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CHAPTER I 

INTRODUCTION 

The group-III Nitrides, including of the binary compound Gallium Nitride (GaN) 

and its alloys with Indium Nitride (InN) and Aluminum Nitride (AlN), have received an 

incredible amount of attention over the past few years. Much of this attention is due to 

the recent realization of high brightness blue and green light emitting diodes (LEDs) and 

violet laser diodes (LDs), all of which use InGaN alloy active regions. 1 InGaN-based 

LEDs have found applications in large outdoor full color displays, where they provide the 

green and blue components of the required RGB color scheme (red-green-blue), and also 

in traffic lights, where the electrical power consumption is only 1/10 that of incandescent 

bulbs and the lights are brighter, more directional, and last 1 OOOx longer.£ The violet 

LDs, which are expected to become commercially available in the near future 

( engineering samples were distributed in 1999), are anticipated to have a plethora of 

innovative uses. The most notable examples include high-density optical data storage 

and high-resolution printing, both of which take advantage of the fact that the shorter 

wavelength of the violet LDs can be focused to a smaller spot size in comparison to 

conventional red LDs. 

According to a recent report by Elsevier Advanced Technology (Oxford, UK),2 

the market for GaN and related wide bandgap materials in the near future will be 

dominated by optoelectronic devices. The 1999 market for blue-green LEDs was $325 

£ As evidence of the significantly increased efficiency of LED-based traffic lights compared to filament 
light bulbs, Traffic Technology Inc. of Scottsdale, AZ has recently offered to provide their Unilight LED 
traffic signals free to every city, state, and county in the US in exchange for the money saved on energy 
costs during the first five years of operation. These savings have been estimated at $1000 per year per 
intersection. 
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million, whereas that for violet diode lasers was $46 million, and the white LED market 

was already worth $88 million. By 2004, these numbers are expected to have grown to 

$614 million, $87 million and $270 million, respectively. The market for these products 

is growing at a rate of over 20% per year. In addition, this estimate may be conservative 

because devices such as white LEDs and violet laser diodes are in the early part of their 

growth cycle and are expected to show very strong growth rates. 

The optical storage market consumed over 260 million lasers in 1998, making it 

by far the biggest commercial application for LDs. This figure was expected to top 300 

million in 1999, and there is no indication of this market slowing down in the foreseeable 

future. The technology used for reading data from CDs, which has been in place for over 

10 years now, employs 780 nm AlGaAs LDs to read a feature size of 1.6 µm, allowing a 

maximum capacity of 650 MB on a single disk. The next generation of optical data 

storage is the DVD, which uses 650 nm AlGainP LDs to read 0.74 µm features, with a 

maximum capacity of 4.7 GB. The next generation of DVDs, to be called HD-DVDs, 

will use 410 nm InGaN or second harmonic generation (SHG - see below) LDs. These 

violet LDs will allow the feature size to be shrunk down to 0.24 µm, thereby increasing 

the maximum single-side capacity of HD-DVDs to 15 GB. The main competitor for the 

InGaN/GaN material system in the development of violet/blue LDs for the optical data 

storage market is the SHG LD, which has been around for several years.3 Matsushita's 

version of this laser uses an Mg-doped LiNb03 waveguide to frequency-double the 

output from a 100 mW distributed Bragg reflector (DBR) laser at 850 nm. The second 

harmonic output at 425 nm has a power of 15 mW. This doubled DBR setup has a 

couple of advantages over the III-Nitride-based LD: (1) it is an established technology, 

and (2) it is easier to tightly focus onto the surface of the disk. Even though SHG LDs 

have been available to optical storage manufacturers for some time, they have not made a 

significant impact on the market.· Most of the major manufacturers have been holding out 

for III-Nitride LDs because of their superiority over SHG LDs in several key aspects. 

First, III-Nitride-based LDs are more compact than the SHGlasers, and are better suited 

to mass production. Secondly, the SHG device requires precise adjustment of the laser 

source and the waveguide. Finally, the optical head in a typical DVD player is usually 
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budgeted at 5-10% of the total system cost, which means the laser must make up only 1-

2%. It is unlikely that SHG LDs can meet this low-cost criterion in the near-term. 

In addition to these core applications for Nitride-based optoelectronic devices, a 

variety of other novel uses are envisioned for these materials. They include high 

temperature/power/frequency· electronics, field emission devices (e.g. flat-panel displays 

with enhanced durability, brightness, and viewing angle), underwater and satellite-to

satellite communications, environmental and chemical sensing, and medical applications. 

Table I, which forecasts the market for high temperature electronics from 1998 to 2008, 

illustrates the huge market potential for III-Nitride-based devices. In the high 

power/frequency electronics arena, GaN-based high electron mobility transistors 

(HEMTs - used in wireless communications applications such as cellular phones) have 

recently been produced with output powers up to 40 W at a frequency of 10 GHz by 

Cree, Inc.4 GaN-based HEMTs have an intrinsic advantage over other materials due to 

their extremely high breakdown voltage. While GaAs-based devices are only capable of 

a maximum microwave output power of 1.5 W /mm and those based on SiC can reach 4.3 

W/mm, GaN-based devices can achieve up to 9.8 W/mm.5 In the same report, Cree 

announced the first GaN monolithic microwave integrated circuit (MMIC), with a pulsed 

radio frequency (rt) output power of 20 W at 9 GHz, exceeding the highest rf output 

power of GaAs MMICs. AlGaN HEMTs, which are more robust than their GaN cousins, 

are currently capable of operating at a modulation frequency of 30 GHz, but this is 

expected to increase to 50 GHz in the near future. White LEDs, which can be created by 

coating a blue LED with a broadband yellow-emitting phosphor, have great potential to 

capture a significant portion of the global lighting market, which is currently valued at a 

staggering $12 billion per year. In spite of the costly initial investment, the increased 

electrical efficiency and long lifetime of white LEDs compared to . filament light bulbs 

allow a significant reduction in operating costs over time. 

Another area in which the III-Nitrides have already proven themselves an 

important material system is that of photo detectors (PDs ). Rather than have an applied 

electrical current cause the emission of light, as in an LED or LD, a PD absorbs light and 

produces a current proportional to the absorbed light intensity. By choosing an 

appropriate material for the absorption region, the PD can be made sensitive only to 
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ultraviolet (UV) light. Furthermore, by tuning the absorption to a specific band of 

wavelengths in the UV that is absorbed in Earth's upper atmosphere, the PD can be made 

insensitive to sunlight. This is called a "solar-blind" device. The AlGaN alloy system, 

described in detail in later sections, is perfectly suited to this application. Since no 

photons with the detection wavelength can penetrate the atmosphere, any photons 

detected - and hence any current produced - by the PD must be of terrestrial origin. To 

achieve this performance in other material systems, complicated and expensive filter 

systems must be employed. Solar-blind PD technology is very useful to the military for 

tracking aircraft and missiles. These devices have become commercially available only 

in the past couple of years, and are now readily available from a variety of different 

companies dealing in photonics equipment. 

Many of the above-mentioned technologies are in the early stages of development 

and new applications and techniques based on the III-Nitrides are constantly being 

introduced. Because of the sheer volume of research groups working with this material, 

it is difficult to envision what imaginative breakthroughs might be made in the near 

future. The group-III Nitrides represent an ever-increasingly active area of scientific 

research. 

This chapter will give a short history of the research on the III-Nitrides that has 

led to the realization of practical Nitride-based optoelectronic devices, then give a history 

ofresearch on a similar material - Zinc Oxide. Finally, the organization of this thesis will 

be described, followed by some Important Definitions that will be useful in later sections. 

In this manuscript, several different formats will be used to describe the color of 

photons of light. This can be somewhat confusing at times, but is necessary for several 

reasons. First, different spectroscopic equipment is usually calibrated in different units. 
-

In a given experimental setup, the laser output might be expressed in wavelength, the 

width of the laser line in frequency, the spectrometer in inverse wavelength, and the 

response of the detector in photon energy. Secondly, the physical constants of 

semiconductors are often expressed in different units: phonon energies are given in 

inverse wavelength, bandgaps ( described in detail in Chapter II) in photon energy, and 

lasing mode spacing in frequency. The most commonly used format in this thesis will be 

photon energy, which is defined as the energy one electron gains upon being accelerated 
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across a potential difference of one Volt. Photon energy is expressed in electron volts 

( e V), and is related to the basic SI unit of energy - the Joule (J) - by the following 

expression: 1 eV = 1.602x10"19 J. This choice of units makes life much easier for 

physicists dealing with semiconductor optoelectronics because it scales exactly with the 

bandgap energy. The next most common format will be wavelength 01.), usually 

expressed in nanometers (1 nm= 10-9 m). To switch between these two most common 

formats, we make use of (1) the equation giving the energy of a photon and (2) the simple 

relationship between wavelength and frequency, c = VA, where c is the -speed of light in a 

vacuum (3x108 mis) and vis the frequency in Hertz (1 Hz= 1 s·1): 

E = hv = he/A.. (1-1) 

In this expression, Eis the photon energy in eV and his Planck's constant (4.136x10·15 

eV-s). In more usable form, this becomes:· 

E (in eV) = 1239.8424 I A. (in nm). (1-2) 

A less commonly used unit is inverse wavelength, commonly referred to as wavenumber 

and expressed in units of cm·1• To convert photon energy to wavenumber, Equation 1-2 

transforms to: 

E (in eV) = wavenumber (in cm-1) I 8065.5412. - (1-3) 

Conversions between other units can be accomplished by combining the formulae given 

above. For convenience, a conversion chart between these units in the range of interest 

of this thesis is provided in Figure 1. 

Temperatures will be presented in two different formats in this thesis. The first is 

the everyday Celsius or centigrade scale, measured in degrees (°C), and defined by the 

freezing point (0 °C) and boiling point (100 °C) of pure water at sea level. However, the 

most commonly used temperature scale in much of the scientific community is the 

Kelvin, or absolute, temperature scale, which is measured in Kelvins (K). Kelvins have 

the same relative magnitude as degrees Celsius, but the zero point of this scale is set at 

the theoretically lowest temperature achievable in our universe: absolute zero (-273.15 
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~C). Thus, the Kelvin scale is just the Celsius scale shifted upwards by 273 .15 degrees. 

Water freezes at 2 73 .15 K and boils at 3 73 .15 K ( note that there is no such thing as a 

negative temperature in the Kelvin scale). Room temperature (RT - usually taken to be 

25 °C) corresponds to 295.15 K, but is often rounded up to 300 K. 
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Device Type 
Market($ million) 

1998 2003 2008 

Silicon, 
155.7 308.8 667.2 

Silicon on insulator (SOI) -

111-V Devices 
20.6 60.8 183.2 

(GaAs, InAs, InSb) 

Wide Bandgap Devices 
0.9 7.2 36.2 

(GaN, SiC, diamond) 

Total 177.2 376.8 887.1 

Table I. World market forecast for high temperature electronics by semiconductor type. 
From Ref[6]. 
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Figure 1. Conversion chart between units commonly used to describe the color of light 
in the range of interest of this thesis. 
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History of GaN Research 

The first reports on GaN were published in 1971, and dealt with low quality 

metal-insulator-semiconductor LEDs fabricated by J. Pankove.7 These LEDs were not 

successfully commercialized because the quality of the layers was low and p-doping in 

this material had yet to be achieved. 

In 1986, Akasaki et al 8 achieved the successful growth of high quality GaN thin 

films by employing buff er layers between the substrate ( sapphire in this case) and the 

epilayer, an idea first proposed by Yoshida et al.9 These buffer layers provide nucleation 

sites for the growth of GaN, which grows in the form of islands around the sites. The 

islands eventually coalesce and 2-dimensional (2D) growth occurs thereafter, giving rise 

to a high quality epitaxial film. This study showed that GaN could be grown with a 

quality sufficient to allow the further development of optoelectronic devices. However, 

there were still several large obstacles to overcome, the most daunting of which were 

related to doping and contact fabrication. 

Perhaps the most crucial advance in III-Nitride research came in 1989 with the 

successful p-doping of GaN by Amano et al. 10 When it is not intentionally doped with an 

extrinsic atomic species, GaN exhibits an intrinsic n-type conductivity due to the nature 

of the dislocations and imperfections present in the crystal structure. This background 

electron concentration is typically [ n] - 1018 cm-3 and is thought to arise mainly from 

nitrogen vacancies in the III-Nitride crystal lattice (denoted by VN). Early attempts to 

grow p-type GaN (p-GaN) were unsuccessful, resulting in highly resistive and 

compensated material. Amano et al discovered in 1988 that low-energy electron beam 

irradiation (LEEBI) somehow enhanced the blue luminescence signal from Mg-doped 

GaN films (denoted by GaN:Mg). Hall measurements revealed that the LEEBI treatment 

had activated the Mg dopants and created p-type material. Soon after the successful 

realization of p-GaN by Amano, the fabrication of a p-n junction LED was 
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demonstrated. 11 In 1992, Nakamura et al found that Mg was compensated by atomic 

hydrogen impurities in the crystal, and that the process of annealing the LEEBI-treated 

GaN:Mg in an N2 environment could significantly decrease the resistivity of the 

sample. 12 

Early reports on making metallic contacts to GaN demonstrated success using as

deposited Al and annealed Au contacts. 13 In conjunction with the ability to successfully 

grow a p-n junction, this allowed the first demonstration of a III-Nitride-based LED by 

Nakamura et al. 14 This device was just a simple GaN p-n homojunctiofi. with a somewhat 

poor quality, but before long, traditional double heterostructure (DH) LEDs with 

significantly enhanced emission intensity were realized. 15 These DHs employed an 

InGaN active region. For the long-lifetime high quality devices demonstrated more 

recently, lower contact resistivities achieved by using multilayer metallization schemes 

have been employed. For example, Nakamura et al consistently obtain good results using 

Ni/ Au p-contacts and Ti/ Al n-contacts on their devices. 1 

Further refinements in growth techniques and device fabrication by Nichia 

Chemical Industries (who use sapphire substrates) and Cree Inc. (who use SiC substrates) 

resulted in the commercialization of high quality bright and efficient blue and green 

LEDs in the mid-1990s.¢ However, short wavelength III-Nitride-based LDs were still out 

of reach. Nakamura et al from Nichia were the first to observe laser emission from a III

Nitride-based heterostructure; they used pulsed current injection in their experiments as 

opposed to optical pumping. 16 Their structure consisted of an IndaN/GaN multiple 

quantum well (MQW) gain region, GaN light-guiding layers, and AlGaN cladding layers 

(see the Structures section in Chapter II). Edge emitting facets for the LD were produced 

by reactive ion etching (RIE). A lasing peak occurred at 417 nm for pulsed currents 

larger than 1.7 A, corresponding to a threshold current density of 4 kA/cm2. The pulse 

width and period were 2 µs and 2 ms, respectively. These LDs had short operation 

¢ Nichia has also recently commercialized a UV LED utilizing a GaN active region. Model Nos. NSHU-
550E and NSHU-590E exhibit an output power of 7 mW at 370-375 nm for the recommended 10 mA 
driving current, and 1 mW at the maximum recommended current of 15 mA. These units are being made 
available only to end users and OEMs at the moment, due to the danger UV light poses for human vision. 
They are being produced in limited quantity and are currently very expensive ($30 each). 
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lifetimes - they failed after only a few milliseconds of exposure to a constant driving 

current.¥ 

The next major breakthrough in III-Nitride research was the continuous wave 

(cw) operation of InGaN active region LDs by Nichia, which was accomplished by 

adjusting the growth technique and conditions, ohmic contact properties, and doping 

profile. These lasers had a lifetime of around one second at RT, but this increased to 30 

minutes when the samples were cooled to 233 K. After much modification to the growth 

technique, most notably epitaxial lateral overgrowth (ELOG, a.k.a. ELO or lateral 

epitaxial overgrowth - LE0)17-18, a lifetime of more than 10,000 hours was finally 

achieved. The ELOG technique consists of growing a mask (Si 0 2, 18,19 ShN4,20 or SiN/1) 

by plasma-enhanced chemical vapor deposition (PECVD) over a GaN layer, then 

performing RIE to etch the mask and expose stripes in the underlying GaN. The resulting 

structure is then subjected to another round of GaN growth, but during this step the GaN 

grows only on the exposed stripes because it can't nucleate on the mask regions. After a 

certain amount of growth - usually a few µm - in the c-direction (vertically outward from 

the substrate surface), lateral growth is enhanced by changing the growth conditions. 

This causes the horizontal expansion (parallel to the substrate surface) and eventual 

coalescence of the GaN stripes. This laterally grown material is essentially free of the 

threading dislocations that normally plague GaN grown in the c-direction. 

Reaching this 10,000 hour lifetime allowed the commercialization of Nichia's 

violet LD. Engineering samples were distributed in 1999, and full-scale production is· 

imminent. Research is currently underway to improve the cost and lifetime of these 

devices, as well as to extend the operating wavelength of III-Nitride-based LDs both 

further into the visible and deeper into the UV. Since the first demonstration of this 

Nitride-based violet LD by Nichia, several other companies and university research 

groups have reported pulsed and/or cw operation of their own blue/violet LDs. This list 

¥ Using pulsed currents for these experiments is helpful for two reasons. First, the lifetime of the device is 
lengthened because for each second of pulsed operation the current is only present for: 2 µs per pulse x 
(2x10·3r1 pulses= 1 ms. This effectively increases the lifetime of the device by 1000><. Second, the device 
has time to cool down between pulses. This has the effect of further increasing the operating lifetime since 
the most common failure mechanism of LDs is related to the propagation of crystalline defects ( dark lines) 
at high operating temperatures. However, for an LD to be commercially viable, continuous operation is 
required with a lifetime greater than approximately 10,000 hours. 
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includes Cree,22'23 the University of California at Santa Barbara,24,25 Fujitsu,26 Sony,27 

Toshiba,28 Xerox,29 Toyoda Gosei (a business unit of the Japanese car manufacturer 

Toyota),30 Matsushita,31 and SDL.32 However, none of these devices has demonstrated 

the long lifetime or reliability needed for commercialization. The challenges facing these 

competitors are not getting any easier, either, since Nichia now holds patents on several 

proprietary growth processes and has shown the resolve to defend them. They recently 

filed a patent infringement lawsuit against Toyoda Gosei dealing with the technology of 

blue LEDs on sapphire substrates. The Tokyo District Court subsequently approved 

Nichia's claim that Toyoda Gosei infringed on its patent (awarded in February 1998 for a 

blue LED using GaN compounds). The court ordered Toyod8: Gosei to cease 

manufacturing and marketing the LEDs and to pay ¥100 million ($900,000) to Nichia. In 

late 1999, Nichia took.out a patent infringement injunction against Sumitomo Electric 

Industries to prevent it from distributing GaN-based LED products made by Cree.§ 

§ On September 22, 2000, Cree Inc. filed a suit against Nichia alleging infringement on U. S. patent No. 
6,051,849 entitled "Gallium Nitride Semiconductor Structures Including a Lateral Gallium Nitride Layer 
That Extends From an Underlying Gallium Nitride Layer," which was issued to North Carolina State 
University in April 2000 and is licensed to Cree under a June 1999 agreement pursuant to which Cree 
obtained rights to a number of LEO and related techniques. In its complaint, Cree alleges that Nichia is 
infringing the patent by, among other things, importing, selling, and offering for sale in the U. S. certain 
GaN-based LDs covered by one or more claims of the patent. The lawsuit seeks damages and an injunction 
against infringement. North Carolina State University is a co-plaintiff in the action. 
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History of ZnO Research 

'Zinc Oxide (ZnO) has garnered much attention recently due to its potential for use 
' . . . . 

in blue/UV light emitters. ZnO has a much more colorful history than the Nitride family, 

in the. sense that it has been an important industrial material in a variety of applications 

for many years. In powdered form, ZnO has been used for years influorescent light 

bulbs, as a white pigment, and as a filler for rubber products. It has also recently found a 

niche in the solar photovoltaic industry as a transparent front electrode for multijunction 

solar cells.33 Because it has a lattice mismatch of only 2% with GaN, ZnO can be used as 

a buffer layer for the growth of III-Nitrides.34. 

Up to now, ZnO-based light.emitting devices have eluded researchers, mainly due 

to a large intrinsic background n-type carrier concentration. Mostattempts to achieve p

type doping have failed due to the compensation effect. 35'36 Several preliminary reports 

have been published on the successful fabrication of p-Zn0,37 but the growth 

mechanisms are not well understood and are thus difficult to control. In addition, the 

sample resistivity for these films is too high. Ab initio electronic band structure 

calculations by Yamamoto et al have studied the effect of N~doping;38 as an 0-

substituting species, N should act as .an acceptor in ZnO. They concluded that codoping 

with Al, Ga, or In should enhance the incorporation of N acceptors and lower the 

resistivity. Aoki et al recently created a ZnO p-n diode by excimer laser doping using 

thin Zn3P2 layer grown on top of a buik n-ZnO. crystal.,39 They used the excimer laser to 

decompose the Zn3P2 and diffuse the atoms . into the underlying ZnO. The resultant 

ZnO:P is p-type, as evidenced by diode~like I-V curves. 

Th~s situation should sound very familiar to the reader, since it was exactly the 

case for GaN in the mid-to-late 1980s. It is likely that this obstacle will suffer a similar 

fate as it . did with GaN, and ZnO devices will eventually begin to reach the 

optoelectronics market, maybe even stealing some of the sunshine away from the III-
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Nitrides in.the process. This will likely occur in the same way it did for GaN. First, the 

quality of the material needs to be increased significantly to lessen the defect density and 

hence the free electron concentration. Secondly, a 21st century analogue of Amano 

needs to come along and discover an efficient way of creatingp-type ZnO material. Then 
. ' . 

. the "Nakamuras" of the ZnO com.niunity will take over, tweaking the growth processes 

and device structures, and will eventually succeed in fabricating a high quality p-n 

junction. Where it goes_ from there will depend on the cost-efficiency of ZnO-based 

optoelectronic de\:'ices compared to the tried-and-true III-Nitride technologies, and on the 

availability of applications in which ZnO either has no other competitor or offers a 

significant operational advantage. 

One of the above-mentioned issues that needs to be addressed before ZnO-based 

devices become plausible is that of contacts. To the author's knowledge, no reports have 

been published in th~ literature yet on creating p-type contacts to ZnO, since the p-ZnO 

reported in the literature thus far is too resistive. However, significant progress has been 
' . 

made on n-type contacts very recently by Kim et al.40 They deposited Ti/Au contacts on 

Al-doped ZnO and measured the current-voltage (1-V) curves and specific contact 

resistivity (Pc), They found that the applied contact scheme led to ohmic behavior (i.e. a 

linear I-V response) and low-resistivity contacts (Pc= 2xlff4 O-cm2). These results paint 

a very optimistic picture of the future. for Z:n.0-based optoelectronic research. 

Much of the recent research on ZnO has focused on the large exciton · binding 

energy in this material: . 60 meV (almost three times that of GaN). Excitori.ic gain 

mechanisms could potentially dominate at room temperature in ZnO-based LDs, leading 

to lo~ lasing thresholds and hence efficient UV· LDs. Stimulated emission/lasing in ZnO 

has been observed by several groups, including the author's (see Chapter VI). These · 

reports deal with bulk Zn 0, 41 epilayers grown on sapphire by molecular beam epitaxy 

(MBE), 42 self-assembled microcrystallites . on sapphire by' laser MBE,43 and 

· polycrystalline films on amorphous fused silica by laser ablation. 44 

Another interesting application for ZnO crystals lies m the field of 

telecommunications. Erbium atoms have a characteristic emission peak at L54 µm, 

which·is within the wavelength range of minimum loss for silica optical fibers. 45 It has 

been demonstrated that doping Er atoms into a wide bandgap host material is an effective 
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way to enhance the Er..:related emission.46 fu addition, oxygen codoping has been shown 

to increase the emission efficiency.47 For these reasons, ZnO:Er has emerged as an 

extremely attractive host/dopant material system for the development of novel 

optoelectronic devices for use in telecommunications. In local networks, planar 

amplifiers fabricated from this material would be useful because they allow signal 

amplification over a much shorter distance than the currently used Erbium-doped· fiber 

amplifiers (EDFAs), which are· typically several meters long.48 Jn addition, this 

. technology would allow the integration of planar amplifiers, optical couplers, splitters, 

and wavelength division multiplexers (WDMs) on a single chip.49'50 ZnO:Er thin films 

have been successfully fabricated by pulsed laser deposition, · and sharp and intense 

photoluminescence peaks atL5377 µm were observed.51 As discussed above, more work 

on the doping and contact properties of ZnO and related materials needs to be done 

before functional optoelectronic devices become a reality. 

Yet another dopant-related application for ZnO lies in the area of field emission 

displays (FEDs ). FEDs are one of the most promising candidates for creating bright flat 

panel displays with a wide viewing angle. Oxide phosphors have garnered much support 

over the conventional sulfide phosphors due to their higher stability in a high .vacuum 

environment and a lower emission of contaminating gases. 52 . ZnO:Eu is a known red 

light emitting material, but progress'in creating a usable phosphor with this.material has 

been plagued by a broad green emission from the host lattice. Recently, ZnO:EuCh 

phosphors have been shown to exhibit red emission while simultaneously quenching the 

broadband green emission from the ZnO host crystal. 53 

The amount of research on ZnO is sure to increase rapidly in the next few years, 

as the growth capabilities and knowledge of the growth mechanisms and the physical 

propert;ies. of ZnO becomes more mature. In addition, as III-Nitride technology becomes 

more established and basic research spreads to new avenues, ZnO is sure to capture a 

larger portion of the research community's interest. 
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Organization of This Thesis 

This monograph will describe the contribution of the author to the study of the 

optoele.ctronic and material ·properties of the group-III Nitrides and ZnO. The first 

chapter of this thesis, which you have just been reading, gives an introduction to the III-
. ' 

Nitrides that details the technological importance of this material system by listing 

current and future applications of III.Nitride-based optoelectronic devices. It also gives a 

history of the basic research on GaN that culminated in the commercialization of the 

violet LD by Nichia. Next, a history of the research performed on ZnO will be present~d. 

An explanation of the different ways used to refer to the color of a photon will then be . 

given, with a detailed definition of the different units involved and their relations to one 

another. The Kelvin temperature scale. will be briefly introduced. Finally, the 

organization of the rest of this thesis will then be described, followed by a list of useful 

definitions, a list of acronyms, and a list of constants and symbols. 

Chapter II is designed to familiarize the reader with the basic physical properties 

of the group-III Nitrides and ZnO. In addition, the relevant semiconductor materials, 

growth techniques, and structures that will be discussed in later chapters will be presented 

here. 

Chapter III will present an inventory of the various experimental techniques used 

by the author to perform the research presented in this thesis. A detailed explanation of 

each experiment is given, along with typical results, with emphasis placed on the 

experiments that will be discussed in later chapters. 

Chapter IV gives a detailed description of several research projects completed by 

the author to study the intrinsic optical properties of GaN epilayers. Intrinsic Excitons in 

GaN will be presented first, followed by Excitons and Strain in GaN Epilayers, and 

finally Photoconductivity Spectroscopy of GaN Epilayers. 
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Chapter V presents the results of research projects designed to study alloys and 

heterostructures of the III-Nitride material system. In order of presentation, they include: 

Optical Properties of InxGa1-xN Alloys, High-Pressure Studies of the III-Nitrides, 

· Dynamics of Photoexcited Carriers in. AlGaN/GaN Double Heterostructures, Excitation 

Wavelength Dependence of Stimul&ted .Emission/Lasing from AlGaN/GaN Separate 

Confinement Heterostructures, and Comparison of Emission from Highly Excited 

(In,Al)GaN Thin Films.and Heterostructures. 

Chapter VI gives a detailed description of several research projects completed by 

the author to study the ZnO material system. In order of presentation, they are: 

Stimulated Emission Properties of ZnO, and Comparison of the Structural and Optical 

Properties of Bulk and Epitaxial ZnO Crystals. 

Chapter VII will summarize the results presented in this thesis arid make some 

predictions for the future of III-Nitride and ZnO research. 

Appendix A gives a list of publications and presentations that were generated 

from the research contained in this thesis. 

Appendix B will give an overview of the laser induced epitaxial. liftoff technique. 
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Important Definitions 

Before we move into the main body of this thesis, a few definitions are in order. 

This is intended to provide the novice reader with a definition of some important 

terminology and provide the expert reader with the author's connotation of it. Indeed, 
·-

several of the terms presented here are often misused in the literature and research 

community. Hopefully this section will serve to prevent confusion in later chapters. 

1. 6H-SiC - One of several different polytypes of crystalline silicon carbide, it is 

commonly used as a substrate for III-Nitride growth and is the only polytype that 

will be discussed here 

2. Bulk material - pure semiconductor material that is grown without using a 

substrate, but typically requires a small high quality "seed" crystal to begin the 

. growth process; often used as a substrate itself for further epitaxial growth 

(this term is commonly and somewhat confusingly used to differentiate a 

relatively thick epilayer of pure material from a complex structure or an alloy -

this manuscript will not use this term in that fashion) 

3. Epilayer or Epifilm - a layer of semiconductor material ranging in size from A to 

µm grown by an epitaxial technique on a substrate, either homoepitaxially or 

heteroepitaxially 

4. Heteroepitaxy - the growth of a certain semiconductor material on a substrate of 

different material (e.g. ZnO on GaN) 

5. Homoepitaxy - the growth of a certain·semiconductormaterial on a substrate of 

. identical material ( e.g. GaN on bulk GaN) 

6. MOCVD- MetalOrganic Chemical Vapor Deposition, also commonly referred to 

as OrganoMetallic Vapor Phase Epitaxy (OMVPE) and MetalOrganic Vapor 

Phase Epitaxy (MOVPE) 
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List of Acronyms 

2DEG- two-dimensional electron.gas 

CCD - charge coupled device 

cw - continuous wave 

DBR - distributed Bragg reflector 

DAC - diamond anvil cell 

DVD - digital video disk or digital versatile disk 

EDF A - erbium-doped fiber amplifier 

ELO or ELOG - epitaxial lateral overgrowth 

FED - field emission display (device) 

FWHM - full width at half maximum 

HBT - heterojunction bipolar transistor 

HEMT - high electron mobility transistor 

HFET - heterojunction field effect transistor 

HVPE - hydride vapor phase epitaxy 

IR - infrared 

I-V - current-voltage 

LED - light emitting diode 

LEEBI - low-energy electron beam irradiation 

LEO -lateral epitaxial overgrowth, same as ELO and ELOG 

LD - laser diode 

LMBE - laser molecular beam epitaxy 

LO - longitudinal optical (in reference to a phonon) 

LT - low temperature 

MBE - molecular beam epitaxy 

MMIC - monolithic microwave integrated circuit 
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MOCVD - metalorganic chemical vapor deposition 

MQW - multiple quantum well 

OMA- optical multichannel analyzer 

PD -photodetector, photodiode 

PECVD - plasma-enhanced chemical vapor deposition 

PL - photoluminescence 

PLD - pulsed laser deposition 

PLE - photoluminescence excitation 

PMT - photomultiplier tube 

PR - photoreflectance 

RIE- reactive ion etching 

rf - radio frequency 

RT - room temperature 

TEM - transmission electron microscopy 

QW - quantum well 

SCAM - ScAIMg04 

SCH - separate confinement heterostructure 

SE - stimulated emission 

SHG ~ second harmonic generation. 

SVPT- seeded vapor phase transport 

TIPL - time-integrated photoluminescence 

TRPL _:_ time-resolved photoluminescence 

UV - ultraviolet 

WDM - wavelength division multiplexing 

XRD - X-ray diffraction 
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List of Constants and Symbols 

Symbol Description Units Value 

C Speed of light in a vacuum 2.998x 108 mis 

cij Elastic stiffness constants GP a 

D Diffusion coefficient cm2/s 

Di Deformation potentials eV 

E Energy eV 

Eg Bandgap energy eV 

Ee Bottom of the conduction band eV 

Ev Top of the valence band eV 

h Planck's constant 4.136x10-15 eV-s 

n Planck's constant/21t 0.6582x10-15 eV-s 

Ith SE/lasing threshold kW/cm2 

ks Boltzmann's constant 8.617x10-5 eV/K 

ksT Thermal energy meV 25.8 meV at RT 

Lb Barrier width nm 

Lw Well width nm 

M Reduced effective exciton mass in terms of mo 

* Electron effective mass in terms of mo me 

* Hole effective mass in terms of m0 mh 

mo Electron rest mass 9~.109xl0"31 kg 
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ND Density of donor sites cm-3 

NA Density of acceptor sites cm"3 

n Refractive index 

[n] Density of free electrons cm-3 

[p] Density of free holes cm-3 

p Pressure GP a 

T Temperature (absolute) oc (K) 

u Poisson's ratio 

VN Nitrogen vacancy 

Vd Carrier drift velocity emfs 

a Absorption coefficient cm-1 

!).CR Crystal field splitting eV 

!).LT Longitudinal-transverse polariton eV 
splitting 

!).so Spin-orbit splitting eV 

E Dielectric constant 

Ell Strain in the a-plane ofwurtzite 

E.L Strain in the c-plane of wurtzite 

A Wavelength nm 

Pc Specific contact resistivity Q-cm2 

Te.ff Effective carrier lifetime ns,ps 

'l'D Effective carrier capture time ns, ps 

'l'NR N onradiative carrier lifetime ns, ps 

'l'R Radiative carrier lifetime ns, ps 
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CHAPTER II 

GENERAL PROPERTIES OF THE III-NITRIDES AND ZnO, GROWTH 

METHODS, ANDJMPORTANT DEVICE STRUCTURES 

Wide bandgap semiconductors possess many interesting and technologically 

important physical properties that can be explored by a wide range of experiments. This 

chapter will provide a general introduction to the crystal properties and band structure of 

semiconductors relevant to this thesis focusing on the key characteristics of the III

Nitrides and ZnO. The experimental apparatus corresponding to much of the research 

detailed in later chapters will be presented with a comprehensive explanation of the 

physical processes involved along with typical data from relevant samples. 

Crystal Properties 

GaN, InN, AlN, and ZnO are tetrahedrally coordinated semiconductors which are 

known to form in three . different crystal structures: wurtzite (hexagonal), zincblende 

(cubic), and rocksalt. The most thermodynamically stable structure for all four materials 

is wurtzite, and is the only one that will be considered here. The wurtzite crystal 

structure can be thought of as two interpenetrating hexagonal close-packed sublattices, 

one of each atomic species, offset from each other in the c-direction by approximately 5/8 

of the cell height (c-lattice constant). A graphical depiction of the wurtzite structure is 

shown in Figure 2. The physical constants presented in this section are summed up in 

Table IL 
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The a lattice constants for GaN, InN, AlN, and ZnO are 3.189, 3.548, 3.112, and 

3.252 A, respectively. This information is depicted in Figure 3, which plots the lattice 

constant versus bandgap energy (see next section) for several important wide bandgap 

semiconductors. The lattice parameters become critically important when considering 

substrates for epitaxial growth. A 'mismatch in lattice constants between substrate and 

epilayer can cause dislocations, which severely detract from the quality of the epitaxially· 

grown material. Besides the lattice parameter, there are many other important a~pects to 

be considered when choosing a substrate for the growth of the III-Nitrides and ZnO, such 
' 

as bandgap, electrical conductivity, and cleavability. 

As mentioned before, the early GaN blue LEDs fabricated by Pankove were not 

successfully commercialized because (1) the quality of the layers (and hence the intensity 

and efficiency of light emission) was low, due mainly to the lattice mismatch between 

· substrate and epilayer, and (2) p-doping in this material had yet to be achieved. The first 

problem has no perfect solution. There is simply no readily available host material with a 

lattice constant identical to that of GaN, a condition that has historically been required for 

the growth of high quality semiconductor epilayers. The most commonly used substrates 

for III-Nitride growth are (0001) sapphire (also referred to as c-plane sapphire) and 6H

silicon carbide (hereafter referred to as SiC, see Important Definitions in the previous 

chapter). However, each of these substrates has several important shortcomings. Both 

have a significantly large lattice mismatch with GaN: the former has a mismatch of 

14.8% while the latter has a mismatch of 3.3% (see Table II). From Figure 3, it can be 

seen that the.lattice mismatch between sapphire and GaN is much larger than 14.8%. 

This apparent contradiction has a simple e:xplanation. When GaN grows on sapphire, the 

crystal lattice is rotated by 30° in the growth plane, which accounts for a factor of two 

reduction in lattice mismatch. Because of this rotation, however, the cleave planes of 

sapphire do not line up with those of the epitaxial GaN film, making the cleaving of laser 

cavities impossible. In addition, the high resistivity of sapphire prohibits any backside 

electrical contact to devices grown on this substrate. SiC, on the other hand, is an 

electrically conductive material that allows backside contacts. SiC also exhibits a much 

larger potential for heat dissipation in optoelectronic devices - the thermal conductivity 

of SiC at RT is larger than ANY metal! However, the bandgap energy of SiC is less than 
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that of GaN, absorbing any light emitted towards the substrate by the epilayer (thereby 

decreasing the overall emitted intensity of LEDs) and interfering with transmission 

measurements which are important for optically characterizing samples (see Chapter Ill). 

In addition to the difference in lattice constants, both of these substrate materials have a 

significantly different thermal exp~sion coefficient than GaN, which can lead to a 

cracking of the epilayers when the s~ples are cooled down from the -high temperatures· 

(- 1050 °C) required. for growth (for sapphire, !!..ala= 7.Sxl0-6 K-1 and /1.c/c = 8.5xl0-6 . 

K-1; for SiC, !!..ala= 4.2xl0-6 K-1 and l!..clc = 4.68xl0-6 K-1; for the III-Nitrides and ZnO, 

see Table 11). 

In the case of substrates for the epitaxial growth of ZnO, a problem similar to that 

of GaN is found. ZnO and GaN have very similar lattice constants, meaning that the use 

of sapphire and SiC substrates will not allow the growth of lattice matched ZnO layers. 

This leads to an unusually high density of threading dislocations and · defects in the 

resultant material, which can manifest itself as an increased background free electron 

concentration and a difficulty to produce n~type material. However, -recent work by 

Ohtomo et al has shown that the use of a new substrate material known as ScAlMg04 

(SCAM), which has a lattice mismatch of only 0.09% with ZnO, gives rise to very _high 

quality ZnO epilayers. At RT, these layers had an electron mobility comparable to that of 

ZnO grown on sapphire, but exhibited a significantly lower· n-type carrier concentration. 

The samples also possessed an enhanced crystalline quality as determined by X-ray 

diffraction measurements. 
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GaN AIN InN ZnO 

Bandgap Eg (eV at 300 K) 3.39 6.2 3.35 
1.9 

(eV) 3.503 (1.6 K) 6.28 (5 K) 3.42 (0 K) 

Temperature coefficient 
-6.0xl0-4 -l.8x 10~4 

dEgldT (eV/K) 

Pressure coefficient 
4.2x10-3 

dEgldP (eV/kbar) 

Lattice constants a(A) 3.186 3.1114 3.5446 3.252 

c(A) 5.178 4.9792 5.7034 5.213 

Thermal expansionila/a(K-1) 5.59x10-6 4.15x10-6 5.7x10-6 8.25x10-6 

Llc/c (K~1) 3.17x10-6 5.27x10-6 3.7x10-6 4.75x10-6 

Thermal conductivity K 
1.35 2 0.6 

(W/cm K) 

Refractive index n (at 1 eV) 2.33 
2.56 1.92 

2.67 (3.4 eV) 2.15 (3 eV) 

Dielectric constants &a 10.4 9.14 15.3 8.75 

&oo 5.5 4.84 9.3 3.75 

Melting temperature (K) . 2791 3487 2146 2248 

Lattice mismatch with: 

GaN 0% 2.4% 10.6% 2% 

Sapphire 14.8% 12.5% 25.4% 18% 

SiC 3.3% 1.0% 14.0% 5.5% 

Table II. Fundamental constants of GaN, InN, AlN, and ZnO. Blank cells represent 
unknown data. Adapted from Refs. [54, 55]. 
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Figure 2. Schematic of the wurtzite crystal structure. Adapted from Ref [56]. 
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Band Structure and Alloys 

Intrinsic semiconductors ( those which are not intentionally doped with impurities) 

are characterized by a forbidden region in which no energy states exist. This region is 

bounded on the low energy side by the valence band and on the high energy side by the 

conduction band. The magnitude of this forbidden region is commonly referred to as the 

bandgap energy. For a perfect semiconductor at temperatures near absolute zero, the 

valence band is completely full of electrons that are bound to their respective lattice sites. 

The conduction band, however, is completely vacant. When an electron is promoted to 

the conduction band by a contribution of energy (from electrical injection, optical 

pumping, thermal excitation, etc.), it is no longer bound to a lattice site and is free to 

move about the crystal as it deems fit. 

A complete representation and .explanation of the band structure of 

semiconductors is beyond the scope of this thesis, but there is an abundance of reviews of 

this topic in the literature. For completeness, the band structure of G~N is presented in 

Figure 4. This figure presents the energies of various valence and conduction bands 

versus their position in reciprocal space (a.k.a. k-space, where k represents momentum). 

This gives us some very valuable information - all of the allowable energies that holes 

and electrons may possess. The indices on the abscissa refer to certain points in k-space. 

Figure 5 presents a graph of the first Brillouin zone (the reciprocal space equivalent of 

. the crystal lattice) for the wurtzite crystal structure showing those points. The research 

presented in this thesis deals almost exclusively with optical transitions near k = 0, known 

in Group Theory circles as the r point. This is illustrated in Figure 5, where the r point 

can be seen in the middle of the hexagon at the point kx = ky = kz = 0. 

For wurtzite structures, there are several physical circumstances that cause the 

valence band to split into three separate bands'. This situation is illustrated in Figure 6. 
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First, the valence band splits into two bands due to crystal field splitting. The higher 

energy band of these two then splits into two separate bands due to spin-orbit splitting. 

As a final result of these two splittings, the valence band is left splintered into three 

separate bands, labeled from high to low energy (top to bottom in the figure) as the A, B, 

and C bands, respectively. These bands each have their own distinct properties, ·such as 
' 

exciton binding energy and selection rules for optical interaction. Under the right 

circumstances, all three bands can be observed by optical measurements (see Chapter III). 

Unless otherwise specified, whenever the bandgap of a semiconductor is referred to, it is 

always the lowest of these split. bands - the A band in the case of wurtzite materials. 

Keep in mind that the "lowest" bandgap energy (the difference between the lowest 

energy conduction band and the highest energy valence band) does not coincide with the 

"lowest" energy valence band. Because excited carriers always relax down to the lowest 

energy levels available, the A band is the most physically important of the three bands for 

light emitting device applications. (For a split valence band, we should say the holes 

relax upwards to the lowest energy state available.) 

Even if it runs the risk of being a bit remedial, there are several interesting 

properties of semiconductors that should be pointed out from Figure 4. We can see.from 

the figure that both the highest valence band energy and the lowest conduction band 

energy occur at the r point. This is the defining characteristic of a direct gap 

semiconductor. This property allows us to promote an electron from the valence band to 

the conduction band with the absorption of a photon, which has very little momentum; 

For an indirect gap material, we would have. to rely on interaction with a phonon (a 

quantum of lattice vibration) to conserve the momentum of the transition. Additionally, 

in a direct gap material an electron can relax from the conduction band to the valence 

band ( emitting a very useful photon in the process) without having to rely on the 

absorption or emission of a phonon to conserve momentum. This latter property is a 

necessity for efficient light emitting devices, e.g. LEDs and LDs. Despite this fact, 

poorly performing SiC blue LEDs had been commercialized for quite some time before 

Nichia's III-Nitride breakthrough, due to the lack of alternative blue light emitting 

devices.57 
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GaN, InN, and AlN have room temperature direct bandgaps (for the A band) of 

3.4, 1.9, and 6.2 eV, respectively. Alloying GaN with InN or AlN to create the ternary 

alloys InxGa1_xN and AlxGa1_xN (where the subscripts give the alloy content of each 

component) allows a continuous tuning of the bandgap from 6.2 eV in the deep UV to 1.9 

e V in the red. This range of tunability is far superior to any . other family of 

semiconductor alloys for optoelectronic applications in the UV and visible spectral 

regions (see Figure 3). Some preliminary wmk has been performed on the AllnN alloy 

system, but the quality of the resulting samples has thus far been ~ery poor.58 The 

nomenclature of this. system is still in a state of confusion; different reports have called 

the same alloy Alxin1-xN and Ali-xinxN. As an example of the alloying technique, 

consider a mixture of 20% InN and 80% GaN. This alloy is called ln-0.2Gao.sN and has a 

bandgap near 3.1 eV at RT, obtained by a simple linear extrapolation of the RT bandgaps 

of InN and GaN. (In practice, a linear extrapolation does not sufficiently describe the 

behavior of the bandgap with alloy concentration - see the following paragraph.) In this 

family of materials, the nitrogen atom always occupies the anion lattice site. Therefore 

the sum of the cation ratios for any alloy must equal unity (20% + 80% = 100% in the 

example given above, or more generally, x + (1 - x) = 1). Now, on the other hand, say 

we want.to grow a III-Nitride semiconductor with a bandgap of 5 eV. We can't use 

InGaN, since adding InN to GaN decreases its bandgap. In this case,. we must create an 

alloy of AlN and GaN. · A simple calcula#oh using a linear extrapolation tells us that we 

need an alloy o.f 57% GaN and 43% AlN, or_Alo_43Gao.s1N. Alternatively, we could use 

the AllnN alloy system, where we would need an alloy of 72% AlN and 28% InN, or 

Alo. 12Ino.2sN. 

A physical constant called the bowing parameter slightly complicates the 

calculation of the bandgap energies of semiconductor alloys. This constant arises 

because of differences in the atomic radii and binding forces in the alloy. This bowing 

effect can be seen graphically in Figure 3, where the bandgaps of alloy systems are 

shown by a line connecting the two constitue~t materials. Bowing is represented by a 

curved line. In general, the bandgap energy of a semiconductor alloy can be described by 

the following empirical equation: 
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Eg (x) = f(x) + bx(l-x), (2-1) 

where x is the alloy content, b is the bowing parameter, and f(x) is simply the linear 

interpolation of the band gap in the absence of bowing: 

f(x) = (1-x)Eg(O) + xEg(l). (2-2) 

· The properties· of the ternary III-Nitride alloys InGaN and AlGaN have been 

intensely studied for several years.· The most reliable data taken to date gives the 

following values for the bowing parameter for these alloy systems: for AlGaN, b = 0.62 

± 0.45 eV/ for InGaN, b = 4.1 eV.$ One of the few reports published on the AllnN alloy 

system suggests the following equation to describe its bowing characteristics: Eg(x) = 

1.75 + 2.2x - 5.6.x2 + 9.lx3, where x denotes the AlN concentration (they call the alloy 

Alxlni-xN). 59 As will be discussed in later chapters, alloying usually causes a spreading 

out of the band edge in most semiconductors due to local fluctuations-in potential. This 

is commonly referred to as a "band tail," and can have a very strong effect on the optical 

and electrical properties of the alloy sample. 

In addition to · the · ternary III-Nitride alloys listed above, there has been a 

substantial amount of research on the quaternary alloy AllnGaN.60,61 . By carefully 

choosing the alloy concentrations of the constituent materials, not only can the bandgap 

energy be tuned, but the lattice constant can be incrementally changed as well. Technical 

growth issues notwithstanding, the AllnGaN alloy system should allow independent 

tuning of the bandgap anywhere between 1.9 and 6.2 e V. and · the a lattice constant 

anywhere between 3.1114 and 3.5446 A. While a ternary alloy is represented in Figure 3 

¢ The large . variation in values reported here for the bowing parameter in AlGaN alloys stems from a 
detailed study by Lee et al given in Ref. [62]. In addition to growing and performing experiments on their 
own alloy samples, they reviewed the results of more than 20 reports on the bowing parameter of AlGaN 
alloys. Their findings suggested a dependence of bowing parameter on the growth method employed. 
Directly nucleated or buffered growth of AlGaN on sapphire at temperatures greater than 800 °C was found 
to lead to stronger bowing (b > 1.3 eV) while growth initiated using low temperature (LT) buffer layers on 
sapphire followed by high temperature growth led to weaker bowing ( b < 1.3 e V). 

s The value given here is for a .relaxed InGaN film. 63 Recent reports indicate that the bowing parameter of 
InGaN is compositionally dependent and decreases with increasing In content. 64 In this referenced report, 
McCluskey et al experimentally determined the bowing parameter of strained In<uGao.9N layers to be 3.8 
eV. They further performed first-principles calculations that gave values of b = 4.8, 3.5, and 3.0 eV for In 
alloy compositions ofx = 0.0625, 0.125, and 0.25, respectively. 
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by a line between two materials, a III-Nitride quaternary alloy could occupy any position 

in the area enclosed by the InGaN, AlGaN, and AllnN curves. This allows the 

engineering of lattice-matched heterostructures or novel structures that are subject to an 

adjustable amount of in-plane stress.(a.ka. piezoelectric doping). The use of AHnGaN 

quaternary alloys could drastically enhance the properties of heterojunction field effect 

transistors (HFETs) by reducing lattice mismatch, which would increase 2D electron 

transport and decrease noise levels. 65 

·.zno has a direct bandgap of 3.35 eV at RT (for the A band). The situation 

regarding alloys with ZnO is similar to the III-Nitrides case, but is in a much more 

immature state of. research. The ,first alloys . using ZnO-based materials have only 

recently been grown, and the quality of these samples still needs much improvement. 

ZnO can be alloyed with MgO (Eg = 7.9 eV, a= 4.211 A) to allow continuous tuning to 

shorter wavelengths. 66 (MgO has also been· used as a buffer layer in the growth of 

extremely high quality Z~O epilayers on sapphire).67 Mg was shown to have a solubility 

limit of only - 4% mole fraction in Zn 0, 68 but a more recent study has suggested a value 

of 15%. 69 The same study also exhibited the existence of metastable supersaturated 

~lloys in this material system at temperatures below 1000 °C. In another recent study, 

M~Znr-xO alloys with x values ranging from O to 0.36 were shown to exhibit excitonic 

absorption features at room temperature. 70 Using these alloys to create device structures 

was the next logical step in the development of this alloy system, and this was 

successfully demonstrated by Ohtomo et al. 71 They grew Zn0/Mgo.2Z~o.80 superlattices 

on a sapphire substrate using laser molecular beam epitaxy (LMBE) and observed a 

blueshift in the 4.2 K photoluminescence spectrum, indicating a quantum-size effect (see 

the Structures section below). Recently, the same group observed excitonic stimulated 

emission at RT in ZnO/MgZnO alloys with Mg compositions of 12% and 26% 

characterized by very .low threshold values down to 11 kW/cm2•72 ZnO can be alloyed 

with CdO (Eg = 2.28 eV, a= 4.689 A) to obtain alloys with bandgap energies lower than 

that of pure ZnO. Reports on this material were very scarce at the time of writing of this 

thesis, and much progress needs to be made before high quality CdZnO alloys become a 

reality. Recently, Makino et al grew a MQW consisting of Mgo.12Zno.ssO barriers and 
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Cdo.004Zno.9960 wells. They observed a 5 K photoluminescence peak at 3.235 eV, several 

hundred me V below the bandgap of Zn 0. 73 
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Figure 4. Band structure ofwurtzite GaN. Adapted from Ref. [74]. 

35 



) 

Figure 5. First Brillouin zone of a wurtzite crystal lattice. From Ref. [55]. 
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Figure 6. Structure and symmetries of the lowest conduction band and the uppermost 
valence bands in wurtzite GaN at the t point ( k- 0 ). Adapted from Ref. [75]. 
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Growth Techniques 

The techniques used to grow III-Nitride and ZnO samples can be split,into two 

categories: bulk and epitaxial. Bulk growth methods, such as vapor phase transport 

(VPT), seeded VPT (SVPT) and the hydrothermal method, traditionally use a seed crystal 

to grow a pure sample of the desired material. This procedure is roughly similar to the 

elementary experiment of creating sugar crystals from a saturated solution of sugar in 

water using a single sugar crystal as the seed. Semiconductor samples grown by this 

method are usually of extremely high crystalline quality, but often suffer from small 

lateral dimensions. It is common for bulk samples to have thicknesses of several mm 

(extremely thick compared to the typical epitaxially grown sample thickness of 1-2 µm), 

but their lateral dimensions are usually limited to the mm regime as well. A group from 

Tokushima University in Japan has grown hexagonal bulk GaN crystals about 100 µmin 

diameter by the sublimation method. 76 Bulk GaN crystals up to 100 mm2 have been 

grown by Unipress (High Pressure Research Center of the Polish Academy of Sciences, 

Warsaw) and exhibit extremely high crystalline quality, as determined by X-ray 

diffraction, photoluminescence, and transmission electron microscope (TEM) 

measurements. Homoepitaxial layers of GaN grown on top of these bulk samples by 

molecular beam epitaxy (MBE) or metalorganic chemical vapor deposition (MOCVD) 

are of unmatched quality.77'78 High quality bulk ZnO samples have been grown using the 

hydrothermal technique by several groups, including the Air Force Research Laboratory79 

and Bell Labs.80 Recently, Eagle-Picher Laboratories (Miami, Oklahoma) developed a 

VPT technique to grow bulk ZnO crystals with a 2" diameter. This should pave the way 

for a large amount of research on the growth of high quality homoepitaxial ZnO and also 

heteroepitaxial III-Nitride materials81 due to the small difference in lattice mismatch 

between ZnO and the Ill:-Nitrides (see Table II). 
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There are a variety of different epitaxial growth techniques used to grow III

Nitride and ZnO materials. Recently, the best III-Nitride samples have been grown using 

MOCVD. This technique involves heating a suitable substrate material to high 

temperatures and flowing a combination of gases, which contain the constituent atoms of 

the material being grown, across the substrate. Some of the atoms stick to the substrate 

and arrange themselves in a well-defined crystallographic lattice. The detailed growth 

kinetics of semiconductors are beyond the scope of this thesis. For a more in.:-depth 

discussion of this topic, see Ref. [82]. There are many different variations of the 

MOCVD growth technique, including horizontal and vertical reactor designs, the two.: 

flow method, and atmospheric and low-pressure growth. In addition, there are many 

variables related to growth that can be changed to produce different quality samples, such 

as growth temperature and source precursors. To make matters even more complex, the 

conditions for optimum growth usually vary from one material to another. For example, 

the substrate temperature can change substantially for different materials (1050-1100 °C 

for GaN and AlGaN, - 550 °C for InGaN), and can make the growth of alloys and/or 

heterostructures challenging. High quality epilayers have also been grown using MBE 

and hydride vapor phase epitaxy (HVPE). MBE is similar to the MOCVD growth 

technique, but instead of gases flowing across the substrate, it involves sputtering source 

materials from heated crucibles in an ultrahigh vacuum environment. Both MOCVD and 

MBE are capable of producing extremely thin· epitaxial layers, allowing the controlled 

growth of complex device structures (see next section). HVPE is important because it 

allows the growth of samples that are very thick compared to the typical 1-2. µm samples 

grown by MOCVD or MBE. Pulsed laser deposition (PLD) is another-technique that has 

been used to produce III-Nitride materials, but the quality is usually low compared to 

other techniques. For ZnO, on the other· hand, the best quality samples have been 

produced by MBE and LMBE. MOCVD .and PLD have produced ZnO samples of 

decent quality. 
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Structures 

There are many complex structures that can be grown by the aforementioned 

growth techniques. The crystal grower can directly control. the alloy composition, 

dopants, layer thicknesses, and growth temperatures to grow samples for a wide range of 

potential applications. Some of the most .common structures, especially those which are 

used in the research presented in later chapters, will be introduced here. 

One of the most commonly grown structures is the quantum well (QW). A QW 

consists of a thin layer of semiconductor material, typically on the order of several nm, 

sandwiched between so-called barrier layers which have a larger bartdgap value. This is 

shown schematically in Figure 7(a), with the well width denoted by Lw, The most 

common way to create these wells is by epitaxially growing alloy systems, e.g. 

GaAs/ AlxGa1-xAs or InxGa1-xN/GaN for the well/barrier. As mentioned in the ,previous 

section, modem growth techniques allow the precise growth of extremely narrow regions 

with well-defined interfaces. One QW all by itself is referred to as a single quantum well 

(SQW). When the barrier regions are also relatively thin and there is more than one well, 

·as seen in Figure 7b, the structure is known as a multiple quantum well (MQW). The 

barrier width is given by Lb, The difference in well and barrier bandgap energies, Mg = 

Mg(barrier) - Mg(well), is known as the band offset, and allows carriers to be confined 

in the well region, a fact that becomes extremely useful when one wishes, say, to create a 

two-dimensional electron gas (2DEG), generate a population inversion, or simply create a 

region in which a large number of carriers will reside. Because of the extremely narrow 

dimensions in the growth direction of SQWs or MQWs and the wave-particle duality 

nature of electrons, quantized states form according to the laws of quantum mechanics 

(similar to the infamous "particle in a box" problem). These states have an energy larger 

than the bandgap energy of the well material due to the quantum confinement effect ( see 
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the quantum states n = 1, 2, ... in Figure 7(a)). As can also be seen in Figure 7(a), the 

total band offset Mg can be split into two parts: the valence band offset (Mv) and the 

conduction band offset (Mc). The ratio of these two offsets is dependent on the materials 

used in the structure, and is an extremely important parameter in the design of efficient 

optoelectronic devices. For the GaAs/AlGaAs system shown in the figure here, Mv = 

0 .15 Mg, and Mc = 0. 85 Mg, thus Mel Mv = 5. 7. As will be seen in later chapters, 

MQWs are very useful structures and are commonly employed as active regions in LEDs 

and LDs. 

Another common semiconductor structure is the double heterostructure (DH), 

pictured in Figure 8. A DH consists of an active region in the center (similar to that of a 

QW, but much thicker), and two surrounding cladding layers. The basic design principle 

of a DH is to combine the confinement of photons with the confinement of carriers. The 

carrier confinement effect results from the desire of carriers to seek out the lowest energy 

level available. Once they drift or diffuse into the active region and get rid of their excess 

kinetic energy, they cannot escape. They are confined to this narrow volume. This effect 

can be very advantageous for certain devices, as mentioned above for QWs. Optical 

confinement arises from the difference in refractive index between the active region and 

the cladding regions. If the materials are chosen correctly, the difference in refractive 

index between these two layers will cause total internal reflection for light emitted in 

certain directions. This light will propagate through the sample with minimal loss until it 

escapes at the end of the cavity. The confinement of light is crucial for LDs, specifically 

for the efficient extraction of gain from the laser cavity and for keeping the far-field 

emission pattern relatively small. 

Separate confinement heterostructures (SCHs) play an extremely useful role in 

device physics. A typical SCH structure is shown in Figure 9. As its name suggests, an 

SCH provides two separate confinement regions - a narrow one in the center of the 

structure to confine carriers, and a wider one symmetric about the center to confine the 

output light from the device. The center region, called the active region, consists of a 

narrow ( ~ 100 A) layer of semiconducting material. Both sides of the active region are 

bordered by thicker layers of material with a larger bandgap energy called waveguide 

regions. Symmetrically located around the waveguide regions are thick layers of material 
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with an even higher bandgap energy called cladding regions. By using. a widely spaced 

layer of material with lower index of refraction around the active region to confine the 

light output of the device, the junction region can be made extremely thin without 

refracting the emitted light out of the cavity. Thus SCHs combine the quantum effects of 

· QWs and the optical confinement properties of DHs, both of which can be very 

advantageous for creating efficient devices. 

Several other important semiconductor device structures are given in Figure 10. 

Figure 10 (a) and (b) show a MQW-SCH (an SCH with a MQW for an active region 

instead of a SQW) and a graded-index SCH (GRINSCH), respectively. Figure 10 (c) and 

(d) show two widely used index-guided LD structures: a ridge waveguide and buried

heterostructure LD, respectively. 
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Figure 7. Schematic diagram of (a) single quantum well (SQW) and (b) multiple 
quantum well (MQW) structures. The quantum confined energy levels in the conduction 
band are denoted by En, where n = 1, 2, ... , and those in the valence band are given as 
Ehhn where n = 1, 2, ... (for heavy holes) and Ezhn where n = 1, 2, ... (for light holes). 
Barrier and well width are denoted by Lb and Lw, respe~tively. The values of conduction 
band offset (Mc) and valence band offset (Mv) are also given for the GaAs/AlGaAs 
material system. Adapted from Ref [83]. 
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Figure 10. Several important semiconductor device structures: (a) multiple quantum 
well SCH, (b) graded-index SCH (GRINSCH), (c) ridge waveguide LD, and (d) buried
heterostructure LD. Th~ axes are given on the left side of the figure. For (a) and (b), the 
graphs represent energy-band diagrams (energy vs. layer thickness). For (c) and (d), the 
graphs show cross sections of the sample structures in the lateral direction (x) with the 
growth direction denoted by c. The laser cavities are oriented along the y-axis. Adapted 
from Ref. [85]. 
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CHAPTER III 

EXPERIMENTAL METHODS USED TO CHARACTERIZE 

WIDE BANDGAP SEMICONDUCTORS 

Optical experiments provide researchers with an indispensable tool to characterize 

semiconductor materials. Studying the interaction of photons with a semiconductor can 

yield direct insight into the physical processes taking place in the sample. The 

knowledge gained through these experiments is useful in many ways, particularly in (1) 

characterizing the optical properties of the material ( e.g. refractive index, phonon 

energies, or exciton binding energy) or (2) assessing the optical quality of the material 

(e.g. stimulated emission or lasing threshold, luminescence efficiency, or emission 

wavelength). The latter of these two seems more exciting, since it deals with .actual 

devices, but the former is an extremely useful process. To be able to grow high quality 

devices, the research community must know the general optical constants of the material 

they are growing. In fact, a detailed knowledge of these constants is necessary to grow 

even the most rudimentary device.. Basic experiments that study the optical properties of 

semiconductors form a basis of knowledge that allows us to improve the quality of 

semiconducting devices and even to grow interesting new materials. 

This chapter will introduce several of the most important optical characterization 

techniques in detail, with an emphasis on the experiments that were used in the research 

performed by the author that is presented in later chapters. The experiments described 

here are, in order of presentation, photoluminescence (including temperature, power, and 

pressure dependence as well as time-resolved), photoluminescence excitation, absorption, 

reflectance and photoreflectance, and stimulated emission/lasing. 
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Photoluminescence 

Photoluminescence (PL) is perhaps the easiest and most useful of all the optical 

experiments used to characterize semiconductors. Figure 11 (a) shows the basic PL 

. experimental setup. In PL, a beam of light (usually from a laser) is made incident on a 

piece of the semiconductor being studied. PL is commonly performed in the surface

emitting geometry, pictured in Figure 12 (a). For studying materials with a bandgap 

energy in the UV, a HeCd or FReD (frequency-doubled Arl laser is commonly used, 

with a cw incident power of several tens of mW. This laser light, which has a photon 

. energy greater than the bandgap of the material being studied, excites electrons in the 

sample from the valence band to the conduction band. The vacant site left by the excited 

electron is called a hole, and effectively has a positive charge. When an electron relaxes 

back down to the valence band (i.e. an electron recombines with a hole), a photon is 

emitted; These photons are collected and focused into a spectrometer, in which a 

diffraction grating disperses the light emitted from the sample into its constituent 

wavelengths and focuses a specific range of wavelengths on an output slit leading to a 

detector. Detection can be accomplished by two techniques, which involve different 

pieces of equipment. Tqe first technique makes use of a photomultiplier tube (PMT). 

This device converts incident photons into electrons, amplifies the electrons, then 

measures the current flowing through· a resistor due to these electrons. PMTs are 

extremely sensitive detectors and have a very good signal-to-noise ratio. Because the 

photons are converted to electrons, however, a PMT doesn't have the ability to 

discriminate between photons of different wavelength. Thus, the output slits of the 

spectrometer are made as narrow as possible and the grating must be scanned ( a process 

which can be quite time:-consuming and has kept many a graduate student up many a 
night). The second technique uses a charge coupled device (CCD), which consists of a 

two-dimensional array of photodetectors. Because of the array nature of the CCD, by 
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fully opening the output slits of the spectrometer we can concentrate different 

wavelengths of light on different pixel areas on the detector. This allows the CCD to take 

spectrally resolved data in just one step; the grating does not need to be scanned. 

Although the data acquisition rate is must faster for CCDs,. the signal-to-noise ratio and 

sensitivity are inferior to PMTs. 

Th~ information obtained from PL results gives the researcher important insight 

into. the radiative recombination processes in the semiconductor. The wavelength or 

energy position of the emitted light is usually the most important information gained 

through PL. This can tell us many important things about the sample, such as the value 

· of strain in epitaxial layers (see Chapter V), the crystallinity of the sample (e.g., wurtzite 

GaN has a different bandgap ep.ergy than zincblende GaN), the composition of alloy 

materials, and can indicate the presence of quantized levels in SCHs or QWs. The 

intensity of the emission gives an idea as to the luminescence efficiency, which is 

important in designing bright light emitting devices. The width of the emission line, 

measured by the full ~dth at half maximum (FWHM), gives information about the 

optical quality and homogeneity of the samples. 

Much additional information can be gained from PL measurements by changing a 

specific experimental parameter. This can be done on the sample level, for example 

measuring the PL position for a series of samples with different alloy concentrations to 

find the bowing parameter, or measuring the PL intensity for a series of samples grown at 

different temperatures to optimize the growth conditions. It can also be done on the 

experimental setup level, for example looking at how the PL intensity or emission energy 

changes with increasing temperature. Several important experimental PL techniques will 

now be described. 

Temperature Dependent PL 

Several different effects can be studied by changing the temperature of the sample 

for PL measurements. First, we can look at how it affects the PL intensity. This can give 

us information about the interplay between radiative and nonradiative transitions in the 

material. Nonradiative transitions become more important as the sample temperature is 
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increased, thus the PL intensity should decrease. The magnitude of this decrease (which· 

can vary from one order of magnitude up to five) is a measure of the optical quality of 

semiconductor samples. A variant·. of this· techpique a~lows us to tell the difference 

between free and bound exciton PL peaks. At low temperature, we may observe several 

strong :and narrow peaks in PL spectra due to excitoriic transitions, Sometimes, though, 

there are multiple peaks and it can be. difficult to determine their origin. Because a bound 

exciton is simply a free exciton bound to an impurity in the lattice, its PL transition 

energy is slightly lower than that of a free exciton. The energy required to free the bound 

exciton from its impurity captor is ·easily supplied via thermal phonons, which have an 

energy of kBT. Thus, as the sample temperature is increased and more thermal phonons 

are available with higher energies, the bound excitons will be knocked loose, i.e. 

thermally ionized, into a free exciton or the constituent free carrier~. This phenomenon, 

shown in Figure 13, manifests itself in the relative increase of the free exciton PL peak 

intensity with increasing temperature compared to the bound exciton intensity. 

· Secondly, we can study.how the PL transition energy changes with temperature. 

The thermal expansion of the crystal lattice with increasing temperature causes a 

downward. shift of the bandgap. The temperature dependence of the bandgap energy of 

semicoriductors can be well described by the Varshni empirical equation:86 

aT2 

E (T)=E(O)---
. 0 0 P+T' (3-1) 

where Eo(O) is the transition energy at O K and a. and p are referred to as the V arshni 

thermal coefficients. As an exampl~, the temperature dependence of PL from an 

In0_14Gao.s6N epilayer is shown in the main graph in Figure 35. In this sample, Eo(O) = 

3 .14 3 8 e V and the Varshni coefficients .are a·= 1x10-3 e V 1K and p = 1196 K. Knowledge 

of these parameters can aid in the development of light emitting devices· that operate at 

temperatures significantly above or below RT: 
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Power Dependent PL 

By changing the power (intensity) of the incident pump beam in PL experiments, 

a couple of different processes can be observed. First, we can use this technique to help 

identify the origin of various PL emission lines. At low pump intensity, we sometimes 

. see several different closely-spaced peaks from a single sample, making a clear 

determination of their origin difficult. Often, impurities and defects in the semiconductor 

will act as donors, acceptors, and may form other types of states within the forbidden gap. 

These extrinsic states may be of a luminescent nature, giving rise to some of the above

mentioned peaks in the PL spectrum. If we increase the pump intensity, these extrinsic 

levels will eventually begin to saturate out and have less of an effect on the spectrum 

because of the significantly smaller density of these states compared to the intrinsic states 

of the crystal. Second, this technique can allow us tp assess the influence of piezoelectric 

(PZ) fields in the material. PZ fields form because of strain in semiconductor epilayers. 

These fields cause the bands to bend, which allows phonon-assisted transitions at 

energies slightly below the bandgap energy. However, excitons and impurity states are 

situated in this same region just below the pandgap energy. (A redshift in the PL energy 

with respect to the actual bandgap as discussed here is called a Stokes shift, whereas a 

blueshift is called an anti-Stokes shift). This has caused much debate in the III-Nitride 

research community about the origin of the PL emission in InGaN/GaN MQWs, which 

occurs just below the bandgap energy. Different groups have claimed that the observed 

. Stokes shift in this material system is due to PZ-reduced band-to-band transitions and the 

recombination of excitons localized at· indium fluctuations. In the case of a PZ field, if 

we increase the pump intensity, we should see a gradual blueshift of the PL emission. 

This is due to the screening of the PZ field: the presence of a large number of free 

carriers created by the pump would neutralize the PZ field. 
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Pressure Dependent PL 

PL can also be measured as a function of pressure by making use of a piece of 

equipment called a diamond anvil cell (DAC). A DAC consists of two high quality 

polished diamonds with a stainless steel gasket between them. A small hole is drilled 

through the gasket, in which the sample is placed. In order to accommodate the limited 

dimensions of the volume available inside the DAC, small chips of the samples with 

dimensions of approximately 200x200x30 µm3 are prepared by mechanical polishing and 

cutting. The DAC is filled with a pressure medium consisting of a 4:1 mixture of 

methanol/ethanol, and then pressure is applied with a hydraulic press. Unfortunately, 

there is no direct way to determine how much pressure has been transmitted to the 

sample. The pressure must be deduced by measuring the pressure induced luminescence 

shift of the ruby RI line from a tiny piece of ruby mounted alongside the sample. For 

low temperature measurements, the cells may be mounted onto the cold finger of a closed 

cycle helium refrigerator and cooled down to the desired temperatures. The shift of the 

luminescence due to pressure, E(P), can be well described by the following linear 

function: 

E(P) = E(O) + aP, (3-2) 

where E(O) is the peak position in eV at atmospheric pressure, a is the pressure 

coefficient, and Pis the pressure in kbar. 

PL as a function of applied hydrostatic pressure 1s an excellent probe for 

distinguishing between deep and shallow defect states. As will be discussed in more 

detail later, PL transitions involving shallow hydrogenic impurities shift the same amount 

as the bandedge under pressure. Deep impurities, however, are not tied to any band and 

thus exhibit a much smaller energy shift under pressure. This technique has also been 

used to observe how different bands in semiconductors shift with pressure. For example, 

Shan et al observed a crossover of the r and X bands in GaAs/GaAso.6sPo.32 strained 

MQWs by studying the position of the main PL peak with increasing pressure.87 
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Time-Resolved PL 

Time-resolved PL (TRPL) is an extremely important tool jn semiconductor 

research that allows us to study the temporal profile of PL spectra. Several major 

changes must be made to the simple PL setup described in the previous sections to allow 

for the. acquisition of temporally resolved .spectra. A typical TRPL setup is shown in 

Figure 14. It is absolutely necessary that a pulsed laser be used. The pulse duration and 

repetition rate of this laser can vary, but keep in mind that the minimum temporal. 

resolution of the TRPL system is determined by the following three factors: (1) the laser 

pulse duration, (2) the reaction time of the detector, and (3) various dispersive elements 

in the optical path such as spectrometers and lenses. For the first factor, it is necessary to 

make sure the pulse duration of the laser is considerably shorter than the luminescence 

lifetime being measured, i.e. a picosecond PL signal can't be measured using a 

nanosecond laser. To satisfy the second factor, the appropriate detector must be used. 

Several choices exist, including photodiodes (- 1 ns typical resolution, sampling units 

available down to several hundred ps), photon counting PMTs (- 50 ps), and streak 

cameras (- 2 ps ). The third factor only comes into play when working at the extreme low 

end of the temporal resolution scale. To attain the minimum resolution possible, it is 

necessary to keep the pump and collection beam paths as clear as possible. This means 

using thin lenses and cryostat windows, and even using bandpass filters instead of a 

spectrometer for spectral resolution. All the TRPL data presented in this thesis was taken 

using a streak camera. This apparatus allows the simultaneous measurement of PL 

intensity and wavelength versus time. The software lets us choose the region of this 3D 

data set to analyze: we can look at the temporal profile of a narrow wavelength range 

(TRPL) or at a snapshot of the whole spectrum at a certain time (TIPL). 

TRPL is important because it provides a direct measurement of the decay time of 

photoexcited carriers. The measured decay time Te.ff is related to both the radiative ( TR) 

and nomadiative ( TNR) lifetimes in the semiconductor by the following expression: 126,128 

1 1 1 
-=-+-. (3-3) 
'elf 'R 'NR 
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Thus we can use TRPL as a tool to interpret the relative magnitudes of the radiative and 

nonradiative carrier lifetimes. This is a necessary step in the design, growth, and 

evaluation of light emitting devices, where short radiative lifetimes and long nonradiative 

lifetimes detrimentally affect performance. 

Photoluminescence Excitation 

Photoluminescence excitation (PLE) is an experiment that lets us examine which 

energy levels in a semiconductor contribute to a certain PL emission line. This is done 

by setting the detection wavelength at the desired PL line and scanning the excitation 

source ( on the high energy side, since we don't expect to see any upconversion). In a 

sense, we are probing the higher energy bands to see which ones relax radiatively down 

to the PL transition in question. The experimental setup is shown in Figure 11 (b ). PLE 

can help classify the recombination mechanisms involved in radiative transitions. For 

instance, by studying the PLE spectra of GaN epilayers, Shan et al . determined the 

relaxation scheme of hot bound and free excitons through LO and acoustic phonon 

emission. 88 

PLE can also be useful in determining the energy levels in multilayer structures 

involving alloys. Absorption experiments, which are described in the next section, are 

helpful in determining the bandgap energies of the constituent epilayers in multilayer 

structures, such as the SCH described above. However, absorption is useless for wide 

bandgap samples on SiC, since its bandgap energy is less than that of the epilayers. PLE 

provides an alternative. By. setting the PLE detection position at the lowest bandgap

related PL peak (usually the one due to the well or active region) and scanning the 

excitation source to higher energies, we can usually see changes in the PL intensity due to 

the absorption of the other layers with higher bandgap energies. The energy positions of 

these intensity changes in the PLE spectra relate directly to the bandgap energies of these 

layers. An example of this technique is shown in the bottom graph on Figure 51, for an 

AlGaN/GaN SCH sample. The PLE · spectrum reveals two changes in intensity, at 

approximately 320 and 345 nm, which correspond to the bandgaps of the AlGaN 

waveguide and cladding layers, respectively. The carriers created in the two AlGaN 

54 



layers by. the excitation light drift and diffuse into the lower energy active region, where 

they recombine and emit the observed PL signal. The PL intensity of the active region is 

observed to increase at each of these steps due to the increased absorption cross-section. 
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Figure 11. Typical experimental setups for (a) PL and (b) PLE measurements. 
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Figure 12. Schematic of ( a) surface and (b) edge emission geometries. 
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Figure 13. Temperature dependence of the excitonic PL emission from a 7.2 µm GaN 
epilayer grown on sapphire by MOCVD. As the temperature increases, the higher energy 
peak (labeled FX) becomes dominant, indicating it is due to free exciton transitions. The 
low energy peak (labeled BX) is seen to rapidly quench with increasing temperature, 
indicating it is due to bound exciton transitions. 
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Figure 14. Typical time-resolved PL experimental setup. 
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Absorption 

Absorption 1s a straightforward technique that measures the wavelength

dependence of the absorption coefficient of semiconductors. The typical absorption 

experimental setup is shown in Figure 15 (a). The broadband light from a Xe lamp is 

sent through a monochromator and scanned across the wavelength range of interest. The 

resultant monochromatic light is focused onto a spot on the sample, and the light passing 

through the sample is collected and focused into a PMT connected to a lock-in 

amplification system. Lock-in is attained by optically chopping the excitation light when 

it exits the monochromator. The amplifier looks for a signal from the PMT with the same 

frequency and phase as the chopped beam. This technique greatly reduces the noise 

signal fr~m stray light entering the PMT. By scanning the excitation light across the 

bandgap region of the sample, we obtain an absorption spectrum. Absorption of light in a 

semiconductor is governed by Beer's Law: 

1=1 e-ad 
0 ' 

(3-4) 

where I is the output intensity (the scan we just obtained), 10 is the incident intensity 

(obtained by scanning the lamp with no sample present), a is the absorption coefficient, 

and d is the sample thickness. When calculating absolute absorption values, the 

reflection of the incident light from the sample surface must be taken into account. A 

unitless parameter called the optical density (OD) is often used when the thickness of the 

sample is unknown. OD is given by: 

(3-5) 

which is just the absorption coefficient times the thickness. 
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The thickness of the sample · is very important in absorption measurements, not 

only because it is necessary for the correct calculation of a, but also because it can 

determine whether or not any photons can be observed. If the sample is too thick, so 

many of the incident photons above the bandgap of the semiconductor are absorbed that 

.the instruments cannot measure-the small number that do make it through. For the setup 

shown in Figure 15, this typically happens for a value of OD = 6. Using an excitonic 

absorption coefficient of a.= 1.5x106 cm·1 for GaN, the thickest sample that can be 

measured is d = 0.4 µm. 

Absorption is an extremely powerful method of studying excitons in 

semiconductor materials. The inset of Figure 16 shows the 10 K absorption spectrum of 

a 0.38 µm-thick GaN epilayer, with strong excitonic transitions evident. This data can be 

fit to find precise values of the excitonic and band-to-band transition energies for the A, 

B, and C bands. The excitonic ( lXexc) and band-to-band ( abb) contributions to absorption, 

respectively, are given by: 

aexc(hv) = f [A; <>(hv-Eg + R;JJ, 
n=l n n 

(3-6) 

and 

(h ) - . rxao(hv) 
abb V - . ' 
. 1-exp(-2nyJ 

(3-7) 

where a0 is described by: 

AbEg~hv-Eg 

ao = hv..JR: ' 
(3-8) 

and Yx is given by: 

~ 
Yx =~hv-Eg. 

(3-9) 
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In the above equations, Eg is the bandgap energy, Ab is the absorption intensity just above 

Eg, Rx is the exciton binding energy, hvis the incident photon energy, n is the order of the 

excited excitonic level, and Ax is the intensity of the n = 1 excitonic transition. The 

results of a fit to the 10 K absorption data of the 0.38 µm sample is shown in Figure 17. 

The data obtained from this fit are consistent with what is expected for the A, B, and C 

exciton and band-to-band transition energies.· 

Using this technique to obtain excitonic and band-to-band transition energies by 

studying a as a function of temperature can yield extremely accurate values of the 

Varshni coefficients; much more reliable than using PL results as described above. 

Furthermore, we can fit the temperature dependence of the width of the excitonic 

absorption lines to the following equation: 

(3-10) 

where r O represents contributions to the broadening from temperature independent 

mechanisms, }ph represents exciton-acoustic phonon interaction, and r LO represents 

exciton-LO phonon broadening. Using an LO phonon energy (ELO) of91.7 meV, Fischer 

et al fit their data to this equation to yield r O = 10 me V, }ph = 15 µe V /K, and r LO = 3 7 5 

meV.89 They also observed excitonic resonances significantly above RT, as shown in 

Figure 16, illustrating the applicability of the III-Nitrides for high temperature 

electronics. 

Absorption measurements can also be used to gauge the degree of the band tail in 

a semiconductor alloy. The sharper the transition, the faster the rise in the absorption 

curve. Absorption measurements performed on InGaN alloy epilayers, seen in Figure 18, 

show a significant band tail as evidenced by a slow rise in the InGaN-telated absorption, 

signifying the presence of alloy content fluctuations. The fringes seen on the solid curves 

are due to Fabry-Perot interference effects, discussed in detail in the next section. 
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Figure 15. Experimental setups for the measurement of (a) absorption, (b) reflectance, 
and ( c) photoreflectance. 
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Figure 18. Absorption spectra for 50 nm (solid) and 100 nm (dashed) InGaN epilayers at 
(a) RT and (b) 10 K. A large degree of band tailing can be seen from the slow rise of the 
absorption spectra due to the alloy layers compared to GaN. The fringes seen in the solid 
curves are due to Fabry-Perot interference (see the Section on Reflectance). 
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Reflectance 

Reflectance measurements are performed using a setup nearly identical to the one 

shown above for absorption. The only difference lies in the position of the sample and 

the detector, as can be seen in Figure 15 (b). For reflectance, the sample is tilted slightly 

in the plane of the optical table and the detector is rotated - 180° to measure the signal 

reflected from the sample surface. Scanning the incident light across the bandgap of the 

sample to get the reflectance spectrum yields information about . the bandgaps in 

semiconductors. A typical 10 K reflectance spectrum is shown in Figure 19 (a) for a 3 

µm thick GaN epilayer grown on an a-plane sapphire substrate by MOCVD. Resonances 

in the spectra indicate the energy positions of excitonic transitions. These transition 

energies can be precisely determined by fitting the data to the equation: 

(3-11) 

where R0 is the background, 8 is the phase, and Rx, hvx, and rx are the amplitude, 

transition energy, and broadening parameter, respectively, for the x exciton. Korona et al 

used this approach to find the A, B, and C exciton energies in homoepitaxial GaN 

epilayers.90 However, as the temperature of the sample is increased, these resonances 

eventually broaden and become indistinguishable from one another. This is shown in 

Figure 19 (b) for a 1.9 µm thick GaN epilayer grown on a-plane sapphire. 

Figure 19 also shows wavelength dependent interference fringes, which arise 

from the Fabry-Perot cavity created by the sapphire-GaN and GaN-air interfaces. The 

position of these fringes, marked by arrows, is linked to both the thickness of the Fabry

Perot cavity (i.e. the epilayer thickness), and the refractive index of the material. For a 
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single wavelength of light, assuming normal incidence, a valley in the reflectance is seen 

due to destructive .interference whenever the following simple relation is satisfied: 

2nd=mA, (3-12) 

where n is the refractive index of the semiconductor, dis the thickness of the cavity, mis 

the interference order, and A is the wavelength of the light. For a fixed thickness, if the. 

wavelength is scanned we will see alternating peaks and valleys in the reflectance curve 

whenever the changing path length of the incident light causes constructive and 

destructive interference, respectively; If we knew the actual order of the fringes observed 

in reflectance measurements (the first one we observe is not necessarily m = 1), we could 

calculate the index of refraction by assuming a sample thickness, or better yet, measuring 

the thickness using SEM. Luckily, there is a method we can use to determine the fringe 

order. If we assume the refractive index is independent of wavelength far away from the 

bandedge, then a plot of m (with the first observed valley being m = 1) vs. 1/A should 

yield a straight line in this region, with the y-intersection giving the correct m = 0 value. 

After shifting the preliminary values of m to match this, we can use Equation 3-12 to 

calculate n. The results of this technique are shown in Figure 20 for three GaN samples 

of different thickness on sapphire. What is observed is that close to the bandedge, the 

index of refraction shows a drastic increase. This so-called dispersion of the refractive 

index is extremely important when dealing with wavelengths of light close to the 

bandgap of a semiconductor, such as in LDs; It is a necessity in the engineering of DHs 

and SCHs, where the difference in refractive indices of the waveguide and cladding 

regions·at the emission wavelength must be known. 

Photoreflectance 

A typical photoreflectance (PR) setup is pictured in Figure 15 ( c ). The only 

change from reflectance is the addition of a weak modulating laser beam. The difference 

between conventional reflectance and PR is that the latter is a differential method 

utilizing a modulation of the built-in electric field through photoinjected carriers by a 
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periodically modulated light beam, such as a chopped HeCd laser beam._ The change in 

reflectivity, t1RIR, due to the modulation may be expressed as: 

(3-13) 

where a and b are referred to as Seraphin coefficients and are related to the unperturbed 

dielectric function s = E1 + s2, while ~s1 and ~s2 are the changes in the real and the 

imaginary parts of the modulated dielectric function, respectively.91 The differential 

changes in the reflectivity appear as sharp derivativelike lineshapes-in the modulated 

reflectance spectrum, corresponding to specific transitions in the Brillouin zone. Typical 

PR spectra are shown in Figure 21, as a function of temperature, for an In0.13Gao.87N 

epilayer grown on sapphire by MOCVD with a GaN buffer layer. The transition at lower 

energy is due to band-to-band transitions in the alloy layer, and is significantly broadened 

due to fluctuations in the alloy content. This sample also exhibits a group of transitions 

at higher energy which are much narrower than the lower energy peak, and are due to the 

various excitonic transitions in the underlying GaN buffer layer. 

Several additional experimental steps must be taken for PR measurements. First, 

the chopper is moved from the lamp light to the laser light. The lock-in amplifier 

automatically measures the difference in the reflectance with and without modulation, 

simplifying the measurement (we don't have to take a reflectance scan with the laser, 

take a reflectance scan without the laser, then take the difference). Secondly, the laser 

power must be made low so as not to excite too much PL from the sample. There is no 

spectrometer between the sample and the PMT, so the entire spectrum of the PL signal 

contributes to a background level for PR. A balance between this PL background and the 

modulation field strength must be found. Thirdly, a bandpass filter must be used to block 

the scattered laser light, which would saturate the PMT, but must still allow significant 

transmittance in the bandgap region. Lastly, care must be taken to overlap the lamp and 

laser spots on the sample _surface. 

In order to determine the energy positions associated with the various observed 

optical transitions and identify those unknown spectral features, the PR spectral features 

are fitted to the functional form:92,93,94 
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(3-14) 

where C1 and B 1 are the amplitude and phase of the lineshape, and E1 and r1 are the 

energy and the empirical broadening parameter of thejth transition, respectively. The 

exponent m is a characteristic parameter that depends on the type. of critical point and the 

order of the derivative. The values of m = 5/2 and 2, which correspond to three

dimensional interband and excitonic transitions, respectively, are generally used to fit the 

derivativelike spectral structures.92•95 
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Figure 21. PR spectra of an Ino_13Gao.s7N epilayer as a function of temperature. The 
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· Photoconductivity 

Pho~oconductivity (PC) measurements might be best described as absorption 
' 

measurements where we use the sample under investigation as the detector instead of a 

PMT. If the incident light is above the bandgap of the sample, ahsoiytion of a photon 

creates an electron and a hol~. These photoexcited carriers cause a change in the_ 

conductivity of the sample, which is measured by monitoring the voltage drop across a 

resistor in series with the sample and a battery. An amplifier locked-in to the excitation 

lamp via a chopper is used to increase the signal to· noise ratio and to avoid measuring 

current originating from other sources, such as stray light and thermal carrier generation. 

A typical PC experimental system is shown in Figure 22 (a). The sample is connected to 

the external circuit via metallic contacts deposited on the surface of the sample. Figure 

22 (b) shows one of the most common contact schemes - metal-semiconductor-metal 

(MSM) fingers. To maximize the signal measured by the digital multimeter (DMM), the 

sample is excited within the dotted circle on the figure. By scanning the wavelength of 

the exciting light, we can study the spectral response of the sample. 

A typical result of this procedure is shown in Figure 23, at a temperature of 10 K 

for a 0.4 µm GaN epilayer grown on sapphire by MOCVD. As seen in the figure, there is 

no PC signal when the excitation wavelength is below the ba11;dgap energy of GaN. As 

the wavelength approaches the bandgap, the PC signal starts to increase due to the 

creation of electron-hole pairs. The peaks in the spectra are related to excitonic 

transitions in GaN, and will be discussed in more detail in the next chapter. 

We can fit the wavelength dependent photocurrent spectra with the following 

equation,96 originally proposed by De Vore:97 

I _ h ( 1 ~ -~ · aL(aie-ad -aL-ae-ad - a)J 
Pc- . e + . ' 

l-(aL)2 . . 1 + acoth(d /2L) 
(3-15) 

74 



where I is the wavelength dependent light intensity, ,: is the carrier lifetime, a is the 

wavelength dependent absorption coefficient, L is the diffusion length, and the parameter 

a = s,:/L, where s is the surface recombination velocity. This spectrum is strongly 

dependent on the shape of the absorption coefficient. Accordingly, we .describe the 

absorption ·of the sample using Equations 3-6 through 3-9. Alternatively, to reduce the 

number of coefficients in the fitting · process, we can plug the .experimental absorption 

curve into Equation 3-15. The fitting. of PC data is presented in more detail in the next 

chapter. 

· PC measurements are the standard method of characterizing photodetectors. 

Valuable information such as the peak detection wavelength, cutoff wavelength 

(especially important for solar-blind PDs), and quantum efficiencf can be obtained 

through the analysis of PC results. As shown in Chapter IV, PC can also serve as a 

powerful spectroscopic tool. Several interesting effects have been observed through PC 

spectroscopy. For instance, the excitonic resonance in GaAs epitaxial layers at 10 K was 

observed to switch from a peak to a dip in the PC spectrum as the thickness of the 

epilayer was increased. 98 The calculated results for this phenomenon are shown in Figure 

24. This effect occurs because as the absorption increases (for a thick sample), the 

carriers are created closer to the surface, leading to a faster recombination lifetime. For a 

thin sample, the carriers are always created near the surface. 
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Figure 22. (a) Typical experimental setup for the measurement of photoconductivity. 
(b) Metal-semiconductor-metal (MSM) contact scheme. The dotted line indicates the 
excited region. 
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Figure 23. Typical data from photoconductivity experiments. The result presented was 
taken at 10 K from a 0.4 µm GaN epilayer grown by MOCVD on sapphire, with an MSM 
contact scheme. A voltage of 40 V was applied to the sample, and the photocurrent was 
measured across a 2 MQ resistor. 
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Figure 24. PC spectra of GaAs epitaxial layers of varying thickness. As the thickness 
increases, the excitonic resonance changes from a peak in the spectrum to a dip. The 
bottom curve·(open circles) is the calculated 10 K absorption spectrum for the samples. 
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Stimulated Emission and Lasing 

First, let's discuss the difference between stimulated emission (SE) and lasing. 

Both of these terms fall under the category of optical pumping experiments. The terms 

SE and lasing are often interchanged, and there is really no clear:-cut distinction between 

the two. SE is the physical process of light emission, whereas lasing (light amplification 

by the stimulated emission of radiation) takes advantage of the SE process to build up the 

light output. The term lasing is used whenever optical feedback is present. This is often 

identified by the observation of modes in the output spectra, which result from an optical 

cavity. The mode spacing !iA is related to the cavity length L through the following 

equation:99' 100 

(3-16) 

where Ao is the wavelength of a mode, n is the refractive index at Ao, and dnldA is the 

dispersion of the refractive index as described above. This cavity can be intentional, such 

as mirror-coated facets or cleaved laser bars, or it can be ·"accidental," as in the case of 

cracks in the epilayer or the surfaces ofmicrostructures such as self-formed pyramids. 

The experimental setup for the · study of SE and lasing is similar to that of PL, 

since we are looking at the light emitted from a sample that is being excited by a laser. A 

typical · experimental setup is shown in Figure 25 for four possible pumping 

~onfigurations. The laser used in optical pumping, however, must be pulsed rather than 

cw. The reason for this is that to observe SE, we need to create a population inversion in 

the .sample, i.e. there must · be more free carriers in the conduction band than in the 

valence band. Because photoexcited carriers relax back down to the valence band via 

radiative or nonradiative recombination over a time scale that is typically in the ns or ps 
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range, we must use a pulsed laser to create a population inversion before the carriers have 

a chance to decay. Additionally, the peak intensity of this laser pulse must be large 

enough to excite a sufficient number of carriers into the conduction band. Thus, 

chopping a cw laser beam or using an ultrafast shutter to obtain pulses is not an option. 

The excitation density of the pump pulse is typically measured in kW/cm2. For 

comparison, a pulsed laser focused to a 1 mrn2 spot with an average power of 5 mW, a 

pulse duration of 10 ns, and a repetition· rate of 10 Hz has a peak-intensity of 5000 

kW/cm2. Over this same time scale, a cw laser running at 5 mW would only give us 

5x10-9 W/cm2. 

Four laser excitation sources have been used in the research presented in this 

thesis. The first consists of a XeCl excimer laser (- 10 ns pulsewidth and 10 Hz 

repetition rate at 308 nm). The second is a tunable dye laser pumped by the above

mentioned excimer laser. The excimer-pumped dye laser emitted directly in the UV with 

a pulse duration of- 8 ns. The third source was an injection-seeded Nd:YAG laser (A= 

1.064 µm, 6 ns, 30 Hz), which could be tripled to 355 nm or quadrupled to 266 nm using 

a nonlinear crystal. Finally, the 532 nm second-harmonic of this Nd:YAG laser could be 

used to pump a tunable dye laser, whose 600-700 nm output was subsequently doubled 

into the UV using another nonlinear crystal. SE experiments are performed in the edge

emission geometry, pictured in Figure 12 (b). The UV laser excitation source is focused 

to a line on the sample surface using a cylindrical lens. This forms a gain region that 

amplifies the SE signal before it is emitted through the edge of . the sample. A 

continuously variable ND filter is used to attenuate the laser power. The resultant 

emission is collected from the edge of the sample and focused onto the slits of a 1 meter 

spectrometer and detected by eithyr a UV -enhanced CCD or an optical multichannel 

analyzer (OMA), which is a linear diode array, i.e. a one-dimensional CCD. 

SE in semiconductors is characterized by a threshold, which occurs at the point 

that the gain in the cavity equals the losses. Below this threshold, we only observe 

spontaneous emission. Above this threshold, a new peak (or peaks) appears at the 

maximum of the gain curve. This new peak increases superlinearly in intensity and 

narrows with increasing excitation intensity. Figure 26 illustrates the nature of SE in 

GaN epilayers. A strongly superlinear increase can be seen in the integrated emission 

80 



intensity with increasing excitation power, SE in an InGaN MQW is shown in Figure 27. 

This sample illustrates the striking difference between stimulated and spontaneous 

emission spectra. 

SE experiments are indispensable for research on potential new lasing materials, 

as well as for the characterization of LDs. Rather than go through the extremely 

expensive and time-consuming process of fabricating an LD just to test if it works or not 

(in the research and development stage, this can be a colossal undertaking), we can utilize 

optical pumping experiments. If the LD structure exhibits optically pumped SE/lasing 

with a reasonable threshold value, creating a successful device lies only in the matter of 

fabrication (etching, photolithography, contacts, etc.). We have cleared the device 

structure and material quality of any culpability if the LD fails to work properly. 
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Figure 25. Typical stimulated emission/lasing experimental setup shown for four 
different pump laser configurations. 
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pump power, illustrating the super linear increase of the SE signal. 

83 



-Cl) 
~ 
C: 
:::::s 

..c 
!I... 

cu -
~ 
Cl) 
C: 
Q) ...... 
C: 

_J 

a.. 

SE 

lnGaN/GaN MQW 
RT 

450 475 500 
Wavelength (nm) 

525 

Figure 27. RT stimulated and spontaneous emission spectra from an InGaN/GaN MQW 
sample. The 308 nm emission from a XeCl excimer laser was used as the pump source. 
Note the narrowness of the SE peaks. 

84 



CHAPTER IV 

EXGITONS IN GaN 

Besides being physically interesting entities in their own right, excitons play an 

extremely significant role in the performance of semiconductor devices. It is important to 

study the properties of excitons to be able to design and grow optoelectronic devices that 

efficiently utilize them. This chapter presents the results of several experimental studies 

of excitonic transitions in GaN . epilayers performed through a variety of spectroscopic 

techniques. 

Binding Energy for the Intrinsic Excitons in Wurtzite GaN 

In this section we present the results of an experimental study of the optical 

transitions associated with the ground and excited states of excitons in GaN epilayers 

using reflectance and photoreflectance measurements at low temperatures. We precisely 

determined the energy positions for the ls and 2s states of the A, B, and C exciton 

transitions, as well as the fundamental band.,.to-band (rv9 - rc7) transition. This was 

accomplished through the fitting of sharp derivativelike PR spectral features related to 

these transitions. Using this technique, it was possible to directly estimate the binding 

energy of the excitons using the hydrogenic model. 

The GaN samples used in this work consisted of nominally undoped single-crystal 

wurtzite heteroepitaxial films grown by MOCVD on both (0001) sapphire and SiC 

85 



substrates. AlN buffer layers were deposited on the substrates at a temperature of 775 °C 

before the growth of the GaN epilayers. The GaN epilayers were deposited at 1040 °Con 

top of the buffer layers. The PL and PR experimental setups u.sed in this study were 

identical to those pictured in Chapter III. 

. Figure 28 shows the results of conventional reflectance measurements taken ·at 10 

K from two GaN epilayers grown on sapphire with thicknesses of 7:2 and 4.2 µm, as well 

as from a GaN epilayer grown on SiC with a thickness of 3.7 µm. The reflection spectra 

exhibit three dominant resonances, which are labeled A, B, and C on the top curve, and 

correspond to intrinsic free-.exciton transitions. The A, B, and. C excitons are related to 

the rl-rl, r/ (upper band)-rl, and r/ (lower band)-rl interband transitions in 

GaN, as pictured in Figure 6. The C exciton signatures appear very weak in the spectra 

because the transition is theoretically forbidden for incident light with a wave vector. 

along the c axis (kllc) and a polarization perpendicular to the axis (E..lc). 101' 102 Most 

interestingly, there. is a set of weak but resolvable spectral features marked by a and b in 

the spectral region on the high-energy side of the main A and B transitions in the 

reflection spectra, especially in the 7.2 µm sample. While the A, B, and C spectral 

features can be unmistakably identified with the intrinsic free exciton transitions, 103 the 

nature of the a and b features in Figure 28 is not immediately clear. We found that the 

energy. separation between the a and b features is very close to the separation of the A and 

B exciton transitions. The individual distance between the A exciton and the a feature as 

well as the B exciton and the b feature was also found to be about the same. Similar 

properties were observ~d in the exciton spectrum of CdS by Thomas arid Hopfield, which 

led to the determination of .the binding energy for A and B excitons in the material by 

attributing the corresponding spectral features to n = 2 excited states of the exciton based 

on their polarization properties. 102 However, it is very difficult to use a polarization 

dependent approach in this work because of the very limited thickness of the samples 

used and the poor signal-to-noise ratio of the a and b features in the reflection spectra. 

Fortunately, photomodulation spectroscopy provides us with an alternative approach 

capable of detecting weak signals so as to accurately determine their transition energies 

and make a positive identification of the nature of the transitions. Figure 29 shows PR 

spectra taken from samples of GaN on sapphire and SiC. The PR spectra consist of a 
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series of sharp structures corresponding to most of the observed spectral features in the 

reflectance spectra, and also exhibit a pronounced enhancement of the weak a and b 

spectral structures seen on the reflectance curves in Figure 28. The solid lines in Figure 

29 are the best least-squares fits to the experimental data using Equation 3':'14. We found 

that the energy positions and widths of the PR spectral features could only be fit using m 

= 2 due to their excitonic nature. 

The energy positions for the A, B, and C exciton transitions in the Ga.N/sapphire 

sample shown in Figure 29 (a) are 3.491, 3.499, and 3.528 · eV, respectively. These 

values are higher than those obtained from virtually strain-free bulk GaN reported in 

Refs. [104], [105], and [106] due to the effects of residual strain caused by the mismatch 

of lattice parameters and thermal expansion coefficients between the GaN epilayer and 

the substrate. 107,10s,109 The best fits to our data result in an energy separation of 0.008 eV 

between the a and b features, which is almost identical to the A-B separation, and a 0.016 

eV difference for both A-a and B-b separations with an experimental error of 0.001 eV. 

Similar properties were also observed in the other GaN samples: while the absolute 

energy position for the 1!1ain A and B exciton transitions varies from -sample to sample 

slightly due to the influence of residual strain, the energy differences between the A-a and 

B-b features were found to be - 0.016 eV for all the samples, and the energy separation 

between the a and b features.was found to closely follow the separation between the main 

A and B exciton features at lower energies for each individual sample. These 

observations indicate that the a and b features are indeed associated with the A and B 

exciton transitions. Therefore, we attribute the a and b spectral features to the n = 2 

excited states (2s) of the excitons. Such identifications permit a direct estimate of the 

binding energy for A and B excitons from the separation between the n = 1 and n = 2 

states for excitons, assuming the hydrogenic model based on the effective mass 

approximation is applicable. According to Elliott's theory, exciton energy levels are 

given as: 110 

(4-1) 
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where n is an integer denoting the order of the excited state and Eb is the exciton binding 

energy. From the results presented above, we obtain a binding energy of Eb~ 0.021 ± 

0.001 eV for both A and B excitons. This can be further manifested by the result of a 

theoretical fitting of the extra spectral structure in the portion of the PR spectrum between 

the a and b features. We found that it is necessary to introduce one more oscillator with a 

third-derivative lineshape to improve the fit to the experimental data. The good 

agreement between the theoretical fit and the observed spectrum indicates a spectral 

feature corresponding to a band-to-band transition at 3.512 eV. The approximate 0.021 

eV energy separation between this band-to-band ~ignature and the transition energy of the 

n = 1 state of the A exciton is consistent with the estimated binding energy. Therefore, 

this extra structure mustoriginate from the r/ - rt transition, as denoted in Figure 29 

(a), which corresponds to then= oo state for the excitonic transitio~. 

The binding energy for the C exciton can be derived from the theoretical fit to the 

PR spectrum taken from the 3.7 µm GaN sample grown on SiC as shown in Figure 29 (b) 

using the approach described above. This sample exhibits a much stronger C exciton 

transition signal in the reflection spectrum, as shown in the inset of the figure, compared 

to the samples of GaN on sapphire. The energy positions for the A, B, and C exciton 

transitions in this sample are 3.470, 3.474, and 3.491 eV, respectively. In addition to the 

derivativelike spectral features arising from the transitions associated with the n = 1 

exciton states of the A, B, and C excitons, the spectral features related to the transitions 

involving the n = 2 excited states of the A and C excitons could be qlearly observed in the 

PR spectrum. The best fit yields a 0.0172 eV· energy separation between the ls and 2s 

states of the C exciton, which corresponds to a binding energy of- 0.023 eV, and retains 

an energy difference of - 0.016 eV between, the A exciton (n = 1) and a feature as 

indicated in the figure. 

It should be pointed out that the exciton binding energies given above are 

estimated under the assumption of an isotropic reduced spherical mass for the excitons in 

GaN. In reality, wurtzite GaN is a h,exagonal crystal with axial symmetry. The effective

mass equation for hydrogenic states should, in principle, be modified because the reduced 

effective mass as well as the dielectric constant is actually anisotropic. Nevertheless, the 

results presented here are in good agreement with the theoretical values obtained by 
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variational calculations (20.3 meV)lll and perturbation theory (19.8 meV)112 based on the 

hydrogenic model. In addition, a reduced effective exciton mass µ can be derived from 

our results with the relation: 

4 
e µ 1 I 2 Eb = 2 = 3.60 µ & eV, 

2(4m&) 
(4-2) 

using a low frequency dielectric constant of 8 = 9.5, to be µ ~ 0.15 m0 • The obtained 

value is consistent with the value of - 0.16 m0 estimated using an effective mass of 0.2 

m0 for the electrons and 0.8 m0 for the holes in wurtzite GaN. Therefore, the simple 

hydrogenic series of Equation 4-1 is still a valid approach for the determination of the 

binding energy of excitons in GaN. 
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Figure 28. 10 K reflection spectra taken near the bandedge of a 7.2 µm GaN/sapphire 
sample (top curve), a 4.2 µm GaN/sapphire sample (middle curve), and a 3.7 µm 
GaN/SiC sample (bottom curve). Various excitonic transitions are labeled for the 7.2 µm 
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are the best results of the least-square fits to the data. 
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Excitons and Strain in GaN Epilayers 

The residual strain built 1nto GaN epitaxial films has been found to play an 

· important role in determining the energies of excitonic transitions. The effects of residual 

strain induced by the mismatch of lattice constants and thermal expansion between 

epilayer and substrate on the intrinsic free exciton transitions in GaN samples were 

examined by optical measurements in conjunction with high - precision XRD 

measurements. Poisson's ratio, which describes the relationship between strain in the a 

plane and along the c plane, as well as the uniaxial and hydrostatic deformation potentials 

were derived from the experimental results. To determine the lattice parameters of the 

GaN epitaxial films, four-crystal X-ray rocking curves were measured. 

As can be seen in Figure 28, the energy positions of the A, B, and C exciton 

transitions are sample dependent. A number of different transition energies have been 

reported in the literature. The difference in the reported exciton transition energies can 

be attributed to the effects ofresidual strain in the epilayers due to the mismatch oflattice 

parameters and coefficients of thermal expansion between GaN and the substrate material 

used. The effects of strain are clearly seen when comparing variations in the lattice 

parameters of epitaxial films to virtually strain-free bulk GaN, as in Figure 30, where the 

a lattice constants are plotted versus the c lattice constants of several GaN epilayers 

grown on SiC and sapphire. As can be seen in the figure, GaN epilayers grown on 

sapphire substrates are under biaxial compression, whereas those grown on SiC exhibit 

basal tensile strain. Poisson's ratio, which describes the relationship between the strain in 

the a plane (E11) and along the c plane (E1) induced by the. variation of lattice constants in 

wurtzite semiconductors, can be estimated using the expression: 113 

&1- -2u 
=--

611 (l-u)' 
(4-3) 
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Where 8_1_ = (cs - c0 )/c0 , 811 = (as - a0 )lao, ao and c0 are the lattice parameters for bulk 

strain-free GaN, as and Cs are those for the strained GaN epilayer, and u is Poisson's ratio. 

The best fits to the experimental data result in a slope of -0.689 for the ratio 8_1_!811 , 

corresponding to a Poisson's ratio of u = 0.256. Since the strain conwonents 8_1_ and 8 11 

are related through the elastic stiffness coefficients for GaN as 8_1_ = -2Cn/C338 11 under 

biaxial stress conditions, itis interesting to compare the XRD measurement results with 

the numerical values of C13 and C33 published in the literature. 114 We found that within 

experimental uncertainty, our results are consistent with the values C13 = 114 and C33 = 

381 GPa given by Ref. [108] and C13 = 106 and C 33 = 398 GPa from Ref. [104]. 

Figure 31 presents the measured free exciton transition energies from the GaN 

samples used in this work as a function of relative in-plane (biaxial) strain. The excitonic 

transition energies of strain-free GaN reported in the literature are included in the figure 

for reference. It is clearly shown in the figure that not only the absolute energy positions 

for the free excitons shift up or down relative to those of strain-free GaN depending on 

the substrate, but their separations also change under the influence of strain. This 

anisotropic effect of strain on the excitonic transition energies allows us to make a direct 

estimate of the deformation potentials, including both hydrostatic and uniaxial 

components, for wurtzite GaN. By fitting the experimental data, we find the relationship 

between the combined hydrostatic deform~tion potentials D1 and D2, as well as the 

uniaxial deformation potentials D3 and D4: 

D1 - C33/C13D2 = 37.9 eV 

D3 - C33/C13D4 = -15.2 eV, 

(4-4) 

(4-5) 

where D 1 and D2 are combined hydrostatic deformation potentials for transitions between 

the conduction and the valence bands, and D3 and D4 are uniaxial deformation potentials 

characterizing the further splitting of the three topmost valence band edges for tension or 

compression along and perpendicular to (0001), respectively, and the C!f are the elastic 

stiffness constants. Based on the facts that the strain-induced total energy shift relative to 

the excitonic transition energy is very small and the elastic properties of GaN are of a 

quasicubic nature (C11 ::::: C33), we found that it is appropriate to estimate the numerical 



values for the uniaxial and hydrostatic deformation potentials within the range of linear 

dependence on strain using a quasicubic approximation: 115 

(4-6). 

The mimerical values for these. four ·principal .deformation potentials obtained in this 

work are D1 =- 6.5 eV, D2 = - 11.8 eV, D3 = - 5.3 eV, and D4 = 2.7 eV. The uncertainty 

of the above estimates is - 15%, originating primarily from experimental error in the 

precise determination of lattice parameters. A number of investigations using elasticity 

theory to derive numerical values of the uniaxial and hydrostatic deformation potentials 

of wurtzite GaN have recently been reported. The results obtained by this work using 

strain tensor. components determined by X-ray measurements are consistent wi~ those 

derived using this theory. 
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Figure 30. The measured in-plane GaN lattice constant (a) versus the lattice constants in 
the growth direction (c). The solid circle represents the lattice constants of strain-free 
GaN. The solid line is the best fit to the data. 
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Figure 31. The measured free-exciton transition energies from the GaN samples used in 
this work as a function of (a) strain in the growth direction and (b) relative in-plane 
(biaxial) strain. The excitonic transition energies of strain-free GaN are included in the 
figure for reference. The solid lines are the best linear fits to the experimental data. · 
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Excitonic Photoconductivity in GaN epilayers 

PC experiments were performed on 0.4 µm-thick GaN epilayers grown by 

MOCVD on sapphire substrates. Electrical contact to the sample was achieved by 

evaporating gold onto the surface of the samples in the MSM finger configuration,· as 

shown in Figure 22 (b ). The individual fingers were 41 µm wide, and they were spaced 

82 µm apart. The experimental setup used was identical to the one shown in Figure 22 

(a). A variety of bias voltages and load resistors were used for the PC experiments. The 

results presented in this thesis were all taken with R = 2 MQ and V = 120 V. 

The PC spectrum obtained by scanning the excitation source is shown in Figure 

23 for a sample temperature of 10 K. The measured spectrum directly follows the 

bandedge behavior of the GaN epilayer and is reminiscent of absorption spectra: no 

signal is seen for lower excitation photon energies, but as we approach the GaN bandgap 

energy we see a sharp increase in the PC signal due to the creation of electron-hole pairs 

by the exciting photons. Three sharp peaks are observed in the region of the spectrum 

near 3.5 eV. 

To study the ongm of these three . peaks, temperature dependent PC was 

performed. The peaks persisted from 10 K until around 180 K, whe[e they broadened 

and merged into a· single weak feature on a large background. The energy position of 

these peaks versus temperature did not follow the Varshni equation as expected. To 

further investigate the origin of the three peaks observed near 3.5 eV, the PC spectrum 

was compared to PL . and reflectance spectra taken from. the same sample. This 

comparison is shown in Figure 32. As depicted in the figure, the peaks did not line up to 

the A, B, and C exciton energies, as might have· been expected. The abnormal 

temperature dependence and comparison with results of other experiments both support 

the hypothesis that the peaks observed in PC are not related to excitonic transitions. 
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However, the valleys in between the peaks in the PC spectrum seem to line up 

rather well with the A exciton seen in PL and the A and B excitons seen in reflectance. 

After further analysis of the temperature dependent data, the energy positions of the 

valleys were found to closely follow the V arshni equation. A similar situation was found 

in the GaAs material system by Parenteau et al, who studied the PC spectra of GaAs 

epilay~rs as a function of epilayer thickness.98 They found that as the thickness 

increased, the signature of the free exciton changed from a peak to a dip in the PC 

spectrum. This transition occurred at a thickness of about 2 µm in GaAs, where the free 

exciton has a photon energy of 1.516 eV. Furthermore, they fit the data using Equation 

3-15 and obtained excellent agreement between experiment and theory. Additionally, 

excitonic resonances consisting of both peaks and dips were observed by Gross et al in 

CdS crystals at T = 77.3 K. 116 They attributed the observation ofthe peaks and dips in 
. . 

different samples to the presence of two different types of crystals. It is likely that they 

were seeing different results for different thicknesses of crystal, as explained previously 

and pictured in Figure 24. 

By fitting our observed PC spectra using this method, which is described in 

Chapter III, we obtained the transition energies for the A and B free excitons in GaN 

(3.496 and 3.506 eV, respectively). The best least-squares fit to our data is pictured in 

Figure 33. It would be interesting to do a study of the thickness dependence of the PC 

spectra for GaN. According to the model used to explain the results presented here, as 

the thickness of the epilayers is decreased, we would expect to see the excitonic dips in 

the PC spectra transform into peaks. 

This study shows that photoconductivity experiments are a valuable technique in 

determining the energy positions of excitonic levels in GaN samples. It is especially 

useful for samples too thick for absorption experiments, or samples in which the top 

photoconductor layer does not have the lowest bandgap energy, such as for AlGaN 

epilayers on sapphire with a GaN buffer layer or for III-Nitride samples grown on SiC 

substrates. 
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CHAPTERV 

EXPERIMENTAL INVESTIGATIONS OF III-NITRIDE 

ALLOYS AND HETEROSTRUCTURES 

As discussed in Chapter II, some of the most important optoelegtronic devices are 

grown_ taking advantage of III-Nitride alloys (such as InGaN and AlGaN) and 

heterostructures (such as DHs and SCHs). This chapter will describe some of the 

contributions of the author to the field of experimental research in these areas. 

Optical Properties oflnxGa1-xN Alloys 

As discussed in previous chapters, the quest for light emitting devices operating in 

the blue and UV spectral regions has led to extensive studies in recent years on the 

properties of· wide bandgap semiconductor materials. The III-Nitrides have attracted 

much attention as the most promising material for such device applications.117,118,119 

Within this family of semiconducting materials, the InGaN alloy system is particularly 

important because its direct band gap covers a wide ~pectral range from UV (- 365 nm 

for GaN) to red (- 650 nm for InN). The recently commercialized superbright high 

efficiency blue, green, and white LEDs and current injection violet LDs are all based on 

InGaN/GaN heterostructures using InGaN layers as the active light emitting 

medium.16'120 In this section, we present the results of a study of the optical properties of 

lnGaN ,alloys (0 < x < 0.2). grown on top of thick GaN epilayers by MOCVD. PL 

measurements were performed to assess the optical properties of samples with different 
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alloy compositions. Photomodulation spectroscopy was used to determine the energy gap 

of the samples and to examine the effect of temperature on the bandgap. Transient 

luminescence measurements were carried out to study the PL decay processes in these 

alloy samples. 

The InGaN alloy samples used in this study were nominally undoped single 

crystal epilayers grown by MOCVD. Before the deposition of the InGaN epilayers, thick 

GaN layers were grown on sapphire substrates at a temperature of 1050 °C with 20 nm 

GaN buff er layers. The alloy layers were depo~ited at a temperature around 800 °C. The 

thickness of the InGaN epitaxial layers was typically around a few thousand angstroms. 

Optical measurements were carried out on the InGaN samples over a wide temperature 

range from 10 K to RT. The samples were mounted onto the cold finger of a closed cycle 

helium refrigerator and cooled to the desired temperature. PL spectra were measured 

using the setup shown in Figure 11 (a) with a photon counting PMT system for detection. 

PR spectra were measured using the setup. shown in Figure 15 ( c ). Transient 

luminescence measurements were performed using the experimental setup shown in 

Figure 14. The streak camera was in synchroscan mode and had a temporal resolution of 

~ 2 ps. The overall time resolution of the system was less than 15 ps. 

10 K PL and PR spectra of an Ino.14Gao.s6N sample are shown in Figure 34. The 

PL spectrum (lower curve) exhibits two dominant spectral features: a sharp, strong 

emission line at higher energy arising from the near-bandedge excitonic transitions in 

GaN, and a strong, relatively broad luminescence structure at~ 3.08 eV related to the 
' . 

InGaN alloy. The weak structures observed between these two features are mainly 

luminescence signatures involving DAP transitions in the GaN layer. On the lower 

energy side of the PR spectrum (upper curve), the spectral feature with the derivativelike 

lineshape corresponds to the optical transition associated with the alloy band gap, and the 

differential spectral structures at high energy are free exciton transitions from the edges 

of different valence bands to the conduction band of GaN. PR is a spectroscopic method 

utilizing a modulation of the built-in electric field already present in the samples. We 

found that using a third derivative Gaussian lineshape functional form, which is 

appropriate for describing band-to-band transitions,93,121 results in a much better fit to the 

positions and widths of the PR spectra than using a Lorentzian functional form, 122'123 
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which is used to describe excitonic transitions. This suggests that the optical transitions 

observed at even the lowest temperature are of a band-to-band nature rather than 

excitonic, presumably because of the strong inhomogeneous broadening due to alloying 

effects. The best fits to the 10 K PR spectral features using Equation 3-14 yield an 

energy of 3.143 eV for the transition in Ino.14Gao.s6N, indicating a large Stokes shift (- 60 

meV) between the PL peak position and the actual band-to-band transition energy. 

With increasing temperature, the PL signal from the alloy layer quickly decreases 

m intensity due to enhanced nonradiative recombination processes and thermal 

broadening of the emission structures, whereas the PR spectral structures associated with 

the InGaN bandedge could be well resolved up to room temperature for all alloy samples 

used. Figure 35 shows the shift of optical transition energy as a function of temperature 

for the In0.14Ga0.86N sample. The solid line in the figure represents the best fit to the 

Varshni empirical equation. The parameters obtained from the best fit for the sample are 

given in the figure. The superior spectral resolution of PR spectroscopy compared to PL 

measurements enables us to determine the actual energy gaps for the InGaN alloy 

samples used in this work. In Figure 36 we plot the measured energy gaps of various 

samples at 10 K and RT against their alloy compositions, with 10 K PL results plotted for 

comparison. Within the alloy composition range studied in this work, the PR results are 

in reasonably good agreement with the following theoretical prediction for the 

dependence of the InGaN band gap on In concentration including the bowing effect: 124 

E(x) = 3.5 - 2.63x + l.02x2 eV. (5-1) 

The scattered PL data, as seen in the figure, are not a reliable way to map the energy gap 

evolution for the alloy system because the PL signals are most likely associated with 

impurities and suffer from the effects of alloy disorder broadening. On the other hand, 

our values measured using PR spectroscopy agree within - 1 % with a previous 

determination of the alloy concentrations by X-ray measurements (not shown). 

We have also performed TRPL measurements to study carrier recombination 

dynamics in the InGaN samples. Figure 37 shows the temporal evolution of spectrally 

integrated luminescence associated with an Ino.08Gao.92N sample at selected temperatures. · 

The time evolution of the luminescence is dominated by an exponential decay with a 
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measured effective lifetime around 340 ps at 10 K. As the sample temperature is 

increased, the temporal profile of the luminescence gradually evolves into an increasingly 

nonexponential decay concurrent with a drastic decrease of the effective lifetime for the 

main decay process. At temperatures around 150 K, the deduced lifetime for the PL 

decay is already below the limit of our instrumental resolution. Similar results were 

obtained for all the samples used in this work: the measured decay times for near

bandedge PL emissions were generally around a few hundred picoseconds at 10 K, and 

decreased rapidly as the sample temperatures increased. · The measured decay time was 

examined as a function of energy position for the 10 K PL peak from an Ino.osGao.92N 

shown in the inset of Figure 3 7. This allows us to verify whether the PL structure results 

from the recombination of localized excitons or whether it directly involves impurity 

states and alloy potential fluctuations. 125,126 If the PL emission originates from localized 

excitons in the InGaN alloys, the lifetime is predicted to obey the following power-law 

dependence: 127 i- oc EB}12, where EBx is the exciton localization energy. This means that 

the measured lifetime should increase with increasing exciton localization energy, 

corresponding to a decrease in electron-hole wave function overlap. Our experimental 

results did not exhibit such a dependence of measured effective lifetime upon the energy 

position, suggesting that impurity states and alloy potential fluctuations are most likely 

responsible for the observed PL signals. 

Although the radiative recombination processes involved in the PL emission of 

the InGaN samples are not of an excitonic nature, as mentioned previously, it is still 

worthy to make a comparison of the results obtained in this work with the excitonic 

. . d b d .. G N 128 em1ss10n ecay processes o serve · m pure a . While the measured effective 

lifetime for PL decay in InGaN samples was found to be an order of magnitude longer 

than that in GaN, the dependence of the PL decay process on the temperature in InGaN 

alloys is much stronger than that in GaN .129 Such a strong influence of temperature 

suggests that although recombination from carriers b.ound to extrinsic states such as 

defects or impurities can be very efficient at low temperatures, the measured decay time 

is still determined by the detailed decay kinetics in the alloy samples. The observed 

decrease of the PL decay time along with the increasingly nonexponential transient 

characteristics with temperature indicates that incrementally stronger nonradiative 

104 



relaxations occur as the temperature increases, resulting in the continued faster decay of 

the photogenerated carrier population. The decrease of PL in both intensity and observed 

effective lifetime with ,temperature suggests that nonradiative processes including 

trapping and recombination at energy levels associated with impurities and defect centers 

at or near the midgap (Shockley-Read-Hall recombination), surface recombination, and 

Auger recombination prevail in the InGaN alloys at relatively high temperatures. It is · 

well known that the lifetime of phot9generated carriers .in semiconductor alloy systems is 

.strongly dependent on the sample quality.126 The .observations reported here indicate that· · 

· the impurities and defects incorporated during. InGaN epitaxial gro~h generate PL 

quenching centers in the layers which adversely affect the radiative recombination of 

earners. 

In conclusion, we have studied optical transition processes in InGaN alloys using 

several different experimental approaches including conventional and_ time-resolved PL 

measurements and PR spectroscopy. PR allowed us to unambiguously determine the 

bandgap energy for the alloy samples within the alloy composition range studied (0 < x < 

0.2). We found that the low temperature PL emission from the alloy layers is primarily 

due to recombination directly involving impµrity states and alloy potential fluctuations. 

The strong dependence of the PL decay time on temperature observed in the alloy 

samples indicates that the trapping and recombination of photogenerated carriers at 

impurities and defect ~enters are dominant channels in determining the carrier population 

decay process. 
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Figure 34. PR (upper curve) and PL (lower curve) spectra of an Ino.14Gao.s6N sample at 
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High Pressure Studies ofthe III-Nitrides 

Experimental investigations of the pressure dependence of bandedge-related 

optical transitions in AlGaN and InGaN alloys, which can provide imp_ortant insight into 

,the nature of the radiative decay processes of photoexcited carriers in these alloy systems, 

have not been thoroughly explored. Since AlGaN and InGaN alloys with small Al and In 

concentrations are commonly used in InGaN/GaN/ AlGaN LEDs and LDs and also in 
' 

GaN/ AlGaN HFETs, all of which are strained systems, it becomes extremely useful to 

have a working know~edge of the pressure dependence of the bandgaps of AlGaN and 

InGaN layers. This knowledge can be used to calculate the band alignment, a necessary 

step in the engineering of devices with different Al and In mole fractions. In this report, 

we present the results of pressure dependent PL studies on AlGaN and InGaN epilayers 

using the diamond anvil cell (DAC) technique (introduced in Chapter III). The PL 

spectra of the AlGaN and InGaN samples used in this work were dominated by strong 

near-bandedge emission structures. Under· applied pressure, these emission structures 

were found to linearly shift to higher energies. From the magnitude of the energy shifts, 

we were able to determine the pressure coefficients for the samples. Our results provide 

a direct measure of the pressur~ dependence of the· direct bandgap at the r point of the 

samples. We also found that tlie pressure coefficients for AlGaN and InGaN alloys are 

slightly dependent on alloy composition. 

The AlGaN and InGaN samples used in this work were nominally undoped 

single-crystal heteroepitaxial films grown by MOCVD on .(0001) plane sapphire 

substrates. The AlN mole fractions for the AlGaN alloys were 5 ± 1 % and 35 ± 2%, 

respectively, estimated by XRD and optical transmission measurements. The InGaN 

samples were grown at a temperature of 800 °C on top of 2 µm-thick GaN layers. Two 

InGaN alloy samples were measured, which had InN mole fractions of 8% and 14%. PL 
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measurements were performed using the experimental setup shown in Figure 11 (a). A 

frequency-doubled Ar+ laser (244 nm) was used as the excitation source for the AlGaN 

samples. A photon-counting PMT system was used for detection. Pressure dependent 

PL measurements were carried out with gasketed DACs using the technique described in 

Chapter III. 

Figure 38 shows the PL spectrum taken at 10 K from the Al035Gao.65N layer at 

atmospheric pressure. The spectrum consists of a strong and sharp luminescence 

emission at 4.327 eV and a broad emission band centered around 2.39 eV. The emission 

line at higher energy is near-bandedge luminescence caused primarily by the radiative 

decay of photoexcited carriers localized in the band tail states induced by local alloy 

concentration fluctuations. 130,131 The relatively large FWHM value of 65 me V for this 

emission line reflects the effect of the fluctuations induced by alloy disorder. The weak 

and broad emission band observed at - 2.39 eV is reminiscent of the yellow emission 

band commonly observed in GaN at - 2.2 eV, but is shifted towards the green spectral 

region in Alo.3sGao.6sN. 

Under applied pressure, the near-bandedge emission line shifts towards higher 

energy, indicating an increase of the direct band gap of the alloy. The effect of applied 

pressure on the Alo.3sGao.6sN sample can be seen in Figure 39, where the near-bandedge 

luminescence feature measured from the sample at selected pressures is displayed. The 

inset of Figure 39 shows the energy positions of the emission peak as a function of 

applied pressure. The solid line is the best least-squares fit to the linear pressure 

dependent function given in Equation 3-2, and yields a pressure coefficient of a = 

3.6x10-3 eV/kbar. Similar results were o,btained from the Al0_05Ga0_95N sample, and are 

plotted in Figure 40. The inset shows the RT PL spectrum of the emission related to the 

bandedge of the alloy taken at atmospheric pressure. A pressure coefficient of a = 

4.0xl0-3 eV/kbar was determined for the Al0.05Ga0.95N sample. These values are 

comparable to the pressure coefficients observed for excitonic transitions associated with 

the fundamental bandgap of GaN132,1 33,134 and the near-bandedge lumi11escence in InGaN 

alloys. 135 The shift of the near-bandedge luminescence peak positions with pressure in 

the AlGaN epilayers is a signature of the direct dependence of bandgap on applied 

pressure. This is true because the conduction band minimum and the valence band 
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maximum of the alloys vary with the local value of x and act as a potential energy for the 

envelope function of the carriers in the effective mass approximation. The electronic 

states involved in the recombination processes responsible for the near-bandedge PL 

em1ss10ns can, therefore, be described within the framework of the effective mass 

approximation. Therefore, the shift of the emission structures associated with the 

radiative decay of carriers under hydrost1;1.tic pressure follows the direct bandgap of the 

AlGaN epilayers. 

So far, no experimental results have been reported regarding the pressure 

coefficient of pure AlN, which would allow a prediction of the dependence of the direct 

bandgap energy on pressure as a function of alloy composition for the AlGaN alloy 

system. A theoretical calculation by Christensen and Gorczyca arrived at a pressure 

coefficient of 4.0xl0-3 eV/kbar for the band gap of AlN, 136 suggesting that there is no 

significant difference between the values of pressure coefficient for the bandgaps of AlN 

and GaN (where a= 3.9x10-3 eV/kbar) despite the large difference (- 2.7 eV) in bandgap 

energies for these materials. 

The energy shift of the broad emission band in the green spectral region (not 

shown) was found to be much smaller than that of the near-bandedge emission line from 

the AlGaN alloy. Recent theoretical calculations and experimental observations suggest 

that a defect-related donor state is involved in the recombination process that gives rise to 

the yellow emission band in GaN. 137' 138' 139' 140 This defect-related donor is predicted to 

introduce a resonance approximately 0.4-0.8 eV above the bottom of the conduction band 

of GaN, and is expected to become a donor-like deep center once it is pushed sufficiently 

deep into the forbidden gap by the external application of pressure. Perlin et al have 

succeeded in demonstrating such a resonant-to-deep transition by monitoring the energy 

shift of the yellow emission band as a function of the applied pressure in GaN 

samples. 139' 140 Their results showed that the yellow emission band followed the GaN 

bandgap up to 180 kbar, then lost its linear pressure dependence and became insensitive 

to applied pressure. Alloying AlN with GaN has an effect analogous to the application of 

hydrostatic pressure. It shifts the resonant electronic level into the forbidden gap as the 

bandgap increases. After the alloying-induced resonant-to-deep transition, which is 

expected to occur in the range of 20-25% AlN alloy fraction, the energy position of the 
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donor state becomes insensitive to a further change of the bandgap. The peak position of 

the broad emission band no· longer shifts at a rate similar to the bandgap change with the 

alloy composition. It would be very interesting to study the effect of pressure on the 

broad emission band in AlGaN samples with relatively high Al concentrations. 

Unfortunately, the pressure dependence of the broad emission band in the Alo.35Gao.6sN 

sample could not be reliably derived due to the overlap of the emission band with the 

strong fluorescence of the diamonds in the DAC under excitation of the 244 nm Ar+ laser 

line. 

For the InGaN case, Figure 41 presents the 10 K PL spectra of the Ino.osGao.92N 

and In0_14Gao_86N alloy samples at atmospheric pressure. The same experimental 

technique and fitting procedure used on the AlGaN samples above were applied to the 

study of the InGaN layers. Both PL spectra exhibit two dominant spectral features: a 

sharp emission line at higher energy arising from near-bandedge excitonic transitions in . 

the GaN layers underneath the InGaN, and a strong, relatively broad luminescence peak 

associated with the alloys. The excitonic transitions in GaN originate from the radiative 

recombination of bound excitons. The emission structures observed from the alloy layers 

are due to the radiative decay of photoexcited charge carriers localized in the band tail 

states created by alloy potential fluctuations, similar to what is observed in the AlGaN 

case. The weaker spectral features observed between the two main emission lines, as 

well as the features on the low energy side of the alloy emission peak, are related to DAP 

transitions and their phonon replicas in the GaN layers. 

Figure 42 shows the effect of applied pressure on the transitions in the InGaN 

alloys at 10 K. In the figure, the peak emission energy is plotted as a function of pressure 

for the two samples studied as well as for the underlying GaN layers. The solid lines 

represent the best least-squares fits of the data to the standard linear pressure dependence, 

which yield values of a = 3.9x10-3 eV/kbar for In0_08Ga0_92N, a= 3.5x10-3 eV/kbar for 

Ino.1 4Gao_86N, and a = 3.9xl0-3 for GaN. The. small difference in pressure coefficients 

observed here is a real effect, and is likely direct evidence of a composition dependence 

of the pressure coefficients for InGaN alloys. A theoretical calculation by Christensen 

and Gorczyca predicted a pressure coefficient of 3.3x10-3 eV/kbar for the bandgap of 

InN.136 This result agrees with the small decrease in the pressure coefficient with 
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increasing In concentration observed here. 

In summary, we have studied the effects of hydrostatic pressure on the PL in. 

AlGaN and InGaN alloys using the DAC technique. The PL spectra of the AlGaN and 

InGaN samples used in this work exhibit strong near-bandedge emission structures, 

which allows the direct determination of the pressure coefficients for AlGaN and InGaN 

alloy samples. For the AlGaN alloys, we obtain values of a = 4.0x10·3 eV/kbar for 

Alo.osGao.9sN and a = 3.6x10·3 eV/kbar for Alo.3sGao.6sN. For the InGaN alloys, we 

obtain values of a = 3.9xl,0-3 eV/kbar for Ino.osGao.~2N and a = 3.5x10·3 eV/kbar for 

Ino.14G8.o.s6N. Our results suggest that the neat-bandedge emission observed in all of the 

alloy samples studied originates from the radiative decay of carriers localized in the band 

tail states of alloy potential fluctuations within the framework of the effective mass 

approximation. Therefore, the pressure coefficients obtained for the near-bandedge 

emissions provide a direct measure of the pressure dependence of the direct band gap at. 

the r point for Alo.osGao.9sN .and Alo.3sGao.6sN as well as lno.osGao.92N and Ino.14Gao.s6N. 
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Dynamics of Photoexcited Carriers in AlGaN/GaN Double Heterostructures 

In this section, we present the results of a time-resolved luminescence study of the 

spontaneous lifetime of photoexcited carriers in AlGaN/GaN DHs. An emphasis is put 

on the determination of an effective carri~r capture time that describes the process of 

carriers being photo generated in the AlG-aN cladding layer of the DHs, and subsequently 

drifting and diffusing into the GaN active region before recombining through various 
-

channels. Using the observed lifetimes, we calculate the minority carrier diffusion 

constant and average drift velocity for the DH samples. 

The AlGaN/GaN DHs used in this work were deposited on nominally undoped 

thick single-crystal GaN epilayers grown on either SiC or sapphire substrates by 

MOCVD, with both substrates oriented in the (0001) direction. AlN nucleation layers 

were deposited on the substrates before the growth of GaN. The thicknesses of the GaN 

epilayers were around 3 µm, and they were deposited at 1050 °C directly on the AlN 

layers. PL measurements were taken using the system pictured in Figure 11 (a) with a 

photon-counting PMT · sy·stem for detection. TRPL measurements were performed using 

the setup shown in Figure 14. The tim.e evolution of the signal was investigated using a 

streak camera in synchroscan mode with a temporal resolution of 2 ps,. and the overall 

resolution of the TRPL system was less than 15 ps. The excitation power density was 

kept below 5 mW/cm2 with a beam spot of- 500 µm focused on the samples. 

Figure 43 shows the PL spectra of two DH samples at 10 K. The spectra are 

offset vertically for clarity. The upper curve corresponds to an Alo.03Gao_97N/GaN DH 

grown on sapphire consisting of a 2000 A GaN active layer symmetrically surrounded by 

4000 A Al0.03Gao_97N cladding layers. The sample corresponding to the lower curve is an 

Al0.1Gao.9N/GaN DH grown on SiC with a structure similar to the first sample, except the 

thickness of the GaN active layer is 600 A and the top alloy cladding layer is 2300 A 
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thick. The peaks around 3.47-3.48 eV in the figure are associated'with near-band-edge 

emissions from the GaN layers and are dominated by bound exciton luminescence peaks. 

The difference in the positions of these GaN peaks between the two samples is due to the 

effects of residual strain, as discussed in the previous chapter. The strong and relatively 

broad· emission structures at higher energy are related to the radiative recombination of 

photoexcited carriers in the AlGaN cladding layers of the samples, as labeled in the 

figure. A detailed analysis of these lineshapes has been published elsewhere.108 The 

inset of Figure 43 shows the· 10 K reflectance spectra for the Alo.1Gao_9N/GaN DH grown 

on SiC, with the positions of the GaN-related A, B, and C free exciton transitions marked 

by arrows. The observation of these excitonic signatures, which originate from the active 

region of the sample, indicates that the sample is of very high quality. Figure 44 shows 

the PL spectra of the Alo.03Gao_97N/GaN DH sample at selected temperatures using a 

pulsed laser with an excitation wavelength of 290 rim. Due to the shorter wavelength 

(and hence, smaller penetration depth) of this excitation source compared to that in the 

main graph of Figure 43, the incident photons should be completely absorbed by the 4000 

A Al0.03Gao.97N top cladding layer without creating a significant amount of carriers ~ the 

GaN active region. The observation of a GaN-related peak under these excitation 

conditions is due to carrier diffusion. The fast quenching of the PL intensity of the GaN 

active layer with increasing temperature compared to that of the alloy l_ayer confirms that 

the luminescence signal arises from the radiative recombination of carriers that were 

generated in the alloy cladding layer and then reached the active region by diffusion due 

to a carrier concentration gradient. As the temperature of the sample increases, the 

probability of a photoexcited carrier reaching the. active region decreases due to thermally 

enhanced nonradiative recombination and various scattering processes. 

Figure 45 shows the time evolution of the spectrally integrated PL signal 

measured simultaneously from the AlGaN alloy cladding layer (triangles) and the GaN 

active region (circles) of the Alo.1Gao_9N/GaN DH sample. A delay in the initial increase 

of the GaN luminescence signal compared to that of AlGaN is clearly observed. This 

temporal behavior can be attributed to the effect of an accumulation of photoexcited 

carriers within the GaN active region by a carrier capture process that involves the 

diffusion of photoexcited carriers from the Alo.1Gao_9N cladding layer into the GaN active 
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reg10n and inelastic scatterings within the GaN layer mainly by LO phonon 

emissions.141,142' 143 The dynamics of the photoexcited carriers (including generation, 

diffusion, spontaneous recombination, and nonradiative relaxation) can be described, for 

a low generation rate, by the following rate equations: 

dnAiaaNldt = G(t) - nAiaaNI TD..:... nAiaaNI TAJGaN, 

dnaaNI dt = nA1aaNI TD - naaNI TGaN, 

(5-2) 

. (5-3) 

where nAIGaN and noaN are the carrier concentrations in the AlGaN cladding and the GaN 

. active layers, respectively, G(t) is the generation rate (dependent on the actual excitation 

laser pulse), TD is the effective carrier capture lifetime, and TAIGaN and TGaN are the 

effective lifetimes ( Te.ff) of spontaneous recombination for carriers in the AlGaN and GaN 

layers, respectively. 

The solid 'lines in Figure. 45 are the best fits to the experimental data using 

Equations 5-2 and 5-3. The fitting results yield a capture time of TD - 350 ps and 

effective lifetimes of TAIGaN - 150 ps and TGaN - 280 ps for spontaneous recombination in 

the top alloy cladding layer and the GaN active region of the Alo.1Gao_9N/GaN sample, 

respectively. As mentioned above, the effective carrier capture time TD consists of two 

contributions. The first arises frorµ the drift and diffusion of the photoexcited carriers 

from the top AlGaN cladding layer into the GaN active region, and is driven by the 

variation of carrier concentration at different positions in the sample. The second arises 

from the inelastic scattering of carriers reaching the active region, which allows them to 

dissipate their excess energy, primarily via LO phonon emission. However, the 

macroscopic transport properties of the carriers in the AlGaN cladding layers should be 

dominant in determining the capture time discussed here because of the very short time 

scale of inelast~c scattei;ing processes such as LO phonon emission. 14~'145 The value of 

TaaN - 280 ps is significantly longer·than the reported values of 50-75 ps for high quality 

GaN epilayers measured using the same experimental system.128,146 This indicates that 

the dynamics of the carriers in the GaN active region is governed by the carrier diffusion 

dominated capture process: while the population of carriers already accumulated in the 

GaN active layer decreases by spontaneous recombination and relaxation, there are also a 
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number of carriers drifting into the region due to diffusion from the cladding layer over a 

period of time characterized by TD after the photogeneration laser pulse. Consequently, 

the temporal profile of the luminescence from the GaN layer exhibits a slow rising and a 

longer decay time. 

Figure 46 presents the results of TRPL experiments on the Al0.03Ga0.97N/GaN DH 

sample. Using the approach described above, a capture time of TD ~ 600 ps and effective · 

. lifetimes of TAJGaN ~ 70 ps and TGaN ~ 180 ps were obtained for this sample. The 

difference in the deduced spontaneous lifetimes for the AlxGa1_xN layers with different x 

values used in this work is related to the different quality and compositions of the alloys, 

since the spontaneous recombination of photoexcited carriers involves both radiative and 

nonradiative processes as described by Equation3-3. The material quality of the samples 

also affects the value of TGaN· However, the difference in the GaN layer thicknesses of 

the samples studied is not likely to have significant influence on TGaN since the GaN 

region can be treated as a three-dimensional electronic system, primarily due to the fact 

that the layer thickness is much larger than the size of the overlap of the electron and hole 

wave functions (i.e. the exciton radius). The observed differences in the value of TD 

results from the different thicknesses of the AlGaN cladding layers as well as the 

different initial excess energies of the photoexcited carriers ( due to the different alloy 

concentrations of the cladding layers). The values of TD measured here should be 

considered to be the effective capture time for the holes because of the background n-type 

doping (ND - NA is on the order of 1016-1017 cm-3) in the MOCVD-grown GaN active 

layer and AlGaN alloys. 

There is some additional information we can get from these results if we consider 

the nature of the generation/diffusion/recombination process. After being photogenerated 

near the surface of the sample by the absorbed laser light, minority carriers diffuse into 

the sample and recombine with majority carriers within a depth determined by the 

diffusion properties of the sample. 147' 148 Thus, the capture time TD can be used to make 

an estimate of the diffusion constant for minority carriers in the AlGaN alloy regions of 

these samples using the following equation: 

(5-4) 
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where L is the thickness of the top AlGaN cladding layer of the DH .samples 

corresponding to the diffusion length defined by standard diffusion theory56,149 and D is 

the diffusion constant for the carriers. The results yield D - 2.6 cm2/s for Al0.03Gao.97N 

and D - 1.5 cm2/s for Al0.1Gao.9N at 10 K The difference between these values can be 

explained by two possible mechanisms: (1) an increased effect of alloy disorder-induced 

potential fluctuation scattering on the carrier diffusion process, and (2) the increase in 

carrier effective mass with Al concentration, which results in a reduction of the carrier 

mobility. The diffusion constants obtained here should be considered an upper limit to 

the actual values. This is due to the fact that the effective carrier capture time TD 

determined in this work represents a lower limit to the actual value since the influence of 

nonradiative recombination at the interface region is not included in Equations 5-2 and 

5-3. 

Using the diffusion lifetimes obtained from TRPL measurements above, we can 

estimate the average carrier drift velocity by taking into account the distance the carriers 

must traverse before they reach the GaN active region and recombine. We can estimate 

the drift velocity using the relation: 

(5-5) 

where d is the distance the carriers travel before recombining, i.e. the top cladding layer 

thickness. Using the experimentally determined values of TD= 350 ps and the thickness d 

= 2300 A for the DH on SiC, we get a drift velocity of Yd= 6.6x104 emfs. Using TD= 

600 ps and d = 4000 A for the DH on sapphire gives a value of Yd= 6.7x104 emfs. The 

extremely good agreement between the values of Yd for these two samples is partially due 

to the simplicity of Equation 5-5, but should also provide reassurance that the model used 

to describe the generation, drift and diffusion, and eventual recombination of carriers in 

the DH systems studied here is reliable. 

In conclusion, we have studied the dynamics of photoexcited carriers m 

AlxGa1_xN/GaN heterostructures by performing picosecond time-resolved luminescence 

spectroscopy measurements. The dynamics of the system, which include the generation, 

diffusion, spontaneous recombination, and nonradiative relaxation of the photoexcited 

124 



carriers in the DH samples, has been studied by examining the time evolution of the 

luminescence signal associated with the spontaneous recombination of photoexcited 

carriers in the GaN active region and the AlGaN cladding layers. The effective carrier 

capture time as well as the effective lifetimes of the spontaneous recombination for 

carriers in the AlGaN cladding layers and the GaN active regions of the DH samples 

were determined by numerical fits to the experimental results using a set of dynamic rate 

equations. Based on these results, we estimated an upper limit for the diffusion constant 

of minority carriers in the Al GaN layers of the samples and calculated ~an average carrier 

drift velocity. 
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Figure 43. 10 K PL spectra taken from an Alo.03Gao_97N/GaN DH grown on sapphire 
(top) and an Al0.1Gao.9N/GaN DH grown on SiC (bottom). The spectra are offset for 
clarity. The inset shows the 10 K reflectance spectrum from the Alo.1Gao_9N/GaN sample, 
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Figure 45. Temporal evolution of the spectrally integrated PL for the AlGaN cladding 
and GaN active regions of an Al0.1Ga0.9N/GaN DH sample grown on SiC at 10 K. The 
circles and triangles correspond to the TRPL data for the active region and the cladding, 
respectively. The solid lines are the best fits to the experimental data. 
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Excitation Wavelength Dependence of Stimulated Emission/Lasing from 

AlGaN/G~ Separate ConfinementHeterostructures 

As mentioned .in the Structures section in Chapter II, optoelectronic devices 

usually take advantage of the capability of modem epitaxial growth techniques to grow 

complicated layered thin film structures. Such structures are often necessary to achieve 

the desired device performance. One structure that is very useful for LDs is the SCH (see 

Chapter II for a comprehensive description). This structure allows the simultaneous 

confinement of carriers and output light, improving the efficiency and output 

characteristics of the device. Here we present the results of a study of the wavelength 

dependence of SE/lasing from AlGaN/GaN SCHs. In addition to optical pumping 

experiments, PL and PLE measurements were performed to gain more information on the 

emission properties of the SCH sample. 
. . 

The samples used in this study were grown on (0001) SiC substrates by MOCVD. 

First, an approximately 3 µm thick GaN layer was deposited. On top of this layer, the 

following structure was grown: 2300 A bottom cladding layer, 800 A bottom waveguide 

layer, 100 A GaN active region, 800 A top waveguide layer, and finally the top 2300 A 

cladding layer. The structure described here is identical to the one pictured in Figure 9. 

The samples were mounted to the cold finger of a closed cycle helium refrigerator that 

allowed continuous temperature tuning from 10 K to 300 K. PL measurements were 

performed using a setup similar to the one pictured in Figure 11 (a) with a photon 

counting PMT system for detection, but with the 244 nm line of an intracavity frequency 

doubled cw Ar+ laser for excitation. ·For PLE spectroscopy, the setup in Figure 11 (b) 

was employed. SE/lasing was studied with the experimental setup s~own in Figure· 25 

using either the output of a tunable UV dye laser pumped by a XeCl excimer laser or the 

308 nm output of the excimer laser itself. 
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Results of PL experiments on the AlGaN/GaN SCH at 10 K are shown in Figure 

4 7. The spectrum is chm:acterized by three dominant peaks, which are due to the 

cladding, waveguide, and active regions of the SCH as indicated in the figure. The 

smaller feature on the high energy side of the waveguide peak is most likely due to a 

small (- 1 %) deviation in Al composition between the two symmetrically located 

waveguide regions. The optical quality of the sample is quite good, judging from the 

sharpness of the PL emission lines. Next, optical pumping experiments were performed 

at RT. The result is shown in Figure 48. Single-mode lasing occurred at a wavelength of 

362 nm, with a threshold pumping density of - 125 kW/cm2. This threshold value is 5x 

lower than the typical value found for SE in GaN epilayers. 150 ~ In addition, the 

wavelength position of the lasing peak is blueshifted by 11 nm compared to GaN 

epilayers. Of particular interest in this figure is the extremely narrow linewidth of the 

lasing peak (- 3 A), indicating the high quality of the active region and the presence of 

significant optical feedback (due to cracks in samples grown on SiC). 10 K lasing 

experiments were performed, and the resultant data is presented in Figure 49. The 

dominant structure on the right side of the spectrum is lasing from the active region of the . 

SCH, whereas the weaker peak on the left is PL originating from the waveguide region. 

The lasing wavelength has blueshifted 4 nm compared to the RT value .. The detailed 

power dependence of the luminescence from the SCH is shown in Figure 50 at 10 K. The 

onset of lasing from the active region can be clearly seen by the superlinear increase in 

integrated emission intensity compared to the slightly sublinear increase in the cladding 

layer peak. 

Valuable information about the lasing properties of the SCH can be achieved by 

comparing the RT and 10 K lasing data. First of all, the FWHM of the lasing peak does 

not change over this large temperature range. Secondly, the difference in the position of 

the lasing wavelengths at RT and 10 K is only 4 nm, which corresponds to 38 meV. This 

value is extremely small compared to the amount that the bandgap of GaN shifts over the 

same temperature range (- 140 me V). These two observations are an indication that 

lasing is the SCH sample is dominated by the exciton-exciton gain mechanism. 151 

Next, the excitation wavelength dependence of the lasing in.the SCH was studied 

using a tunable UV dye laser pumped by the XeCl excimer. We found a marked. increase 
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in the lasing threshold when the excitation source was tuned to wavelengths above 346 

nm, as pictured by the solid dots on the top graph of Figure 51. The dashed line is a 

guide for the eye. To elucidate the origin of this increase, we compared the wavelength 

dependent lasing threshold to the PL and PLE spectra from the SCH.. As seen by the 

solid line in the top graph of Figure 51, the wavelength at which the increase in lasing 

threshold was observed lines up with the PL emission originating from the ·AlGaN 

waveguide layer. In addition, we see a change in the PLE spectrum at tpis save position, 
' ' ' 

which is shown in the bottom graph in Figure 51. The most likely explanation of these 

observations deals with the small absorption cross section in the thin active region of the 

SCH. If the active region is pumped near resonance, there is only a 100 A layer that can 
; 

contribute to the absorption of the excitation photons. A quick calculation using Beer's 

Law (Equation 3-4) tells us that only 63.2% of the pump laser will be absorbed in the 

active region. The rest passes through the sample until it is absorbed by the GaN buffer 

layer and is wasted in terms of optical pumping efficiency. When the excitation source is 

tuned above the bandgap energy of the waveguide region, they will start to absorb the 

incoming photons. While some of the carriers photoexcited by the pump laser will 

radiatively combine and give rise to the short wavelength spontaneous emission signal 

seen in Figures Figure 49 and Figure 50, others should drift and diffuse into the GaN 

active region, as discussed in the last section. These injected carriers give rise to the 

lasing peak in the active region. Due to the high quality of the SCH .sample studied here, 

this process is an extremely efficient method of carrier transfer. Thus, the decrease of the 

lasing threshold seen at 346 nm is due to the increased absorption of the pump beam by 

the waveguide, followed by the drift and diffusion of the photoexcited carriers from the 

waveguide to the active region. 

To support this theory, we present the spectrum shown in Figure 52, which shows 

the results ofnear resonant optical pumping of the SCH at RT. Two peaks are observed, 

at 362 and 373 nm. The 362 nm peak is the same peak observed for pumping at 308 nm, 

i.e. lasing from the active region of the SCH. The 373 nm peak, however, occ~s at the 

same wavelength as SE from GaN epilayers. As mentioned before; 36.8% of the near 

resonant pump beam passes through the active region. In this case, the light not absorbed 
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by the active region passes through to the buffer layer, where it is still strong enough to 

produce a population inversion and hence SE. 
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and pump wavelength dependence of the lasing threshold ( data points are given by solid 
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Comparison of Emission from Highly Excited (ln;Al)GaN. 

Thin Films and Heterostructures 

(In,Al)GaN epilayers and heterostructures have drawn much attention in recent 

years due to the potential for blue/UV light emitters and detectors for use in high density 

data storage, high temperature electronics, solar blind detectors, atmospheric sensing, and 

medicine.1 Recently, nearly a dozen research groups have demonstrated lasing in InGaN

based heterostructures, with the lowest reported emission wavelength being 376 nm. 152 

To obtain shorter wavelength laser diodes, it is necessary to use AlGaN-based structures. 

Preliminary studies have shown that the incorporation of Al into GaN increases the SE 

threshold.153 In this work, we demonstrate that the introduction of strong optical and 

carrier confinement into AlGaN/GaN heterostructures can significantly reduce the SE 

threshold. We also demonstrate SE in AlGaN epilayers with emission wavelengths as 

low as 327 nm at room temperature, illustrating that AlGaN is a suitable material for the 

development of deep UV LDs. 

The GaN, InGaN, and AlGaN epilayers studied were grown on (0001) sapphire 

substrates by MOCVD. The thickness of the AlxGa1-xN layers were - 0.8 µm, and they 

had alloy concentrations of x = 0.17 and 0.26. For the purpose of comparison, we used 

GaN and InGaN epilayers with thicknesses ranging from 100 nm to 7 .2 µm. The sample 

growth parameters have been reported elsewhere. 154'155 We also studied an AlGaN/GaN 

SCH grown by MOCVD on SiC (this is the same sample that was discussed in the last 

section). The active region of the SCH was a 100 A thick GaN layer, which was 

sandwiched between 800 A Alo.o6G8o.94N cladding layers and 2300 A Alo.11Gao.s9N 

waveguidinglayers. The structure was deposited on top of a - 3 µm GaN buffer layer. 

The experimental setup for the study of SE was identical to that pictured in Figure 

25, with nanosecond tunable dye lasers pumped by either the doubled output of an 
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injection seeded Nd:YAG laser (- 7 ns pulsewidth and 10 Hz repetition rate at 532 nm) 

or the 308 nm XeCl line of an excimer laser (- 8 ns pulsewidth and 10 Hz repetition 

rate). In the case of Nd:YAG pumping, the deep orange output of the dye laser was 

doubled to - 310 nm using _a nonlinear crystal. The ex;cimer-pumped dye laser emitted 

directly in the UV. PL was performed using the setup shown in Figure 11 (a), with the 

244 nm line of an intracavity frequency_doubled cw Ar+ laser for excitation. 

SE from the AlGaN epil,ayers qualitatively resembles that seen in GaN epilayers. 

However, the emission wavelength lies in the deep UV. The RT emission spectra for 

AlGaN layers with alloy concentrations of 17% and 26% are shown in Figure 53 (a) and 

(b ), respectively, for excitation densities above and below the SE threshold intensity Ith· · 

The dashed line indicates low power cw PL results. As seen from the figure, SE for both 

samples emerges out of the low energy wing of the spontaneous emission peak as the 

excitation density is increased. When this data was originally published, 153 it was the · 

shortest wavelength SE that had been reported for any semiconductor.-The spontaneous 

and stimulated emission peaks are separated. by 10.5 and 8.5 nm, respectively, for the 

17% and 26% epilayers, which is comp;µ-able to the spacing observed in GaN epilayers150 

and is considerably smaller than that seen in InGaN epilayers. 156 The redshift of the 

spontaneous emission seen under nanosecond excitation in Figure 53 (a) and (b) 

compared to the cw spontaneous emission peaks is due to a reabsorption of the emitted 

radiation as it travels along the excitation path in the edge-emission experiments. 

Figure 54 illustrates the emission intensity of the spontaneous and stimulated 

emission peaks as a function of excitation intensity I~xc for the AlGaN epilayers presented 

in Figure 53. The spontaneous emission is seen to increase roughly linearly across the 

entire range of Iexc· Above Ith, we see the emergence of a new peak which exhibits a 

superlinear increase in emission intensity with Iexc, .clearly indicating the onset of SE.157 

The values of Ith obtained from the AlGaN epilayers are slightly larger than those 

obtained from high quality GaN epilayers, and are more than an order of magnitude· 

greater than those of InGaN epilayers. The high SE threshold for AlGaN epilayers makes 

the development of LDs using this material rather challenging. 

Through this st4dy, however, we show that AlGaN/GaN-based heterostructures 

can be used to produce lasing with both short emission wavelengths and low lasing 
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thresholds. The SCH used in this study possesses a high degree of optical and carrier 

confinement. By pumping the sample at 335 nm, we obtained lasing at 358 nm for 10 K 

and 362 nm for RT with a lasing threshold as low as 125 kW/cm2. Figure 50 shows the 

RT emission spectra from the SCH at several excitation intensities above and below Ith· 

The shorter wavelength peak at 341 nm is due to spontaneous emission from the x = 0.06. 

AlGaN waveguide region. As Iexc is increased; we see a narrow lasing peak (3 A FWHM) 

emerge at a wavelength of 358 nm. We did not observe any broadening of this peak as 

the temperature was raised up to RT. This indicates that the FWHM of the lasing peak is 

determined by the finesse of the cavity, which remains independent of temperature. In 

our previous study, we showed that the cavity is formed by microcracks caused by strain 

relaxation of AlGaN grown on SiC.158 Figure 50 (b) shows the detailed behavior of the 

emitted intensity as a function of Iexc· As can be seen from the graph, the cladding layer 

emission increases almost linearly with increasing Iexc- The emission from the active 

region behaves linearly until Ith is reached, after which a superlinear increase is observed. 

The RT SE threshold value for this sample was determined to be 125 kW/cm2, 

representing a drastic reduction in comparison to GaN and AlGaN epilayers .. This low 

threshold value is made possible by the carrier confinement and optical waveguiding 

properties of the structure. In fact, the lasing threshold is comparable to the best InGaN 

epilayers, which makes it suitable for the development of short wavelength LDs (Aemission 

< 370 nm at RT). It may be possible to further reduce the threshold by optimizing the 

sample parameters such as active layer thickness as well as the thlckness and alloy 

concentrations of the cladding and wave guiding region. 

In conclusion, we have systematically studied the SE properties of (In,Al)GaN 

thin films and heterostructures. The SE threshold of AlGaN epilayers was found to 

increase with increasing Al content compared to GaN, in contrast to InGaN epilayers, 

where an order of magnitude decrease is observed. RT SE was observed at remarkably 

short wavelengths, demonstrating that AlGaN-based structures are a suitable material for 

deep UV LDs. Furthermore, we achieved a substantial reduction in the lasing threshold 

for AlGaN/GaN-based heterostructures. We showed that optical and carrier confinement 

will play key roles in the reduction of the lasing threshold in these struc,tures. 
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Figure 53. RT SE spectra at pump intensities above and below the SE threshold, J,h, for 
AlGaN layers with alloy concentrations of (a) 17% and (b) 26%. Low power cw 
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CHAPTER. VI 

EXPERIMENTAL INVESTIGATIONS OF ZnO . 

As discussed in the Introduction, ZnO is a potentially useful material whose 

reputation is quickly escalating. It has the potential to become an important UV-blue 

light emitting material, however there are still many obstacles to be overcome, such asp

doping, contacts, and alloying. The current state of research on ZnO is lagging several 

years behind the III-Nitrides, but much of the information learned through studying the 

III-Nitrides can be applied to Zn0,159 for instance, methods ofreducirig the background 

n-type carrier concentration, achieving p-type doping, and growing high quality alloys. It 

is likely that we will begin to see functional optoelectronic devices fabricated from this 

material system in the near future. 

Two recent advances in the ZnO research community have been the successful 

growth of bulk ZnO crystals and the growth of extremely high quality epilayers through 

the use of a new type of buffer layer. The bulk ZnO crystal was grown using VPT. A 2" 

diameter wafer with a thickness of 1 mm was cut from the boule, and then lapped and 

chemomechanically polished to obtain atomically flat surfaces (one Zn-terminated, the 

other 0-terminated). 79 The epilayer was grown on an 0-terminated sapphire substrate 

using MBE.67 To obtain extremely high quality, a 2.5-3 nm MgO buffer layer was used, 

which facilitates the initial nucleation and promotes lateral growth of ZnO. This results 

in a smooth surface morphology and layer-by-layer epitaxial growth. 
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Comparison of the Optical and Structural Properties of 
, 

Bulk and Epitaxial ZnO Crystals · 

We studied the optical and structural quality of these two ZnO samples through a 

combination of PL and XRD. experiments. PL was performed using the setup shown in 

Figure 11 (a) with a 244 nm Ar+ laser as the excitation source and a UV-enhanced photon 

counting PMT for detection. X-ray was performed using ,a Philips X']?ert diffractometer 

with Cu Ka1 radiation. 

To illustrate the increase in quality of the ZnO epilayer grown using a MgO 

buffer, we present in Figure 55 the temperature dependent PL of a ZnO epilayer grown 

using the same method, but with no buffer layer. Shown in Figure 56 is the 10 K PL 

spectrum of the epilayer with the MgO buffer. In comparison to Figure 55, we see a 

number of sharp and narrow luminescence peaks, which suggest a significant 

improvement in the optical quality by the incorporation of the MgO layer. These peaks 

have been preliminarily attributed to neutral-donor-bound exciton transitions in ZnO 

where the neutral donors are pair-type complexes. 160 A similar phenomenon is seen in 

the bulk ZnO crystal, as evidenced in Figure 57, which shows the PL signal at select~d 

temperatures between 10 and 110 K. Accordingly, the bound exciton signatures quench 

quickly with increasing temperature. Because it is exceptionally pure material, the bulk 

crystal is expected to show very high quality. The fact that the PL spectrum from the 

epilayer so closely resembles that from the bulk sample is proof of the high quality of the 

epilayer. 

Even though the epitaxial and bulk samples exhibit similar PL spectra, XRD 

results show substantial differences in the structural properties of the two samples. 

Shown in the top graph of Figure 58 are ro-28 diffraction curves taken for different X-ray 

source slit widths from 50 to 300 µm .. The spectra exhibit an extremely narrow FWHM 
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of - 30 arcsec, which is unaffected by the increase in: slit width. Figure 59 shows the 

same thing for the bulk sample. In this case, we see a substantial increase in the FWHM 

value as the slit width increases. The minimum FWHM observed (30_ arcsec for 50 µm 

slits) is consistent with the epilayer sample, but the increase is strikingly different. 

The reason for this increase in FWHM can be established by considering whatis 

happening at the sample surface in conjunction with the type of information weaned from 

XRD measurements. XRD spectra give us information about the lattice parameters in 

crystalline materials. The FWHM values of XRD spectra give us insight into the spread 

of lattice parameters of the sample, i.e. how much deviation in lattice parameter there is 

throughout the area probed by the X-ray beam. For small slit widths, we are looking at a 

small spot near the surface of the sample. When the slit width of the X-ray source is 

increased, the resultant spot size on the surface of the sample increases proportionally. A 

large FWHM in ro-28 diffraction scans indicates the presence of multicrystalline 

domains, each with slightly different lattice parameters. Thus, what we are seeing from 

the bulk sample is the presence of multicrystalline domains. The minimum domain size, 

assuming the epilayer sample is a perfect singk-crystal, is around 50 µm. 

Even though the bulkZnO sample has been found to be multicrystalline, it should 

not significantly affect its use as a substrate for the homoepitaxial growth of ZnO or the 

heteroepitaxial growth of the III-Nitrides. Indeed, high quality films are often grown on 

substrates with significant lattice mismatch. After a few monolayers of crystal growth, it 

is likely that the multicrystalline domains would merge and undergo three-dimensional 

growth, producing a single-crystal epilayer. 
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~timulated Emission Properties of ZnO 

To study the potential of these two new types of high quality ZnO · samples for LD 

applications, we have performed a study of SE. The bulk sample did not exhibit SE, 

regardless of the temperature or pump intensity used. This is likely due to the presence 

of multicrystalline domain boundaries, which would scatter the SE and inhibit optical. 

feedback. The epitaxial sample, however, exhibited SE with a threshold density of 340 

kW/cm2• The optical pumping spectra are seen in Figure 60 for several pump intensities 

· above and below the SE threshold. Although this is ·not as low a threshold as observed in 

some of the III-Nitrides as presented in the previous chapters, especially InGaN, it is a 

respectable threshold value, and should allow for the fabrication of LDs once the doping 

and contact issues have been worked out. The SE peak is seen to rise out of the tail of the 

spontaneous emission peak around 3.16 eV. Figure 61 shows the detailed power 

dependence of the emission from the ZnO epilayer. As seen in the figure, tb,e sample 

shows a transition to a strongly superlinear increase (slope= 3) in integrated intensity at a 

pump intensity near 340 kW/cm2• Even at low pump intensities, however, the sample 

exhibits a superlinear (slope = 1.5) increase. This is currently under investigation, but is 

believed to be due to an enhancement of the emission intensity by the presence of 

excitons at RT. 

153 



-Cl) 
;t= 
C 
:::J 

...0 
I... 

ro ...._ 
>;t= 
Cl) 

C 
a.> ..... 
C 

C 
0 
Cl) 
Cl) 

E 
w 

3.0 

ZnO epilayer 
RTSE 

3.1 3.2 

Photon Energy ( eV) 

3.3 

Figure 60. Spectra of ZnO epilayers at RT for several pumping intensities above and 
below the SE threshold. 

154 



1e+6 
-0 

i 
JB 
C: 

......... 
~ 
C: 
:::J 

-e 
(IJ -~ 
'iii 
C: 

ZnO epilayer 
RT 

slope= 1.5 

100 

Pump Intensity (kW/cm2) 

ZnO epilayer 
RT 

~ I1h - 340 kW/cm2 

-0 

~ 
0) 

JB 
C: 

0 100 200 300 400 500 600 700 800 

Pump Intensity (kW/cm2) 

1000 

Figure 61. · Integrated intensity of the RT emission from ZnO epilayers vs. pump 
intensity. SE, as seen by the superlinear increase in intensity, occurs above a threshold 
value of 340 kW/cm2. 

155 



CHAPTER VII 

SUMMARY 

The wide bandgap III-Nitride and ZhO semiconductors are extremely important 

technological materials that will begin .to have an ever-increasing influence on our daily 

lives in the very near future. Indeed, the author has seen a major transformation over the 

time period he has been in graduate school. From green LED traffic lights to full color 

outdoor LED displays to the blue LED dashboard backlighting in new Volkswagen 

automobiles, it is always fun to point at these engineering marvels that ~o many people 

take for granted and say, "That's what I do." In the very near future, there will be many 

more things at which to point, among them high-density optical storage devices (the next 

generation of DVDs), full color laser light shows, and white LED lighting. In addition, 

there are many up-and-coming applications of the III-Nitrides and ZnO that remain 

"hidden" from the general public, such as HFETs for use in high power electronics and 

wireless devices, as detectors and IR· sources for use in telecommunications, as chemical 

and biological sensors, and medical uses. 

In this manuscript, the author has hopefully demonstrated to the reader th~ 

paramount importance of the III-Nitrides and ZnO to the field of optoelectronics. We 

have described the past, current, and future state of research on these material systems, 

and have presented the author's contributions to the research community. These 

contributions will now be summarized in detail. 

This manuscript, after providing a general background of the properties of 

semiconductors, the specific crystalfographic properties of the III-Nitrides and ZnO, and 

an overview of the important growth and experimental characterization techniques used, 
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started by describing studies of excitons in the GaN. Using photoreflectance 

spectroscopy, we experimentally determined the binding energies for the A, B, and C 

excitonic transitions in GaN. We also estimated the reduced effective mass of the 

exciton. The influence of strain in GaN epilayers was investigated, yielding numerical 

values of the four principle deformation potentials. We demonstrated the novel use of 

photoconductivity measurements as a spectroscopic tool. By comparing the data with 

results from other experiments, we discovered that the excitonic transitions in the 

samples used were not associated with peaks in the PC spectra, but rather with the dips. 

By fitting the data obtained from these experiments, we determined the transition 

positions of the A, B, and C excitons. 

Next, this thesis went on to describe studies of III-Nitride alloys and 

heterostructures. We used a variety of experimental techniques to study the properties of 

InGaN epilayers grown by MOCVD. We determined the bandgap energies for the 

samples studied, and determined that the low temperature PL emission was due to 

recombination involving impurity states and alloy potential fluctuations. The strong 

dependence of the PL decay time on temperature indicated that the trapping and 

recombination of photogenerated carriers at impurities and defect centers are dominant 

channels in determining the carrier population decay process. We studied the PL 

emission properties of AlGaN and InGaN alloys as a function of applied pressure. The 

pressure coefficients for these alloys were found, and it was determined that the near

bandedge emission observed in all the samples originates from the radiative decay of 

carriers localized in the band tail states of alloy potential fluctuations within the 

framework of the effective mass approximation. We studied the dynamics of 

photoexcited carriers in AlGaN/GaN double heterostructures using picosecond time

resolved PL experiments. A model to explain the dynamics of the system, which 

included the generation, diffusion, spontaneous recombination, and nonradiative 

relaxation, was proposed. Using this model, we found values for the carrier capture time 

and the effective lifetimes ofspontaneous recombination for carriers in GaN and AlGaN. 

We further determined the diffusion constant and drift velocity for minority carriers in 

the AlGaN cladding region. We studied the excitation wavelength dependence of 

stimulated emission/lasing from AlGaN/GaN separate confinement heterostructures. We 
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observed extremely narrow single-mode lasing at both 10 K and RT. By studying the 

difference in energy positions of the lasing peaks with temperature as well as the 

narrowness of the emission line, we determined that lasing in the SCH samples is 

dominated by the exciton-exciton gain mechanism. We observed a decrease in the lasing 

threshold of the GaN active region when the sample was pumped into the AlGaN 

waveguide regions, due to the increased absorption cross-section and the efficient drift 

and diffusion of photoexcited carriers. We compared the emission of highly excited 

(In,Al)GaN thin films and heterostructures. The SE threshold of AlGaN epilayers was 

found to increase with increasing Al content compared to GaN, in contrast with InGaN 

epilayers, where an order of magnitude decrease is observed. RT SE was observed at 

remarkably short wavelengths, demonstrating that AlGaN-based structures are a suitable 

material for deep UV LDs. We achieved a substantial reduction in the lasing threshold 

for AlGaN/GaN-based heterostructures. We showed that optical and carrier confinement 

will play key roles in the reduction of the lasing threshold in these structures. 

Finally, we studied the properties of bulk and epitaxially grown ZnO crystals 

through a combination of optical and structural characterization techniques. SE was 

observed in ZnO epilayers grown by MBE on sapphire using MgO buffer layers, and the 

threshold was determined. The PL spectra of both bulk and epilayers indicated an 

extremely high optical quality, and a number.of sharp and narrow bandgap-related peaks 

were observed .. By studying the slit-width dependence of full-width-at-half-maximum of 

the (0002) X-ray diffraction, we determined that the ZnO epilayers were single-crystal 

and of extremely high structural quality, whereas the bulk ZnO, while still of excellent 

quality, was multicrystalline. SE was observed from the epitaxial ZnO layers with a 

threshold intensity of 340 kW /cm2, but could not be seen in the bulk samples even at very 

large pump intensities. This is likely related to the multicrystalline nature of the bulk 

sample. 

With this last paragraph, I bring the latest chapter of my life to a close. How to 

summarize the last 6 Yi years? Well, it's been real and it's been fun ... 
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APPENDIXB 

LASER INDUCED EPITAXIAL LIFTOFF 

In recent years, much research has been performed on the group-III Nitrides and 

their alloys due to their wide direct bandgaps, which make them promising materials for 

the development of light emitting and detecting devices operating in the UV-blue spectral 

region. Currently, the best material properties have been realized by utilizing (0001) 

sapphire as a substrate. However, epitaxial growth of (In,Al)GaN on sapphire has several 

significant drawbacks. 1) Only the top surface of the sample can be processed for device 

applications. For LEDs, this results in a smaller effective emission area due to the 

absorptive nature of the metallic contacts. For LDs, a mesa structure is usually required, 

in which large amounts of the sample must be etched away to create the edge-emitting 

facets and the bottom contact. 2) The cleave planes of the sapphire substrate and the 

overlying nitride material do not coincide. Thus the sapphire inhibits the cleaving of the 

epilayer to make high-quality laser cavities. Instead, complicating etching procedures 

must be employed. 

Several groups have recently shown that it is possible to separate nitride epilayers 

and heterostructures from sapphire substrates using high power pulsed UV radiation from 

an excimer laser1 or a wavelength-tripled Nd:YAG laser.2 .Pieces of the sample are 

mounted to a host substrate leaving the sapphire, which is transparent to the UV laser 

wavelength, exposed. Laser light is focused through the sapphire onto the nitride

sapphire interface region samples where it is absorbed. The interface is locally heated to 

1 W. S. Wong, T. Sands, and N. W. Cheung, Appl. Phys. Lett. 72, 599 (1998). 
2 M. K. Kelly, 0. Ambacher, R. Dimitrov, R. Handschuh, and M. Stutzmann, Phys. Stat. Sol. (a) 159, R3 
(1997). 
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temperatures above 800°C, at which GaN begins to decompose into metallic Ga and N2 

gas. To reach such high temperatures, the power density of the absorbed laser light must 

be in the range of 400-600 mJ/cm2• These removed nitride layers have been shown to be 

of high quality both structurally and chemically.3 The liftoff procedure is shown 

graphically in Figure B-1. 

As the laser induced epitaxial liftoff procedure got more attention due to its 

applicability in optoelectronic device production, more research began ~o be published on 

this t~chnique. As of the writing of this thesis, four research groups had shown the ability 

to perform this procedure; From the original publications dealing with separation of GaN 

epilayers on sapphire, the technique has expanded to include resonant cavity InGaN 

quantum well blueLEDs bonded to Cu host substrates4 and InGaN LEDs on Si substrates 

fabricated by Pd-In metal bonding. 5 Kelly et al recently published results illustrating the 

removal of an entire 2-inch diameter ·wafer of 275 µm-thick HVPE-grown GaN from the 

underlying sapphire substrate. 6 · In addition, several interesting studies have been 

performed using the results of this technique rather than the technique itself. Perlin et al 

compared the pressure coefficients for the energy gap of epitaxial GaN on sapphire and 

free-standing films produced by the laser liftoff technique. They found that the.presence 

of sapphire leads to a reduction in the pressure coefficient of approx~ately 5%. 7 Miskys 

et al have grown homoepitaxial GaN on top of free-standing 300 µm-thick GaN films 

that were removed from th~ir sapphire substrate. They found that the epitaxially grown 

layers were of extremely high quality, characterized by a narrow FWHM in XRD and 

low dislocation densities as determined through AFM measurements. 8 Finally, one paper 

has been published on the laser liftoff technique in a material system other than the III

Nitrides. Tavernier et al successfully removed ZnO epilayers grown by PLD on sapphire 

3 E. A. Stach, M. Kelsch, E. C. N~lson, W. S. Wong, T. Sands, and N. W. Cheung, Appl. Phys. Lett. 77, . 
1819 (2000). 
4 Y. K. Song, M. Diagne, H. Zhou, A. V. Nurmikko, R. P. Schneider, Jr., and T. Takeuchi, Appl. Phys. 
Lett. 77, 1744 (2000). 
5 W. S. Wong, T. Sands, N. W. Cheung, M. Kneissl, D. P. Bour, P. Mei, L. T. Romano, and N. M. Johnson, 
Appl. Phys. Lett. 77, 2822 (2000); 
6 M. K. Kelly, R. P. Vaudo, V. M. Phanse, L. Gi>rgens, 0. Ambacher, and M. Stutzmann, Jpn. J. Appl. 
Phys. Part 2 38, L217 (1999). 
7 P. Perlin, L. Mattos, N. A. Shapiro, J. Kruger, W. S. Wong, T: Sands, N. W. Cheung, E. R. Weber, J. 
Appl. Phys. 85, 2385 (1999). 
8 C.R. Miskys, M. K. Kelly, 0. Ambacher, G. Martinez-Criado, and M. Stutzmann, Appl. Phys. Lett. 77, 
1858 (2000). 

177 



substrates as well as GaN epilayers grown by HVPE on sapphire. They observed a 

broadening of the ZnO PL signal after removal, indicating the presence of additional 

defects induced by the liftoff technique, but did not observe a similar phenomenon in 

GaN.9 This is due to the fact that ZnO has a lower defect formation energy than GaN. 

We have successfully separated GaN epilayers from their sapphire substrates. 

The - 2 µm thick epilayers were grown on (0001) sapphire by MOCVD. The epilayer 

sides of the 2x3 mm. samples were mounted to a glass slide using five-minute epoxy. 

The 308 nm laser light from a XeClexcimer laser was focused through the substrate onto 

the sapphire-GaN interface. At pump fluences above - 500 mJ/cm2, a single pulse of 

laser light removed the substrate. Metallic. gallium deposits were visible both on the 

removed substrate and the bonded epilayer. This was easily removed by an HCl bath. 

9 P.R. Tavernier, P. M. Verghese, and D.R. Clarke, Appl. Phys. Lett. 74, 2678 (1999). 
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Figure B-1. Illustration of the laser induced epitaxial liftoff process for GaN on 
sapphire. (a) The sample is mounted to a host substrate (sapphire side up) with an 
adhesive. (b) High intensity UV laser radiation is sent through the substrate and is 
absorbed at the GaN/sapphire interface, locally heating the epilayer to a temperature at 
which it decomposes. ( c) After melting any remaining Ga from the interface, the 
substrate is removed. Excess metallic deposits are easily removed in an HCl bath, and if 
desired, the epilayer can be removed from the host substrate by diss9lving the solvent 
with the appropriate solvent. 
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