargeron, W. A. Bryden, and J.Miragliotta, “High-qu

nucleated AI, Gal - N layers on (001) sapphire by low-pressure metal organic chemical vapor 

deposition,” Appl. Phys. Lett., vol. 65, pp. 2024-2026, 1994. 

[18] M. A. Khan, J. M. Van Hove, J. N. Kuznia, and D. T. 01- son, “High electron mobility GaN/AI, 

Gal -,N hetero structure grown b

Phys. Lett., vol. 58, pp. 2408-2410, 1991. 1994, pp. 231-238. A&. Phy~L. ett., vol. 66, pp. 1112-

1114, 1995. C., vol. 11, pp. L143-Ll46, 1978 

[19] T. Tanaka et al., “p-type conduction in Mg-doped GaN and Alo.ogGao.ezN grown by 

metalorganic vapor pha

[20] M. Koide, S. Yamasaki, S. Nagai, N. Koide, S. Asami, H. Amani, and I. Akasaki, Appl. P

Lett. 68, 1403 (1996). 

[21]  S. Nakamura, T. Mykai, and M. Shenon, J. Appl. Phys. 31, 2883 (1992). 

[22]  H. S. Ahn, K. H. K

Lee, Y. Honda, M. Yamaguchi, and N. Sawaki, phys. stat. sol. (a) 202, 1048 (2005). 

[23] K. O

 112



 
 

their alloys,” Solid State Commun., vol. 11, pp. 617-621, 1972. 

[24] K. Osamura, S. Naka, and Y. Murakami, “Preparation and optical properties of Gal-,In,N thin 

yama, H. Minamino, and 0. Omoto, “Properties of Gal - In, N films 

tsuoka, and A. Katsui, “Photoluminescence of InGaN films grown at high 

s grown on GaN films,” Jpn. J. Appl. 

md. Phvs.. vol. 32. Appl. Phys. Lett., vol. 65, pp. 593-

f InN, GaInN and 

n by metal organic 

films,” J. Appl. Phys., 

[25] T. Nagatomo, K. Kubo

prepared by MOVPE,” Jpn. J. Appl. Phys., vol. 28, pp. L1334-L1336, 1989. 

[26] N. Yoshimoto, T. Ma

temperature by metalorganic vapor phase epitaxy,” Appl. Phys. Lett., vol. 59, pp. 2251-2253, 1991. 

[27] T. Nagatomo, T. Kuboyama, H. Minamino, and 0. Omoto, “Properties of Gal-,In,N films 

prepared by MOVPE,” Jpn. J. Appl. Phys., vol. 28, pp. L133LL336, 1989 

[28] T. Matsuoka, N. Yoshimoto, T. Sasaki, and A. Katsui, “Wideband gap semiconductor InGaN 

and InGaAlN grown by MOVPE,” J. Electron. Mater., vol. 21, pp. 157-163, 1992. 

[29] S. Nakamura and T. Mukai, ‘‘ High quality InGaN film

Phys., vol. 31, p. L1457-L1459, 1992. 

[30] S. Nakamura, T. Mukai, and M. Seno, “Si-doped InGaN films grown on GaN films,” Jpn. J. 

Appl. Phys. vol. 31, pp. LlCL19, 1993; S. Nakamura, N. Iwasa, and S. Nagahama, “Cd-doped 

InGaN films grown on GaN films,” Jun. J. A

595, 1994. vol. 46, pp. 3432-3437, 1975. 1 1 , , pp. L338-341, 1993. 1~9- 31  

[31] W. A. Brvden and T. J. Kistenmacher. “Electrical transuort properties b

AlInN,” in Properties of Groui II Nitrides, J. H. Edgar, Ed. London, UK INSPEC, IEE, 1994, pp. 

117-124. 

[32] S. Yamasaki et al., “p-type conduction in Mg-doped Ga0.91In0.09N grow

vapor-phase epitaxy,” A&. Phy~L. ett., vol. 66, pp. 1112-1114, 1995. 

[33] S. Tanaka, Y. Honda, and N. Sawaki, Appl. Phys. Lett. 79, (2001), p.955. 

[34] H. Ishikawa, G. Y. Zhao, N. Nakada, T. Egawa, T. Jimbo and M. Umeno, Jpn. J. Appl. Phys. 38, 

 113



 
 

L492 (1999). 

[35] Y. Honda, T. Ishikawa, Y. Nishimura, M. Yamaguchi, and N. Sawaki, phys. stat. Sol. (c) 0, 

(2002), p. 107. 

[36] M. Shimizu, Y. Kawaguchi, K. Hiramatsu, amd N. Sawaki, Jpn. J. Appl. Phys. 36, 6A, (1997), p. 

3381. 

[37] H. S. Ahn, K. H. Kim, M. Yang, J. Y. Yi, H. J. Lee, C. R. Cho, H. K. Cho, S. W. Kim, T. Narita, Y. 

Honda, M. Yamaguchi, and N. Sawaki, Appl. Surf. Sci. 243, (2005), p. 178. 

[38]Y. Honda, Y. Kawakuchi, Y. Ohtaka, S. Tanaka, M. Yamaguchi, and N. Sawaki, J. Crystal 

Growth 230, (2001), p. 346. 

 

 114



 
 

Chapter 5.  

 

InGaN SAG-DH structure growth 

sistors, photodiodes etc 

o amber because of their wide bandgap and direct-transition band 

sbucture. HVPE has been elucidated the high quality nitride devices than other technology and was 

informed of having high performance about thick layers [3,4]. 

I report the growth of AlGaN and InAlGaN alloys by mixed-source hydride vapor phase epitaxy 

(HVPE) method. The metallic In (99.9999%) mixed with Ga (99.9999%) and Al(99.9999%) are 

loaded in the HVPE chamber as a source material [5-7]. In order to obtain the AlGaN layer by 

mixed-source HVPE, the source zone temperatures of the metallic Al mixed with Ga are varied 

from 900 °C to 1090 °C. The AlGaN layers are grown from chemical reaction between a NH3 and 

an Al-Ga chloride formed by HCl that enabled to make Al-Ga chloride flown over metallic In 

mixed with Ga at 1090 °C. 

Fabrication of AlInGaN-Based LED for White Emission 

 

 

5.1. Al

The InAlGaN quaternary system have been shown to be practical interest in the realization of a 

wide variety of devices such as light emitting diodes, injection lasers, tran

[1,2]. Nitride semiconductors of AlGaInN are also suitable for light emitting diodes (LEDs) 

covering colors from violet t

The growth of AlGaN cladding layer is performed on a GaN templated 

sapphire (0001) substrate. GaN/AlN buffer layer and undoped GaN of ~2 ㎛is grown on 2 inch 

Al2O3 by MOCVD method. The mobility and carrier concentration of undoped GaN is 230 cm2/V·S 

and 5E18 /cm3, respectively.  
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Table.5.1 SAG-DH Growth parameters 

 

n-cladding 
 active layer p-cladding layer p-cap layer 

layer 

Source/growth 
temperature 

900℃ /1090℃ 900℃/1090℃ 900℃/1090℃ 900℃/1090℃ 

Growth time 10 min 
10 min 

10 min 
30 sec ~  

210 sec (GaN) 210 sec 

Growth 
thickness 

~5μm < 0.2μm ~ 5μm ~ 1μm 

Growth rate 5μm/h 0.01μm/min 3μm/h 5μm/h 

Al 
composition 

Al(x) 
In(y) 

10 ~ 15 % 10 ~ 15 %  

In 
composition 

 0 ~ 10 %   

Carrier 
concentration 

~ 5ⅹ1017/cm3  ~ 1ⅹ1017/cm3 ~ 1ⅹ1017/cm3

Ⅴ/Ⅲ ratio 40 40 40 40 

HCl (sccm) 20 20 20 20 

NH3 (sccm) 800 800 800 800 

Main N2 

(sccm) 
800 800 800 800 

Back N2 

(sccm) 
600 600 600 600 

HCl N2 (sccm) 200 200 200 200 

NH  N3 2 

(sccm) 
200 200 200 200 

 

Wafer cleaning and etching process was performed to eliminate native oxide layer before 

growing. Aceton and methanol were used for cleaning and HF was used for etching. I used 

optimized SiO2 as SAG mask. Aluminum react easily with SiO2, it cause Al-poly deposit on SiO2 
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Mask. Therefore SiO2 film quality is critical parameter to make device, successfully. I introduced 

RF-sputter system with 6 in of sputter system was ~5E-6 torr 

and rking pressure was 9E-4~1E-5 torr at Ar gas flowing of 65 sccm. Film deposition was 

performed at RF power ter 30 min ositio  th  Å

through thickness dependence experiment. I used quarter size wafer of 2 inch. HMDS was coated by 

spin c dit -3 e P wa r 30 

sec, P s perfo ft baking  was 90 ℃  and expo as 10 

sec. Aft c~1 min devel ping with developer baking wa erf ed on 

conditio ℃-10 min.  

After eloping process, etching proce performed to remove patterned SiO2. Etching 

cond nd 3 min in BOE etchant. I also introduced ultrasonic system to improve etching 

unifo d wavel h change a s active mate  was GaN, AlGa , InAlGaN. 

First o 0.6 g) an (0.2 g) g bo or n- 

claddi ond mixed source of Ga(2  fixed), Al(0.1  g, varied) and 0.1~0.5 g, 

varied ding boa s used for acti yer. Third mix ource of Ga(20 .6 g) 

and M  multi slid boat was used fo p- cladding layer. Metal source ed on 

conditio  rem e native oxide layer before loadin  boat. All load  

soaked urs at 920  mix. During th, source tem ture was 900  d growth 

temp 0 , tively. Stable perature contr℃ eeded to g  quality 

crystal. e environm ffect, quartz reactor and boat was ked before l g sources. 

Table.5.2 shows all expe tal conditions and results of DH growth. I also processed 3 times as 

sam

ch target to deposit SiO2. Base pressure 

 wo

 of 210 W af  pre dep n. I got optimized ickness of 5000

oater on con ion of 3000 RPM 0 sec to improv R adhesion on fer surface. Afte

R coating wa rmed. So condition -10 min sure time w

er 30 se

n of 120 

o  MIF500 , hard s p orm

dev

ition was arou

ss was 

rmity. I observe engt ccording a rial N

mixed source f Ga(20 g), Al( d Te at multi slidin at was used f

ng layer. Sec 0 g, ~0.6  In(

) at multi sli t wa ve la ed s  g), Al(0

g(0.09 g) at ing r was etch

n of 50%-HCl to ov g in ed source was

for 3 ho  to℃  grow pera an℃

erature was 109 respec  tem ol was n et high

To reduc ent e  pre-ba oadin

rimen

e condition to verify reproducibility.  
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                   Fig.5.1 Temperature profile of MS-HVPE 
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Table.5.2 Experimental conditions and results of SAG-DH growth. 

Date NUM Remark

135 n-Ga

(2007.3.21)

Te-AlGaN

Mg-AlGaN

Mg-GaN

Grow Active:GaN

136 200 200 600 800 800 900-1090 20

10'

2'30''

10'

2'30''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

GaN

Mg-AlGaN

Mg-GaN

Grow Active:GaN

137 200 200 600 800 800 900-1090 20

10'

2'30''

10'

2'30''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

GaN

Mg-AlGaN

Mg-GaN

Grow Active:GaN

138 200 200 600 800 800 900-1090 20

10'

2'30''

10'

LED Pattern

n-GaN

Te-AlGaN

GaN

Mg-AlGaN

-GaN

Grow Active:GaN

139 200 200 600 800 800 900-1090 20 5'
(2007.4.6)

GaN Grow Active:GaN

140 200 200 600 800 800 900-1090 20

10'

10'

10'

2'30''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.1)

141 200 200 600 800 800 900-1090 20

10'

10'

10'

2'30''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.1)

142 200 200 600 800 800 900-1090 20

10'

10'

10'

2'30''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.1)

143 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
AlGaN Grow

Active:AlGaN

(0.1)

144 200 200 600 800 800 900-1090 20

10'

10'

10'

2'30''

LED Pattern
n-GaN

(2007.3.21)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.3)

145 200 200 600 800 800 900-1090 20

10'

10'

10'

2'30''

LED Pattern
n-GaN

(2007.3.21)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.3)

146 200 200 600 800 800 900-1090 20

10'
10'

10'

2'30''

LED Pattern
n-GaN

(2007.3.21)

Te-AlGaN
AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.3)

147 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6) AlGaN Grow
Active:AlGaN

(0.3)

148 200 200 600 800 800 900-1090 20

10'

10'

10'

2'30''

LED Pattern

n-GaN

(2007.3.21)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Etching
Active:AlGaN

(0.4)

149 200 200 600 800 800 900-1090 20

10'

10'

10'

1'

LED Pattern

n-GaN

(2007.3.21)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Etching
Active:AlGaN

(0.4)

150 200 200 600 800 800 900-1090 20

10'

10'

10'

20''

LED Pattern

n-GaN

(2007.3.21)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.4)

151 200 200 600 800 800 900-1090 20

10'

10'

10'

1'

LED Pattern

n-GaN

(2007.3.21)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.4)

152 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.4)

N2

NH3

N2

HCl

N2

Back

N2

Main
NH3 Temp

Flow

(HCl

)

Growth

Time
Substrate

Growth

Material
Result

200 200 600 800 800 900-1090 20

10'

2'30''

10'

2'30''

LED Pattern

N
GaN

2'30''
(2007.4.6)

Mg

U-GaN

070426

070427
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1 Grow
Active:AlGaN

(0.4)

154 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.5)

155 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.5)

156 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.5)

157 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
AlGaN Grow

Active:AlGaN

(0.5)

158 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

LED Pattern
n-GaN

(2007.4.6)

Te-AlGaN

AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.6)

159 200 200 600 800 800 900-1090 20

10'
10'

10'

40''

LED Pattern
n-GaN

(2007.4.6)

Te-AlGaN
AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.6)

160 200 200 600 800 800 900-1090 20

10'
10'

10'

40''

LED Pattern
n-GaN

(2007.4.6)

Te-AlGaN
AlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:AlGaN

(0.6)

161 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6) AlGaN Grow
Active:AlGaN

(0.6)

162 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

(1)(2)(3)

U-GaN

(2007.4.6)

(4)LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Etching
Active:InAlGaN

(0.1)

163 200 200 600 800 800 900-1090 20

10'
10'

10'

40''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN
InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.1)

164 200 200 600 800 800 900-1090 20

10'
10'

10'

40''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN
InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.1)

165 200 200 600 800 800 900-1090 20

10'

10'

10'

20''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.1)

166 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
InAlGaN Etching

Active:InAlGaN

(0.1)

167 200 200 600 800 800 900-1090 20

10'

10'

10'

30''

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Etching
Active:InAlGaN

(0.2)

168 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

LED Pattern
n-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.2)

169 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

(1)(2)

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.2)

170 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
InAlGaN ?

Active:InAlGaN

(0.2)

171 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

(1)LED Pattern

n-GaN

(2007.4.6)

(2)U-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.3)

172 200 200 600 800 800 900-1090 20

10'

10'

10'

20''

(1)(2)

LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.3)

173 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
InAlGaN Grow

Active:InAlGaN

(0.3)

53 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
AlGaN

070428

070429
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174 200 200 600 800 800 900-1090 20

10'

10'

10'

40''

(1)(3)U-GaN

(2007.4.6)

(2)LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

(1)(3)Etchin
g

(2)Grow

Active:InAlGaN
(0.4)

175 200 200 600 800 800 900-1090 20

10'
10'

10'

40''

LED Pattern
n-GaN

(2007.4.6)

Te-AlGaN
InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.4)

176 200 200 600 800 800 900-1090 20

10'
10'

10'

30''

(1)(2)
LED Pattern

n-GaN

(2007.4.6)

Te-AlGaN
InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.4)

177 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
InAlGaN Local Grow

Active:InAlGaN
(0.4)

178 200 200 600 800 800 900-1090 20

10'

10'

10'

30''

LED Pattern

n-GaN

(2007.4.30)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Etching
Active:InAlGaN

(0.5)

179 200 200 600 800 800 900-1090 20

10'

10'

10'

30''

LED Pattern

n-GaN

(2007.4.30)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.5)

180 200 200 600 800 800 900-1090 20

10'

10'

10'

30''

LED Pattern

n-GaN

(2007.4.30)

Te-AlGaN

InAlGaN

Mg-AlGaN

Mg-GaN

Grow
Active:InAlGaN

(0.5)

181 200 200 600 800 800 900-1090 20 10'
U-GaN

(2007.4.6)
InAlGaN Center Grow

Active:InAlGaN

(0.5)

182 200 200 600 800 800 900-1090 20

10'

10'

10'

30''

n-GaN(호준)

2 inch

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

Center Grow

Tray 앞쪽 휨

Furnace 4z-

5mm

183 200 200 600 800 800 900-1090 20

10'

10'

10'

30''

(1)LED Pattern

n-GaN

(2007.4.30)

(2)LED Pattern

Si

(2007.4.29)

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

(1)Grow

(2)Center

Grow

184 200 200 600 800 800 900-1090 20

10'

10'

10'

30''

(1)LED Pattern

n-GaN

(2007.4.30)

(2)(3)(4)

U-GaN

(2007.4.6)

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

(1)Grow

(2)(3)(4)Cir

cle Grow

185 200 200 800 800 800 900-1090 30

10'

10'

10'

30''

(1)n-GaN(호준)

2 inch

(2)U-GaN(호준)

2 inch

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

(1)(2)Grow

Growth Zone

Tray

65-115mm

186 200 200 800 800 800 900-1090 30

7'

5'

7'

30''

(1)LED Pattern

n-GaN

(2007.4.30)

(2)LED Pattern

Si

(2007.4.29)

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

(1)Grow

(2)Etcing

(3~4

pattern

grow)

CRACK

187 200 200 800 800 800 900-1090 30

7'
5'

7'

30''

THELEDS Pattern

Te-AlGaN
InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

Grow

188 200 200 800 800 800 900-1090 20

7'

5'

7'

10''

U-GaN(HL-241)
(2006.12.26)

Te-GaN

900-1090

10cc

10'

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

Grow 큰 패턴 Etching

189 200 200 800 800 800 900-1090 20

7'

5'

7'

10''

U-GaN(호준)
2inch

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

Grow
위 아래 가장자리

Etching

190 200 200 800 800 800 900-1090 20

7'

5'

7'

10''

n-GaN(호준)
2inch

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

Grow
위 아래 가장자리

Etching

070430

070501

070502

070503
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The epilayers are analyzed by X-ray photoelectron spectroscopy (XPS) to characterize the 

Al(In)GaN ternary and quaternary alloys. To improve SAG selectivity of SiO2 mask, we enhance

elocity of carrier gas. It shorten mean free path of atom and reduce the probability of GaN 

eation existence on SiO2 mask. The optimized flow rate was 800 sccm. The growth rate o

N is slow than GaN, so growth time was 10min. N-cladding AlGaN is the first layer of DH

cture and effect on total crystal quality. The thickness of active layer was targeted under 2 ㎛

But we couldn’t measure exactly by SEM. Expected intrinsic carrier concentration of active layer 

was 1E17 cm-3. The key parameter of this experiment was material combination of active layer. As

ntioned, we tried to use GaN, AlGaN and AlInGaN as active layer. Growth time of GaN activ

r was 2 min 30 sec. But growth time of AlGaN and AlInGaN active layer was 10min because 

w growth rate. P-cladding AlGaN still has some issues. All over the nitride related material 

em, P-doping was very difficult. Mg activation was also needed. It was performed durin

cooling temperature after p-GaN cap layer. The gas flow rates of HCl and NH3 are maintained at 

 and 800 sccm, respectively. To perform the SAG process, the mesa-patterned windows are

ed by conventional photolithography and wet chemical etching. The pattern has the array o

㎛ diameter with a 500 ㎛ period. The SiO2 mask with the approximately 5000  thickneÅ

ed by sputter for SAG is used. Figure 5.2 shows the p-i-n- double heterostructure. 

191 200 200 800 800 800 900-1090 20

7'
5'

7'

10''

(1)U-GaN

(HL-245)

(2006.12.27)

(2)LED Pattern

Si

(2007.4.29)

Te-AlGaN
InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

Grow

(1)두꺼운 성장

SAG 잘 안됨

(2)중간부분

pattern 3개정도

성장

192 200 200 800 800 800 900-1090 20

4'

5'

4'

10''

(1)LED Pattern

Si

(2007.4.29)

(2)U-GaN

(HL-247)

(2006.12.27)

Te-AlGaN

InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

Etching

193 200 200 800 800 800 900-1090 20

4'
5'

4'

10''

(1)U-GaN(호준)

(2007.4.6)

(2)LED Pattern

Si

(2007.4.29)

Te-AlGaN
InAlGaN(0.4)

Mg-AlGaN

Mg-GaN

(1)Grow

(2)Etching

(1)성장하였으나
지저분하고

상태가 좋지 않음

070504
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Te-doped AlGaN
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Cr/Ni/Au

Cr/Ni/Au

GaN, AlGaN, AlGaInN

Mg-doped AlGaN n-clad
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active

p-cap
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n-metal

Undoped-GaN
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Al2O3(0001)
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Undoped-GaN

buffer MOCVD

Fig. 5.2 The schematic structure of the AlInGaN/AlGaN DH Structure 

 

 

5.2. Characterization of AlInGaN SAG-DH epitaxial structure 

We also prepared some samples to test the trend of optical performance. The atomic fractions of 

Al (X ℓAl) in the solution used for the AlGaN cladding layers were from 0.1 to 0.6 respectively. The 

atomic fractions of In (X ℓIn) in the solution used for the AlInGaN cladding layers were also from 

0.1 to 0.6 at Al0.6 InGaN respectively.  

 

 

Fig. 5.3 Te-doped Bulk Al 0.16 GaN of ~30 ㎛ 
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c) 

Fig. 5.4 Cha ation (b) Te 

Ato ction vs. Carrier mobility (c) Te Atomic fraction vs. Conductivity 

 

 

                N 

 

(a)                     (b)                     (

racterization of Al 0.16 GaN (a) Te Atomic fraction vs. Carrier concentr

mic fra

 

 

Fig. 5.5 AES of Mg-doped Bulk Al 0.16 Ga
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Generally, Al atom reacts faster than Ga atom with NH4 when AlGaN is grown by HVPE. It 

ccurs v-shape at surface due to high sticking coefficient of Al atom as Fig. 5.6(a). And the 

ifference of thermal expansion coefficient of sapphire substrate and GaN crystal generates much 

dislocation at interface  condition. We verified 

that it is possible by

 

Fig.5.7 XPS spectrum of the InAlGaN alloy  

 

Fig.5.6 TEM of Si-doped Bulk AlGaN (a) Non-optimized growth condition (b) Optimized 

growth condition 

o

d

. But Fig 5.6(b) shows the facet of optimized growth

 slective area growth and optimized growth of GaN buffer layer. 
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Fig.5.7 shows the XPS narrow-scan of each element of InAlGaN layer. The binding energies of 

the In 3d tions are 

estimated GaN layer 

grown by ffer layer 

growth con

 

Fig.5.8 5μm x 5μm AFM image of InAlGaN layer grown by the mixed-source HVPE   

 

The SAG-AlInGaN/ ce HVPE method with 

multi-sliding boat system GaN layers, the growth 

of the thick InAlGaN lay  Al into the In source. 

We found the new results t oup III source material 

coul  be used in the growth process of the In(Al)GaN layer by mixed-source HVPE method.  

 

 

 

 

 and Al 2p peaks are 74 eV and 445 eV, respectively. The In and Al composi

 to be about 3 % and 14 %, respectively. Fig.5.9 shows AFM image of InAl

 the mixed-source HVPE. We also found surface morphology depends on bu

dition. 

 

AlGaN LEDs were performed by the mixed-sour

. Moreover, as a new attempt in obtaining an InAl

er is performed by putting small amount of Ga and

hat the metallic In mixed with Ga (and Al) as a gr

d
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Top plate

ReactorHCl inlet quartz tube

Al+Ga +In Ga+Al+ MgGa+Al+Te Ga+Mg

Top plate

ReactorHCl inlet quartz tube

Al+Ga +In Ga+Al+ MgGa+Al+Te Ga+Mg

 

 

 

 

Fig.5.9 Multi sliding boat system and mixed metal source in MS-HVPE 

        for AlGaN/AlInGaN LED 

 

Each well is saperated by tallic source, (Ga+Al+Te) 

for n-AlGaN, (Al+Ga+In) f a+Mg) for p-GaN layer, 

respectively. The HCl in e melt source by moving the 

top plate. The upper top HCl and metallic source. 

The top cover plate can pro in other wells during the 

growth of one layer. 

The layer structure of t AlGaN cladding layer, 

a 0.5 ㎛-thick AlInGaN, a 0 r and a 0.5 ㎛-thick Mg-

doped GaN

atom n of the Te in the Al-Ga source. In case of the Si-doped one, it is varied from 9.0E16 

/cm

 this chapter, we will describe the allover process to make SAG-LED. Having defined the 

epitaxial layer stack and the device layout, the next step is to process technology needed to fabricate 

 compartments and contained with mixed me

or AlInGaN, (Ga+Al+Mg) for p-AlGaN and (G

let quartz tube is moved to a position over th

plate has a window for the chemical reaction of 

tect vaporization of volatile doping sources 

he SAG-LED consists of a 0.5 ㎛-thick Te-doped 

.5 ㎛-thick Mg-doped AlGaN cladding laye

 cap layer. The carrier concentration of the n-AlGaN cladding layer depends on the 

ic fractio

3 to 7.5E18 /cm3, while in case of the Si-doped one; it was varied from 2.0E16 /cm3 to 1.1E17 

/cm3. This shows that the Te doping is more suitable to get a high n-type concentration by MS-

HVPE method. 

 

5.3. Device fabrication 

In
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AlI N/Al osited on the 

p-GaN and rfaces. We will 

describe ke rocess steps of the fabrication process in the order of their appearance in the process 

flow. Detai d descriptions of the different process steps can be found in table5.3. 

 

 

 

 

nGa GaN LED. As previously stated, Cr/Ni/Au(150/150/500 Å) layer is dep

n-GaN layers as electrode, respectively after removal of the SiO2 film su

y p

le



 
 

Table. 5.3 AlInGaN/AlGaN SAG-LED making process 

 

 Process Step Geometry of Processed Device Raw Material Process Condition 

1 n-GaN/Al2O3  

 

n-GaN/Al2O3 

(MOCVD) 

NH3, Silane 

n-GaN hick: : 2~3µm 

C/C ~ 5x1018/cm3  

ss: 1~2µm 

Crack free (2inch) 

template wafer template wafer 

TMGa 

 T

Mobility ; 200~300 

u-GaN Thickne

2 Wafer cleaning 

(Wet station  

ultrasonic) 

 

 Aceton 

Methanol 

HF 

DI Water 

Aceton ~ 5 min 

Methanol ~ 5 min 

HF etching time ~ 5min 

DI Water cleaning ~ 10min  

3 SiO2 deposition 

(PECVD) 

 

 

Silane 

N2O 

 

pressure ~ 800 mTorr 

temperature  ~300℃ 

Silane ~150 sccm  /  N2O ~400 sccm 

deposition time ; 30~60min, 

2000~3000Årf Power ~25 W 

4 Photolithography 

SAG 

pattern(Mask 

Aligner 

PR coater) 

 Developer 

PR 

DI Water 

 

PR AZ 5214 ; 3500rpm, 30sec 

soft baking ; 90 , 10min℃  

exposure ; 8W/cm2, 10 sec  

developing ; MIF500, 40~60sec 

hard baking ~ 120 , 10min℃  

5 SiO2 etching 

 

(Wet station) 

  

BOE 

 

Time ; 1~3 min 

 

6 

6-1 

SAG 

DH growth 

n-cladding layer  

(Mixed-source 

HVPE) 

 

 

n-GaN/Al2O3 

template wafer 

Ga(6N) 

NH3, HCl, 

N2, Te(5N), 

Al(5N) 

Al composition : 20~30% 

carrier concentration ; ~1x1018/cm3  

growth rate ~40μm/h, Thickness ~40μm 

growth temperature ; ~1090℃ 

dislocation density ; 1x108~8x108/cm2  

crack free  Dia.300 μm SAG  

 

buffer

Al2O3

undoped-GaN
n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

SiO2

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

SiO2

Al2O3

buffer
undoped-GaN

n-GaN
SiO2

PRPR

Al2O3

buffer
undoped-GaN

n-GaN
SiO2

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN
SiO2

PRPR

200~
250㎛

SAG

200~
250㎛

SAG

Al2O3

buffer
undoped-GaN

n-GaN

SiO2

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

SiO2

200~
250㎛
200~
250㎛

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

<250㎛<250㎛
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 Process Step P ss Outline Raw Material Process Condition roce

6 SAG 

HVPE) 

 In(6N)  In composition : 0~45% (Cd doped?) 

m/min 

 990℃ 

6-2 DH growth 

Active layer  

(Mixed-source 

 

Ga(6N) 

NH3 

N2 

HCl  

growth rate ~0.2μ

growth temperature ~

Thickness : <0.2μm 

6 

6-3 

 ayer  

d-source 

HVPE) 

 

Al(5N) 

 20~30% 

tion ~ 1~5x1017/cm3  

h, Thickness 

growth temperature ~ 1090℃ 

dislocation density ; 

m SAG 

SAG 

DH growth 

p-cladding l

(Mixe

 

 

Ga(6N)  

NH3 

HCl

N2Mg(4N) 

Al composition:

carrier concentra

growth rate ~20μm/

~20μm 

5x108~1x109/cm2  

crack free  Dia.300 μ

6 

6-4 

SAG 

DH growth 

p-GaN 

(Mixed-source 

 Ga(6N)  

NH3, N2HCl 

Mg(4N) 

  

HVPE) 

  

growth rate ~ 30μm/h 

growth temperature ~ 1050℃ 

Thickness ~ 0.2μm 

7 ation 

rce 

 

 

N2 

 

Mg-activ

(Mixed-sou

HVPE) 

Temperature ~ 600℃ 

Time ~10 min 

 

8 SiO2 lift-off 

ultrasonic) 

DI Water 

 

Ultrasonic time : all lift-off 

DI Water cleaning ~10min 

 

(Wet station  

 

 

HF 

9 Photolithography

) 

 

 

 

Lift-off 

(Mask Aligner 

PR coater

Developer 

PR 

DI Water 

 

PR AZ 4620 ; 3000rpm, 30sec 

soft baking ; 90 , 10min℃  

exposure ; 8W/cm2, 10 sec  

developing ; MIF500, 40~60sec 

hard baking ; 120 , 10min℃  

 

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active

<250㎛<250㎛

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad

<250㎛<250㎛

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

<250㎛<250㎛

<250㎛<250㎛

Al2O3

buffer
undoped-GaN

n-GaN

n-clad
active
p-cladp-cap

Al2O3

buffer
undoped-GaN

n-GaN

n-clad
active
p-cladp-cap

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cappr

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cappr

100㎛

Out 310㎛
In    290㎛

100㎛

Out 310㎛
In    290㎛
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 Process Step Process Outline Raw Material Process Condition 

10 

 

t

n-metal 

(e-Beam) 

 

 

Ti 

Al 

Vacuum <5x10-6 Torr 

emperature <60℃ 

Ti/Al thickness 500/1000Å 

~3 RPM 

11

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cappr
Ti/Al

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cappr

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cappr
Ti/Al

 ff(Acetone 

ol 

 

0 ㏄ Lift-o

spray 

N2 Dry 

Ultrasonic) 

 

 

Acetone 

Methan

N2 

Acetone spray 2~3 ㎏/㎠, 5

Ultrasonic time : all lift-off 

Methanol ~100 , 5min.℃  

N2 5min 

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

12 n-Metal  N2 

 Alloy 

(RTA) 

RTP temperature ~ 600℃ 

Time ~ 30sec 

N2 gas 500±10 sccm 

13 y

(Mask Aligner 

PR coater) 

 eloper 

PR 

DI Water 

AZ 4620,; 3000rpm, 30sec 

soft baking ; 90 , 10min℃  

exposure ; 8W/cm2, 10 sec  

developing ; MIF500, 40~60sec 

min 

Photolithograph  

Lift-off 

 

Dev PR 

hard baking ; 120 , 10℃

14 T tal  

 

Ni 

Au

 

V  <5x10-6 Torr 

N

Rot

M me

 

 

acuum

i/Au thickness 50/50Å 

ation Speed ~3 RPM 

15 L

(Acetone spray 

N2 Dry 

Ultrasonic) 

 Acetone 

Methanol 

N2 

 

Acetone spray ; 2~3 ㎏/㎠, 50 ㏄ 

Ultrasonic time : all lift-off 

Methanol ~100 , 5min.℃  

N2 5min 

ift-off 

 

 

16 TM metal alloy 

(RTA) 

 

 N2 

O2 

RTP temperature ~ 500℃ 

Time ~ 1min 

O2 gas /N2 gas 5% 

Al2O3

buffer
undoped-GaN

n-GaN

n-clad
active
p-clad
p-cap

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad
active
p-clad
p-cap

<250 
㎛

<250 
㎛

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-cladp-cap

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-cladp-cap

<250 
㎛

<250 
㎛
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 Process Step Process Outline Raw Material Process Condition 

17 Photolithography 

Lift-off 

(Mask Aligner 

PR coater) 

 

 

Developer 

PR 

DI Water 

 

PR AZ 4620 ; 3000rpm, 30sec 

soft baking ; 90 , 10min℃  

exposure ; 8W/cm2, 10 sec  

developing ; MIF500, 40~60sec 

hard baking ; 120 , 10min℃  

18 p-pad metal 

(e-beam) 

 

 

 

Au 

 

Vacuum <5x10-6 Torr 

temperature <60℃ 

Au thickness < 2000Å 

Rotation Speed ~3 RPM 

19 Lapping 

(Lapping 

machine) 

 Wax 

Mount 

Hot Plate 

DI 

Lapping rpm ; 50~60RPM 

time ; 80~100min 

Wafer thickness ~100㎛ 

20 Lapping 

(Lapping 

machine) 

 Wax 

Mount 

Hot Plate 

DI 

Polishing rpm ; 50~60RPM  

time ~ 60min 

Wafer thickness ~100㎛ 

 

21 Test & etc 

 

  <Measurement Parameter> 

Forward Voltage Vf (V) Reverse 

current Ir (㎂)Radiant Power Po 

(mW)Peak Wavelength λp 

(nm)Dominant Wavelength λd 

(nm) 

 

 

 

 

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

pad

Al2O3

buffer
undoped-GaN

n-GaN

Al2O3

buffer
undoped-GaN

n-GaN

n-clad

active
p-clad
p-cap

pad
100
㎛

350
㎛

350
㎛

100
㎛

350
㎛

350
㎛
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Fig.5.10 shows SEM image of the SAG-LED grown by mixed-source HVPE with multi-sliding 

boat system own in it, ㎛×350 ㎛ an ar etal pad is 

about . Mo y ipped wit n system. But 

only wafer level test was possible because there was’t any system of ma

 

 

 p mix

. as sh die size is 350 d a circul n- metal and p-m

 100 ㎛ st samples are processed in laborator equ h all fabricatio

king dice. 

Fig.5.10 Top-view image of the SAG-LED chi grown by ed-source HVPE  
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Ch

y utilizing the GaN-based double hetero structure with broad wavelengths, Si and Te doped 

white-light or near-white-light generation without using phosphor have been demonstrated. 

However, their output electroluminescence (EL) spectra are dependent on the bias current.  

In this charter, I will summerize test result of Al(In)GaN base white LED grown by MS-HVPE. 

Optical spectra (410 nm ~ 610 nm) of the near whitelight emitted by the device are almost 

invariable, from low to high levels of bias current. The bias independent performance of the optical 

spectra of the demonstrated device can be attributed to the uniform distribution of the injected 

carriers in Al(In)GaN active with different center wavelengths. The active layers are composed of 

Al(I )GaN, sandwiched between upper p-type AlGaN and lower n-type AlGaN layers. The top p-

metal (Cr- f n-metal 

contacts on the same plane.  

The total active area of our device is around 350um circle In order to perform the on-wafer 

probing and measurement of the fabricated device, a circular n-type metal contact, with an Cr/Ni/Au 

thickness of 150/150/500 Ả in diameter was deposited.  

Details of the geometry and size of the fabricated device are shown in chater 5. The overall 

fabrication-processes are similar to fundamental LED production process. Under a forward bias, 

strong near-white-light emission can be observed between the two circles in the p-metal region and 

the p-pad; there is no output light from the trench region making the total effective light-emitting 

region ring-shaped. The output power and EL spectral performance of devices fabricated with 

different active composition are studied.  

apter 6.  

Experimental results for Active layer’s Condition 

 

 

B

n

Ni–Au) circle has a diameter of 100 um and is surrounded by ring pattern o
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The major difference between the traditional LEDs or super-luminescence-diodes and our 

S-HVPE process 

length distribution of injected 

rior to that reported for phosphor-free whitelight 

ill be close to that of the white-light region of the CIE diagram. I can, 

 are successfully grown 

sing our MS-HVPE method. Normally Bandgap of Al(In)GaN quarternary composition in phase 

diagram is UV area. To emit white spectrum, In-rich localized nano phase crystal such as quantum 

dot coexist with intrinsic Al(In)GaN UV band. We could exactly observe EL emission through 

microscope. When electron is injected into device, LED surface emit red and green light with 

intrinsic UV~blue. I thought it was novel physics ever not seen before. 

Figure 6.1 shows the PL spectrum of the SAG-Al(In)GaN/InGaN DH structure (X ℓGa = 0.25) at 

room temperature. The Epi wafer grown Al(In)GaN quarternary active emitted broad spectrum from 

UV to red area. Sharp peak of the left is GaN buffer peak. And broad peak of the right is expected 

demonstrated device, is that in our structure the p-n junction is made by SAG M

and that nano-phase In-rich localized crystal will result in a wave

carriers. The problems of nonuniform gain spectrum and carrier distribution can be optimized in the 

devices by developing more experiment. 

All devices perform similarly in terms of the output EL spectra. The slight difference in the 

center wavelengths may be attributed to the nonuniformity of the HVPE-grown epi-layers. The 

performance of the EL spectra achieved is supe

GaN LEDs [3-8]. 

According to the measured bias-insensitive EL spectra and CIE chromaticity diagram, the 

calculated color coordinates w

thus, conclude that in order to achieve the desired color temperature and color coordinates, Indium 

composition of Al(In)GaN active layer must be optimized.  

 

6.1. Performance of AlInGaN White LED 

I demonstrated that the conventional AlGaN/Al(In)GaN DH suructure

u
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Al(Ga)InN active layer’s peak. Relative intensity depends on surface morphology and composition 

sition along the crystal direction. 

pectrum of the SAG-Al(In)GaN/InGaN DH structure 

ature. But the peak intensity of UV (~400 

nm)

uniformity. It is considered as the variation of the indium compo

 

0
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1 104

1. 2 104

1. 4 104

1. 6 104

061016c_ cr oss

350 400 450 500 550 600 650 700

 

Fig. 6.1 PL s

 

Fig.6.2 shows temperature dependance of PL peak for AlGaN/Al(In)GaN DH structure. I found 

the peak position of wavelength nearly change as temper

 range strongly depends on temperature camparing other spectrum range. Its spectrum shape 

was changeable as indium mole fraction of MS-HVPE source. It means that it is controllable. 
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Fig.6.2 temperature dependance of PL peak for AlGaN/Al(In)GaN DH structure 

 

Fig.6.3(a) shows PL peak at low temperature (10 K) of AlGaN/Al(In)GaN DH layers. And 

Fig.6.3(b) shows peak change as temperature increase. I found that spectrum of 550~600 nm range 

changed a little but UV range changed steeply under 150 K. We guess that localized In-rich nano 

phase crystal is little sen

             

Fig.6.3 (a) PL peak at low temperature at 10 K (b) temperature dependance of PL peak for 

AlGaN/Al(In)GaN DH layers 

sitive about temperature. 

      (a)                                  (b) 
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6.2 EL characteristics of AlGaN and AlInGaN active 

6.2.1 GaN active layer 

At first, LED structure with GaN active was grown for reference purpose. N-GaN grown by 

MOCVD on sapphire was used for substrate. N-cladding layer was Te-doped AlGaN and P-

cladding layer was Mg-doped AlGaN. P-cap layer was Mg-GaN. All DH-structures was grown by 

SAG-HVPE. Cr(150 Å)/Ni(150 Å)/Au(500 Å) deposition by e-beam evaporator was used as n-

metal and p-metal at once. After formation of metal, alloy process was followed. As expected, blue 

light emitted and its spectrum was around 430 nm as shown Fig 6.4. 

 

Table 6.1. shows EL measurement resu ed 

current. 
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Fig.6.4. Injection current dependance of EL spectrum for DH structure with GaN active layer 

lts of wavelength, intensity and FWHM as inject
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Table.6.1. Injection current dependance of GaN EL spectrum 

 

Injec m. There 

was not any peak at region over 520 nm. At allover wafer, spectrum was similar. Fig 6.5 shows blue 

ligh

 

Reproducib  by MS-HVPE. 

Fig 6.6 shows t A of forward 

injection current. good. 

 

GaN 

(#137) 

Wavelength 

[nm] 

Intensity 

[arb.units]

FWHM 

[nm] 

5mA 433 2352 77.863 

10mA 433 3862 64.479 

15mA 433 4887 58.243 

20mA 431 7566 52.463 

25mA 431 11746 49.987 

30mA 430 15681 49.068 

 

tion current was varied from 5 mA to 30 mA. Main peak was observed at 433 n

t emits clearly at 20 mA.  

 

 

Fig.6.5 Emitting light of DH structure with GaN active layer 

 

ility was also confirmed through consecutive three samples grown

hat there was no change of EL peak intensity from 15 mA to 30 m

 At 20 mA, EL peak FWHM was 52 nm and device performance was 
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               (a)                                    (b) 

Fig.6.6 Injection current dependance of EL (a) intensity and (b) FWHM  

 

6.2.2 Al(0.1 g)GaN active layer 

LED structure with AlGaN(Al~0.1 g) active was grown and growth time of active layer was 10 

min. Fig 6.7 shows EL characteristics as injection current. We could find spectrum peak near 480 

nm, 550 nm and 610 nm. It wa ’s spectrum. 

g.6.7 Injection current dependance of EL spectrum for DH structure with Al(0.1g)GaN active 

layer  
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I could also ob aterial. Table 6.2 

shows EL measurement results of wavelength, intensity and FWHM as injected current of 

Al(0.1g)GaN active. 

 

Table.6.2. Injection current dependance of Al(0.1 g)GaN EL spectrum  

I found the position of main peak shifted forward long wavelength about 10nm comparing with 

GaN active layer’s spectrum. In addition, we could observe difference between GaN active and 

AlGaN activ s on growth 

mechanism and ography emitting 

at 20 mA injectio ental result. In 

conclusion, Al and caused white 

emitting. 

 

 

 

 

AlGaN 

0.1g 

(#141) 

Wavelength 

[nm] 

Intensity 

[arb.units]

FWHM 

[nm] 

serve white color emitted and understood it was caused by Al m

5mA 420 2420 68.979 

10mA 420 3859 56.236 

15mA 417 5386 51.536 

20mA 418 7328 48.322 

25mA 415 9281 46.511 

30mA 415 10119 46.902 

 

 

e in over 500 nm region. It means Al material in AlGaN layer effect

 causes yellow band spectrum strongly. Fig 6.8 shows device phot

n current. We checked reproducibility from consecutive experim

material in AlGaN active dramatically effected on device spectrum 
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Fig.6.8 Emitting light of DH structure with Al(0.1 g)GaN active layer 

 

g 6.9 shows spectrum intensity and FWHM characteristics of each injection current. We 

jection current and FWHM of main peak was under 50 nm. 

(a)                                (b) 

Fig.6.9 Injection current dependance of EL (a) intensity and (b) FWHM  
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6.2.

measure E ess had some trouble after 

crystal growth and formation 

 

6.2.4 Al(0.4 g)GaN active la

LED structure with AlGa th time of active layer was 10 

min. Fig 6.10 shows EL characteristics of each injection current. We could find spectrum emitting 

white color. Blue and white spectrums coexisted in a device. 

 

g)GaN 

 

In general, Main peak appeared near 480 nm~490 nm comparing with AlGaN(Al~0.1 g) active. 

It meant that Al amount affected on spectrum distribution. Table 6.3 shows intensity and FWHM of 

AlGaN(Al~0.4 g) active and Fig 6.11 shows device emitting white color with green color. 

 

5000

20000

25000

3 Al(0.3 g)GaN active layer 

LED structure with AlGaN(Al~0.3 g) active was grown. I could also observe white color 

emitted but couldn’t L spectrum because fabrication proc

of electrode was unstable. 

yer 

N(Al~0.4 g) active was grown and grow

Fig.6.10 Injection current dependance of EL spectrum for DH structure with Al(0.4 

active layer  
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Table.6.3. Injection current dependance of Al(0.4 g)GaN EL spectrum 

 

 

 

Fig

 

I found it ha was higher than 

expected. Main peak’s FWHM of 480 nm was 64 nm~92 nm and was changed in proportion to 

injection current. A peak of 420 nm tends to red shift. On the other hand, a peak of 500 nm tends to 

blue shift. When injection increases more than other 

peak relative lGaN active 

yer. We thought it needed more study to verify this phenomenon. 

 AlGaN 

0.4g 

(#151) 

Wavelength 

[nm] 

Intensity 

[arb.units]

FWHM 

[nm] 

5mA 496 4742 92.702 

10mA 489 6770 88.696 

15mA 487 9751 82.451 

20mA 482 15213 73.989 

25mA 475 20905 65.922 

30mA 472 24348 64.241 

 

.6.11 Emitting light of DH structure with Al(0.4 g)GaN active layer 

d linear relation with injection current and intensity of main peak 

current increases, the intensity of 500 nm peak 

ly. It means that it is not impurities effect but stable crystal formation of A

la
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Fig.6.12 Injection current dependance of EL (a) intensity and (b) FWHM  

 

 

6.2.5 Al(0.5 g)GaN active layer 

LED structure with AlGaN(  time of active layer was 10 

min. Fig 6.13 shows EL ch nt. We could find spectrum 

emitting white color. Blue and ce. Main peak appeared near 

447 nm~431 nm and was changed in proportion to injection current. There were not other peak such 

as 550 nm and 610 nm in EL spectrum. But FWHM of 57 nm~150 nm range was more broad than 

other samples. We could observe white light with blue light and it was definitely different from 

GaN
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Fig.6.13 Injection current dependance of EL spectrum for DH structure with Al(0.5 g)GaN 

active layer  

 

 

Table.6.4. Injection current dependance of Al(0.5g)GaN EL spectrum 
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AlGaN 

(#155) 
[nm] [arb.units] [nm] 

0.5g 
Wavelength Intensity FWHM 

5mA 447 3826 150.5 

10mA 447 4681 95.293 

15mA 446 8011 75.581 

20mA 442 16937 61.791 

25mA 438 35720 55.105 

30mA 431 57647 57.05 
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le 6.4 shows, intensity increases dramatically over 15 mA injection current and increases 

rrent. We thought it was caused by metallization process. 

(a)                                (b) 

Fig.6.15 Injection current dependance of EL (a) intensity and (b) FWHM  

 

As Al amount increases, the intensity of long wavelength peak tends to be strong. We thought it 

meant change of growth mechanism and device characteristics as Al amount increased in AlGaN 
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acti

 

6.2.6 Al(0.6 g)GaN active 

 LED structure with Al  time of active layer was 

10 min. Fig 6.16 shows EL ch  spectrum emitting white 

color. Main peak appeared n r 550 nm and 610 nm. 

Fig 6.16 shows EL FWHM of  is more broad than other 

samples. 
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aracteristics as injection current. I could find

ear 396 nm, we could find spectrum peaks nea

 AlGaN(Al~0.6 g) active is about 100 nm, it

7000

Fig.6.16 Injection current dependance of EL spectrum for DH structure with  

Al(0.6 g)GaN active layer 
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Table.6.5. Injection current dependance of Al(0.6g)GaN EL spectrum  

 

I couldn’t m he EL intensity 

was

 

Fig.6.17 Emitting light of DH structure with Al(0.6 g)GaN active layer 

 

 

 

 

 AlGaN 0.6g

(#159) 

Wavelength 

[nm] 

Intensity 

[arb.units]

FWHM 

[nm] 

5mA 396 1622 36.349 

10mA 392 4253 48.383 

15mA 390 5396 77.69 

20mA 390 6239 114.07 

25mA 392 6762 122.89 

30mA 392 7177 123.97 

 

easure each peak over 500 nm because of mixed spectrum peak. T

 linear over 10 mA and was higher than other samples. 
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(a)                                (b) 

Fig.6.18 Injection current dependance of EL (a) intensity and (b) FWHM 

 

In case of Al~0.6 g in AlGaN active layer, white emission intensity was highest. I tried to add 

In at AlGaN(Al~0.6 g) active to check spectrum of AlInGaN quaternary active. It let us know 

spectrum trend as In mole fraction increase. Other layers are fixed to campare performance exactly. 

 

6.2.7 In(0.1 g) Al(0.6 g) GaN active layer 

LED structure with In(0.1 g)Al(0.6 g)GaN active was grown and growth time of active layer 

was 10min. Fig 6.19 shows EL characteristics for each injection current. Main peak appeared near 

403 mm~410 nm according to injection current. We could find spectrum peaks near 550 nm and 

610 nm definitely. Table 6. s about 80 nm. 
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(0.6 

g)

 

Peaks of 550 nm and 610 nm appeared from 10 mA and they separated clearly at 20 mA. I 

found Al and In material in InAlGaN active effected on two peaks. Especially, 610 nm peak was 

strongly caused by In material. I thought it was also caused by MS-HVPE growth mechanism. 

 

InAlGaN 

0.1g 

(#165) 

Wavelength 

[nm] 

Intensity 

[arb.units]

FWHM 

[nm] 

 

350 400 450 500 550 600 650 700
500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

6500

7000
InAlGaN(0.1g)

 

 

In
te

ns
ity

 [a
rb

. u
ni

ts
]

Wavelength [nm]

 30 mA
 25 mA
 20 mA
 15 mA
 10 mA
 5 mA

Fig.6.19 Injection current dependance of EL spectrum for DH structure with In(0.1 g)Al

GaN active layer 

 

Table.6.6. Injection current dependance of In(0.1 g)Al(0.6 g)GaN EL spectrum 
 

5mA 410 2086 72.322 

10mA 408 3924 80.671 

15mA 405 4767 82.314 

20mA 405 5699 91.374 

25mA 403 6358 89.256 

30mA 403 6808 93.136 
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Fig N active layer 

 

oad 

because of several mixed peak effect. 

 

6.2.8 In(0.2 g)Al(0.6 g)GaN active layer 

LED structure with In(0.2 g)Al(0.6 g)GaN active was grown and growth time of active layer 

was 10 min. Fig 6.22 shows EL characteristics for each injection current. Main peak appeared near 
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because of several mixed peak effect. 

 

6.2.8 In(0.2 g)Al(0.6 g)GaN active layer 

LED structure with In(0.2 g)Al(0.6 g)GaN active was grown and growth time of active layer 

was 10 min. Fig 6.22 shows EL characteristics for each injection current. Main peak appeared near 

 

g light of DH structure with In(0.1 g)Al(0.6 g)Ga.6.20 Emittin

 
95

(a)                                (b) 

Fig.6.21 Injection current dependance of EL (a) intensity and (b) FWHM  

Peak intensity was changed in proportion to injection current and FWHM was very br

                             (b) 

Fig.6.21 Injection current dependance of EL (a) intensity and (b) FWHM  

Peak intensity was changed in proportion to injection current and FWHM was very br
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405 ~413 nm according to injection current. It increased slightly comparing with In~0.1 g of 

InAlGaN active. I could find spectrum peaks near 550 nm and 610 nm definitely. Table 6.7 shows 

EL FWHM of main peak is about 75~100 nm. 

Fig.6.22 Injection current dependance of EL spectrum for DH structure with In(0.2 g)Al(0.6 

g)GaN active layer  

 

Table.6.7. Injection current dependance of In(0.2 g)Al(0.6 g)GaN EL spectrum 
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InAlGaN 

0.2g 

(#169) 

Wavelength 

[nm] 

Intensity 

[arb.units]

FWHM 

[nm] 

5mA 413 1186 75.918 

10mA 409 1753 80.117 

15mA 408 2173 83.623 

20mA 412 2537 87.165 

25mA 406 2753 94.287 

30mA 405 2917 103.74 
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Fig.6.23 Emitting light of DH structure with In(0.2 g)Al(0.6 g)GaN active layer 

 

(a)                                (b) 

Fig.6.24 Injection current dependance of EL (a) intensity and (b) FWHM 
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6.2.9 In(0.3 g)Al(0.6 g)GaN active layer 
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Table.6.8. Injection current dependance of In(0.3 g)Al(0.6 g)GaN EL spectrum  

 

 

350 400 450 500 550 600 650 700

1000

2000

3000

4000

5000

6000

7000

8000

9000

 nm. It increased slightly comparing with In~0.2 g of InAlGaN active. I could find spectrum 

peaks near 550 nm and 610 nm definitely. Table 6.8 shows EL FWHM of main peak is about 

92~156 nm. 

Fig.6.25 Injection current dependance of EL spectrum for DH structure with  
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Peak in  and FWHM was 

unchanged uously. It meant 

reproducib

 

 

.6.26 Emitting light of DH structure with In(0.3 g)Al(0.6 g)GaN active layer 
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g.6.27 Injection current dependance of EL (a) intensity and (b) FWHM 

tensity was linearly changed in proportion to injection current

from 15 mA. I had got same experimental result of three times contin

ility was no problem. 
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6.2.10 In(0.4 g)Al(0.6 g)GaN active layer 

LED structure with In(0.4 g)Al(0.6 g)GaN active was grown and growth time of active layer 

was 10min. Fig 6.28 shows EL characteristics as injection current. Main peak appeared near 

410mm~415nm according to inje  g)Al(0.6 g)GaN sample. I 

could find spectrum peaks nea ows EL FWHM of main 

peak is about 96~136 nm. 
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Fig.6.28 Injection current dependance of EL spectrum for DH structure with 

 In(0.4 g)Al(0.6 g)GaN active layer  
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Table.6.9. Injection current dependance of In(0.4 g)Al(0.6 g)GaN EL spectrum 

 

 

Fig.6.29 Emitting light of DH structure with In(0.4 g)Al(0.6 g)GaN active layer 
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Fig.6. d (b) FWHM 

 

Peak intensity was linearly changed in proportion to injection current and I could observe bluish 

white color. I had got same experimental result of three times continuously 

 

6.2.11 In(0.5 g)Al(0.6 g)GaN active layer 

LED structure with In(0.5 g)Al(0.6 g)GaN active was grown and growth time of active layer 

was 10 min. Fig 6.31 shows EL characteristics as injection current. Main peak appeared near 407 

nm~423 nm according to injection current. I could find spectrum peaks near 550 nm and 610 nm 

definitely. Table 6
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Fig.6.31 Injection current dependance of EL spectrum for DH structure with 

 In(0.5 g)Al(0.6 g)GaN active layer 

 

 

Table.6.10 Injection current dependance of In(0.5 g)Al(0.6 g)GaN EL spectrum  
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Fig.6 yer 
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was caused 

by new generated peak nea imes continuously 

 

 

 

 

 

.32 Emitting light of DH structure with In(0.5 g)Al(0.6 g)GaN active la
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Fig.6.33 Injection current dependance of EL (a) intensity and (b) FWHM 
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6.3 RD characteristics 

he atomic planes of a crystal cause an incident beam of X-rays to interfere with one another as 

they leave the crystal. The phe  XRD technique is used to 

identify crystalline phases and or e structural properties of lattice 

parameters such as strain, grai preferred orientation (Laue) 

order-disorder transformation, a easurement of thin films and 

multi-layers can be done throu ement. I changed Al atomic 

fraction in Ga melt to adjust Al composition of crystal. I inserted Al amount from 0.1g to 0.6g in Ga 

amount of 20 g.  Each Al atomic fraction was 0.0127 at 0.1 g, 0.0373 at 0.3 g, 0.0495 at 0.4 g, 

0.060 ℃ at 

growt /hr 

and t  was 

pro ent of 

(0004) a

of it.  GaN 

buffe

 

      1      4     h2 + hk2 + k2      l2

          =      ·              +        ………………..… ( 1 ) 
       d2     3          a2          c2

 

                  c×3.189 
a =            ……………………... ( 2 ) 

     5.185 

 

I could find ‘a’ and ‘c’ lattice constant using formula (1) and (2). The ratio of two values is 

X

T

nomenon is called X-ray diffraction.

ientation. It is also used to determin

n size, expitaxy, phase composition, 

nd thermal expansion. Thickness m

gh determination of atomic arrang

7 at 0.5 g and 0.072 at 0.6 g. Temperature was 900 ℃ at source region and 1090 

h region. The flow rate of HCl and NH3 was 20 sccm and 800 sccm. Growth rate was 20um

hickness of AlGaN was 2~5 um. Sample size for XRD measurement was 1/4”. 2θ-ω scan

cessed about (0002) face to find a lattice constant. To find c lattice constant, the measurem

nd (0006) face should be done. But we found c lattice constant through formula (2) instead 

We also processed XRD mapping in case of low Al composition causing vague peak near

r peak.  
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call sson’s ratio and it shape logarithmic function. Poisson’s ratio means varied amount of 

material by elastic metamorphosis and is determined by material. For example, if a sample 

lengthens forward one direction by pulling force, it shrinks relatively for its perpendicular direction. 

I can express changing ratio (Δω/ω) as following formula  

 

c-axis variation       Δω/ω  
                   =          = σ (poisson’s ratio) 

        a-axis variation        Δl/l  

 

 

                                   C12C33 - C13
2

for hexagonal structure        σ =  
                                   C11C33 – C13

2

 

c’ – {5.185(1-x)+4.982x} 
 
   5.185(1-x)+4.872x  
                         

a’ – {3.189(1-x)-0.077x} 
 

     3.189(1-x)+3.112x 

 

 

ed poi

         = 

[{c12AlNx+c12GaN(1-x)} {c33AlNx+c33GaN(1-x)}- {c13AlNx+c13GaN(1-x)}]2

                                                               ……..(3) 
[{c11AlNx+c11GaN(1-x)} {c33AlNx+c33GaN(1-x)}- {c13AlNx+c13GaN(1-x)}]2
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Fig.6.34 shows experimental result of K. Tsubouchi, N. Mikoshiba and theoretical result of V. A. 

that is first-principles molecular dynamics method, of A. F. Wright that is 

pus

Fig.6.34 the relation between Al atomic fraction and Poisson’s ratio  

 

 

0
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0.20

Savastenko, A. U. Sheleg 

eudopotential local density approximation method, and of K. Shimada, T. Sota, K. Suzuki. It 

expresses relation of Al composition and Poisson’s ratio. In Fig 6.34, red line is the results of K. 

Shimada, blue and green lines are the results of V. A. Savastenko and A. F. Wright. We found 

Poisson’s value from ‘a’ and ‘c’ lattice constant by XRD measurement and formula (3). There is 

much error in low Al composition region relatively. In this paper, I used the results of V. A. 

Savastenko to estimate Al composition. For example, For example, Fig.6.35 shows simulated results 

of Al composition and poisson ratio. Atomic fraction of Al~0.0496(Al~0.4 g) AlGaN layer agree to 

mole fraction of 0.315~0.308 range and is estimated to 31 % according to V. A. Savastenko's result. 
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Fig.6.35 XRD measurement of AlGaN layer at Al~0.0127(0.1 g)

~0.0127(0.1 g) in AlGaN layer, Fig 6.35 shows two peaks in XR

 

 

In case of Al D measurement. c 

lat ants of peak 1 and peak 2 were 5.154 and 5.153 respectively using equation (1) of 

(0 nstants of peak 1 and peak 2 were 3.17 and 3.163 respectively using 

equa  Al mole fraction of peak 1 and peak2 were 16.5 % and 22.7 % 

of Al composition and poisson ratio. 

 

 

 

 

tice const

002) face and a lattice co

tion (2). I could estimate

through the relation graph 
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Fig.6.36 XRD measurement of AlGaN layer at Al~0.0373(0.3 g) 

 

In case of Al~0.0373(0.3 g) in AlGaN layer, Fig 6.36 also shows two peaks in XRD 

measurement. c lattice constants of peak 1 and peak 2 were 5.14 and 5.103 respectively using 

equation (1) of (0002) face and a lattice constants of peak 1 and peak 2 were 3.161 and 3.139 

respectively using equation (2). I could estimate Al mole fraction of peak 1 and peak2 were 24.2 % 

and 44.1 % through the relation graph of Al composition and poisson ratio. 
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#153(Al:0.4g)  
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Fig.6.37 XRD measurement of AlGaN layer at Al~0.0495(0.4 g) 

 

 In case of Al~0.0495(0.4 g) in AlGaN layer, Fig 6.37 also shows two peaks in XRD 

measurement. c lattice constants of peak 1 and peak 2 were 5.127 and 5.105 respectively using 

equation (1) of (0002) face and a lattice constants of peak 1 and peak 2 were 3.153 and 3.140 

respectively using equation (2). I could estimate Al mole fraction of peak 1 and peak2 were 31.1 % 

and 43.3 % through the relation graph of Al composition and poisson ratio. 
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Fig.6.38 XRD measurement of AlGaN layer at Al~0.0607(0.5 g) 

 

 case of Al~0.0607(0.5 g) in AlGaN layer, Fig 6.38 also shows two peaks in XRD 

mea

 

#157(Al:0.5g)  

 

In

surement. c lattice constants of peak 1 and peak 2 were 5.114 and 5.085 respectively using 

equation (1) of (0002) face and a lattice constants of peak 1 and peak 2 were 3.146 and 3.127 

respectively using equation (2). I could estimate Al mole fraction of peak 1 and peak2 were 38 % 

and 53.9 % through the relation graph of Al composition and poisson ratio. 
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Fig.6.39 XRD measurement of AlGaN layer at Al~0.0072(0.6 g) 

In case of Al~0  measurement. 

c la ce constants of peak 1 and peak 2 were 5.117 and 5.065 respectively using equation (1) of 

(00

ean difference of 

reaction time of Al and Ga source in NH3 gas. It effects on surface morphology  

 

#161(Al:0.6g)  

33.5 34.0 34.5 35.0 35.5 36.0
2Theta/Omega (?

0.1

1

10

100

1K

10K

100K
counts/s

0 0 2
Omega 17.69690
2Theta 34.76240

Phi 0.00
Psi 0.00

X 0.00
Y 0.00

S

L

F

F

34.76 

33.2 acrsec 

35.41 

33.7 acrsec 

35.04 

327.8 

 

.072(0.6 g) in AlGaN layer, Fig 6.39 also shows two peaks in XRD

tti

02) face and a lattice constants of peak 1 and peak 2 were 3.147 and 3.115 respectively using 

equation (2). I could estimate Al mole fraction of peak 1 and peak2 were 36.5 % and 64.5 % 

through the relation graph of Al composition and poisson ratio. 

Table 6.11 shows the relation of Al atomic fraction and Al mole fraction in AlGaN layer. I could 

find it changed linearly in proportion to Al atomic fraction. Two peaks in XRD m
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Table.6.11 The relation of Al atomic fraction and Al mole fraction in AlGaN layer. 

 

GaN 
2θ c a d1 

 
34.76 5.157  3.172  2.579  

 
AlGaN 

Atomic 
fraction

-d2 
 

peak
Estimated 

Al (%) 
composition 

Diffracti
on angle
(0002) 

(degree)

Lattice 
constant c

(Å) 
±0.001 

Lattice 
constant a

(Å) 
±0.001 

d2 d1

peak1 16.5 17.39 5.154  3.170  2.577  0.001  0.0127
(Al 0.1 g) 007  

 
peak2 22.7 17.43 5.143  3.163  2.571  0.
peak1 24.2 17.44 5.140  3.161  2.570  0.009  0.0373

(Al 0.3 g) 027  
 

peak2 44.1 17.57 5.103  3.139  2.552  0.
peak1 31.1 17.485 5.127  3.153  2.564  0.015  0.0495 

(Al 0.4 g) peak2 43.3 17.565 5.105  3.140  2.552  0.026  
peak1 38 17.53 5.114  3.146  2.557  0.021  0.0607 

(Al 0.5 g) peak2 53.9 17.635 5.085  3.127  2.542  0.036  
peak1 36.5 17.52 5.117  3.147  2.559  0.020  0.072 

(Al 0.6 g) peak2 64.5 17.705 5.065  3.116  2.533  0.046  
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Fig.6.40 The relation of Al atomic fraction and Al mole fraction in AlGaN layer. 

 

 

) 

ig.6.41 shows DXRD measurement results of AlInGaN layers. The strain increased when In 

was added as I expected. It also means AlInGaN can be successfully grown by MS-HVPE.   

 

Fig.6.41 XRD measurement of AlInGaN layer at Al~0.0072(0.6 g
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Fig.6.42 shows EL peak at room temperature 20 mA of AlGaN/AlInGaN DH layers. As In 

com osition in AlInGaN active layer increase, spectrum gradually tends to be broadened. White 

balance of shows 

EL ak as injection current of AlGaN/AlInGaN DH layers. I could find green and red peak over 20 

mA. It means carrier injection is unfavorable to In-rich ano phase crystal relatively. Bu ore 

research will be needed as it depends on versitile p r such th c an  

contact. 
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p

LED device is also possible because it can be controlable by MS-HVPE. Fig.6.43 

pe

 n t m

aramete  as grow ondition d ohmic

g.6.42 EL peak at room temperature 20 mA of AlGaN/AlInGaN DH layers. 
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Fig.6.43 EL peak as injection current of AlGaN/AlInGaN DH layers

ows emitting images at room temperature, 20 mA of AlGaN/AlInGaN DH str

brication of all samples was processed simultaneously, after crystal g

n in AlInGaN active layer increases, its color changes near white. It m

ly and long wavelength region increases relatively.  

 

 

Fig.6.44 sh uctures. 

The wafer fa rowth. As In 

compositio eans wavelength 

broadens gradual

 

(a) Al(0.6 g) In(0.1 g)GaN       (b) Al(0.6 g) In(0.3 g)GaN      (c) Al(0.6 g) In(0.5 g)GaN 
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4. Emitting images at room temperature, 20 mA of AlGaN/AlInGaN
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I reported the growth of InGaN and InAlGaN alloys by mixed-source hydride vapor phase 

epitaxy (HVPE) method. Most of experiment process was similar to conventional HVPE. But we 

fou

var itting wide spectrum 

in activ mposition of 

AlGaN and s wavelengths 

emitted at the surface of chip simultaniously when biased forward.  

I measured wavelength distribution of each active layer to check active layer’s composition 

dependance. Fig.6.45 shows that InAlGaN active samples are closer to white color than AlGaN 

active samples. We already found aluminum composition could be controllable, and confirmed it 

was reproducible. When active layer was Al(0.6 g)GaN, intensity ratio of main peak was 61 %. 550 

nm was 27 % and 610 nm was 21 %. Fig.6.45 (b) shows Indium also affect color change. I can 

adjust emitting color that strongly depends on aluminum composition. Fig.6.46 shows EL peak ratio 

change

 

 

 

 

 

nd that there were some different phenomena in mixed-source hydride vapor phase epitaxy. The 

devices grown AlInGaN quarternary active emited broad spectrum from UV to red area as Fig.6.43. 

Its spectrum was changeable as In amount. I confirmed that it could be controllable.  

The growth layer was performed on GaN templated sapphire (0001) substrates. The device 

structure was consisted of conventional double-hetero structure (DH). I prepared some samples that 

most of layers were same except AlInGaN active layer. And I processed same fabrication to escape 

external iable factors. I have been successful in developing white LEDs em

e layer using a conventional DH structure. MS-HVPE enhanced localized co

 makes many other energy levels in same layer. I could make sure variou

 is related to injection carrier. Most of samples are similar trend.  
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Fig. 6.45 Wavelength distribution of each samples at If=25 mA and If=30 mA 
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Fig. centional 

HVPE sy ke place 

on wafe along 

crystal d e to 

gas ph , Mixed 

sources usly on 

wafer surface and make localized different molcular composition. I think it is micro (or nano) size 

multi composition formation and makes multi spectrum when current is biased. I also think 

quarternary mixed materials are more various than ternary. 

In(0.1g)Al(0.6g)GaN

610nm

Fig. 6.46 Wavelength distribution of InAlGaN active layer Vs. forward current from 

 5 mA to 30 mA  

6.47 shows growth formation about HVPE system. As shown in Fig.6.47(a), con

stems have each source flows in gas phase region and precursor decomposition ta

r surface through mass transport to the surface by diffusion. Most of atoms are placed 

irection from atomic step. But MS-HVPE system dilivers mixed source in source zon

ase. It has big different chemical and physical phenomenon. As shown in Fig.6.47(b)

 have mixed metal precursor-cloride formation, they are decomposed simultaneo
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                        (b) 

Fig. 6.47 Growth formation of conventional HVPE(a) and MS-HVPE(b) 
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Fig.6.48 shows CL measurement results of cross section of AlInGaN DH. I could observe 

lum  not only short wavelength region but also long wavelength. I think such multi 

wav gth is originated from localized multi structure of AlInGaN active layer. 

 

   SEM of cross section            CL~356.5 nm              CL~377.9 nm 
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Fig. 6.48 CL measurement results of cross section of AlInGaN DH 
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Chapter 7.  

Phosphor-Free White LED Lamp 

 

7.

 

from es to 

gene tic 

sour B 

sens ight-

emitting phosphors integrated into the phosphor-converted LED uses 

an u green and blue phosphors in such a way that none 

of t pump LED light is allowed to escape. By far the most common LED-based white light source 

is th . 

The age. 

Inherently less efficient than an RGB source, simple white sources a

I made LED lamp to check performance of GaN base LED devi stem. 

By varying the active composition, I fabricated devices layer by layer. It was our first trial of 

manufacturing LEDs grown by MS-HVPE system. It was consist of conventional 5 mmΦ 

transparent epoxy mold package and aluminum lead frame. It was the first practical white LED 

Lamp, which was made without any fluorescent material. Finally lighting sources are predominantly 

white with CIE color coordinates very near the Planckian curve, producing good to excellent color 

rendering. 

 

1. Manufacturing of White LED Lamp 

The development of MS-HVPE crystal growth techniques enabled the introduction of a new 

material system of white emitting, Al(In)GaN on GaN. It resulted in the fabrication of materials

 ultra violet to red. As already reported, there are currently three general approach

rating white lights from LEDs. The first method directly mixes light from three monochroma

ces, which are red, green and blue (RGB), to produce a white source matching with the RG

ors in the human eye. The second technique uses a blue LED to pump one or more visible l

 package. The third technique 

ltraviolet LED to pump a combination of red, 

he 

e phosphor-converted-LED used in a configuration with a blue LED and a yellow phosphor

blu  a yellow emitting phosphor integrated into the LED pack

re made.  

ces grown by MS-HVPE sy

e LED is used to pump
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7.2. Analysis o

he energy efficiency of a white light source is evaluated by luminous efficacy of a source, 

whi  

 

Fig. 7.1 Photopic vision of visual spectrum 

 

As shown in Fig.7.1, Photopic visual efficacy is ‘1’ at 555 nm and it is ‘0.1’ at 470 nm. It 

means that luminous efficiency of 555 nm is ten times higher than 470 nm evenif they ars same 

radiant power.  

The luminous efficacy of a source, ηv(lm/W), is determined by two factors: 

 

                       ηv  = ηe · K   ……………………..(1) 

 

f White LED Spectra and Color Rendering 

T

ch is the ratio of luminous flux (lumen) emitted by the source to the input electrical power (watt). 
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where ηe is nd is 

determined by the spectral distribution S(λ) of the source as given by 

 

 

luminous flux         Km ∫λ S(λ)V(λ)dλ 
   K =                   =                       ……………..(2) 

 radiant flux             ∫λ S(λ)dλ 

 

 

Where, Km=638(lm/W). 

When considering spectra of light sources for general illumination, another important aspect to 

consider is luminous efficacy of radiation. Which is the conversion factor from optical power (watt) 

to luminous flux (lumen) and is determined solely by the spectrum of the source. The luminous 

efficacy and color rendering are both critical parameters for light sources used for general lighting, 

and these two are generally in trade-off relationship. Based on the CRI, color rendering is best 

achieved by broadband spectra distributed throughout the visible region, while luminous efficacy is 

best achieved by monochromatic radiation at 555 nm. The challenge in creating LEDs for use as 

illumination sources is to provide the highest possible luminous efficacy while achieving 

sufficiently good color rendering. 

Chromaticity coodinates is determined by 1931 CIE color matching function. Fig.7.2 shows 

standard spectrum of blue, green, and purple, which are integrated along wavelength. (x,y) 

chromaticity coodinates can be calculated by each spectrum portion as Fig.7.2.  

 

 

the radiant efficiency of the source. K is the luminous efficacy of radiation a
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Fig.7.2 Standard spectrum of blue, green, and purpleand calculation of chromaticity 

coodinates 

 

 

Fig.7.3 show chromaticity coodinates and CCT (Correlated Color Temperature) of black body 

for standard light source. It is called plankian locus of black body radiation. 
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ource A  ; x = 0.4476, y = 0.4075  (tungsten 2856 K) 
Source B  ; x = 0.3485, y = 0.3517  (direct sunlight, approximately 4870 K) 
Source C  ; x = 0.3101

urce D  ; x = 0.3127, y = 0.3291  (daylight 6504 K) 
ource E  ; x = 0.3333, y = 0.3333 

Wiley (2002). Used by permission of John Wiley and Sons, Inc. 

Fig.7.3 1931 CIE chromaticity coodinates and Black body curve 

S

, y = 0.3163  (overcast sunlight 6770 K) 
So
S
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In the calculation of the CRI, the color appearance of 14 reflective samples is simulated whe

illuminated by 8 specified reference source and six additional test source. Th

n 

ives an evaluation 

of c r rendering for each particular color. The reference source is a Planckian radiator (if below 

500  or a CIE Daylight source (if at or above 5000 K), matched to the correlated color 

tem ith a Von Kries 

correction, the ach sample between the test and reference 

light sources is computed in CIE 1964 W*U*V* uniform color space. The special color-rendering 

index (Ri) is calculated for each reflective sample by: 

ki(v’
ki - vr)-Wri(vri - vr)]2}1/2   ………….(5)   

d = (1.708v + 0.404 – 1.481u)/v 

 

 

is g

olo

0 K)

perature (CCT) of the test source. After accounting for chromatic adaptation w

difference in color appearance ΔEi for e

 

                        Ri = 100 – 4.6ΔEi ………………………(3) 

 

The general color-rendering index (Ra) is simply the average of Ri for the first eight samples, 

all of which have low to moderate chromatic saturation: 

 

                                       ……………………..(4) 

 

Where Ri = 100 - 4.60{[Wki - Wri]2 + 132[Wki(u’
ki - ur)-Wri(uri - ur)]2 +  

132[W

 

W = 25Y1/3 – 17 

c = (4 – u - 10v)/v 

 185



 

 

       10.872 + 0.404crcki/ck – 4drdki/dk

u
 

 

 
v
 

 

 

A perfect ples under the test 

and reference s

 

 

 

’
ki =  
      16.518 + 1.481crcki/ck – drdki/dk

               5.520 
’
ki =  

       16.518 + 1.481crcki/ck – drdki/dk

 score of 100 represents no color differences in any of the eight sam

ources.  
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d in the calculation of Ra.  

 

“CRI” is often used to refer to Ra, but the CRI actually consists of 15 numbers; Ra and Ri (i=1 

to 14). The CRI has a number of problems, particularly when applied to LEDs or when used as an 

indicator of color quality. The uniform color space used to calculate color differences is outdated 

and no longer recommended for use. The red region of this color space is particularly non-uniform. 

Instead, the CIE currently recommends CIE 1976 L*a*b* (CIE LAB) and CIE 1976 L*u*v* (CIE 

LUV) [1] for calculating color differences. Additionally, the chromatic adaptation transform is 

considered inadequate. The Von Kries chromatic adaptation correction used in the CRI has been 

Fig.7.4 The eight specified reference source use
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sho

one of the eight reflective samples used in the computation of Ra are highly saturated. This is 

pro rated colors 

can e very poor even when the Ra value is good. Further, by optimization of lamps’ spectra to the 

CR

n of Ra, and they are of too low chromatic 

satu tion. 

n the general color-

rend ring index. This makes it possible for a lamp to score quite well, even when it renders one or 

two y this problem, as their 

peaked spectra are more vul lor space. 

Finally, e very definition of color rendering is flawed for use when one is interested in the 

overall color t source. Color rendering is a measure of only the fidelity of object 

colors under terest and any deviations of object color appearance from under a 

blackbody so his constraint, all shifts in perceived object hue and 

saturation result in equal decrements in CRI score. In practical application, however, increases in 

chromatic saturation, observed when certain sources illuminate certain surfaces, is considered 

wn to perform poorer than other available models, such as the CMC CAT2000 (the Colour 

Measurement Committee’s chromatic adaptation transform) and the CIE CAT02 (the CIE’s 

chromatic adaptation transform) [2]. 

The CRI method specifies that the CCT of the reference source be matched to that of the test 

source, which assumes complete chromatic adaptation to the chromaticity of the light source. This 

assumption fails at extreme CCTs, however. For example, a 2000 K (very reddish) blackbody 

source achieves Ra = 100, as does a daylight spectrum of 20,000 K (very bluish). However, neither 

of these sources renders colors well. 

N

blematic, especially for the peaked spectra of white LEDs. Color rendering of satu

b

I, Ra values can be made very high while actual color rendering is much poorer. This problem 

exists because too few samples are used in the calculatio

ra

The eight special color-rendering indices are simply averaged to obtai

e

 colors very poorly. LEDs are at an increased risk of being affected b

nerable to poor rendering in only certain areas of co

th

 quality of a ligh

 the illuminant of in

urce is considered bad. Due to t
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desirable. Inc n saturation yield better visual clarity and enhance perceived brightness [3]. It 

is propo  the CRI is flawed and a more general metric 

of color qua e analyses of CRI for solid-state sources are 

found in refe nces [4

 

7.3. Measure

Normally, Phosphor-converted-LED is designed to leak some of the blue light beyond the 

phosphor to generate the blue portion of the spectrum, while phosphor converts the remainder of the 

blue light into the red and green portions of the spectrum. The phosphor density and thickness are 

chosen to leak a predetermined fraction of the blue light. Striking the correct blue/yellow ratio 

depends upon having the correct amount, density, and particle size of phosphor, distributed evenly 

around the blue-emitting chip. Variations in any of these parameters will give rise to color or CCT 

variations at different viewing angles from a single lamp, or between adjacent LED lamps. Table 7.1 

shows chromaticity measurement results of phosphor free white LED lamp grown by MS-HVPE at 

If=30 mA. We got the result of CCT 8900~10500 K and CRI 76~87 for each samples. Generally, 

Color-rendering index (CRI) is repoted 80 for warm-white, 75 for neutral-white, and 70 for cool-

white. Fig.7.6~Fig.7.11 show spectrum and CCT variation from If=10 mA to If=100 mA for each 

samples. 

 

 

 

 

 

 

reases i

sed that the absolute focus on color fidelity of

lity be considered. Further details on th

re -6]. 

ment of Phospohor free white LED 
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Table.7.1. Chromaticity measurement (1931 Coordinates) results of phosphor free  

white LED lamp grown by MS-HVPE at If=30 mA  

 

Sample No. Chrom x Chrom y Color Temp(K) Purity General CRI
1-1 0.28 0.31 9098 0.20 86.78
1-2 0.28 0.32 8885 0.19 84.62
1-3 0.28 0.31 9139 0.20 85.85
2-1 0.29 0.37 7123 0.13 76.25
2-2 0.26 0.32 10500 0.27 75.82

 

Fig.7.5 CIE 1931Chromaticity Diagram 
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Fig.7.6 Spectrum measurement results of phosphor free white LED lamp  

grown by MS-HVPE at If=30 mA and If=50 mA 
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Fig.7.7 Chromaticity coordinates variation of sample No. 1-1 from If=10 mA 

 to If=100 mA 
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Fig.7.8 Spectrum measurement results of phosphor free white LED lamp  

grown by MS-HVPE at If=30 mA  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7.9 Chromaticity coordinates variation of sample(No. 1-2) from If=10 mA  

to If=100 mA 
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Fig.7.10 Spectrum measurement results of phosphor free white LED lamp 

grown by MS-HVPE at If=30 mA  

 

 

Fig.7.11 Chromaticity coordinates variation of sample(No. 2-1) from If=10 mA 

 to If=100 mA 
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The quantum deficit between the pump LED and the phosphors, especially the low-energy red 

phosphor, dissi ent than RGB 

LED combinatio . But our new 

trial can cove tion losses in 

the package co ission of other 

desired colors, N active. Fig 

7.6~7.11 show  of phosphor-

free LED lam hor-converted-

LED. But 

Chromatici ard yellow region when forward 

current increase, while chromaticity coordinates of Phosphor-converted LED varies forward blue 

region. [see blue spectrum 

relatively. W ure grown by 

MS-HVPE. h structure. At 

previous ch cture grown by 

MS-HVPE.  

In all its asp uch higher than commercialized lamp. But, if ohmic 

condition is improved by manufacturing process, it can be reduced normally. Most of all, the basic 

problem with GaN is how to reduce heat produced. Because materials other than GaN are used as 

substrates, there is inevitably some mismatch where the crystalline lattices of the substrate and the 

semicon h are a prime 

culprit in the c tons to heat in the devices. The much bigger problem, though, is 

internal quantum efficiency, which at least for the moment is too low. For reasons researchers do 

not completely understand, when some electrons and holes meet, their combination creates not 

pates significant energy and makes this approach inherently less effici

n. Scattering and absorption losses in the package are also considered

rcome several demerits such as quantum deficit and scattering and absorp

mparing with Phosphor-converted-LED. In order to achieve the em

 including UV and blue, we adjusted aluminum composition of AlGa

 spectrum measurement results and chromaticity coordinates variation

p. As shown, spectrum distribution is similar to conventional phosp

we found there was a different phenomenon.  

ty coordinates of phosphor-free LED varies forw

Fig.7.12~7.13]  It means red and green spectrums are dominated than 

e think there is so many complicated energy levels’ shift of LED struct

 It means LED made by MS-HVPE have localized muli wavelengt

apter, we verified multi spectrum of various active condition of LED stru

ects, series resistance was m

ductor meet. This mismatch produces imperfections called dislocations, whic

onversion of pho
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photons b  rather heat-producing vibrations in the semiconductor crystal’s lattice. In this 

experiment, M  SAG, which 

considerably sim from the dry 

etching proces aracteristics of 

optical devices rphology was 

not good and still need to be 

resolv onvinced that 

it could be goo

 

 

 

 

 

 

 

 

 

ut

esa etching was not necessary because device was structured as

plified the processing step and eradicated any complication arising 

s. The p- and n-contact metal systems were Cr/Ni/Au. Spectrum ch

 were almost close to conventional white LED. However, surface mo

fabrication process facilitie's stability in lab was the main obstacles that 

ed to improve ohmic contact. Eventhough it was lab results at present, we were c

d candidate of low cost white LED products in the near future.  
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Fig.7.13 Chromaticity coordinates variation of Phosphor-free LED 

 

Fig.7.12 Chromaticity coordinates variation of Phosphor-converted LE
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Fig.7.14 White emission of Phosphor-free LED Lamp 

 

 

7.4. Future research 

In our lab, the project was in a very promising state. Now that the basic parameters of the 

system are established, we have carried some very exciting work. Obviously, one of our main goals 

was emission white wavelengths with RGB spectrum it means phosphorus free white LED. When 

thinking about the future research, I see each of my ideas falling into one of two categories: short 

term projects that can be accomplished in our lab; or longer-term efforts that the scientific 

community as whole can undertake in an effort to advance the study of GaN in general and GaN-

based lighting in particular. 

The research reported in this dissertation may provide some new technology of GaN-based 

crystal growth. There was an observation that SAG-DH structures exhibited poor emission 

characteristics. This seems to indicate that the crystal quality of SAG is critical in achieving good 

emission. Therefore it needs some steps to improve crystal quality. The first is growth condition 

optimization. Recently, most of crystal growth system was well known to researcher widely. But 

MS-HVPE system was new crystal growth technology. Epitaxtial wafer grown by MS-HVPE have 
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new material characteristics and it need more research to reveal new phenomenon. I also expect its 

more desirable properties. Especially, I would be interested to see some more research into non-

polar-GaN grown by MS-HVPE discussed briefly in Chapter 2. 

The second is the device aspect of this project has versitle application. I would be curious to 

research from violet to red spectrum emission in fabricated device from this growth system. To 

commercialize, it needs increment of device efficiency and understanding of reliability for this 

technology. It needs not only optical property but also electrical property to improve performance. 

Ohmic contact of electrode of device and p-doping issues should be studied thoroughly. Finally, 

more analysis of chromaticity coordinates of phosphor-free LED is needed. We think it helps for 

und ing of localized muli wavelength phenomenon.  

uch research could help us gain a better overall understanding of the GaN material system. 

 

 

erstand

S
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Chapter 8.  

Conclusions 

 

 

As discussed in this paper, the GaN material system has been shown to be excellent candidate 

for solid-state lighting. And rapid progress has been made recently in the area of III-nitride emitters. 

I studied gallium nitride Based LED and tried to explore the possibility of phosphor-free white LED. 

The structures were to be grown using mixed source hydride vapor phase epitaxy (MS-HVPE). 

MS-HVPE is of great advantage to thick-film growth process, which involves the flow of heated 

mixed metal source of Al, In, Ga (usually, as the name implies, mixed source) into a reaction 

chamber, which contains a heated substrate. It was unique technology different from conventional 

HVPE and MOCVD system. I observed peculiar phenomenon through manifold experiment by its 

system. I found multiband spectrum emission for AlGaN and InAlGaN active layer and it was easily 

controllable through composition change so phosphor-free white-emitting LED could be performed. 

For this particularly study, mixed source hydride vapor phase epitaxy (MS-HVPE) has been chosen. 

An extensive binary, ternary and quaternary of AlGaInN growth study was carried out continously. 

This work included wafer fabrication and test of white device structure. I also made LED lamps 

for some samples grown by MS-HVPE to test characteristics. I got good CCT and CRI results 

comparing to conventional phosphor converted white LED and multi spectrum emission results. I 

found chromaticity coordinates changed according to forward current. It also means there is 

localized multi wavelength in active layer grown by MS-HVPE.  

Eventhough it is immature technology at present, experimental results clearly explain future 

R&D direction for low cost white light source. The research reported in this dissertation may 

provide some insight. On a larger scale, I tried to fabricate and characterize structures grown using 
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MS-HVPE. I found that it could be candidate of new device technology. 

Lastly, I think further studies into novel substrates will revolutionize this field. Exactly the time 

of innovative research can bring GaN-based white-emitting solid-state lighting technology to the 

next

g will soon be the wide spread adoption 

and  is 

geared mainly towards enthusiasts and early-adopters, the efficiency and cost effectiveness of LED 

ligh g systems will drive demand for more affordable LED lights. Opto-electronics is an exciting 

area and we predict, that in the near future, white LED lighting applications will be powerful and 

cheap enough to replace incandescent lighting for everyday use in our homes, in street lights, 

outd or signs, and offices. In the near future, it will be expected that, the phosphor free white LEDs 

will take some part in illumination market as one of primary light sources. 

ve certainly enjoyed working on this project, and the experience I’ve gained has been 

inva able and unforgettable. As I continue on my career, I will always keep an eye on the newest 

advances in GaN-based phosphor-free white-emitting LED and be proud that I was once part of that 

drive. I also hope many researcher will perform advanced experiment and contribute to optoelectric 

field. We also expect that it can be commercially available and new trial for illimination field. 

 

 

 level. In our lab, the project is in a very promising state. Now that the experimental results of 

the system are established, we are primed to start carrying some very exciting work. One of our 

main goals will verify details of the origin of multiband wavelengths emission in the far yellow, 

amber and red. It is sufficiently competitive than normal white LED and it can be commercialized if 

next step research is following. They can be used for many applications for full color display and 

LCD backlight, solid-state lighting and so on. Commercial demands of white LED will tend to 

increase trementously beause the future of household lightin

 use of white LED light bulbs. Though the present market for finished white LED products

tin

o

I’

lu
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