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CHAPTER I 

INTRODUCTION 

There is currently a tremendous amount of research activity in the area of nitride 

semiconductor compounds, which is expected to generate a plethora of novel applications 

for the electronics industry in the years to come. This activity has been sparked by the 

realization of high-brightness ultraviolet (UV), blue, green, and amber light emitting 

diodes as well as UV-blue laser diodes. In the next decade, group-III nitrides are expected 

to be an essential part of many devices around us including traffic lights, full-color 

information displays, long-lived light bulbs, DVD players, laser printers, underwater and 

satellite-to-satellite communication devices, and solar blind photodetectors. With much 

research still in progress, myriads of applications for this new material system have not 

even been thought of yet. This monograph will focus on the optical properties of the 

group-III nitrides with an emphasis on future applications. In this chapter, we evaluate 

the potential market for group-III nitrides, describe different applications, give a 

historical perspective on the subject, and talk about the organization of this thesis. 

Economical Projections and Applications of Group-III Nitrides 

We shall begin with an economical analysis of the semiconductor market. Silicon 

technology has been around for several decades and nowadays represents a tremendous 

market of $150 billion. In 1997 the total market for compound semiconductors (the 

group-III nitrides belong to this category) was $5. 7 billion. Optoelectronics is one of the 
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most common applications for compound 

semiconductors. How much of this market could 

GaN potentially capture in the future? 

To answer this question we should look at the 

distribution of applications within the compound 

semiconductor market, which is given in Figure 1. 

Light emitting diodes (LEDs), laser diodes (LDs), 

and analog devices constitute 77% of the compound 

semiconductor market. In the year 2002 the total 

market for compound semiconductors is estimated to 

increase and reach values as high as $9 billion a 

year, but the distribution is expected to remain the same. 

14% 

Figure 1. Market for compound 
semiconductors. From Ref. [1]. 

Let ' s examine the LED market in greater detail. In 1998 the total market for 

LEDs was 33% of the total market for compound semiconductors (see Figure 1) and was 

valued at approximately $2.5 billion. We can further divide this market into categories 

according to the emission wavelength (or color), as depicted in Figure 2. Most LEDs are 

AlGaAs- or AlGainP-based and are used for infrared applications, such as optical 

switches, position measurement devices, optical encoders, and fluid level indicators. The 

market for blue, green, and yellow InGaN LEDs is still emerging and represents a 

relatively small market share. Currently, only a handful of high-tech companies possess 

the capability to produce InGaN-based LEDs in AIGaAs 

substantial quantities. Among the biggest 

suppliers are Nichia Corporation (Japan) with 

shipments of over 30 million units/month, Cree 

Research Inc. (USA) producing 20 million 

units/month, and Hewlett Packard (USA) 

delivering approximately 10 million units/month. 

Among smaller suppliers are EMCORE (USA), 

AIGalnP 

AIGaAs 

GaP 
lnGaN 

AIGalnP 
lnGaN 

Toyoda Gosei (Japan), Infineon Technologies Figure 2. LED market. From Ref. [1]. 

(Germany), and Samsung (Korea). 
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The current price of a blue LED varies from company to company within the 

range of $0.25 - $1.00 apiece, which is rather expensive compared to AllnGaP LEDs. 

However, the cost of InGaN LEDs is not considered to be an intrinsic problem. With an 

actual production increase of 30-50% a year, the price of these LEDs is expected to drop 

to $0.10-$0.50 apiece in 2 to 3 years. We note that the cost of packaging InGaN LEDs is 

about the same as for any other LED. Our research group has confirmed that high optical 

quality GaN structures can also be grown on Si substrates.2 By further developing this 

technology, the processing cost will drop substantially due to larger wafer area and the 

possibility for a back-side contact (currently nitride-based LEDs require both contacts to 

be on the light emitting side of the sample due to the insulating nature of the sapphire 

substrate). Recently developed white LEDs are 10 times more efficient, last a thousand 

times longer, and have an emission spectrum closer to that of the sun than the spectrum 

of a regular incandescent bulb. The cost of a white LED array (with a power equivalent to 

that of an electric bulb), however, remains relatively high at about $30 and will probably 

not allow wide-scale use of the product for quite some time. 

It has been predicted that full-color displays and traffic lights will utilize a 

considerable part of all nitride LEDs produced.3 Table I summarizes several technical 

characteristics of state-of-the-art InGaN LEDs of different colors. For the purpose of 

comparison we also present typical values for amber AllnGaP LEDs. Current blue and 

green InGaN-based LEDs already have a higher external quantum efficiency and output 

power compared to AllnGaP-based amber LEDs. In fact, GaN-based LEDs are predicted 

InGaN InGaN InGaN AllnGaP 
(blue) (green) (amber) (amber) 

Wavelength (nm) 470 525 595 595 

FWHM(nm) 30 35 50 17 

Efficiency (lumen/W) 5 30 35 86 

Power (mW) 6 5 1.5 4.5 

External Quantum Efficiency (%) 12 12 5 11 

Table I. Technical characteristics of state-of-the-art InGaN LEDs. Typical values 
for AllnGaP LEDs are also given for comparison. From Ref. [1]. 
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to prevail in the market for visible spectrum 

emitters. Perhaps the only exception is in 

the long-wavelength range (amber-red), 

where the efficiency of GaN-based LEDs 

drops dramatically. 

The market for LDs is only slightly 

storage 
$18 

$ 0.15 B 

smaller than that for LEDs. It is also one of power LDs 

the fastest growing markets in the US. In 

communication 

1999 the total market for LDs was $2.15 

billion. Most LDs are used in storage ($1 

Figure 3. Market for laser diodes. 

billion) and communication ($1 billion) as illustrated in Figure 3. We note that the 

minimum spot size a laser can be focused to is proportional to the wavelength of the laser 

light. Due to the shorter emission wavelength of GaN-based lasers, storage and high

resolution printing are natural choices for GaN LD applications. 

The annual market in the world for printing is rather large ($100 billion). The 

historical trend in this field is to move to higher resolution and speed. In order to lower 

production costs, shorter wavelength and higher power laser diodes are necessary. There 

are some limitations, however, as to how short the wavelength needs to be. The organic 

photoreceptors used in printers should be sensitive to the laser wavelengths and the optics 

should not be very expensive. A compromise is found somewhere around 400 nm. It has 

been estimated that through the utilization of a 5 mW InGaN-based laser with a high 

quality beam profile, it would be possible to achieve printing speeds of up to 60 pages a 

minute. 

In 1999 more than 300 million lasers were used for optical storage devices. By 

utilizing InGaN-based lasers it will be possible to improve the resolution and increase the 

storage capacities of optical disks. Currently, DVD/HD technology is being developed 

utilizing InGaN LDs with an emission wavelength of 410 nm. This will allow the laser 

beam to be focused to a spot approximately 0.24 µm in diameter. By utilizing both sides 

of the optical disks, their capacity will increase to 30 GB . In order to read information 

from DVD/HD disks, a minimum laser output power of 5 mW (cw) is required. For 
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recording information the output power should be at least 50 mW (pulsed). Current state

of-the-art nitride laser diodes meet these requirements. 

Communication devices are dominated by InP and GaAs lasers emitting in the 

wavelength range of 1.0-1.5 µm (some preliminary research to fabricate nitride-based 

LDs in this wavelength range has been done on GainNAs). The desired spectral range of 

these lasers is dictated by the dispersion properties of optical fibers. Recently, there has 

been a lot of effort dedicated to the development of rare-earth-ion-doped GaN optical

fiber amplifiers and fiber lasers. 4 The advantage of GaN over smaller gap semiconductors 

and glasses include greater chemical stability, efficient carrier generation (by exciting the 

rare-earth ions), and physical stability over a wide temperature range. GaN also has a 

high level of optical activity even under conditions of high defect density, which would 

quench emission in other smaller-gap III-V and in most II-VI compounds. It is unlikely, 

though, that GaN-based devices will win a significant portion of the communication 

market in the near future. Finally, the high-power LD market for industry and medical 

applications has traditionally utilized InGaAsP/GalnP and AlGaAs/GaAs lasing 

structures. GaN-based LDs are expected to significantly contribute to this market once 

the development of high-power LDs is completed. 

The large band-gap of AlGaN alloys (3.4-6.2 eV at room temperature) has 

prompted researchers to develop solar-blind devices for UV detection. Sunlight in the 

spectral range of 250 to 300 nm is filtered out by ozone located 15 km above the surface 

of the earth. Thus any source of UV radiation within the atmosphere can be easily seen 

by a solar-blind detector even on a sunny day. This would allow for effective military 

applications, such as the tracking of missiles and warplanes. A recently developed GaN

based linear array of UV detectors5 has an order of magnitude improvement in size, 

weight, and power consumption in comparison to photomultiplier tubes and 

microchannel plates now used to detect UV light. The UV photodetectors could also be 

used to detect UV light in hot environments and to detect UV emissions from flames. 

State-of-the-art nitride-based UV photodetectors have a remarkably good selectivity with 

a ratio of UV to visible responsivity exceeding eight orders of magnitude.6 In 1999 the 

market for UV detectors was rather small but it is expected to grow to as much as $100 

million a year. 
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In 1997 our research group was the first to report the optical properties of GaN 

epilayers and InGaN multi-quantum wells at temperatures as high as 400°C under intense 

optical excitation.7'8 We observed stimulated emission and a low temperature sensitivity 

of the stimulated emission threshold over a large temperature range. This result suggested 

that GaN-based structures are excellent candidates for high-temperature optoelectronic 

devices. The market for high-temperature devices is estimated to be $400 million in 

1999, but it has the potential to grow to as large as $12 billion. The reason why this 

market remains small stems from the lack of semiconductors capable of high-temperature 

operation. Nitride devices are expected to revolutionize this field and find many 

applications in the automotive and aerospace industries. 

The general increase in the worldwide communications market in recent years has 

resulted in a very fast rate of annual growth. In 1999 the number of cellular phones in use 

exceeded 400 million and continues to grow at a rate of 30% a year. The market for 

satellite communication is also growing at a rate of 25% a year and about 100 new 

satellites are launched every year. The market for radio frequency (RF) semiconductors 

for satellite communication was estimated to be $200 million in 1998. The total market 

for RF semiconductors in 1999 was $4.5 billion. It has been overwhelmingly dominated 

by Si and GaAs, leaving less than 1 % to other semiconductors. However, there are two 

newcomers to this market: SiC and GaN. The latter emerges for frequencies in the tens of 

GHz and RF powers up to 100 W. The combination of these two parameters leaves GaN 

as the only candidate for many military applications (Si devices are not operable at 

frequencies above 1 GHz and GaAs devices fail at RF powers exceeding 10 W). State-of

the-art field effect and heterojunction bipolar transistors based on GaN have already been 

shown to possess superior characteristics and are expected to extend the capabilities of 

RF electronics in the near future. 

There are many other applications for group-Ill nitrides utilizing photovoltaic and 

photoconductive properties that were not included in the current discussion. However, the 

majority of these applications are presently unrealized. 
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Past and Future in Short-Wavelength Laser Diode Development 

Having described some of the applications of the group-III nitrides, we should 

now give a brief historical background on how this research originated and to where it 

will be directed in the future. By far the most anticipated event in nitride research has 

been the invention of the 'blue laser diode.' The first observation of optically pumped 

lasing in GaN was made by Dingle et al. 9 in the early 1970s using needle-like GaN single 

crystals at a temperature of 2 K, but it took almost a quarter of a century before the first 

current injection lasing was observed. It all began with work done by Akasaki and 

Amano in 1989, who developed p-type doping and were first to report the observation of 

room temperature coherent emission in an InGaN/GaN quantum well structure using 

pulsed current injection. 10,11 Their device consisted of a 7.5-nm-thick InGaN active layer, 

GaN waveguide layers, and AlGaN cladding layers. In December 1995, the fabrication of 

LDs using group-III nitrides was announced for the first time by Nakamura et al. 12 at 

Nichia Chemical, Inc. The active lasing medium was composed of InGaN multi-quantum 

wells and the threshold current density was 4 kA/cm2 under pulsed operation at room 

temperature. Since then, the performance of Nichia InGaN LDs has steadily improved, 

and the lifetime of LDs under cw conditions at room temperature has recently exceeded 

10,000 hours making them suitable for commercial applications. Inspired by this 

discovery, several industrial research laboratories and university research groups have 

also succeeded in the fabrication of InGaN/GaN/AlGaN-based blue LDs operating at 

room temperature. Table II summarizes the early reports on GaN-based LDs in 

chronological order. Nowadays, almost all major multinational electronics companies and 

many universities and research laboratories are involved in continuing studies and 

optimization of group-III nitrides for device applications. In spite of the substantial 

progress made, there are many issues that merit further study. 
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# Current 
Jth (kA/cm2) 

Wavelength Company/ 
Temp. (K) Ref. 

QWs type (nm) University 

26 pulsed RT 4.0 417 12 Nichia 

20 pulsed RT 9.6 416 13 Nichia 

20 pulsed RT 8.0 410 14 Nichia 

10 pulsed RT 13.0 419 15 Nichia 

7 pulsed RT 4.6 406 16 Nichia 

1 pulsed RT 2.9 376 17 Meijo 

3 cw 233 K 8.7 411 18 Nichia 

25 pulsed RT 50 417.5 19 Toshiba 

3 cw RT 9.0 409 20 Nichia 

3 cw RT 7.0 400 21 Nichia 

4 cw 20-70°C 3.6 406 22 Nichia 

4 cw RT 7.3 399-401 23 Nichia 

4 cw RT 3.6 405-407 24 Nichia 

8 pulsed RT 48 402.8 25 Cree 

cw RT 11 404-435 26 Cree 

4 cw RT 4 396-397 27 Nichia 

10 pulsed RT 12.7 420 28 UCSB 

5 pulsed RT 12 405-425 29 Fujitsu 

5 pulsed RT 9.5 417.5 30 Sony 

cw 20-60°C 1.5 390-440 31 Nichia 

pulsed RT 10.6 412-417 32 Toshiba 

pulsed RT 15 410-420 33 UCSB 

10 pulsed RT 25 419-432 34 Xerox 

5 pulsed RT 8.5-14 395-408 35 SDL 

4 cw RT 7.0 393.3 36 Nichia 

Table II. Early reports on GaN-based laser diodes arranged in chronological order. 
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Even the best GaN-based LDs have huge densities of dislocations, predominantly 

threading between the substrate and the surface. Whereas it appears that they have no 

effect whatever on the efficiency of light emission, there is great concern that these 

defects limit the lifetime of the LDs. This great number of dislocations arises due to the 

lack of lattice-matched substrates. GaN growth onto a variety of substrates has been 

investigated. The most common substrate is sapphire which is cheap, but the lattice 

mismatch with GaN is rather high (16%). GaN can be grown on 6H-SiC, however the 

high cost of SiC wafers has not allowed the widespread use of this material. GaN growth 

has also been performed on spinel (MgAlz04) substrates. None of these substrates, 

however, have resulted in the growth of high crystalline quality GaN epilayers (when 

compared to other technologically important semiconductors such as GaAs and Si). 

A substantial decrease in dislocation density was observed in regions of lateral 

epitaxial overgrowth (LEO) compared to regions of conventional vertical growth. LEO 

occurs when GaN is grown from a mask pattern. Under optimized conditions, lateral to 

vertical growth rate ratios of up to 5 can be achieved. The LEO technique has resulted in 

a four to five order of magnitude reduction in dislocation density. This observation 

triggered research on similar experimental techniques to improve the crystalline quality 

of GaN epilayers, such as selective area growth and pendeo-epitaxy. These techniques 

allow the growth of high-quality GaN epilayers independent of the type of substrate. In 

order to facilitate the incorporation of GaN optoelectronic devices into Si-based 

electronics, there have been many successful attempts to grow GaN on Si substrates by 

LEO. Yet there is still much to be done in this field to optimize the growth parameters 

and reduce the cost of processing. 

GaN-based LDs also face strong competition from an alternative technique for 

blue laser light generation. By utilizing a traditional high-power infrared distributed 

Bragg reflector laser (850 nm) combined with a LiNb03 doubling crystal, it is possible to 

generate high beam-quality laser emission at 425 nm with powers as high as 15 mW. The 

laser emission generated in this manner has low noise and is naturally well-suited for use 

in applications requiring precise mechanical alignment. It is likely that the first DVD/HD 

recorders will be made utilizing this blue light generation technique. However, 

InGaN/GaN LDs are more compact and considerably cheaper to produce. The optical 
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parameters of these LDs are already satisfactory for reading information from optical 

disks. The ratio of performance to cost favors GaN-based lasers in comparison to lasers 

utilizing the second harmonic generation technique. 

With the realization of edge-emitting InGaN-based lasers, the next milestone for 

group-III nitrides is the development of a vertical cavity surface emitting laser (VCSEL). 

The output beam from the state-of-the-art edge-emitting "blue laser" is highly divergent 

due to diffraction from the narrow aperture formed by the edge of the active layer. 

Furthermore, the edge-emitting laser cannot be used to fabricate or to access the light 

from two-dimensional arrays. These arrays can be used to create very large bandwidth 

(several THz) data links, while each individual device is only required to maintain a 

relatively low modulation rate (50-100 GHz). A two dimensional array of VCSELs could 

also dramatically reduce the read-out time in dense optical memory systems. 

Our research group successfully 

achieved laser action at room temperature 

in InGaN/GaN multi-quantum well based 

VCSELs, as shown in Figure 4. To avoid 

lattice temperature heating effects due to 

large excitation density, the experiment 

was performed in "single shot" mode: the 

obtained spectra are the result of a single 

6-ns-long pulse. While optimization of the 

structure is still necessary, we clearly 

demonstrated the feasibility of fabricating a 

nitride-based VCSEL. Currently, many 

research group are pursumg the 

development of current-injection VCSELs. 

It might take several years before the first 

applications utilizing a blue vertical cavity 

surface-emitting laser emerge. 

90-98% 

10 periods of 
lnGaN/GaN QW 

sapphire 

100% 

lnGaN/GaN MOW VCSEL 
355 nm, 6 ns, "single shot" 

back-scattering geometry 
RT 

440 450 460 470 480 490 500 
Wavelength (nm) 

Finally, the nitride research Figure 4. Room temperature lasing m 

community is putting a lot of effort into the AlGaN/GaN VCSEL structure. 
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realization of even shorter emission wavelength LDs for near- and deep-UV applications. 

It might be more challenging to manufacture LDs emitting photons with energies 

exceeding the GaN band-gap of 3.5 eV. In principle, these LDs could be realized by 

utilizing AlGaN compounds, but at this time it would be difficult to predict all the 

technological hurdles associated with short-wavelength LD development. The first step in 

this direction was taken by scientists at NTT' s Basic Research Laboratory who fabricated 

a UV LED (346 nm) based on an Alo.osGao.92N/Alo.12Gao.ssN multi-quantum well 

structure. 3 7 

Many aspects of the group-III nitrides have not been explored yet. This material 

system is very subtle from the viewpoints of optical characterization, growth, and device 

processing. Numerous exciting research studies are in progress on the group-III nitrides, 

and many more are yet to be done. 
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Organization of This Thesis 

This monograph describes some of the contributions to the research of group-III 

nitrides done by the author. The thesis is organized in the following way. Chapter II deals 

with fundamental optical properties of GaN and its alloys. These include band structure, 

photoluminescence, pressure-dependent measurements, absorption, reflection, photo

reflectance, pump-probe studies, and ultrafast phenomena. 

Chapter III gives a review of the general optical properties of semiconductors 

under high levels of optical excitation. It emphasizes the different gain mechanisms that 

occur in the presence of strong Coulomb interactions and are pertinent to the group-III 

nitrides. 

In Chapter IV we describe the optical characterization of GaN epilayers and 

InGaN/GaN multi-quantum wells at temperatures as high as 700 K. The studies in this 

chapter include both high and low excitation density regimes. Damage mechanisms in 

GaN are also described in this chapter. 

In Chapter V we present a comprehensive picture of gain mechanisms in GaN, 

InGaN, and AlGaN epilayers as well as in InGaN/GaN multi-quantum wells and 

GaN/AlGaN separate confinement heterostructures. Conclusions are drawn based on 

numerous experiments performed in different time scales (from cw to picosecond). This 

chapter also summarizes temperature-dependent studies as well as studies related to 

various excitation power/wavelength conditions. 

Chapter VI describes the research that has been done to study stimulated emission 

and lasing properties of GaN in the presence of self- and intentionally-formed 

microcavities, scattering defects, and dislocations. 

Chapter VII discusses issues related to the near- and far-field stimulated emission 

patterns of GaN-based lasing structures and describes a novel experimental technique for 

evaluating optical confinement in wide-band-gap semiconductors. 
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Finally, the appendices give details on the experimental techniques used to 

determine optical gain, such as the variable stripe method (Appendix A) and the pump

probe technique (Appendix C). The procedure used to extract gain values from 

spontaneous and stimulated emission spectra is given in Appendix B. 
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CHAPTER II 

GENERAL OPTICAL PROPERTIES OF THE GROUP-III NITRIDES 

The group-III nitrides have many interesting optical properties associated with 

excitons, impurities, optical nonlinearities, and stimulated emission. In this chapter we 

discuss the general optical properties of GaN and its related alloys through a variety of 

experimental techniques such as photoluminescence, absorption, reflection, photo

reflectance, pump-probe, and others. We cover different time scales using a variety of 

excitation sources, from continuous wave to femtosecond pulses. Excitonic 

recombination and the effects of strain are also included in this chapter. 

Physical Properties and Band Structure of the Group-III Nitrides 

All optical processes in semiconductors are related to their band structure. GaN 

crystallizes in either the cubic (zincblende), hexagonal (wurtzite), or rock salt structure. 

The wurtzite structure is by far the most common and will be the subject of our 

discussion. In GaN, AlN, and InN a hexagonal unit cell contains six atoms of each type. 

It can be represented by two interpenetrating hexagonal close-packed sublattices, one of 

each type of atom, offset along the c -axis by 5/8 of the cell height ( 5c/8 ). Table III 

summarizes some of the fundamental physical properties of GaN, AlN, and InN. 

The conduction band minimum of wurtzite GaN has r 1 -symmetry with a 

quantum number of Jz = 1/2. The maximum of the conduction band is also located at the 

r-point, resulting in a direct fundamental band-gap. Crystal-field and spin-orbit coupling 
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splits the top of the valence band in GaN into three different sub-bands, denoted by A, B, 

and C. The A-band has r 9 -symmetry, while Band C have r 7 -symmetry. The structure 

and symmetries of the bands are shown in Figure 5. 

At low excitation densities, free excitons (a bound state of an electron and hole) 

represent the lowest energy intrinsic excitation of electrons and holes in pure materials. 

For materials where the electron and hole are very tightly bound, the excitons are referred 

to as Frenkel excitons. Another type of exciton is a Wannier-Mott exciton, or simply a 

Wannier exciton: They are characterized as having relatively weak exciton binding 

energies so that the electron and hole are separated from each other by a comparatively 

large distance in the crystal. For GaN, excitons are well described by the Wannier 

formalism and for the rest of this monograph the term exciton will refer to a W annier

Mott exciton. 

Excitons associated with the r9v valence band (A-band), the upper r1v valence 

band (B-band), and the lower r 7v valence band (C-band) are often referred to as A-, B-, 

and C-excitons. The ternary compounds InGaN and AlGaN typically do not exhibit 

excitonic features at room temperature. This is because these alloys contain high levels of 

compositional fluctuations and defects. Recent experimental results on higher quality 

AlGaN epilayers have shown that at low temperatures, AlGaN has an excitonic resonance 

observable by absorption measurements (see page 23). Once the quality of these ternary 

compounds is improved, we expect to see excitonic features in these materials over a 

wide temperature range. In this chapter we will mostly concentrate on the optical 

properties of GaN. 
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GaN AIN InN 

Band-gap Eg 3.39 eV (300 K) 6.2 eV (300 K) 1.89 eV (300 K) 

3.50 eV (1.6 K) 6.28 eV (5 K) 

Temperature coefficient dE g / dT -6.0xl0-4 eV/K -l.8xl0-4 eV/K 

Pressure coefficient dE g / dP 4.2x 1 o-:; e V /kbar 

Lattice constants a 3.189 A 3.112 A 3.548 A 

C 5.185 A 4.982 A 

Thermal expansion J!.,.a/a 5.59xl0-6 K-1 4.2x 1 O.:o K.:i 

J!.,.c/ C 
3.17xl0-6 K 1 5.3xl0-6 K 1 

Thermal conductivity k 1.3 W/cmK 2 W/cmK 

Index of refraction n 2.33 (1 eV) 2.15 (3 eV) 2.80 - 3.05 

2.67 (3.38 eV) 

Dielectric constants &o 10 8.5±0.2 15.3 

5.5 4.68-4.84 
&"' 

Table III. Fundamental properties of GaN, AlN, and InN. Adapted from Ref. [38]. ,. 
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Figure 5. Structure and symmetries of the lowest conduction band and the 
uppermost valence bands in wurtzite GaN at the r -point ( k ~ 0 ). 
Adapted from Ref. [39]. 
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Photoluminescence 

At low temperatures, near-band-edge luminescence spectra observed from most 

GaN samples are dominated by strong, sharp emission lines resulting from the radiative 

recombination of free and bound excitons, as shown in Figure 6. In addition to near-band

edge exciton emission, nominally undoped GaN samples often exhibit a series of 

emission structures in the energy range of approximately 2.95-3.27 eV, and a broad 

emission band in the yellow spectral region with a peak position around 2.2 eV, as shown 

in the inset of Figure 6. The intensity of these low emission bands relative to that of the 

exciton emissions vary from sample to sample depending on the crystal quality. These 

two additional bands result from radiative recombination from impurity levels within the 

GaN band-gap. 

The free exciton state of GaN can be described by the W annier-Mott 

approximation, where the electrons and holes are treated as nearly independently 

interacting through their Coulomb fields. The Coulomb interaction reduces the total 

energy of the bound state relative to that of the unrelated free carrier states by an amount 

corresponding to the exciton binding energy Eb. Free excitons exist in a series of excited 

states similar to the excited states of a hydrogen-like atomic system. Optical transitions 

can occur from discrete states below the band-gap E g at the exciton energies: 

Eb E=Eg--2 • 
n 

(1-1) 

Bound exciton states involve both an exciton and an impurity. Excitons can be 

bound to neutral or ionized donors and acceptors. The energy of the photon produced 

through the annihilation of an exciton is: 

(1-2) 

where Enx is the exciton localization energy. In the Haynes approximation Enx I:::! O.lE;, 

where E; is the impurity binding energy. 
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Figure 6 shows that in GaN the bound exciton dominates the luminescence 

spectrum. at low temperatures. Since as-grown GaN is always n-type, bound excitons are 

expected to be bound to neutral donors. However, their intensity decreases with 

increasing temperature due to thermal dissociation and becomes unresolvable for 

temperatures exceeding 100 K. Free excitons were found to dominate the 

photoluminescence spectra at temperatures exceeding 40 K. At temperatures exceeding 

200 K, excitons broaden and eventually band to band recombination of free carriers 

dominates the photoluminescence spectra. 

By changing the composition of In and Al in InGaN and AlGaN alloys, it is 

possible to tailor the band-gap anywhere between 1.9 and 6.2 eV. The photoluminescence 

spectra of (Al, In) GaN alloys usually exhibit broad features and an abnormal temperature 

behavior of the emission peak position, possibly due to fluctuations in alloy composition. 
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Figure 6. Near-band-edge exciton luminescence spectra as a function of 
temperature taken from a 7.2-µm-thick GaN epilayer. The inset shows 
the spectrum of the same film over a wider range of photon energies 
taken at 10 K. From Ref. [39]. 
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Strain Considerations 

Due to the lattice mismatch and difference in thermal expansion coefficients 

between GaN epilayers and substrates, one has to take into account the effects of residual 

strain when considering the excitonic energy transitions. Some degree of strain relaxation 

occurs through the formation of a large density of dislocations, however the residual 

strain has a relatively strong influence on the optical properties of the sample. It is 

difficult to separate the effects of strain caused by lattice parameter mismatch from those 

involving thermal-expansion mismatch to exactly determine their influence on the optical 

properties of GaN epilayers. We note, however, that the overall effect of residual strain 

generated in GaN on sapphire is compressive, which results in an increased band-gap, 

while the stress induced in GaN on SiC is tensile, which leads to a decrease in the 

measured exciton transition energies. The energy positions of the exciton resonances 

associated with A-, B-, and C-exciton transitions are also sample dependent. 

The effects of strain become obvious when the lattice parameters of GaN are 

compared to those of virtually strain-free bulk GaN. In general, the introduction of strain 

changes the lattice parameters and generates variations in the electronic band structure. 

Figure 7 shows an example of the fit of experimentally observed exciton transition 

energies versus the A-exciton transition energy, which gives an estimate of the 

coefficients of crystal-field splitting for the 19 and 17 orbital states and describes the 

spin-orbit coupling (see Figure 5).40 The numerical values of these band-structure 

parameters can be used to make estimates of the deformation potentials of GaN. 

At this time, however, there is no quantitative agreement between different 

research groups on what the precise values of hydrostatic deformation potentials are, 

which prompts further research in this field. 
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Absorption 

In high quality GaN epilayers, low temperature absorption spectra are usually 

dominated by sharp excitonic resonances, as shown in Figure 8. Since the concentration 

of impurities in these samples is relatively small, bound excitons are not expected to 

contribute significantly to band-edge absorption. At 10 K, we can clearly observe three 

different absorption features associated with A-, B-, and C-excitons. From theory, the C

exciton transition is only allowed for EJ Jc, thus its intensity is significantly reduced in the 

transmission configuration (where E_l_c). However, if the pumping configuration is 

modified, an increase in the C-exciton absorption is expected.41 

Figure 8 also shows changes in absorption over the temperature range of 10 K to 

450 K. An excitonic resonance is clearly observed in the 300 K absorption data. In fact, 

excitonic resonances were observed at least a hundred degrees above room temperature. 

The absorption spectrum at each temperature was fit to a double-Lorentzian functional 

form. The energy position of the A-exciton was found to be well approximated by the 

V arshni equation: 

E(T)= E(O)- a T2 
, 

/J+T 

with a= 11.8 x 10-4 eV/K and f3 = 1414 K. 

(1-3) 

Similar ·experiments were performed on InGaN and AlGaN epilayers. The InGaN 

epilayers usually exhibit a very wide absorption edge (several hundred meV) and have no 

excitonic features in absorption. Excitons have been observed in AlGaN epilayers at low 

temperatures, as shown in Figure 9. The excitonic feature disappears for temperatures 

above 150 K. The difficulties in observing excitons in InGaN and AlGaN epilayers could 

be related to material quality. We further note that the abnormal temperature behavior of 

the band-gap in these alloys cannot be adequately fit by the V arshni equation. 
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Figure 8. Absorption spectra of a 0.38-µm-thick GaN epilayer in the vicinity of 
the fundamental band-gap. At 10 K excitonic features associated with 
the A-, B-, and C- excitons are observed. Adapted from Ref. [39]. 
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Reflection and Photoreflectance 

Recent results obtained from reflectance and photoreflectance measurements have 

clearly demonstrated the signatures of transitions related to the A-, B-, and C-excitons, as 

well as the fundamental band-to-band (r9v -r;) transition.39 The unambiguous 

observation of these transitions allows a precise determination of their energy positions 

and the binding energy of excitons (using the hydrogenic model described by Eq. 1-1). 

Figure 10 shows reflection and photoreflectance spectra from a GaN/sapphire sample at 

10 K. As can be seen in the figure, photoreflectance is capable of detecting weak signals 

and contains more spectral features than the reflectance spectrum. This makes it easy to 

positively identify the nature of the transition. 

Such identifications permit a direct estimate of the binding energy for the A- and 

B-excitons from the separation between the n = 1 and n = 2 states for excitons, assuming 

that the hydrogenic model based on the effective mass approximation is applicable. A 

binding energy of Ex = 21 meV for the A- and B-excitons was obtained.43 GaN samples 

grown on SiC exhibit stronger C-exciton resonances compared to those grown on 

sapphire in photoreflectance spectra (see Figure 11) and were used to obtain the binding 

energy of the C-exciton. The best theoretical fit of the experimental data yielded a value 

for the binding energy of the C-exciton to be 23 meV. 

Even though strong resonances associated with the formation of excitons could 

often be observed near the band-edge of GaN by various spectroscopic methods, we 

found that the photoreflectance technique is the most reliable in determining exciton 

binding energies. 
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Figure 10. Comparison of conventional reflectance (top) and photoreflectance 
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Figure 11. Photoreflectance spectrum of a GaN epilayer grown on SiC. The 
sample exhibits strong transition signals associated with the 
C-exciton. From Ref. [39]. 
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Pump-Probe Experiments on GaN and InGaN Thin Films 

Nanosecond nondegenerate optical pump-probe absorption experiments on GaN 

and InGaN epilayers have been performed in transmission geometry. The details of the 

experimental setup and pumping configurations are given in Appendix C. 

Figure 12 shows 10 K absorption spectra near the fundamental absorption edge of 

a 0.38-µm-thick GaN sample at different pump power densities Iexc. At low temperature, 

strong, well resolved features are observed in the absorption spectrum for Iexc = 0, 

corresponding to the A- and B- free exciton transitions. The unpumped absorption 

spectrum agrees very well with cw absorption values for the same sample (see Figure 8). 

As Iexc is increased, the exciton resonances decrease and saturate due to screening by 

free carriers. At pump power densities of Iexc ~ 3 MW/cm2 they are no longer observable 

in the absorption spectra. The measured induced transparency and induced absorption 

were found to exceed 4x104 cm-1. The below-gap induced absorption was found to reach 

a maximum several nanoseconds after the pump pulse, slowly returning to zero over 

approximately the next 100 ns.44 Similar results were obtained from room temperature 

experiments. We note that the amount of lattice heating generated by the nanosecond 

pump beam is significantly less than that required to account for the observed band-gap 

shift.45 We believe the discrepancy lies in the inferior crystalline quality of the GaN 

epitaxial film, where the multitude of crystalline defects and deep levels contribute to the 

observed below-gap induced absorption.46,68 

Figure 13 shows the results of nanosecond nondegenerate optical pump-probe 

experiments performed on a 0.1-µm-thick lno.1sGao.s2N layer. The absorption edge of the 

layer is considerably broader than that of the GaN film due to the inhomogeneous 

incorporation of indium. With increasing Iexc, absorption bleaching of the tail states is 

clearly observed. This bleaching covers the entire spectral range of the absorption tail. 

We note that, contrary to GaN epilayers, no induced absorption was observed in the 
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below-gap region of the InGaN layers. Instead, clear features attributed to net optical gain 

were observed in the below-gap region of the bleaching spectra.47'48 The results suggest 

that the high stimulated emission threshold of GaN relative to InGaN originates from 

induced absorption in the below-gap region of GaN with increasing carrier concentration, 

an effect absent in InGaN. 
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Figure 12. Nanosecond nondegenerate optical pump-probe absorption spectra of 
a 0.38-µm-thick GaN thin film at 10 K. The A- and B- exciton 
transitions are clearly seen in the unpumped spectrum. With increasing 
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Ultrafast Carrier Dynamics 

Femtosecond pump-probe measurements were performed on GaN epilayers to 

study carrier dynamics in the band-edge region. The experimental setup is similar to the 

one described in Appendix C. Figure 14 shows absorption spectra for a 0.38-µm-thick 

epilayer of GaN grown on sapphire at 10 K as a function of pump fluence. Excitonic 

absorption was found to begin saturating at a pump fluence of 20 µJ/cm2, which 

corresponds to an estimated carrier density of 1x1018 cm-3. 

We can deduce additional information if we introduce an optical delay between 

the pump and probe beams. Figure 15 shows absorption spectra as a function of time 

delay for a pump fluence of 750 µJ/cm2• At zero delay between pump and probe, induced 

absorption is observed below the unpumped band-gap due to ultrafast band-gap 

renormalization. After 375 fs, a large induced transparency at around 356.5 nm is 

observed just below the excitonic resonance which is due to a transient electron-hole 

plasma. After 1 ps, the. absorption has partially recovered to a level associated with 

excitonic phase-space filling. The absorption then recovers with a characteristic time of 

-20 ps, a value which increases with increasing excitation density. 

Figure 16 shows absorption as a function of time delay for the three wavelengths 

denoted with arrows in Figure 15. We note that the induced absorption below the band

gap at zero delay is followed by a,n induced transparency which reaches a maximum 

value at 400 fs. Understanding ultrafast phenomena in GaN is important not only from a 

theoretical standpoint but also for fast optical switch applications. 
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CHAPTER III 

GAIN MECHANISMS IN SEMICONDUCTORS 

In the past three decades, semiconductor laser technology has advanced 

considerably. The structure of modem lasers has become more complex with the advent 

of surface-emitting semiconductor lasers, strained layer quantum-well lasers, high-power 

laser arrays, and many more. Nowadays, we have a variety of semiconductor lasers 

covering a wide wavelength· range from hundreds of nanometers to several microns. 

However, all laser devices require the presence of an optical medium which provides 

gain. In order to make progress towards the production of these devices, a thorough 

understanding of gain mechanisms and gain spectra is required. In this chapter we review 

optical gain mechanisms in semiconductors including exciton-phonon, exciton-exciton, 

exciton-electron, exciton-hole, and electron-hole plasma, all of which are pertinent to the 

group-III nitrides. A brief theoretical description and supporting experimental data are 

also given. 

Introduction to Gain Mechanisms in Semiconductors 

We will begin with the introduction of basic recombination mechanisms as well 

as definitions of gain in semiconductors. We should mention, though, that many 

characteristics of semiconductor lasers are related to both positive gain and negative gain 

(optical absorption loss). 
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In order to characterize the optical properties of semiconductor materials one 

usually considers four basic electronic mechanisms: 

• spontaneous recombination (photon emission) 

• stimulated generation (photon absorption) 

• stimulated recombination ( coherent photon emission) 

• nonradiative recombination 

Optical gain is directly related to stimulated recombination. When a photon 

perturbs the system and stimulates the recombination of an electron and hole, a new 

photon is created which is in phase with the stimulating photon. This is the positive gain 

mechanism that is absolutely necessary for lasers to operate. 

The optical gain g( OJ) can be defined by any one of three equivalent equations, 

each of which determines the rate of stimulated recombination or stimulated emission:51 

• Spectral density equation: 

!!_(dN) = !_ g(OJ) dN' 
dt dOJ 17r dOJ 

(3-1) 

C dN 
is the group velocity of light in a semiconductor and is the spectral 

~ ~ 
where 

density of photons per unit volume with frequency OJ ( ~: = ~ , where W0 is the unit 

volume in 6-D phase space). 

• Volume density equation: 

dN C 
-=-g(OJ)N, 
dt lJr 

(3-2) 

where N = ( ~: )110JL1 If/ is the volume density of photons lying in the solid angle L1 If/ 

and I = !_ N is the flux of photons with frequencies in the range OJ to OJ + L10J in the 
17, 

solid angle L1 If/. 

• Path amplification equation: 

dl 
- = g(OJ)I, 
dZ 
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where Z is a coordinate in the direction of photon flux propagation and I is the flux 

intensity. 

In order to calculate gain one has to assume a certain model for a semiconductor. 

However, there are no direct experiments to measure the band structure, density of states 

function, matrix elements, or other characteristics. Therefore, one has to derive a formula 

for g( (j)) by making some assumptions about the characteristics mentioned above and 

then compare them with experimental curves for g((j)) in order to reach conclusions 

about the validity of the hypothesis. 

One of the most important parameters directly related to gam is the lasing 

threshold. As the injected carrier density or optical pumping increases, so does the optical 

gain. However, the steady-state gain in a laser operating above threshold must be equal to 

its threshold value. If the gain were higher than the threshold value g,h, then the field 

amplitude would continue to increase without any limit, which is impossible in the steady 

state. Once the pumping intensity reaches its threshold value the gain does not change: 

(3-4) 

There are many gain mechanisms, both free-carrier and excitonic, which might 

cause lasing in semiconductors. The pumping of a semiconductor sample can be done by 

intense incoherent or coherent light from a pulsed or cw lamp or laser. Alternatively, we 

can electrically inject carriers. In any event, let us assume that the properties of atoms 

permit selective excitation only from a lower level into certain selected upper levels. We 

are not interested in the nature of the pumping and, in fact, it does not influence the 

stimulated recombination parameters as long as we assume quasi-equilibrium conditions. 

What is important is the nature of the inversion created in the semiconductor which 

results in different gain mechanisms. 

The four major gain mechanisms for strongly excited direct band-gap 

semiconductors can be classified as follows: 52,53 

• exciton-phonon recombination 

• exciton-exciton recombination 

• exciton-electron (hole) recombination 

• electron•hole plasma recombination. 
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Figure 17 gives a schematic representation of these different gain mechanisms. In 

exciton-electron recombination the exciton loses energy and momentum to a free electron 

and recombines at or near k = 0 . A similar process happens in exciton-hole 

recombination, however in this case the exciton interacts with a hole. Exciton-exciton 

recombination occurs when two excitons in the n = 1 hydrogen-like energy level scatter, 

promoting one exciton to the n = 2 level while the other exciton recombines at an energy 

lower than the n = 1 level by the energy difference between n = 1 and n = 2 . Sometimes 

an exciton loses energy and momentum to a longitudinal optical (LO) phonon and again 

recombines at or near k = 0. In this case we are dealing with exciton-LO-phonon 

recombination. Finally, we can have stimulated emission from an ionized electron-hole 

plasma (not pictured), where the gain is due to the recombination of free carriers. 

An interesting observation is that some semiconductors have different gam 

mechanisms at different temperatures or even different excitation powers. For example, 

Benoit a la Guillaume et al. 54 showed that at least three different mechanisms can lead to 

lasing in CdS. The first, which corresponds to low gain, is due to the annihilation of a 

free exciton with the emission of a photon and an LO-phonon. The second, yielding 

medium gain, is due to exciton-exciton interaction. The third, which results in high gain, 

involves exciton-electron interaction. 

To distinguish and classify these different gain mechanisms, scientists consider 

various factors such as the energy position of stimulated emission peaks, the shape of the 

peaks, the thresholds of stimulated emission at different temperatures, and the excitonic 

structure of the materials. The following sections treat the four major optical gain 

mechanisms in semiconductor materials in more detail. Several recombination 

mechanisms will not be considered in this chapter, since they have not been observed in 

the group-III nitrides. These are the radiative decay of excitonic molecules,53 electron

hole scattering,55 and Bose-condensation of exciton molecules.56 We will also limit our 

discussion to systems which can be considered to be time-independent. In the case of 

pulsed laser excitation, we assume that the length of the pulse is much longer than the 

typical carrier recombination time, i.e. the system is always in quasi-equilibrium. 
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Figure 17. Schematic drawing of the various gain mechanisms in a 
semiconductor such as exciton-exciton, exciton-hole, exciton
electron, and exciton-phonon recombination. 
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Exciton-LO-Phonon Recombination 

In 1962, Thomas and Hopfield57 reported that in II-VI compounds, the 

recombination of electrons and holes via excitonic states is more favorable than the 

band-to-band transitions which happen in pure III-V compounds. Since the system of an 

exciton coupled to a photon is equivalent to two coupled oscillators, direct exciton 

recombination cannot be used to establish lasing. It is necessary to have a third field to 

obtain positive gain in II-VI compounds. At low temperatures one can observe a process 

in which a polariton (a hybrid state of an exciton and a photon) is scattered from the 

exciton-like part to the photon-like part of the dispersion curve by the emission of a 

longitudinal optical (LO) phonon as shown in Figure 18. This process is called 

exciton-LO-phonon recombination and has been observed to lead to gain in CdS, CdSe, 

and ZnO, especially when large crystal volumes were pumped homogeneously by two

photon excitation. Under these conditions, exciton-LO-phonon recombination dominated 

the luminescence spectra up to the highest excitation powers. 

Haug58 developed a theory for the A1-LO (A1 denotes the free A-exciton line) 

recombination channel. He showed that the threshold for the A1-LO transition increases 

very strongly with temperature mainly because of the increase in the number of thermal 

phonons, which enable the absorption process. It is possible that in a given crystal, lasing 

from the A1-LO line will compete with lasing from bound exciton recombination at low 

temperature and free exciton recombination at high temperature. 

To calculate the laser parameters for the A1-LO recombination process, Haug 

used two major assumptions: 

• the intraband scattering processes of the excitons which contribute to a 

thermal equilibrium distribution are so fast that the excitons are always in a 

thermal equilibrium, i.e. we have the case of full dynamical homogenization 

• the lifetime of the optical phonons is so short that their population is always 

equal to the thermal value 
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Both assumptions are reasonable as long as we do not pump the sample far above 

threshold, where one needs to take into account the finite relaxation times for both 

processes. 

Numerical analysis determines the frequency .Llmax for which the gain function 

has its maximum value from the following equation: 

dG(.Llmax) = O . 
d.Llmax 

(3-5) 

Figure 19 shows the maximum gain frequency .Llmax vs. temperature. 

The threshold pump rate P,h was calculated to be equal to: 

2k - BLl312 na,1h 
p max 0 

th - 3/2 ' 

A( Llt; ) exp(- Lli;~) 
(3-6) 

where n;,ih is the thermal number of quanta and A and B are fitting parameters (for CdS 

it was estimated that A= 1.7 x 10-7 and B = 1.55 x 1035 erg-312sec-1). Figure 20 gives a plot 

of the threshold pump rate vs. temperature in CdS according to Eq. 3-6. 

Note that the threshold rises very fast in the high-temperature region. One can 

therefore expect that at high temperatures other recombination mechanisms will have a 

lower threshold than the LO-phonon-assisted transition. 

On the basis of the work described in Ref. [59] it is possible to conclude that even 

materials showing laser emission from bound excitons at low temperatures can show 

laser emission from the LO-phonon-assisted decay of free excitons at higher temperatures 

where a larger fraction of the bound excitons are thermally ionized. 

At low temperatures, a positive gain is. possible because the number of LO

phonons present is very small. All that is necessary for the buildup of laser oscillation is 

to achieve sufficient gain to overcome the bulk and end losses of the cavity. 

Packard et al. 59 calculated that to overcome losses of 100 cm-1, a carrier density of about 

1018 cm-3 is required at 77 K. These values are readily achievable with either optical or 

electrical pumping. 

Figure 21 ·shows the stimulated emission spectrum from a high-purity CdS crystal 

at 77 K excited by a pulsed electron beam. Laser emission occurs at the center of the 
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dominant peak in the spectrum for this crystal. By comparison with the luminescence 

data of Gross et al.60 it is reasonable to suggest that the origin of this peak is the decay of 

a free exciton accompanied by the emission of a photon and an LO-phonon. 

It should be pointed out that the dispersion of optical phonons will not affect the 

width of the luminescence line due to one-phonon processes: this width will be 

determined mainly by the exciton kinetic energy. The resonance line of exciton 

luminescence should be narrow, since only excitons having a zero wave vector and hence 

zero kinetic energy radiate within it. 

The spectral intensity distribution in a one-phonon exciton-luminescence line can 

be found from the following consideration. The intensity 1111=1 (k) of radiation from 

excitons having the wave vector k with the emission of a phonon is proportional to the 

number of excitons having this wave vector, dN(k )/ N, and the probability W1 (k) of 

interaction of an exciton with a phonon having the wavevector k : 

1 _ (k) oc dN(k) W, (k) oc K2 exp(- Ekin )dK W, (k). 
111-1 N I kT I 

(3-7) 

Since the contribution of phonons to the line width is small, the line shape for a 

one-phonon process may be found by calculating the intensity 1111=1 (E) of radiation from 

excitons with a given kinetic energy E. From the dispersion relation Ekin = Pt 2k 2 /2m, 

one can derive from Eq. 3-7 an expression for the shape of the emission line from a one

phonon process: 

where <p(E) is the factor by which the shape of the one-phonon line differs from a 

Maxwellian lineshape. The similarity in the asymmetry of the spontaneous emission 

shown in Figure 21 to that described by Eq. 3-8 lends additional support to the fact that 

we observe the phonon-assisted decay of free excitons. 

In GaN the LO-phonon energy has been estimated to be approximately 92 meV. 

Even though many orders of LO-phonon resonances (phonon replicas) have been 

observed below the band-gap in photoluminescence experiments and above the band-gap 

in photoluminescence excitation experiments, we found that in high-quality GaN 
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epilayers the exciton-LO-phonon recombination does not dominate the gain spectrum at 

any temperature. However, in some samples with inferior crystalline quality (particular 

those with polycrystalline morphology) the stimulated emission peak tends to originate at 

the same energy position as the exciton-LO-phonon resonance. 
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Figure 18. Recombination of an exciton by emission of an LO-phonon. 
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Figure 21. Lasing spectrum of CdS at 77 K occurring at a wavelength appropriate 
for the decay of a free exciton with the simultaneous emission of one 
LO-phonon. From Ref. [59]. 
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Exciton-Exciton Recombination 

In the group-III nitrides, the exciton binding energy is relatively large (see 

page 26). This results in the exciton being stable not only at increased temperatures but 

also under high optical excitation conditions. Excitons in GaN epilayers represent a 

strong type of Coulomb interaction that introduces new remarkable features into the gain 

profile spectra. 

Figure 22 shows a low temperature spectrum of highly excited GaN with different 

excitonic lines, taken from Ref. [ 61]. The emission lines were interpreted as an inelastic 

interaction between two excitons. 

To explain the appearance of the excitonic-scattering emission lines (also called 

P -lines), Klingshim62 suggested the following process: during the exciton-exciton 

collision one of the excitons scatters into an excited excitonic state, while the other one 

scatters into a photon-like state as shown in Figure 23. 

According to Levy and Grun53 this process has the following energy balance: 

(3-9) 

where h v is the energy of the emitted photon and E;,h is the kinetic energy of the 

unbound electron-hole pair created during the collision (here P00 is considered; the 

P2 -line follows by analogy). We neglect the excitonic kinetic energy. At low excitation 

intensities one can consider the bands to be empty. The unbound pairs created during the 

process have a very small kinetic energy Eth ~ 0. However, as the excitation density 

increases, the bottoms of the bands become filled. Thus the unbound pairs created in the 

process of exciton-exciton collision must have higher energies, and the kinetic energy 

E;,h can no longer be neglected: 

h/), V = -E;,h. (3-10) 
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Assuming that we have elliptical bands with only one extremum each, the band

filling effect gives a line shift equal to: 

(3-11) 

where m; and m; are the electron and hole effective masses, and n is the number of free 

carriers per unit volume. The experimental data for CdS at 4.2 K and the fit to Eq. 3-11 

are shown in Figure 24. 

To calculate the exciton-exciton gam, Haug and Koch63 made the following 

assumptions: 

o the intraband scattering rates are very fast processes, so the excitons are 

always in a thermal equilibrium distribution within their bands 

• the exciton systems are nondegenerate, so we can use a Boltzmann 

distribution for all electronic excitations 

Calculated gain spectra of the exciton-exciton scattering in CdS for different 

temperatures are shown in Figure 25. The curves are obtained by a numerical integration 

of momentum. The exciton-exciton process gives rise to a rather symmetric gain 

spectrum with a flat transition from gain to absorption. With increasing temperature the 

maximum of the gain shifts to lower energies. 

Besides CdS, exciton-exciton scattering has also been observed in ZnSe, CdSe, and 

ZnO. Later in Chapter V we will show that exciton-exciton collisions result in strong gain 

in GaN epilayers at temperatures below 150 Kand in GaN/AlGaN separate confinement 

heterostructures up to room temperature. 
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Figure 23. Dispersion curves of the excitonic polariton, showing the exciton
exciton interaction. Adapted from Ref. [62]. 

53 



70 CdS 
4.2 K 8 

60 

50 6 ....-.. 
....-.. > 
~ 40 Q) 

E E 
(.) ...._.. ...._.. 

4 w > 30 
<j <j 

20 
2 

10 

0 
0.1 0.5 1 1.5 0 

UV intensity (1025 photons cm-2s-1) 

Figure 24. Shift of the P emission line versus the intensity of UV photons at 
4.2 Kin CdS. From Ref. [53]. 

54 



CdS 
ex-ex (P2) 

T=10 K 

T=20 K 

. T=30 K 

T=40 K 

T=50 K 

T=60 K 

gain spectrum 
at threshold 

Figure 25. Calculated gain spectra of the exciton-exciton scattering in CdS for 
different temperatures, including the transition to the n = 2 exciton 
states only ( P2 -emission). From Ref. [63]. 
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Exciton-Electron and Exciton-Hole Collisions 

As temperature and excitation intensity increase, stimulated emission occurs due to a 

process which is somewhat similar to exciton-exciton recombination, but with one 

significant difference: the exciton interacts with an available electron or hole scattering 

the carrier to higher energy states, as shown in Figure 26. Usually the effective mass of 

the electron is considerably smaller than that of the hole (the valence band is flatter), 

therefore the thermal population of the final states is smaller for an electron than for a 

hole. 64 This is the reason why the exciton-electron recombination process in pure 

semiconductors is more important than the exciton-hole process. However, when we have 

a p-doped material, there is a possibility that exciton-hole recombination may play a 

dominant role. Almost everything derived for exciton-electron collisions holds true for 

exciton-hole collisions with the simple substitution of the hole effective mass for the 

electron effective mass. 

The energy balance equation is given by the following: 53 

;_ f Ex +Ee -hv+Ee, (3-12) 

where Ex is the exciton binding energy, E; and E[ are the energies of the electron 

before and after the collision, and hv is the energy of the emitted photon. Eq. 3-12 can 

also be written in the following form: 

h2 K2 h2 k2 h2 k2 
E -E +--+E +--' =hv+E +-_L_. 

g x 2M g 2 * g 2 " 
X me me 

(3-13) 

Usually, the effective mass of the electron is much smaller than the effective mass of 

the hole ( m; « m;, ). Thus, we can neglect the electron mass compared to the exciton mass 

M x • In addition, the exciton momentum K is much larger than the electron momentum 

k;. Therefore, we can simplify Eq. 3-13 as follows: 

h 2 M K 2 
hv=E -E ___ x_ 

g x 2 * M . me X 

(3-14) 
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The intensity of the emission line is proportional to the product of the density of 

exciton states and the thermal distribution of excitons: 

I(h v) oc £ 112 exp(-_!!_], 
kBT 

(3-15) 

where E is the exciton kinetic energy. The maximum value of I(h v) occurs when 

E = ]_kBT. Substitution of this into Eq. 3-14 yields the emission band peak position: 
2 

(3-16) 

We expect to have a linear temperature shift for the exciton-electron emission band. 

Indeed, this shift was observed by Bille et al.65 for an emission line in CdS. 

To calculate the exciton-electron and exciton-hole gain, H. Haug and S. Koch63 made 

some assumptions which are almost the same as for the case of exciton-exciton 

recombination: 

• the intraband scattering rates are very fast, so the electrons and holes 

are always in a thermal equilibrium distribution within their bands 

• the electron and hole systems are nondegenerate, so we can use a 

Boltzmann distribution for all electronic excitations 

Using these assumptions the authors performed a numeric evaluation of the 

momentum integrals and obtained the gain curves shown in Figure 27. The exciton

electron gain spectra have a characteristic asymmetry due to the steep transition from 

gain to absorption on the high energy side. With increasing temperature the maximum 

value ofthe gain shifts to lower energies faster than the band-edge. 

The shape of the gain curve and the position of its maximum depend explicitly on the 

density of excitons nex. Benoit a la Guillaume et al.54 showed that the variation of the 

gain amplitude is large and proportional to the electron density ne,. Their theoretical 

calculation of optical gain is shown in Figure 28. The gain curves A' and B' correspond 

to the spontaneous emission curves A and B . The maximum of the gain curve moves 

rapidly towards lower energy as T increases and also as nex decreases. This shift can 

reach values as high as 100 me V in CdS at exciton and electron temperatures below 
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77 K. Dynamic gain effects correspond to a small variation of the slope of the low-energy 

tail during the pulse and to a large shift of the maximum of the gain curve. 

Thus, it is likely that exciton-electron (hole) interaction plays a significant role in the 

group-III nitrides at moderate excitation densities. This type of interaction can be best 

observed under short pulse excitation conditions. The temporal dynamics of gain in GaN 

is currently being investigated on both femtosecond and picosecond scales. 
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Figure 26. Recombination of excitons through (a) exciton-electron and 
(b) exciton-hole collisions. 
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Stimulated Emission From an Electron-Hole Plasma 

As the density of electrical or optical excitation is increased, the density of electron

hole pairs becomes so high that bound states such as excitons are no longer stable and 

quickly dissociate. The dissociation of excitons is due to the screening of the attractive 

Coulombic force between the electrons and holes due to the presence of a high density of 

free carriers. The electron-hole pairs can then form a collective state, described as an 

electron-hole plasma. Transition from excitons to an electron-hole plasma is often called 

the Mott transition. 

A rough estimate of the density at which the Mott transition occurs can be given by 

the following argument. If the screening length becomes comparable to the Bohr radius 

of the exciton, any state bound by Coulombic force can no longer exist. Mathematically it 

can be written as: 

(3-17) 

where a 0 is the exciton Bohr radius in the ground state, kv is the inverse Debye-Hiickel 

screening length, knTp is the thermal plasma energy, and n is the density of free carriers. 

From Eq. 3-17 we can estimate the density of free carriers at which the Mott transition 

occurs: 

(3-18) 

An electron-hole plasma creates an inversion of filled conduction-band states with 

respect to empty valence-band states resulting in large optical gain in a direct-gap 

semiconductor. When an electron-hole plasma is present, luminescence studies become 

unreliable because the resultant amplification of the luminescence can cause considerable 

distortion of the recombination spectra. To establish the distribution of excited states in 

the crystal one should examine the gain spectra. 
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The gam linewidth is equal to the sum of the carrier Fermi energies. At higher 

temperatures, thermal excitation of the Fermi system modifies the distribution of carriers 

which results in a shift of the high-energy edge of the gain spectrum to lower energy. 

However, the gain linewidth still represents the sum of the carrier Fermi energies.66 

The chemical potential at any temperature is given by: 

(3-19) 

where E; and E; are the carrier Fermi energies. 

The presence of large number of free carrier tends to screen the crystal potential and 

reduce the band-gap. Optical gain is present at energies between the reduced band-gap 

E~ and the chemical potential: 

E, h E' E" E" g< V< g+ F+ F· (3-20) 

The mechanism of optical gain formation is graphically shown in Figure 29. We note 

that, for energies above the chemical potential, band-to-band absorption is expected: 

(3-21) 

Hildebrand et al.67 determined the Fermi energies for the electrons ( E;) and holes 

( E;) from the following formula: 

n = = md kT /"e,h EF [ 
e,h J3/2 [ e,h J 

p 21et? 1112 kT ' 
(3-22) 

where J;~';1 (E;'" /kT) is given by: 

+e "(E'j;" J 2 rof --Jxdx 
11h kT = ..j; o ( E;,'' J 

exp x-~- +1 
kT 

(3-23) 

Using Eq. 3-20 together with Eq. 3-22 and Eq. 3-23 one can extract the gam 

bandwidth. 

Only a combination of different techniques - luminescence, gain measurements, 

transmission, and excitation spectroscopy - allows an accurate determination of the 

optical properties of the electron-hole plasma. 

The electron-hole plasma gain mechanism has been extensively studied in GaAs and 

InP. Gain spectra of GaAs for different pump intensities at 2 Kare shown in Figure 30. 
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Note that the position of the gain maximum in GaAs (1.511 eV) is nearly independent of 

the pump level. This is the case only if the density and the temperature stay constant 

when the pump intensity is changed. 67 There could be a balance between the effects of 

increasing density and a corresponding increase in temperature. 

The critical pump level for the creation of an electron-hole plasma varies greatly in 

different material structures. An electron-hole plasma usually results in large values of 

gain (150-200 cm-1 in InP, 500-600 cm-1 in GaAs). We found that an electron-hole 

plasma is the dominant gain mechanism in GaN epilayers at temperatures above 150 K 

(see Chapter V) and can result in gain values as large as 500 cm-1 (see page 149). 

There are many ways to extract gain spectra from a semiconductor. The 

appendices give details on the experimental techniques used to determine optical gain. 

Appendix A describes the variable stripe method, which is one of the most commonly 

used techniques. The procedure used to extract the gain values from spontaneous 

emission spectra is given in Appendix B. Finally, the pump-probe technique is described 

in Appendix C. 
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CHAPTER IV 

OPTICAL PROPERTIES OF GaN-BASED LASING 

MEDIUMS AT HIGH TEMPERATURES 

New industrial and military applications reqmre semiconductor devices that 

operate at high temperatures. Examples include the in situ monitoring of internal 

combustion engines for the automobile industry, electronics for ultrahigh-speed aircraft 

capable of withstanding large temperature variations, and electrical components for high 

power electronic devices. It is likely that a myriad of potential applications have not even 

been thought of due to the unavailability of sturdy semiconductor-based optoelectronic 

systems. GaN-based structures are believed to have the prospect of drastically advancing 

many current technologies by cutting costs and improving the performance of systems for 

wide-temperature applications. This chapter describes the contributions of our research 

group to the optical studies of GaN-based lasing mediums at high temperatures. 

High-Temperature Stimulated Emission and Damage Mechanisms in GaN Epilayers 

Many cryostat systems designed for use in studying the optical properties of 

semiconductors from room temperature down to below 10 K are commercially available, 

but at the time this manuscript was written there were only a few examples of systems 

which allow high temperature operation. In order to perform optical experiments at 

highly elevated temperatures, we designed, built, and tested a cryostat for use at 

temperatures up to at least 600°C. 
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The high-temperature cryostat system was designed in such a way that heat 

leakage from the sample was significantly reduced. To achieve this, several steps were 

taken: (i) the whole system was kept under a vacuum to minimize convective heat losses 

(this provides the additional advantage of both the metal and the sample being protected 

from corrosive oxidation at very high temperatures); (ii) the hot finger was thermally 

isolated from the rest of the cryostat by ceramic studs to prohibit conductive heat transfer; 

and (iii) a radiation shield around the hot finger minimized radiation losses. To heat the 

samples, we used a high power cartridge-style heater embedded in a hot finger. This can 

be seen in Figure 31, which gives side views of the heater assembly. The cryostat 

comprises the vacuum chamber, windows, cartridge heater, thermocouple, hot finger, and 

sample mount. The control system is composed of a temperature controller, power 

connections, and a solenoid valve for the purge. The cryostat and control system have 

quick disconnects for the thermocouple wire, the heater cable, and the gas purge lines, 

which run between the two units. All the components of the control system are mounted 

in an encasement complete with protective fuses, on/off switches, etc. The flexibility of 

the system is expected to greatly aid in other experiments that might become envisioned 

in the future. 

This high-temperature cryostat system was used to study stimulated emission in 

GaN at elevated temperatures. We note that stimulated emission and laser action in GaN 

and related heterostructures at temperatures up to 300 K have been extensively studied in 

the literature (see Ref. [39], for example). Many scientists realized that the high 

efficiency of GaN-based LEDs has not been compromised in spite of an extremely high 

density of structural defects.68 At the same time, GaN films were shown to possess a low 

temperature sensitivity of the lasing threshold near room temperature.69 This suggested 

further research was needed to explore the optical properties and suitability of GaN-based 

structures for high temperature optoelectronic devices as well as to study the effects of 

sample quality on the performance of these devices. Some preliminary above room 

temperature stimulated emission experiments on GaN epilayers grown on sapphire and 

SiC69,70 as well as a theoretical prediction of the temperature sensitivity71 have been 

published, but, to our knowledge, there have been no reported studies on stimulated 

emission or lasing in GaN beyond 450 K. 
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Our group was first to achieve stimulated emission in high quality thin GaN films 

grown on sapphire and SiC substrates at temperatures as high as 700 K. The temperature 

dependence of the energy positions for spontaneous and stimulated emission peaks was 

established and empirical equations were given. The temperature sensitivity of the 

stimulated emission threshold was measured, from which a characteristic temperature 

was derived. We showed that GaN has an extremely low temperature sensitivity 

compared to other semiconductors. Based on the observed unique properties of 

stimulated emission in GaN thin films at high temperatures we suggested some possible 

device applications. 

The GaN samples used in this study were all nominally undoped epitaxial films 

grown on (0001) sapphire and 6H-SiC substrates by metalorganic chemical vapor 

deposition. Thin AlN buffers were deposited on the substrates at 775°C. The GaN layers 

were deposited at 1040°C on the AlN buffers. These conditions typically result in high 

quality single-crystal GaN layers.72•73 The thickness of the layers ranged from 0.8 to 

7.2 µm. Photoluminescence, absorption, reflection, and photoluminescence excitation 

spectra for these samples have been described previously (see Chapter II and Ref. [74]). 

In this study two different pumping configurations were applied. For high

temperature stimulated emission work the samples were mounted on a copper heat sink 

attached to the custom-built wide temperature range cryostat/heater system described 

previously. The third harmonic (355 nm) of an injection-seeded Nd:YAG laser with a 

pulse width of 6 ns and a repetition rate of 30 Hz was used as the pumping source. The 

laser beam was focused into a line on the sample surface using a cylindrical lens. The 

laser light intensity was continuously attenuated using a variable neutral density filter. 

The sample emission was collected from the sample edge, as shown in Figure 32(a). 

To study spontaneous emission we used a frequency doubled cw At laser 

(244 nm, 40 mW) as an excitation source. In order to avoid a spectral distortion of the 

spontaneous emission due to re-absorption, the laser beam was focused into an 

80-µm-diameter spot on the sample surface and the spontaneous emission was collected 

from a direction near normal to the sample surface, as depicted in Figure 32(b ). 

In the first configuration the signal from the sample was dispersed by a Spex 1-m 

spectrometer and recorded with a side-mounted optical multi-channel analyzer. In the 

69 



second configuration we used a double-grating Spex 1403 spectrometer with a side

mounted photomultiplier tube. 

Stimulated emission was observed at temperatures as high as 700 K for thin GaN 

films grown on SiC and sapphire substrates. The emission spectra at 700 K for different 

excitation powers near the stimulated emission threshold are shown in Figure 33 for the 

GaN sample grown on sapphire. At excitation powers below the stimulated emission 

threshold only broad reabsorbed spontaneous emission is present. As the pumping density 

increases and crosses the stimulated emission threshold, a significant spectral narrowing 

occurs and the peak intensity starts to increase superlinearly as shown in Figure 34, 

clearly indicating the onset of stimulated emission. The full width at half maximum of the 

stimulated emission peaks for both samples is only 5 nm at 700 K. We note that the 

maximum of the stimulated emission peak at 700 K is located at approximately 412 nm, 

which is in the same wavelength range as the lasing from InGaN/GaN multi-quantum 

wells at room temperature reported in Ref. [22]. The polarization ratio TE:TM for the 

stimulated emission peak was measured to be greater than 20: I. We estimated the 

stimulated emission threshold values at 700 K to be 6.4 and 5.6 MW/cm2 for GaN films 

grown on sapphire and SiC, respectively. 

The temperature dependence of the stimulated emission threshold for the two 

different samples is shown in Figure 35. GaN epilayers grown on sapphire (solid circles) 

and SiC (open triangles) exhibited similar stimulated emission threshold trends and 

roughly followed an exponential dependence. The stimulated emission threshold for the 

sample grown on SiC was measured to be 0.57 MW/cm2 at room temperature, 

1.7 MW/cm2 at 500 K, and 5.6 MW/cm2 at 700 K. The solid lines in Figure 35 represent 

the results of the best least-squares fit of the experimental data to the empirical equation 

for the temperature dependence of the stimulated emission threshold: 

(4-1) 

The characteristic temperature T0 was estimated to be 172 K and 173 K over the 

temperature range of 300 K to 700 K for the GaN epilayers grown on sapphire and SiC, 

respectively, indicating the very low temperature sensitivity of the stimulated emission 

threshold. These obtained values of characteristic temperature are considerably larger 
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than the near room temperature values reported for other material systems,75,76 where 

small values of T0 were found to be detrimental to above room temperature laser 

operation. Such a remarkably low temperature sensitivity of the stimulated emission 

threshold in GaN epilayers suggests GaN-based lasing mediums are well suited to high 

temperature applications. 8 

Figure 36 depicts the energy position of the spontaneous and stimulated emission 

peaks for a 7.2-µm-thick GaN film grown on sapphire (solid circles) and a 3.7-µm-thick 

GaN film on SiC (open triangles) versus temperature. We note that the energy position of 

the spontaneous emission peak was measured at very low excitation power in order to 

avoid any effects associated with band-gap renormalization and/or band filling. The 

position of the stimulated emission peak was measured at a pump density slightly above 

the stimulated emission threshold value at each temperature. For temperatures above 

300 K the energy positions of the stimulated and spontaneous emission peaks are well 

approximated by a linear fit (solid lines). The results of this fit are summarized in Table 

IV. For our samples, the behavior of the spontaneous and stimulated emission energy 

positions at elevated temperatures in GaN epilayers was found to be independent of the 

substrate. A small difference in the absolute energy position of spontaneous and 

stimulated emission peaks (and, subsequently, in the coefficients presented in Table IV) 

can be explained by the different values of residual strain for GaN thin films grown on 

sapphire and SiC substrates.74 The formulas presented in Table IV constitute empirical 

values for the energy position of spontaneous and stimulated emission peaks for GaN thin 

Sample Spontaneous Emission ( e V) Stimulated Emission (eV) 

3.7 µm GaN/SiC 3.56-5.l 7xI0-4 xT 3 .56-8.15 x 10-4 xT 

7.2 µm GaN/sapphire 3.58-5.35x 10-4xT 3.58-8.20xl0-4xT 

Table IV. Results of a least squares linear fit of the energy positions of 
spontaneous and stimulated emission peaks as a function of 
temperature for GaN thin films (for temperatures above 300 K). The 
small difference in coefficients is most likely due to different residual 
strain in the GaN epilayers grown on sapphire and SiC substrates. 
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films in the temperature range of 300 K to 700 K. 

Chow et al. 77 reported a many-body calculation of gain spectra in GaN and 

concluded that at room temperature the excitonic absorption decreases in amplitude with 

increasing carrier density and disappears with the appearance of gain. They predicted that 

the gain peak at high densities is shifted toward lower energies from the exciton 

resonance by several tens of me V. In this work we experimentally confirmed the large 

energy separation between the spontaneous and stimulated emission peaks (it gradually 

increases from 90 me V at room temperature to approximately 200 me V at 700K). Both 

this large energy difference and the relatively high values of stimulated emission 

thresholds in this temperature range effectively eliminate exciton-related effects from the 

consideration of stimulated emission mechanisms. We therefore conclude that free carrier 

recombination or an electron-hole plasma is the dominant stimulated em1ss10n 

mechanism in GaN thin films for temperatures above 300 K. We note that our 

conclusions about the origin of stimulated emission in the temperature range studied are 

consistent with those reported by Amano et al. 78 

The broadening of the stimulated emission peak was found to be considerably 

smaller than the temperature-induced shift in energy position, as shown in Figure 37. 

Raising the temperature from 300 K to 700 K allows a "tuning" of the stimulated 

emission peak energy from the near-UV spectral region to blue (a range of more than 

40 nm). We did not observe any degradation of the GaN epilayers in spite of the very 

high pumping densities required to reach the stimulated emission threshold at 

temperatures exceeding 700 K.79 This unique property of stimulated emission in GaN 

thin films might result in new types of optoelectronic devices utilizing this temperature 

tuning. The low temperature sensitivity of the stimulated emission threshold over such a 

large temperature range could potentially lead to the development of laser diodes 

operating hundreds of degrees above room temperature. 

In the current work, the maximum temperature at which stimulated emission in 

GaN could be observed was directly related to the density of line defects (or cracks) on 

the sample surface. The stimulated emission threshold was previously shown (Figure 35) 

to exponentially increase with temperature. This requires higher levels of optical 

pumping to reach the stimulated emission threshold. When pump densities on the order of 
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10 MW/cm2 are reached, the sample surface starts rapidly deteriorating. A microscope 

image of burn spots on the surface of a GaN film is shown in Figure 3 8. We noticed that, 

in spite of the uniform density of the excitation beam, most of the burn spots tend to 

originate at linear defects, such as cracks, in the vicinity of the sample edge. If we assume 

a single pass amplification (the sample facets were not specially prepared), the sample 

emission is amplified when the photon flux propagates along the longest path, i.e. the 

stimulated emission intensity is strongest near the sample edges and weakest in the 

middle of the sample. This explains the fact that most of the burn spots were found near 

the sample edges. Also, we note that the burn spots always propagate towards the middle 

of the sample in the direction opposite to the amplification direction of the stimulated 

em1ss10n flux, as shown in Figure 38. We conclude that the GaN epilayer quality 

becomes a strong limiting factor for stimulated emission in bulk GaN at high 

temperatures. 

In order to explain the burning mechanism in GaN epilayers, it is important to 

understand the effect of defects on stimulated emission. Under strong optical excitation 

the defect spots dissipate a significant amount of heat that eventually leads to surface 

burning. In fact, once we exceed the damage threshold pumping density, unpolarized 

surface emitted stimulated emission is observed to increase and the burn spots tend to 

originate from linear surface defects, such as cracks. Therefore, surface quality is a strong 

limiting factor for the observation of stimulated emission at high temperatures. The high 

density of defects in GaN is associated with the film-substrate lattice mismatch and 

thermal expansion coefficient mismatch. Even though significant progress in improving 

the epilayer quality has been made, 80 a high density of structural defects might always be 

present in GaN-based working devices. The effects of surface defects on optical gain 

measurements are described in more detail in Chapter VI. 
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Figure 31. Perpendicular side views of the heater assembly. The area in dotted 
lines intersecting the cartridge heater is the purge cavity. Adapted 
from Ref. [81]. 

74 



(a) 

SE 

(b) 

spon\an.eous 
em1ss1on 

Excitation 

Figure 32. Pumping configuration for (a) edge-emitted stimulated emission and 
(b) surface-emitted spontaneous emission. 
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Figure 33. Emission spectra at 700 K from a GaN film grown on a sapphire 
substrate. The full width at half maximum of the stimulated emission 
peak is only 5 nm at 700 K. 
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GaN film at 700 K. 
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Figure 35. Stimulated emission threshold as a function of temperature for GaN 
thin films grown on sapphire (solid circles) and SiC (open triangles). 
The solid lines represent the best least-squares fit to the experimental 
data. Characteristic temperatures of 172 and 1 73 K were obtained for 
samples grown on sapphire and SiC, respectively. 
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Figure 36. Energy positions of stimulated and spontaneous emission as a function 
of temperature for GaN thin films grown on sapphire (solid circles) and 
SiC (open triangles). The solid lines represent a linear fit to the 
experimental data. The results of the fit are summarized in Table IV. 
The energy separation between the peaks gradually increases from 
90 me V at room temperature to 200 me V at 700 K, indicating that an 
electron-hole plasma is responsible for the stimulated emission 
mechanism in this temperature range. 
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Figure 37. Temperature "tuning" of the stimulated emission peak wavelength 
position. The broadening of the stimulated emission peak is 
considerably less than its shift in energy as the temperature is raised 
from 300 to 700 K for a GaN epilayer grown on SiC. 
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Figure 38. A microscope image of bum spots on the surface of a GaN film. Bum 
spots tend to originate at linear defects such as cracks near a sample 
edge and propagate towards the middle of the sample. Surface defects 
are shown to be a strong limiting factor for high-temperature 
stimulated emission in thin GaN films. 
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Stimulated Emission in InGaN/GaN Multi-Quantum Wells at Elevated Temperatures 

The low temperature sensitivity of the lasing threshold in ridge-geometry InGaN 

multi-quantum well (MQW) structures near room temperature82 in comparison to 

structures based on other materials, as well as the previously described success in the 

demonstration of high-temperature stimulated emission in GaN epilayers prompted 

further research to explore the possibilities of high temperature applications for III-V 

nitride MQW wells. To our knowledge, there have been no reported studies on stimulated 

emission or lasing in InGaN/GaN/AlGaN-based heterostructures at temperatures above 

80°C. In this section, we describe the results of an experimental study on stimulated 

emission in optically pumped InGaN/GaN MQW samples in the temperature range of 

175-575 K. Narrow stimulated emission peaks with a full-width at half maximum of 

approximately 1 A were observed throughout this temperature range. The stimulated 

emission threshold density was plotted as a function of temperature, and a characteristic 

temperature of 162 K has been derived. We also discuss the effects of Si doping on the 

luminescence intensity and stimulated emission threshold density of InGaN/GaN MQWs. 

Also, we examined the dependence of the integrated emission intensity on pumping 

density for different temperatures. Finally, we suggest possibilities for the development 

of InGaN/GaN MQW-based optoelectronic devices capable of high temperature 

operation. 

The InGaN/GaN MQW samples used in this work were grown on a 1.8-µm-thick 

GaN base layer by metalorganic chemical vapor deposition (MOCVD) using 

trimethylgallium (TMGa), trimethylindium (TMin), trimethylaluminum (TMAl), and 

ammonia precursors. Disilane was used as the n-type dopant. The GaN base layer was 

deposited on a (0001) sapphire substrate at a temperature of 1050°C.83 The temperature 

was reduced to 790°C for the growth of the MQW region.84 The TMGa and TMin flows 

during InGaN well and GaN barrier growth were 5 µmol/min and 14 µmol/min, 

respectively. The disilane flow was varied between O and 2 nmol/min. The ammonia flow 
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was held constant at 0.35 mol/min. The GaN barriers were doped with Si at a 

concentration range of lxl017 to 3xl019 cm-3 for the different samples studied. The 

MQWs were capped with a 100 nm Al0.07Ga0.93N layer grown at 1040 °C.85 The number 

of periods in the MQW samples was 12. The nominal well and barrier layer thicknesses 

were 30 and 45 A, respectively. The energy diagram and sample structure oflnGaN/GaN 

MQWs used in this work is shown in Figure 39. In order to evaluate the interface quality 

and structural parameters such as the average In composition in the MQW and the period 

of the superlattice, the samples were analyzed with a 4-crystal high-resolution x-ray 

diffractometer (HRXRD) using Cu Ka1 radiation. The angular distances between the 

satellite superlattice diffraction peaks and GaN (0002) reflections were obtained by m-28 

scans. The spectra clearly showed higher-order satellite peaks indicating high interface 

quality and good layer uniformity. 

The samples were mounted on a copper heat sink attached to a wide temperature 

range cryostat/heater system. This study was performed in the side-pumping geometry, 

where edge emission from the samples was collected into a Spex 1-m spectrometer and 

recorded by an optical multi-channel analyzer (details on pumping configurations are 

given on page 69). 

The effects of Si doping on the optical properties of bulk GaN,86' 87 InGaN/GaN 

MQWs,85' 88 and GaN/AlGaN89 MQWs have been studied by many authors. We 

performed optical pumping on InGaN/GaN MQW samples with different Si doping. 

Typical spectra obtained at pump densities slightly above the stimulated emission 

threshold are depicted in Figure 40. All samples exhibited bright emission in the blue 

region of the electromagnetic spectrum. We observed that only moderate concentrations 

of Si increased the luminescence intensity and reduced the stimulated emission threshold 

pump density in InGaN/GaN MQWs. Table V summarizes the Si concentrations as 

measured by secondary ion mass spectroscopy (SIMS) and the stimulated emission 

threshold densities at room temperature for the samples studied in this work. The 

maximum luminescence intensity and lowest stimulated emission threshold 

Ut1, = 55 kW/cm2 at room temperature) were observed for the sample with a Si 

concentration of 2xl018 cm-3 in the barrier layer. This threshold is 12 times lower than 
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that of a high quality nominally undoped single-crystal GaN film measured under the 

same experimental conditions. 

Si concentration in GaN barriers (cm-") Stimulated emission threshold density at 

as measured by SIMS room temperature (kW/cm2) 

<1 x 1017 (undoped) 58 

1 x1018 58 

2xl018 55 

1 X 1019 92 

3 X 1019 165 

Table V. Si doping concentrations in GaN barriers and stimulated emission 
threshold densities at room temperature for InGaN/GaN MQW 
samples as measured by SIMS. 

Figure 41 shows the emission spectra for the InGaN/GaN MQW sample with a Si 

concentration of 2xl018 cm-3 for various temperatures and excitation powers. Dotted lines 

represent the broad spontaneous emission spectra taken at pump densities approximately 

half that of the stimulated emission threshold for each temperature. Spontaneous emission 

in InGaN MQWs has recently been attributed to the recombination of excitons localized 

at certain potential minima in the quantum well.90•91 However, a more detailed discussion 

of the stimulated emission mechanisms will follow in Chapter V. As we raise the 

excitation power density above the stimulated emission threshold, a considerable spectral 

narrowing occurs (solid lines in Figure 41). The emission spectra are comprised of many 

narrow peaks of less than 1 A full width at half maximum (FWHM), which is on the 

order of our instrumental resolution. The major effect of the temperature change from 

200 K [Figure 41(a)] to 450 K [Figure 41(c)] was a shift of the spontaneous emission and 

stimulated emission peaks toward lower energy. There was no noticeable broadening of 

the stimulated emission peaks when the temperature was varied over a range of 400 K. 

The emission coming from the sample was found to be strongly dependent on the 

pumping and collecting configurations. It was possible to align the sample in such a way 
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that even at room temperature only one narrow stimulated emission peak could be 

observed. An example of such a spectrum is shown in Figure 42. The full width at half 

maximum of the peak (1 A) was resolved only in the second order of a 1200 groove/mm 

grating in the 1-m spectrometer. 

The temperature dependence of the stimulated emission threshold is shown in 

Figure 43 (solid dots). Stimulated emission was observed throughout the entire 

temperature range studied, from 175 K to 575 K. The stimulated emission threshold was 

measured to be -25 kW/cm2 at 175 K, -55 kW/cm2 at 300 K, and -300 kW/cm2 at 

575 K, and roughly followed an exponential dependence. It is likely that such low 

stimulated emission threshold values are due to a large localization of carriers in MQWs. 

The solid line in Figure 43 represents the best result of a least-squares fit of the 

experimental data to the empirical form for the temperature dependence of the stimulated 

emission threshold (see Eq. 4-1). The characteristic temperature T0 was estimated to be 

162 K in the temperature range of 175-575 K for this sample. The derived value of 

characteristic temperature is considerably larger than the near room temperature values 

reported for laser structures based on other III-V and II-VI materials, where the relatively 

small values of T0 were a strong limiting factor for high-temperature laser operation. 

Such a low sensitivity of the stimulated emission threshold to temperature changes in 

InGaN/GaN MQWs opens up enormous opportunities for high-temperature applications 

using these materials. Laser diodes with InGaN/GaN lasing mediums can potentially 

operate at temperatures exceeding room temperature by a few hundred degrees Kelvin. 

We found that an increase in temperature leads to a decrease in PL intensity. This 

indicates the onset of efficient losses and a decrease in the quantum efficiency of the 

MQWs. At high temperatures, only a small fraction of excitons reach the conduction 

band minima, and most of them recombine non-radiatively. The modal gain depends only 

on radiatively recombining excitons. Therefore, the temperature increase efficiently 

decreases modal gain and leads to an increase in the stimulated emission threshold. To 

evaluate the number of electrons that recombine radiatively, we studied the integrated 

photoluminescence intensity as a function of excitation power for different temperatures, 

as shown in Figure 44. For the temperature range studied, we found that under low 
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excitation densities, the integrated intensity /integ from the sample almost linearly 

increases with pump density IP (Jinteg oc 1;, where r = 0.8 -1.3 ), whereas at high 

excitation densities, this dependence becomes superlinear ( /integ oc I:, where 

fJ = 2.2 - 3 .0 ). The excitation pump power at which the slope of /integ changes 

corresponds to the stimulated emission threshold at a given temperature. Interestingly, the 

slopes of { 111eg below and above the stimulated emission threshold do not significantly 

change over the temperature range involved in this study. This might indicate that the 

mechanism of stimulated emission in InGaN/GaN MQWs at room temperature remains 

the same as we raise the temperature to hundreds of degrees above room temperature. 

In conclusion, we studied stimulated emission in optically pumped GaN epilayers 

and InGaN/GaN multi-quantum wells at elevated temperatures. We observed edge

emitted stimulated emission at a record high temperature of 700 K for GaN thin films 

grown on SiC and sapphire substrates. Stimulated emission at such high temperatures has 

never been reported for any semiconductor-based system. The energy position of 

stimulated emission and spontaneous emission peaks were shown to shift linearly with 

temperature and empirical expressions for the energy positions were given. For 

InGaN/GaN multiquanturn wells we also examined the integrated emission intensity 

versus pumping density at different temperatures. We observed that the slopes of the 

integrated emission intensity below and above the stimulated emission threshold were not 

sensitive to temperature changes. The effects of doping the GaN barriers with Si on the 

optical properties of InGaN/GaN multi-quantum wells were discussed. We showed that 

the low stimulated emission threshold, as well as the weak temperature sensitivity, makes 

GaN-based structures an attractive material for development of laser diodes that can 

operate well above room temperatures and creates opportunities for the development of 

new optoelectronic devices capable of high-temperature operation. 
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Figure 39. The energy diagram and sample structure of the InGaN/GaN MQWs 
used in this study. The concentration of Si in the GaN barriers ranged 
from <1 x1017 cm-3 to 3x1019 cm-3. 
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Figure 40. Spectra taken at pump powers slightly above the stimulated emission 
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Figure 41. Emission spectra for an InGaN/GaN MQW sample with a Si 
concentration of 2xl018 cm-3 in the barriers at (a) 200 K, (b) 300 K, 
and (c) 450 K. Spontaneous emission spectra (dotted lines) were taken 

under an excitation density of 0.5· I,h and stimulated emission spectra 

were obtained for a pump density of 2 · / 1h , where I,h represents the 
stimulated emission threshold at the corresponding temperature. 
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2x 1018 cm-3 in the barriers) InGaN/GaN multiquantum well sample at 
room temperature. Stimulated emission spectra were strongly 
dependent on pumping and collecting configuration. Under certain 
conditions it is possible to generate single-peak stimulated emission 
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Figure 43. Temperature dependence of the stimulated emission threshold in the 
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CHAPTERV 

GAIN MECHANISMS IN GaN-BASED LASING STRUCTURES 

In order to develop and optimize the lasing characteristics of GaN-based laser 

diodes it is important to understand the gain mechanisms in this material system. Our 

research group has performed a large variety of experiments on GaN, InGaN, and AlGaN 

epilayers as well as InGaN/GaN multiquantum wells and GaN/ AlGaN separate 

confinement heterostructures. We found that the gain mechanisms vary greatly depending 

on the composition and geometry of the lasing medium. We show that the dominant near

threshold gain mechanism in GaN epilayers is inelastic exciton-exciton scattering for 

temperatures below -150 K and an electron-hole plasma for temperatures above 150 K, 

whereas exciton-exciton scattering dominates the lasing spectrum of GaN/ AlGaN 

separate confinement heterostructures from 10 K up to room temperature. Even though 

excitonic features were observed in AlGaN epilayers at low temperatures, we found that 

an electron-hole plasma is responsible for stimulated emission over the entire temperature 

range studied. Finally we investigated the origin of stimulated emission in InGaN 

epilayers and InGaN/GaN multiquantum wells and concluded that gain originates from 

the recombination of deeply localized carriers. This chapter describes the experimental 

results that were used to arrive at these conclusions. 
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Origin of Stimulated Emission in GaN Epilayers 

The first results on stimulated emission (SE) from GaN were reported as early as 

1971 by Dingle et al. who optically pumped single crystal GaN needles using the 337 nm 

radiation from a nitrogen laser to achieve SE at cryogenic temperatures.9 Since then, SE 

has been demonstrated in samples grown on different substrates for temperatures as high 

as 700 K, as was described in Chapter IV. There have been several studies performed in 

an attempt to explain the origin of SE in GaN films at various temperatures. Amano et al. 

suggested that an electron-hole plasma (EHP) is the most plausible origin of gain in GaN 

epilayers at room temperature.78 Catalano et al. suggested exciton-exciton (ex-ex) 

scattering to be the dominant gain mechanism at 80 K (Ref. [92]). Recently Holst et al. 

performed gain spectroscopy on HVPE-grown GaN films and concluded that biexcitonic 

decay is responsible for the gain at 1.8 K at low excitation densities, whereas EHP 

recombination dominates the spectra at higher excitation densities.93 However, the 

general picture of gain mechanisms in GaN and their implications towards laser diode 

structures with a GaN active layer was not well understood. 

We performed a study of the gain mechanisms m GaN epilayers using 

nanosecond optical pumping in the temperature range of 20 to 700 K. We observed that 

for temperatures below 150 K the dominant gain mechanism is inelastic ex-ex scattering 

characterized by band-filling phenomena and a comparatively low SE threshold. For 

temperatures in the vicinity of 150 K the SE threshold was found to abruptly increase and 

the energy position of the SE peak rapidly shifted towards lower energies due to band

gap renormalization. This transition was attributed to a change in the gain mechanism 

from ex-ex scattering to an EHP. EHP recombination was found to be the dominant 

recombination mechanism for all temperatures exceeding 150 K (up to 700 K). Based on 

our results, we discuss possibilities of reducing the room temperature lasing threshold in 

laser diode structures with a GaN active medium. 
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The description of GaN samples used in this work was given previously (see 

page 69). The samples were mounted on a copper heat sink attached to the custom-built 

wide temperature range heater system (see page 68) used in conjunction with a cryostat 

cooled by a closed-cycle helium refrigerator. The SE part of this study was performed in 

an edge emission geometry, as depicted in Figure 32(a). A tunable dye laser pumped by a 

frequency-doubled, injection-seeded Nd:YAG laser was used as the primary optical 

pumping source. The deep red output of the dye laser was frequency doubled to achieve a 

near-UV pumping frequency. The emission was collected from one edge of the sample 

and coupled into a Spex 1-m spectrometer, then spectrally analyzed with a UV enhanced 

multi-channel analyzer. Low power cw photoluminescence (PL) studies were also 

undertaken to measure the spontaneous emission as a function of temperature. A 

frequency doubled Ar+ laser (244 nm, 40 mW) was used as the excitation source. In order 

to avoid any spectral distortion of the spontaneous emission due to re-absorption, the 

laser beam was focused on the sample surface and spontaneous emission was collected 

from a direction near normal to the surface, as shown in Figure 32(b ). 

Typical power-dependent emission spectra from a GaN epilayer are shown in 

Figure 45. At low excitation pump densities the sample emission has a full width at half 

maximum of about 15 nm with the peak positioned at about 366 nm at room temperature. 

The peak appears to be red-shifted in comparison to low excitation density cw PL due to 

re-absorption effects. As we increase the excitation pump density, a new peak emerges on 

the low energy side of the spontaneous emission peak. The full width at half maximum of 

this new peak is only 2 nm at room temperature. We note that this peak is strongly 

polarized and its intensity grows superlinearly with excitation power (as shown in the 

inset of Figure 45). Based on the significant spectral narrowing, superlinear increase with 

excitation power, high degree of polarization, and directionality of the emission we 

conclude that the new peak located at -371 nm at room temperature represents the SE 

peak. 

Recently, Fischer et al. convincingly demonstrated the presence of excitonic 

resonances in GaN epilayers well above room temperature through optical absorption 

measurements41 (see page 23 for detailed discussion). Excitons in GaN epilayers cannot 

be easily ionized due to their relatively large exciton binding energy. However, at near-
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SE-threshold (near- Ith) pump densities the picture is not straightforward since screening 

of the Coulomb interaction weakens the binding of the exciton. In general, the existence 

of excitons depends on the strength of the Coulomb interaction which in turn depends on 

the density and distribution of carriers among bound and unbound states. 52 Therefore, the 

observation of excitons at low excitation powers at room temperature does not assure 

their presence at SE pump densities. 

To determine if the SE threshold density occurs above or below the Mott density 

(the critical carrier density beyond which no excitons can exist), we studied the 

temperature behavior of the SE threshold in GaN epilayers grown on SiC, as shown in 

Figure 46. Note that the SE threshold is plotted on a logarithmic scale. A faster than 

exponential increase in the SE threshold occurs in the vicinity of 150 K. In order to better 

understand this phenomenon we extended our study to cover the temperature range from 

20 K to 700 K using epilayers grown on different substrates. Figure 47 shows the SE 

threshold for GaN epilayers grown on SiC (open triangles) and sapphire (solid circles) for 

temperatures up to 700 K. For temperatures above 200 K, the SE thresholds roughly 

followed an exponential dependence: Ith = I 0 exp(T/Ta), with Ta = 170 K. This 

exponential behavior of the SE threshold is qualitatively similar to that observed in other 

material structures.94 However, as the temperature decreases to below 200 K, a 

significant reduction in the SE threshold was observed. We believe that this decrease is 

due to a change in the dominant gain mechanism indicating a drastic increase in the SE 

efficiency at low temperatures. It has been predicted theoretically that in a material 

system with a relatively large exciton binding energy, one can expect inelastic ex-ex 

scattering to have the lowest SE threshold at low temperatures.52 We also confirmed the 

presence of excitons at pump densities above the SE threshold in reflection spectra,95 as 

shown in Figure 48. 

The effects of excitons on SE can be better understood by studying the 

temperature and power dependence of the SE peak position. We measured the energy 

position of the SE peak at near- Ith pump densities and the position of the spontaneous 

emission peak using low power cw PL in the temperature range of 20 to 700 K for two 

samples grown on sapphire and SiC substrates, as shown in Figure 49. The position of the 

spontaneous and SE peaks in the two GaN epilayers is influenced by residual strain 
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resulting from thermal-expansion mismatch between the epilayers and the substrates ( see 

page 21 and Ref. [74]). This difference in energy position for the two samples is largest at 

low temperature and gradually decreases as the temperature is increased. 

To avoid strain-related complications we restricted ourselves to an analysis of the 

relative energy shift between the spontaneous and SE peaks, M = E spon - ESE , as 

depicted in Figure 50. As we approach low temperatures (T < 150 K), -6.E asymptotically 

approaches the exciton binding energy ( Ex = 21 meV) measured by photoreflectance.43 

However, at temperatures above 150 K, M monotonically increases and reaches values 

as high as 200 me V at 700 K. The behavior of the energy difference between the 

spontaneous and SE peaks at low temperatures can be well explained by inelastic ex-ex 

scattering. In the case of ex-ex scattering the energy difference between the two peaks 

can be estimated from (see Eq. 3-9 and Ref. [53]): 

M = Espon - E;rex = (Eg - Ex)-(Eg - 2Ex - Eth)= Ex+ Eth, (5-1) 

where E g is the band-gap energy and Eth is the kinetic energy of the unbound electron

hole pair created during the excitonic collision. At low excitation densities and low 

temperatures one can consider the bands to be empty. The unbound electron-hole pairs 

created during this process have a very small kinetic energy (Eth :::::: 0 ), thus M 

approaches Ex as T ~ 0 K, as shown in Figure 50. 

For high temperatures (T > 150 K), the energy difference between spontaneous 

and SE peaks gradually increases from -35 meV to a few hundred meV. Both the large 

energy difference and the relatively high SE thresholds in this temperature range (Figure 

4 7) point to EHP recombination. In EHP recombination a large number of excited 

carriers cause band-gap renormalization effects leading to a large value of M . Under 

such high excitation conditions, excitons are dissociated by many-body interactions.78 As 

further evidence to support the dominance of the EHP gain mechanism in this 

temperature range, we point out that excitons have not been clearly observed in GaN at 

highly elevated temperatures (T > 450 K), even under extremely low excitation 

conditions.41 We therefore conclude that EHP recombination is responsible for gain in 

GaN thin films at these elevated temperatures. Since no significant change in the 
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behavior of the SE threshold or the SE peak position was observed for temperatures 

between 150 K and 700 K (Figure 47 and Figure 50), we conclude that EHP 

recombination is the dominant gain mechanism for all temperatures exceeding 150 K. 

At temperatures below 150 K, the effect of the kinetic energy Et" on the ex-ex 

scattering recombination process can be observed in the excitation density dependence of 

M . As the excitation intensity or temperature is increased, the bottom of the bands 

become filled. Thus, unbound electron-hole pairs created in the process of ex-ex collision 

must have higher energies, and the kinetic energy Et" can no longer be neglected. The 

inset in Figure 51 shows the power dependence of !},.E at three different temperatures 

near the point when the gain mechanism experiences a transition from inelastic ex-ex 

scattering to EHP. For temperatures below 150 K, we observed a rapid increase in M at 

near- I,,, pump densities, as shown in the inset of Figure 51. This shift is most likely 

associated with the band-filling effect which causes increased values of Et". For 

temperatures above 150 K, such a strong near- I,,, shift in M is not observed. At these 

temperatures SE originates from EHP recombination and the gradual increase in M is 

caused by band-gap renormalization effects. For one-photon pumping and elliptical 

bands, the band-filling effect associated with ex-ex scattering gives a calculated line shift 

Et" proportional to (I - I,,,t3 (see Refs. 53 and 96). The substitution of this 

expression into Eq. 5-1 yields: 

M = Ex + a(! - I,,,t3
• (5-2) 

A fit of the experimental data ( open circles) taken at 100 K to Eq. 5-2 is shown in 

Figure 51 by a solid line. From the fit, we obtained an exciton binding energy of 

Ex= 28 meV and an SE threshold of I,,, = 100 kW/cm2, which are in a reasonable 

agreement with experimental results and support the idea of ex-ex scattering being the 

dominant SE mechanism for temperatures below 150 K. 

Since ex-ex scattering has a lower SE threshold than recombination from an EHP 

(Figure 4 7), it would be advantageous if SE was dominated by excitonic effects at room 

temperature and above.97 One way this could be achieved is by introducing 2-D spatial 

confinement.98 By tailoring the width of a GaN active layer sandwiched between AlGaN 
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confinement layers, one would expect a significant increase in the exciton binding 

energy. For increased values of exciton binding energy, a strong reduction of the 

homogeneous broadening due to reduced Frohlich interactions is expected.99 This could 

potentially extend the ex-ex scattering gain mechanism to room temperature. The SE 

threshold for such structures would be significantly reduced due to carrier confinement100 

and a shift in the dominant near-1,h gain mechanism from EHP to ex-ex scattering. 

In conclusion, we have studied the gain mechanisms in GaN epilayers over the 

temperature range of 20 to 700 K. We observed that for temperatures below 150 K the 

dominant near-threshold gain mechanism is inelastic exciton-exciton scattering, 

characterized by a low stimulated emission threshold. For temperatures exceeding 15 0 K 

the dominant gain mechanism was shown to be electron-hole plasma recombination, 

characterized by a relatively high stimulated emission threshold and a large separation 

between spontaneous and stimulated emission peaks. Based on the results presented here, 

the increase in binding energy associated with strong confinement (in quantum wells, for 

example) should result in a significant decrease in the stimulated emission threshold of 

GaN active layers by extending the range of ex-ex scattering gain to room temperature. 

This reduction in the gain threshold density will aid in the development of GaN-based 

near-UV laser diodes. 
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Figure 45. Typical emission spectra from a 4.2-µm-thick GaN epilayer at room 
temperature for different pumping densities. The inset shows the 
dependence of the integrated emission intensity on the excitation 
power. From both spectral narrowing and the superlinear increase in 
emission intensity we determined the stimulated emission threshold to 
be 480 k:W/cm2. 
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Mechanism of Efficient Ultraviolet Lasing in GaN/AlGaN 

Separate Confinement Heterostructures 

The successful fabrication of a blue laser diode was largely due to the realization 

that the incorporation of indium into GaN was concomitant with a dramatic lowering of 

the lasing threshold,20 an enhancement of the emission intensity,101 and improvements in 

the temperature characteristics of the material (see Chapter IV and Ref. [8]). The small 

band-gap of InN (1.9 e V), however, is disadvantageous for the development of near- and 

deep-UV laser diodes. Lasing structures using a GaN-active medium are required to 

fabricate LDs with emission wavelengths lying below 370 nm. Our research group 

observed a reduction of the stimulated emission (SE) threshold in a GaN/AlGaN separate 

confinement heterostructure (SCH) compared to GaN epilayers. 100 The mechanisms that 

led to the observation of the SE peak on the high energy side of the spontaneous emission 

peak and the reduction of the SE threshold merited further research. 

In order to better understand the gain mechanisms we optically pumped 

GaN/AlGaN SCHs over the temperature range of 10 K to 300 K. Through an analysis of 

the lasing characteristics of these samples, such as the behavior of the temperature

induced shift between spontaneous emission and lasing modes, combined with the 

temperature dependence of the lasing threshold, we deduced the gain mechanism leading 

to efficient lasing and developed recommendations for the development of UV LDs with 

a GaN active medium. 

The SCH samples used in this work were grown by metalorganic chemical vapor 

deposition on 6H-SiC substrates with -3-µm-thick GaN epilayers deposited prior to the 

growth of the SCH region. The SCH sample under discussion had a 150-A-thick GaN 

active layer surrounded by 1000-A-thick Alo.osGao.9sN waveguide layers and 2500-A

thick Al0.10Ga0.90N cladding layers symmetrically located on each side. For the purpose of 

comparison, we also studied a 4.2-µm-thick GaN epilayer grown on 6H-SiC. The 

samples were mounted on a copper heat sink attached to a wide temperature range 
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cryostat. Conventional photoluminescence (PL) spectra were measured in the back

scattering geometry using a frequency-doubled Ar+ laser (244 nm) as the excitation 

source [see Figure 32(b)]. In order to study the lasing phenomena, a tunable dye laser 

pumped by a frequency-doubled, injection-seeded Nd: YAG laser was used as the primary 

optical pumping source (the details of optical pumping configuration are given on 

page 69). Special precautions were taken to avoid fluctuations in sample position due to 

the thermal expansion of the mounting system. This allowed us to spatially "pin" the 

sample and obtain lasing modes from a single microcavity over the entire temperature 

range studied. Time-resolved photoluminescence measurements were performed using a 

frequency tunable pulsed laser (2 ps pulse duration, 76 MHz) as an excitation source and 

a streak camera (2 ps resolution) in conjunction with a lf4-m monochromator as a 

detection system. 

Typical low excitation emission spectra obtained in the surface emission 

geometry at 30 K [Figure 52(a)] and 300 K [Figure 52(b)] contain three distinct features 

associated with the active GaN layer, 5% aluminum waveguide layer, and 10% aluminum 

cladding layer. As seen in the figure, a doublet spectral feature can be seen at both of the 

AlGaN-related peaks. There are two possible explanations for this phenomenon. First, 

this feature could arise from a small alloy concentration difference between the two 

AlGaN cladding and two waveguiding layers (it has been estimated that a 1 % fluctuation 

in aluminum alloy concentration leads to a -25 meV shift in the observed energy 

position102). The second explanation can be seen by examining the temperature

dependent photoluminescence spectra, shown in Figure 53. Three distinct peaks 

associated with the 150-A-thick GaN active region and the two AlGaN confinement 

layers with different aluminum concentrations persist over the entire temperature range 

studied, from 10 K to 300 K. We note that the intensity of the 'satellite' peaks (the 

doublet spectral features) quickly quenches with increasing temperature suggesting that 

the levels associated with this transition have a low activation energy and could be 

impurity-related. 

At increased excitation powers, a series of equally spaced lasing modes, each with 

a full width at half maximum of-3 A, appears on the low energy side of the GaN-active

region peak, as shown in Figure 52. We note, however, that had the spontaneous emission 
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been collected from the sample edge and not from the surface, the lasing modes would 

have appeared on the high energy side of the spontaneous emission peak. This 

phenomenon is due to strong re-absorption that introduces a shift of several nanometers 

to the spontaneous emission peak. The lasing modes have a strong superlinear increase in 

intensity with excitation power. The laser emission has a narrow far-field pattern and is 

strongly polarized, with TE:TM ~ 300:1 (limited by the signal/noise ratio of our 

instruments). Cracks were observed on the sample surface along all three cleave planes 

associated with the hexagonal structure, with the majority running parallel to the length 

of the bar. The spacing between the lasing modes was correlated to the length of the 

microcavities formed by the cracks. Consequently, we believe that the observed lasing is 

of a microcavity origin. 103 The details on microcavity lasing in this SCH structure are 

given in Chapter VI. Further refinements to the cleaving process have allowed samples to 

be cleaved in a manner that resulted in no observable cracking, making them suitable for 

laser diode development. 

A dramatic difference in the lasing threshold of our SCH structure in comparison 

to a thick GaN epilayer was observed over the entire temperature range studied, as shown 

in Figure 54. The SCH lasing threshold was estimated to be as low as 15 kW/cm2 at 10 K 

and 105 kW/cm2 at room temperature. Note that excitons in the GaN/AlGaN SCH cannot 

be easily ionized with temperature due to the relatively large exciton binding energy (see 

page 26 and Ref. [41]). As was described earlier in this chapter, in order to screen the 

excitonic Coulomb interaction by free carriers (Mott transition) in GaN epilayers, a pump 

density of about 250 kW/cm2 is required (see Ref. [104]). This pump density corresponds 

to a carrier density of-l.lx1018 cm-3, calculated using a carrier lifetime of-35 ps and a 

penetration depth of 9x104 cm-1 (taken from Refs. 39 and 95). This value of the Mott 

density is almost identical to the one obtained from ultrafast studies (see page 33). At this 

carrier density, the gain mechanism in GaN epilayers switches from exciton-exciton (ex

ex) scattering to electron-hole plasma (EHP), which is depicted in Figure 54 by a dotted 

line. Since the lasing threshold density of the SCH sample is considerably below the 

carrier density corresponding to the Mott transition, excitons are expected to be present at 

pump densities above the lasing threshold and to make major contributions to the 
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recombination dynamics. We note that the carrier lifetime of the GaN/AlGaN SCH active 

layer is not significantly different from that of GaN epilayers. 

The consequences of exciton dynamics on lasing in the GaN/ AlGaN SCH can be 

better understood by studying the temperature dependence of the energy position of the 

emission peaks. However, it was an experimental challenge to obtain the temperature 

dependence of the lasing modes. Slight variations in the sample position inevitably 

resulted in different emission spectra. An example of two different sets of lasing modes 

from two adjacent cavities is depicted in Figure 55. When the cryostat temperature was 

varied, the length of the rod on which the sample holder was mounted also changed due 

to a non-zero temperature expansion coefficient. This resulted in the spatial displacement 

of the sample. To avoid these complications we chose to mount the cryostat horizontally 

so that the rod expansions occurred in the direction parallel to the direction of the laser 

beam. This allowed us to obtain lasing from the same microcavity over the entire 

temperature range. We also used the optical multi-channel analyzer to consistently 

acquire spectra at 1.3 x I,h for each temperature. Figure 56 shows a plot of mode energy 

position versus temperature. The color pallet corresponds to different emission 

intensities. As the temperature increases, the gain region broadens and additional modes 

can be observed. 

The energy positions of the spontaneous emission peaks and lasing modes were 

extracted from Figure 53 and Figure 56. The results of this analysis are summarized in 

Figure 57. For the purpose of comparison we also plotted the temperature evolution of 

the spontaneous and SE peaks from a thick GaN epilayer (solid lines), which appears to 

be distinctly different from that of the · SCH sample. The temperature behavior of the 

energy peak positions did not follow V arshni equation. In fact, we observed a blue shift 

of the spontaneous emission peaks up to a temperature of 90 K and then a red shift of the 

emission thereafter. The position of the spontaneous emission from the 150-A-thick GaN 

active layer was located 0.15 eV below that of the Alo.05Gao.95N waveguide layer (open 

squares) and this difference remains temperature independent. 

The behavior of the spontaneous emission and lasing from the two samples can 

not be directly compared on this graph due to strain-related complications, such as the 

different thermal expansion coefficients of AlGaN alloys in comparison to GaN. In order 
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to avoid complications arising from the effects of strain, we restricted ourselves to an 

analysis of the relative energy difference LIB between the lasing modes and the GaN

active-region peak, as illustrated in Figure 58 (open circles). We ascertained that the 

position of the lasing modes is one exciton binding energy below the GaN peak43 and, 

most interestingly, remains temperature invariant from 10 to 300 K. This behavior is 

consistent with ex-ex scattering104 being the dominant gain mechanism in the 

GaN/ AlGaN SCH over the entire temperature range studied. To further corroborate this 

point, on the same graph we plotted the energy difference (LIB) between the spontaneous 

and SE peaks of a thick GaN epilayer (solid line). We showed previously that in GaN 

epilayers the dominant gain mechanism is ex-ex scattering at temperatures below 150 K. 

Similar to GaN epilayers, LJ.E in the GaN/ AlGaN SCH lies one exciton binding energy 

below the spontaneous emission peak. However, at elevated temperatures (T > 150 K) LIB 

in GaN epilayers rapidly increases, as opposed to the SCH sample. This was previously 

attributed to the transition of the gain mechanism from ex-ex scattering to EHP (see 

pages 97-98 and Ref. [104]). Since this transition was not observed in our SCH sample, 

we conclude that the ex-ex scattering mechanism remains dominant in our lasing 

structure even at room temperature. 

Note that we neither expected nor observed any enhancement of the exciton 

binding energy due to 2-D confinement, since the thickness of the active region is a factor 

of 5 larger than the Bohr radius of the exciton in GaN. We also did not observe carrier 

recombination from deeply localized states, a situation which has been reported in 

InGaN/GaN heterostructures (see pages 122-132 and Ref. [105]). In spite of this, very 

low values of the lasing threshold were measured. In fact, these lasing threshold values 

are comparable to those of InGaN/GaN multi-quantum well samples published in the 

literature.8 We believe that the low lasing threshold of the GaN/AlGaN SCH is due to 

improved carrier and optical confinement, as opposed to deeply localized states as in 

InGaN/GaN heterostructures. Such a low lasing threshold combined with recent 

improvements in the p-doping of AlGaN alloys indicates that the realization of a GaN

active-medium UV laser diode is imminent. 

The carrier dynamics of the GaN/AlGaN SCH was studied through time-resolved 

photoluminescence and photoluminescence excitation (PLE) experiments. Figure 60 
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shows time-resolved data obtained at 10 K for the three major peaks depicted in Figure 

53. The sample was excited using -50 ps pulses at 302 nm. The mathematical modeling 

of the intensity decay of the peaks requires fitting with several different exponentials. The 

short decay time of the GaN active layer peak indicates that the diffusion of carriers from 

carrier/waveguide regions into this layer is minimal. 

This point is further supported by the PLE data depicted in Figure 59. In order to 

simplify the interpretation we plotted photoluminescence data on the same scale. The 

scanning of the excitation source from shorter to longer wavelengths is always 

concomitant with the increase of the detector signal when it is set at the GaN active layer 

peak. This is consistent with the fact that the diffusion of carriers from outer layers into 

the GaN active layer is rather weak. 

In conclusion, we achieved efficient ultra-violet lasing in optically pumped 

GaN/AlGaN separate confinement heterostructures over a wide temperature range. 

Remarkably low values of the lasing threshold were measured. Through an analysis of 

the relative shift between spontaneous emission and lasing peaks, combined with the 

temperature dependence of the lasing threshold, we demonstrate that exciton-exciton 

scattering is the dominant gain mechanism leading to low-threshold ultra-violet lasing 

over the entire temperature range studied. We show that in GaN/AlGaN heterostructures, 

carrier and optical confinement play the decisive role in lowering the lasing threshold. 
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Figure 52. Lasing and low-density PL spectra from a GaN/AlGaN SCH taken at 
(a) 30 K and (b) 300 K. Lasing spectra were obtained at pump 
densities of l.3x l,h for each temperature. The PL spectra have three 
characteristic peaks, which are associated with the 150-A-thick GaN 
active region and the two AlGaN confinement layers with different 
aluminum concentrations. 
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circles). The lasing threshold of the SCH was measured to be 
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GaN active region in the SCH ( open circles) and the energy difference 
between spontaneous and SE peaks in a 4.2-µm-thick GaN epilayer (solid 
line). The lasing modes in the SCH appear one exciton binding energy 
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studied, indicating that ex-ex scattering is the dominant lasing mechanism. 
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Figure 59. PLE and PL spectra from a GaN/AlGaN SCH taken at 10 K. PLE 
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Figure 60. Time-resolved photoluminescence intensity of the three peaks 
depicted in Figure 53 under picosecond optical excitation at 10 K. The 
emission from the Alo., oGao.9oN layer follows a single exponential 
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Critical Issues of Localization in InGaN-Based Lasing Structures 

Probably the most controversial issue in blue laser development is the origin of 

spontaneous and stimulated emission in InGaN-based lasing structures. The nitride 

researchers can be roughly divided into two groups. The first group believes that 

spontaneous polarization and/or strain-induced piezoelectric polarization are responsible 

for carrier recombination in InGaN-based lasing structures (spontaneous polarization is 

due to charge accumulations at the interface between two constituent materials and 

piezoelectric polarization is due to lattice-mismatch-induced strain). The second group, to 

which this author belongs, believes that inhomogeneous potential fluctuations ( caused by 

alloy composition fluctuation, well size irregularity, and other crystal imperfections) 

result in localized carrier recombination being the dominant spontaneous and stimulated 

emission mechanism over a wide temperature range. In order to prove this point we have 

employed various techniques, such as photoluminescence (PL), photoluminescence 

excitation (PLE), time-resolved photoluminescence (TRPL), optical pumping, variable 

stripe gain measurements, and nanosecond nondegenerate pump-probe spectroscopy.44' 107 

The descriptions of the samples used in this study were given in Chapter IV (see 

pages 122-132). Figure 61 shows typical PL, PLE and TRPL data at 10 K for (a) an 

InGaN/GaN multi-quantum well and (b) an InGaN epilayer. When the PLE detection 

energy is set at the InGaN-related emission peak, the contributions from the GaN layers 

and the AlGaN capping layer are clearly distinguishable, and the energy positions of the 

absorption edges are well matched to the PL peak positions. A large Stokes shift of the 

InGaN-related spontaneous emission peak with respect to the absorption edge measured 

by PLE is observed for both samples. This Stokes shift is seen to be significantly larger in 

the multi-quantum well than in the epilayer, probably due to the influence of the multi

quantum well interfaces on the overall potential fluctuations. We note that the effective 

recombination lifetime rises with decreasing emission energy across the PL spectrum, 

resulting in a redshift of the emission peak energy as time progresses. This gives 
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evidence that the InGaN-related emission is due to the radiative recombination of carriers 

localized at potential fluctuations. The difference in recombination lifetimes between the 

two samples indicates that the potential fluctuations localizing the carriers are 

significantly smaller in the epilayer than in the multi-quantum wells. 

Figure 62 shows the blueshift of the spontaneous emission in InGaN epilayers and 

InGaN/GaN multi-quantum wells with increasing optical excitation. This blueshift is 

attributed to band filling of localized states due to the intense optical pump. With 

increasing excitation pump density, the filling level increases and the PL maximum shifts 

to higher energies until a sufficient population inversion is achieved and the net optical 

gain results in the observed stimulated emission. The amount of blueshift further 

indicates that the potential fluctuations are significantly larger in the multi-quantum wells 

than in the epilayer. 

By utilizing the variable stripe method described in Appendix A we measured the 

modal gain profiles. Figure 63 shows the relevant gain spectra for (a) the InGaN/GaN 

multi-quantum wells and (b) the InGaN epilayer plotted together with PL, PLE, and 

stimulated emission spectra. The stimulated emission peak is situated at the end of the 

absorption tail for both samples. It is seen to occur on the high energy side of the low 

power spontaneous emission peak for the multi-quantum well sample and slightly on the 

low energy side for the epilayer. The stimulated emission peak is situated on the low 

energy tail of the gain curve measured for small excitation lengths. This can be explained 

by competition between gain and absorption in the band tail region of this alloy, where 

gain saturation with longer excitation lengths combined with the background absorption 

tail leads to a redshift of the stimulated emission peak with increasing excitation length. 

The modal gain spectrum for the multi-quantum well is seen to be significantly broader 

than that of the epilayer, although both peaks appear significantly below the onset of the 

"soft" absorption edge. 

The modal gain spectra as a function of above-gap optical excitation density are 

shown in Figure 64 for the multi-quantum wells and epilayer. A clear blueshift in the gain 

peak with increasing optical excitation is seen for the multi-quantum wells. This blueshift 

was observed to cease for /exc > 12 x / 1h. Further increases in /exc resulted only in an 

increase in the modal gain maximum. The large shift in the gain maximum to higher 
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energy with increasing /exc is consistent with a band filling of localized states in the 

InGaN active layers. The blueshift in the gain spectra of the InGaN epilayer is seen to be 

considerably smaller than that of the multi-quantum wells. It was observed to stop at 

significanly lower excitation densities. 

Figure 65 shows the results of nanosecond non-degenerate optical pump-probe 

experiments on an InGaN epilayer at (a) 10 K and (b) room temperature. The 

experimental technique is described in Appendix C. With increasing excitation density of 

the pump pulse, the absorption coefficient in the band tail region decreases significantly. 

This bleaching saturated for /exc exceeding -2 MW/cm2• We note that the induced 

transparency associated with the absorption bleaching is quite large, exceeding 

3xl04 cm-1 at both 10 Kand room temperature. The spectral region in which stimulated 

emission is observed is also indicated in Figure 65. Features in the induced absorption 

bleaching spectra are seen to coincide with these spectral regions and are attributed to net 

optical amplification (gain) of the probe pulse. 

In Figure 66 we give a comparison of nanosecond non-degenerate pump-probe 

experiments on the (a) InGaN/GaN multi-quantum wells and (b) InGaN epilayer. 

Absorption bleaching of the band tail states is clearly seen for both structures with 

increasing excitation density. The bleaching is much broader spectrally for the multi

quantum wells than for the epilayers. The maximum in the absorption bleaching is 

significantly blueshifted with respect to the luminescence maximum for both samples. 

This can be explained by the intraband relaxation of photo-generated carriers which are 

quickly caught in the potential wells of the band tail states. Further intraband relaxation at 

low temperatures can only occur by phonon-assisted tunneling to deeper potential wells 

or by further relaxation to lower energy states within the same wells until the potential 

minima are reached. Thus the radiative recombination mostly occurs from these potential 

minima. Higher energy states are temporarily occupied by the relaxing carriers and 

introduce the observed absorption bleaching. All the evidence presented so far strongly 

supports the idea that spontaneous emission in InGaN epilayers and InGaN/GaN multi

quantum wells originates from localized states. 

In order to establish the origin of stimulated emission in the multi-quantum wells, 
' 

we tuned the excitation wavelength across the absorption edge of the InGaN active 
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layers. As the excitation wavelength is tuned to longer wavelengths, no noticeable change 

was observed in the stimulated emission spectrum until a certain value was reached. At 

this point the stimulated emission spectrum red shifts quickly with decreasing excitation 

photon energy, as shown in Figure 67. This redshift of the emission for a certain 

excitation wavelength is consistent with the mobility edge behavior observed for 

spontaneous emission. The mobility edge measured in these experiments lies -110 me V 

above the spontaneous emission peak, -62 me V above the stimulated emission peak, and 

-185 me V below the absorption edge of the InGaN well regions. This further indicates 

that large potential fluctuations are present in the InGaN active regions, resulting in 

strong carrier localization. This explains the efficient radiative recombination observed 

from these structures as well as the low temperature sensitivity of the stimulated emission 

as was described in Chapter IV. 

In summary, we have systematically investigated both the spontaneous and 

stimulated emission properties of InGaN/GaN multi-quantum well structures and InGaN 

epilayers. Our findings can be consistently understood in the context of localization of 

photogenerated carriers associated with strong potential fluctuations in the InGaN active 

region. We believe that the efficiency of the state-of-the-art blue laser diode and the 

origin of gain is due to potential fluctuations of indium in the active layers. 
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Figure 66. 10 K nanosecond non-degenerate pump-probe experimental results 
for (a) an InGaN/GaN multi-quantum well and (b) an InGaN 
epilayer showing absorption bleaching of band tail states with 
increasing excitation density. From Ref. [107]. 
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Figure 67. Stimulated emission peak position as a function of excitation photon 
energy for the InGaN/GaN MQW. "Mobility edge" type behavior is 
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energy of the excitation beam. From Ref. [44]. 
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Gain Mechanism in AlGaN Epilayers 

The ternary compound AlGaN has the potential for use in light emitting devices 

and detectors covering the deep-UV region of the spectrum. Room-temperature 

stimulated emission from AlGaN thin films has been demonstrated by our group at 

wavelengths as short as 328 nm. 108 We extended our research to perform a study of the 

temperature-dependent behavior of the spontaneous and stimulated emission 

characteristics. Based on our research we concluded that the dominant stimulated 

emission mechanism in the temperature range of 10 K to 300 K is electron-hole plasma 

recombination. 

The Alo.11Gao.s3N layer used in this work was grown by low-pressure 

metalorganic chemical vapor deposition on (0001) oriented sapphire at a temperature of 

1050°C. Prior to the epilayer growth, a thin (-50 A) AlN buffer layer was deposited on 

the sapphire at a temperature of 625°C. Triethylgallium, triethylaluminum, and ammonia 

were used as precursors in the growth of the Alo.11Gao.s3N layer, which had a thickness of 

-0.8 µm. The samples were pumped in the traditional edge emission geometry (see 

discussion on page 69). The exact position of the spontaneous emission peaks was 

determined in the surface emission geometry using a frequency-doubled Ar+ laser 

(244 nm). 

Figure 68 shows photoluminescence spectra as a function of excitation pump 

density near the stimulated emission threshold for an Alo.11Gao.s3N sample at 30 K. At 

low excitation powers only a broad spontaneous emission peak is observed at -3.70 eV. 

As the excitation power is increased above / 0 = 0.3 MW/cm2, a spectrally narrow peak 

at approximately 3.64 eV appears on the low energy shoulder of the spontaneous 

emission. We note that the intensity of this stimulated emission peak increases 

superlinearly with excitation power. The inset in Figure 68 shows similar spectra taken at 

room temperature. 
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The spontaneous and stimulated emission energy peak positions as a function of 

temperature for the Alo_17Gao.s3N sample are depicted in Figure 69 by open and solid 

circles, respectively. The behavior of the spontaneous emission peak with temperature 

cannot be adequately described by the V arshni equation. Currently, several other theories 

aiming to include the piezoelectric and potential fluctuation contributions to the energy 

peak position have been invoked, but no definitive explanation has been given. We note 

that at this time either theory can explain the increased carrier lifetimes in the 

Al0.17Ga0.83N sample (250 ps at 10 K) in comparison to the carrier lifetime in a typical 

GaN epilayer (35 ps at 10 K) measured by time-resolved luminescence experiments. 

The stimulated emission peak for this sample is located substantially below the 

spontaneous emission peak. The inset in Figure 69 shows the energy difference between 

the spontaneous and stimulated emission peaks. This energy difference varies from about 

70 meV at 30 K to over a hundred meV at room temperature. Since the exciton binding 

energy in this sample is expected to be in the range of 20 to 30 meV, we can exclude the 

participation of excitons in stimulated emission. To further corroborate the point that 

excitons do not take part in establishing gain in the AlGaN sample studied, we carefully 

examined the behavior of the stimulated emission threshold with temperature, as shown 

in Figure 70. The threshold rapidly increases with increasing temperature. The carrier 

density needed to achieve the stimulated emission threshold at 30 K can be readily 

evaluated if we take into account the recombination lifetime (250 ps) and the penetration 

depth (9x104 cm-1). A pump density of 0.3 MW/cm2 (the threshold value at 30 K) 

roughly corresponds to a carrier density of 1.2xl019 cm-3. This value is one order of 

magnitude larger than the expected value for the Mott density in GaN samples (see pages 

33 and 109). Thus, excitons are likely to be screened out at these pump densities in 

AlGaN as well, leaving an electron-hole plasma as the only plausible gain mechanism. At 

elevated temperatures, the stimulated emission threshold requires even higher levels of 

optical pumping. 

In summary, we studied the gain mechanisms in AlGaN alloys in the temperature 

range from 10 K to room temperature by examining the relative shift between the 

spontaneous and stimulated emission peaks as well as by evaluating the carrier density 

required to generate gain in this material system. We concluded that the dominant gain 
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mechanism in the Alo_17Gao.s3N sample 1s an electron hole plasma over the entire 

temperature range studied. 
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CHAPTER VI 

MICROSTRUCTURE LASING 

Gallium nitride ( and its alloys) is a very intriguing material for optical 

applications not only because of its large spectral emission range, but also due to the 

apparent controversy between structural and stimulated emission (lasing) properties. Due 

to the lack of ideal substrates for the growth of thin film nitrides, a large number of 

dislocations and cracks are naturally formed in the epitaxial layer to alleviate the lattice 

mismatch and the strain of postgrowth cooling. However, this does not always negatively 

affect lasing characteristics, but sometimes introduces interesting lasing properties due to 

self-formed high-finesse microcavities and efficient scattering centers. A different kind of 

microcavity can also be formed during lateral overgrowth from a patterned seeding layer. 

High-finesse lasing cavities resulting from this kind of growth are often of a complex 

three-dimensional ring-type. This chapter describes research that has been done to study 

the stimulated emission and lasing properties of GaN in the presence of self- and 

intentionally-formed microcavities, scattering defects, and dislocations. 

Origin of Surface-Emitted Stimulated Emission in GaN Epilayers 

Many experimental research groups have reported the observation of surface

emitted stimulated emission in GaN epilayers, but its origin was never fully understood 

and has led to much conflict of opinion among researchers. Understanding the origin of 

this surface emitted stimulated emission is important to improve the lasing characteristics 
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of edge-emitting lasers as well as to develop a vertical cavity laser diode using this 

material. Vertical cavity stimulated emission from an MOCVD grown GaN layer, as well 

as for an InGaN/GaN heterostructure, was reported by Khan et al. 109•110 The relatively 

small cavity lengths (1.5 µm and 4.1 µm) and low mirror re:flectivities (< 30%) indicate 

that stimulated emission within such a cavity requires extremely high gain in the active 

region. Bagnall and O'Donnell 111 theoretically estimated the value of the gain under 

similar conditions to be more than 105 cm-1, which is a few orders of magnitude higher 

than the gain measured by the variable stripe length method reported by many 

authors. 112•113 Yung et al.114 also reported the observation of surface-emitted stimulated 

emission from a GaN film grown by ion-assisted molecular beam epitaxy. In contrast, 

Amano et al. 115•116 studied stimulated emission in an MOVPE-grown GaN epilayer film 

and AlGaN/GaN heterostructures and did not observe any surface-emitted stimulated 

emission for the epilayer film, even though stimulated emission was observed in a side

pumping (edge emission) geometry. Interestingly, the same authors did observe surface 

emitted stimulated emission from the AlGaN/GaN heterostructures. 

Lester et al.68 found that GaN-based LEDs were highly efficient in spite of an 

extremely high density of structural defects ( ~ 1010 cm-2). Similar GaAs LEDs have a 

dislocation density six orders of magnitude lower. This suggests that a high density of 

structural defects might always be present in GaN-based working devices. Therefore, the 

effect of defects on lasing in GaN merits further investigation. Wiesmann et al. 113 

compared the emission spectra from InGaN and AlGaN thin films with high quality 

GaAs thin films and concluded that the observation of a stimulated emission peak in the 

direction perpendicular to the nitride layer plane was due to scattering of the in-plane 

stimulated emission. In this chapter the results of a study of spatially resolved surface

emitted stimulated emission in GaN films under conditions of strong optical pumping are 

reported. We found that stimulated emission can only be observed coming from defects, 

such as cracks and burned spots, in samples of lesser surface quality. The high quality 

GaN films used in this work do not exhibit stimulated emission perpendicular to the 

surface, even under very high excitation powers, as long as the surface is free of defects. 

We show that imperfections in the sample surface introduce a leak of the photon flux 

propagating parallel to the sample's surface that can be easily confused with vertical 
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cavity lasing. Also, we relate our study of .surface-emitted stimulated emission to gain 

measurements in GaN and give a possible explanation for the large discrepancies in 

reported gain values. 109' 112' 113 

The GaN samples used in this work were dicribed previously (see page 69). The 

samples were mounted on a translation stage driven by a computer-controlled stepper 

motor. This allowed us to position the sample with a precision of better than 1 µm. A 

tunable dye laser pumped by a frequency-doubled injection-seeded Nd:YAG laser was 

used as the primary optical pumping source. The visible output of the dye laser was 

frequency-doubled to achieve a near-UV pumping frequency. The beam was focused to 

an -80 µm diameter spot on the sample surface and the emission was collected in the 

back-scattering geometry, as shown in Figure 71. A lOx magnified image of the sample 

was projected onto the plane of the slits of a 1-m spectrometer. The signal from the 

sample was collected by an optical multi-channel analyzer mounted on the spectrometer. 

This configuration ensured that we pumped and collected the signal normal to the 

sample's surface. The overall spatial resolution of the system was better than 10 µm. All 

experiments were performed at room temperature. 

The emission spectra were found to vary strongly near defect regions. In Figure 

72 we show stimulated emission spectra taken from the 7.2 µm GaN layer at different 

locations near the vicinity of a defect. The sample was excited with a power density of 

1.8 MW/cm2 (approximately three times the stimulated emission threshold value 

measured in the side-pumping geometry). The broad emission feature at 363 nm 

corresponds to band-edge related spontaneous emission from the GaN epilayer. The full 

width at half maximum of the emission is about 10 nm. The narrow emission feature at 

373 nm (with a full width at half maximum of 2 nm) exhibits a superlinear increase with 

excitation power and therefore represents stimulated emission. 69 The stimulated emission 

peak appears as we move the excitation beam close to the defect. In contrast to the 

stimulated emission collected from the sample's edge facets, the surface-emitted 

stimulated emission is not strongly polarized. The fact that we observe only spontaneous 

emission far from the defect and stimulated emission only in close proximity to the defect 

suggests that the defect acts as a scattering center, i.e. the light is amplified inside of the 
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GaN layer while propagating parallel to the sample surface until it is scattered out of the 

layer by the defect. 

Figure 73 shows the dependence of the integrated stimulated emission intensity 

on the position on the sample surface for the two samples pumped with an excitation 

density of 4 MW/cm2. Since the widths ,of the sample bars are different (3 mm and 

4 mm), we normalized the x-axis of the scan spectra to line up the sample's edges. A 

typical scan across the high quality 7.2-µm-thick GaN sample is shown in Figure 73(a). 

Unpolarized stimulated emission is observed at the sample edges and at a burned spot on 

the surface. We did not observe any stimulated emission from featureless parts of the 

sample, even with pump power densities up to the damage point. From Figure 73(b) we 

observe the 0.8-µm-thick GaN sample to have many more points of origin for surface

emitted stimulated emission. In fact, once we exceeded the damage threshold pumping 

density, unpolarized stimulated emission coming from the surface could be observed in 

the backscattering geometry from any GaN sample. Thus we conclude that the observed 

stimulated emission is not the result of a vertical amplification of light, but is due to a 

leak of the in-plane photon flux propagating parallel to the surface. We also note that 

cracks on the sample surface (as depicted in Figure 74) are the most efficient scattering 

centers for in-plane amplified stimulated emission. 

The absorption coefficient of GaN is on the order of 105 cm-1 (see Figure 12) in 

the energy region around the fundamental band-gap.41 ' 117 This limits the penetration 

depth of light into the sample, so that even with pump power densities of a few MW/cm2, 

it is only possible to create a population inversion in a layer on the order of 0.5 µm in 

thickness, which constitutes the gain region in the vertical direction. On the other hand, 

the lateral spot size of the pump beam, even with tight focusing, is orders of magnitude 

larger. Thus, the gain region in the horizontal direction is considerably larger than that in 

the vertical direction. With poor optical feedback in the vertical direction, light is 

preferentially amplified along a direction parallel to the surface rather than perpendicular 

to it. This light amplified in the horizontal direction can then be scattered by surface 

imperfections and observed as surface-emitted stimulated emission. 

When gain in an epilayer film is measured in the transmission geometry, one 

usually assumes that the beam undergoing gain, i.e. the probe beam, is amplified only in 
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the direction perpendicular to the surface. When optical feedback is poor, as in the case 

of a GaN epilayer, the amplification path is then comparable to the thickness of the 

epilayer (a few microns). If the probe is scattered, though, the derivation of gain can be 

very complicated. Without making additional assumptions, the calculated gain could be 

orders of magnitude higher than when the gain is measured by the variable stripe 

technique, where the excitation length is on the order of a hundred microns and loss due 

to scattering is unaccounted for. Therefore, in GaN epitaxial layers with high levels of 

defects, caution is needed in using traditional techniques for measuring gain. 

To summarize, we have performed a spatially resolved study on surface-emitted 

stimulated emission in GaN epilayer films. The intensity of surface-emitted stimulated 

emission was found to be dependent on the location of its origin on the sample's surface. 

For high quality GaN films with nearly perfect surfaces, stimulated emission was not 

observed in backscattering geometry, even under excitation power densities close to the 

damage threshold. In parts of the samples with poorer surface quality, surface-emitted 

stimulated emission was observed and was shown to come from cracks, burned spots, and 

other imperfections. Based on these experimental observations, we conclude that the 

surface-emitted stimulated emission reported by several authors is due to a scattering of 

the photon flux propagating parallel to the surface by defects, rather than vertically 

amplified emission. These results show that the influence of imperfections in GaN 

epilayers can not be ignored when determining gain values from experiment, and may be 

one of the reasons there are large discrepancies in gain values measured in different 

experimental geometries. 
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Figure 71. Schematic diagram of the backscattering geometry experimental 
setup. The sample is mounted on a translation stage driven by a stepper 
motor. A magnified image of the sample is projected onto the plane of 
the spectrometer slit. 
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Figure 72. Emission spectra in the backscattering geometry from a 7.2-µm-thick 
GaN epilayer as a function of the distance from a defect. The four 
spectra were taken at 50 µm intervals; spectrum (a) was taken at the 
defect, whereas spectrum (d) was taken 150 µm away from the defect. 
The picture shows the locations (relative to the defect) where the 
spectra were taken. 

145 



7.2 µm GaN/sapphire RT 

(a) 

>, -"ci) 
C 

2 
C 

w 
en 

0.8 µm GaN/sapphire 

(b) 

0 L 
Relative sample position 

Figure 73. Stimulated emission intensity versus position relative to the sample edges 
for GaN samples of thickness (a) 7.2 µm and (b) 0.8 µm. Stimulated 
emission appears to originate from the sample edges as well as from burned 
spots, cracks, and other imperfections. The widths of the samples on the 
graphs were normalized to line up the edges. 
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Figure 74. Crack on the surface of a 4.2-µm-thick GaN epilayer grown on 
sapphire. Cracks are effective scattering centers for in-plane 
amplified emission. 
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Effects of Microcracks on the Lasing Characteristics of GaN-Based Structures 

Microcracks in GaN-based structures can appear either as a result of cleaving or 

the natural relaxation of strain between the epilayer and substrate during postgrowth 

cooling. Cracks formed in this manner have been found to introduce interesting effects on 

the emission properties of nitrides under high levels of optical excitation, such as high

finesse cavity modes. 

Stimulated emission with Fabry-Perot cavity modes in GaN grown on SiC was 

first observed by Zubrilov et al. 70 and is shown in Figure 75. The full width at half 

maximum of the Fabry-Perot modes was measured to be 0.2-0.5 nm and the distance 

between fringes was -0.7 nm at room temperature. The cavity length was estimated to be 

20 µm, which is much smaller than the sample size. Optical microscopy revealed that the 

sample had microcracks produced by cleaving. The authors believed that the cracks 

served as cavity mirrors and generated the Fabry-Perot modes. 

We extended this lasing work to systematically cover GaN/AlGaN separate 

confinement heterostructures. The sample description was given previously (see 

page 107). In order to evaluate the effects of cracks, we cleaved our samples into 

submillimeter-wide bars (note that when GaN is grown on SiC, it can be easily cleaved 

along the (1120) direction118r Before cleaving, the samples did not exhibit any 

noticeable defects on the surface. After the cleaving process, however, cracks were 

observed along all three cleave planes associated with a hexagonal crystal structure, with 

the majority running parallel to the length of the bar, as shown in Figure 76. 

Samples were excited in the edge-emission geometry (342 nm, 6 ns) with an 

excitation spot in a shape of a line as shown in Figure 32(a). An order of magnitude 

reduction in the lasing threshold was found in comparison to bulk-like GaN epilayers. In 

fact, the lasing threshold was measured to be as low as 65 kW/cm2 at room temperature 

for one of the samples. 103 We believe that such a low lasing threshold of the GaN/AlGaN 
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separate confinement heterostructure is due to improved carrier and optical confinement 

as well as increased optical feedback introduced by cracks (see page 111 and Ref. [119]). 

When the sample was excited above the lasing threshold, high-finesse cavity 

modes were observed. Typical emission spectra from a separate confinement 

heterostructure are shown in Figure 77. We were able to correlate the spacing between 

the modes to the distance between the cracks depicted in Figure 76. Assuming that the 

unity round-trip condition is satisfied and there is no loss due to absorption in the GaN 

layer, the threshold gain can be estimated from: 111 

ln(R-'-2 ) 

g,h > 2L , (6-1) 

where R is the mirror reflectivity (20% for a GaN-air interface) and L is the distance 

between the cracks. We obtained a gain value on the order of 500 cm-1, which is 

consistent with gain measured by the variable stripe technique. 

It was found that by pumping different areas along the length of the bar, the 

emission exhibited varying degrees of cavity finesse. This is presumably due to the 

presence of cavities of varying quality formed by parallel cracks running through the 

active layer. Areas exhibiting high finesse consistently had a narrower far-field pattern 

than those exhibiting low finesse. 

We further note that the high finesse emission exits the sample at an angle of 

~-18°, as shown in Figure 78. In order to understand this phenomenon, the samples were 

examined in cross section using a scanning electron microscope. A large number of 

cracks were noticed lying at small angles (-7°) to the c axis. Taking into account the 

refractive index of GaN, we were able to correlate the geometry of the cracks to the 

emission angle through Snell's law. 

Thus, the existence of microcracks in GaN-based structures (particularly those 

grown on SiC) results in many new features when the emission is collected from the 

sample edge. It significantly affects the directionality, spectral appearance, and lasing 

threshold. Consequently, one has to take into account the effects of these microstructures 

to correctly interpret experimental data. 
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Figure 75. Stimulated emission from a GaN sample grown on SiC at room 
temperature. Fabry-Perot modes were clearly resolved. The spectrum 
corresponds to an excitation pump power density of 5 MW/cm2. 

Adapted from Ref. [70]. 
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Figure 76. A picture of the sample surface of the GaN/AlGaN separate 
confinement heterostructure after cleaving. Before cleaving, the 
sample exhibited no noticeable defects on the surface. After the 
cleaving process, however, cracks can be seen running parallel to the 
length of the bar. 
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Figure 77. Lasing and spontaneous em1ss10n in the GaN/AlGaN separate 
confinement heterostructure at room temperature. Lasing is believed to 
be of microcavity origin. 

152 



PUMP 

GaN/AIGaN 
SCH 

Suostrate , . 

' ' ... 

Emission 

Figure 78. Optical pumping geometry. The high finesse emission exits the sample 
at a large angle ( ~- 18°). The cracks in the surface parallel to the 
cleaved edges ran through the active layer at an inclination consistent 
with the emission angle observed. Adapted from Ref. [103]. 
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Ring-Cavity Lasing in Laterally Overgrown GaN Pyramids 

Microcavity lasers, in addition to vertical cavity surface emitting lasers, offer 

many benefits resulting from optical confinement, which include an enhanced quantum 

efficiency and a greatly reduced lasing threshold. Modem growth techniques allow the 

formation of microcavities with a variety of different geometries. These microcavities can 

also be arranged to form arrays. These arrays are a natural choice for applications 

involving optical displays, imaging, scanning, optical parallel interconnects, and ultra

parallel optoelectronics. Furthermore, success in the fabrication of long lifetime cw 

InGaN edge-emitting laser diodes is largely due to a significant reduction in defects 

attained by using lateral overgrowth on sapphire substrates. 120 The selective area growth 

· of wide-band-gap semiconductors is believed to be one of the most important methods to 

realize high performance laser diodes in the short wavelength region. 121 ' 122 Because of the 

large physical dimensions of their resonator cavities (several hundred microns), 

traditional edge-emitting lasers may only be used for constructing. one-dimensional 

arrays. On the other hand, surface-emitting or microstructure-based lasers103 (with a 

typical cavity of a few microns) could potentially be used for the development of two

dimensional laser arrays. 

Our research group was the first to observe single and multi-mode room 

temperature laser action in GaN pyramids under strong optical pumping. We proposed 

that the laser cavity in a pyramid is of a ring type, formed by total internal reflections of 

light off the pyramid surfaces. The mode spacing of the laser emission was correlated to 

the size of pyramids. The effects of pyramid geometry and pulse excitation on the nature 

oflaser oscillations inside of the pyramids was explained. Finally, we suggested practical 

applications for the development of light-emitting pixels and laser arrays. 

The samples used in this studi were grown by low-pressure metal-organic 

chemical vapor deposition (MOCVD). First, a 0.10-µm-thick AlN buffer layer was 

deposited on a (H 1) Si wafer. A GaN layer was subsequently grown, resulting in a 
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thickness of about 0.15 µm. To prepare samples for selective growth, a 0.1-µm-thick 

SiJN4 masking layer was deposited on the wafer by plasma-enhanced chemical vapor 

deposition. Arrays of openings were created in this mask by photolithography and 

reactive ion etching. The openings were arranged in a hexagonal pattern with a spacing of 

20 µm, and the average diameter of the openings ranged from 2 to 5 µm depending on the 

size of pyramids to be grown. GaN regrowth was then performed in the MOCVD reactor 

with the ammonia flow set at 1.8 slm and the triethylgallium (TEG) flow varying from 

1.9 to 5.3 µmol/min over the course of 3 hours at a temperature of 1050°C. The smaller 

TEG flow for the initial growth was used to avoid nucleation on the mask. The growth 

conditions are described elsewhere123 in more detail. The result of the selective lateral 

overgrowth was a two-dimensional array of GaN pyramids. A scanning electron 

microscope (SEM) image of one of the samples is shown in Figure 79. The base diameter 

of the pyramids was estimated to be about 5 and 15 µm for the two different arrays of 

pyramids, which is considerably larger than the corresponding 2 and 5 µm openings in 

the mask, indicating substantial lateral growth of the pyramids. Transmission electron 

microscope pictures revealed a drastic reduction in defect densities. 

The samples were mounted on a translation stage that allowed for a 3-D 

positioning of the sample with -1 micron resolution. The third harmonic of an injection

seeded Q-switched Nd:YAG laser was used as the pumping source. The pulse width of 

the laser was varied from 5 to 25 ns by adjusting the Q-switch delay. The laser beam was 

focused to a spot with a diameter of 4 µm through a microscope objective. The laser light 

intensity was continuously attenuated using a variable neutral density filter. This study 

was performed in a surface emitting geometry where emission from the sample was 

collected through the same microscope objective in the direction normal to the sample 

surface, as shown in Figure 80. Two cross-polarized Gian-laser prisms were used to 

avoid a leak of the pump beam into the detection system. A 30x magnified image of the 

sample was projected onto the slits of a Spex 1-m spectrometer and the emission spectra 

were recorded by an optical multi-channel analyzer. The overall spatial resolution of the 

system was better than 5 µm. This allowed us to pump, image, and spectrally analyze 

emission from separate pyramids. 
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Figure 81 shows the room temperature emission spectra for a 15-µm-wide GaN 

pyramid at several different pump densities near the lasing threshold. Note that these 

spectra correspond to the emission from a single pyramid. At excitation densities below 

the lasing threshold, only a spontaneous emission peak with a full width at half maximum 

(FWHM) of approximately 14 run is present, as shown in Figure 81(a). The energy 

position and spectral width of the peak are very similar to that observed from high

quality single-crystal GaN epilayers.69 As the pump density is increased to values slightly 

above the lasing threshold, several equally spaced narrow peaks with FWHMs of less 

than 0.3 nm appear, as illustrated in Figure 81 (b ). The position of the peaks remains the 

same as we further raise the excitation density. Due to the pump density dependence of 

the effective gain profile, the maximum intensity mode tends to hop to modes with lower 

energies, as shown in Figure 8l(c). 

The intensity dependence of the spontaneous and lasing peaks was studied as a 

function of excitation power. We observed that the intensity of the spontaneous emission 

peak increases almost linearly with pump density ( Ispon = 1i,:P ), as illustrated in Figure 

82 (open squares) for a 15-µm-wide GaN pyramid. On the other hand, the intensity of the 

lasing peaks experiences a strong superlinear increase ( I,asing = 1i,;~P) with excitation 

power (open circles). The lasing threshold corresponds to an incident pump density of 

approximately 25 MW/cm2. Such a high value of pump density does not accurately 

represent the real lasing threshold since most of the pump beam scatters off the surface of 

the pyramid. In order to estimate the coupling coefficient of the pump beam one has to 

consider the surface roughness and geometry of each specific pyramid. 

Note that the spontaneous emission in Figure 8l(a) does not exhibit a mode 

structure, indicating that it does not come from a laser cavity inside of the pyramid, but 

rather from the surface. On the other hand, the lasing peaks [as shown in Figure 8l(b) and 

Figure 81(c)] appear to be modes from a high-finesse cavity. The perimeter of either a 

ring or standing-wave cavity giving rise to these modes, taking into account the 

dispersion of the refractive index with wavelength, can be evaluated as: 124 
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;i,2 ;i,2 

P = ( dn) = n ~A = 58µm, 
n - ,1, d.t1, ~;i, 

(6-2) 

where we have used .t1, = 370 run for the center lasing wavelength, LU= 0.89 run for the 

dn 
mode spacing, and n = n - .t1, d.t1, = 2.65 for the effective refractive index of GaN at 

370 run (taken from Ref. [125]). The high finesse lasing modes (open circles) were fitted 

with the assumption of a Gaussian profile. The result of the fit is shown Figure 83 with a 

solid line. The perimeter of the cavity appears to be several times larger than the diameter 

of the pyramid base. This result suggests that the photon flux propagating in the cavity 

undergoes several (N ~ 4) reflections inside of the pyramid prior to completing one 

round-trip. 

For a semiconductor laser, the typical turn-on delay time is on the order of 

nanoseconds. 126 In addition, the electron and photon populations undergo oscillations 

before attaining their steady-state values. In practice these oscillations might require 

additional time (up to 15 ns) to become sufficiently dampened before mode intensities 

reach their steady-state values. 127 These initial transients are on the same order as our 

6 ns excitation pulse. During the course of the electron and photon population 

oscillations, a considerable number of lasing modes experience temporary amplification. 

It is plausible that the observed multi-mode laser action in the GaN pyramids [as shown 

in Figure 81(c)] is due to the transient conditions associated with short-pulse excitation. 

To further corroborate this point we note that a large inhomogeneous broadening of the 

gain region is not expected due to the high structural quality of GaN pyramids. 

When the excitation pulse length was increased to -20 ns, along with multimode 

laser action in the GaN pyramids we could also observe single-mode operation, as shown 

in Figure 84 for a 15-µm-wide GaN pyramid. As the pump density is increased to values 

slightly above the lasing threshold, a very narrow peak with a FWHM of less than 0.3 run 

appears on the low energy side of the spontaneous emission peak. Note that the FWHM 

of the stimulated emission peak in high-quality GaN epilayers is typically 2 run at room 

temperature. As in the case of multimode operation, the intensity of the peak shown in 

Figure 84 increases superlinearly with excitation power. 
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A similar set of experiments was performed on the smaller pyramids. For 

5-µm-wide pyramid [Figure 85(b)] the mode spacing increased to approximately 2.2 nm 

which corresponds to a 23 µm cavity perimeter. The difference in mode spacing for the 

two pyramids of different sizes is inversely proportional to their physical dimensions 

[Figure 85(a) and Figure 85(b)]. 

To understand the geometry of the cavity formed inside of the pyramids we have 

to consider the limited penetration depth of the pump. We expect that the gain region can 

only lie in the vicinity of the surface rather than deep in the body of the pyramid. The 

existence of the highly modulated lasing spectra shown in Figure 83 with such a short 

gain region suggests that the losses associated with cavity mirror reflectivity and 

absorption at the lasing wavelength are very small. For multiple reflections, only highly 

reflective mirrors could provide a reasonable optical feedback. Under normal incidence, a 

GaN-air interface reflects back approximately R = 0.2 of the incident signal. Having N 

near-normal reflections will result only in RN :::; 10-3 (for N ~ 4) of the transmitted 

signal after one round trip in the cavity, which would require unrealistically high gain in 

a standing wave cavity with normally oriented end mirrors. Therefore, the cavity inside 

of the pyramid is most likely of a ring type formed by total internal reflections off the 

pyramid surfaces. This cavity could potentially lead to a large build-up of the electric 

field in the pyramid. The collected emission from the sample is believed to be only a 

scattered fraction of this field, as in the case of the scattered stimulated emission 

observed in GaN epilayers (see page 141 and 128). 

Picosecond time-resolved photoluminescence spectroscopy has been used by 

other experimental groups to further investigate the optical properties of GaN 

pyramids. 129 It was found that (i) the release of the biaxial compressive strain in 

overgrown GaN pyramids on GaN/AlN/sapphire led to a 7 meV redshift of the spectral 

peak position with respect to a strained GaN epilayer grown under identical conditions; 

(ii) in the GaN pyramids on GaN/ AIN/sapphire, strong band-edge transitions with much 
' 

narrower linewidths than those in the GaN epilayer were observed, indicating the 

improved crystalline quality of the overgrown pyramids; (iii) PL spectra taken from 

different parts of the pyramids revealed that the top of the pyramid had the highest 

crystalline quality; and (iv) the presence of strong band-to-impurity transitions in the 
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pyramids was primarily due to the incorporation of oxygen and silicon impurities from 

the Si02 mask. Studies of the optical modes in a ring-type three-dimensional microcavity 

formed inside of the pyramids were also reported in the literature. 130 

We further note that the pyramids used in this work are of a much smaller size 

than conventional edge-emitting LD cavities. Even though efficient carrier injection and 

coupling of the emission are yet to be developed, these GaN microstructures could 

potentially be used as pixel elements and as high density two-dimensional laser 

arrays. 131 ' 132 The Si substrate used to grow the pyramids might facilitate the integration of 

GaN microstructures into Si-based electronics. 

In summary, we have observed single-mode and multi-mode laser action in GaN 

pyramids under strong optical pumping at room temperature. The pyramids were 

individually pumped, imaged, and spectrally analyzed through a high magnification 

optical system using a high density pulsed excitation source. We suggest that the cavity 

formed in a pyramid is of a ring type, formed by total internal reflections of light off the 

pyramid surfaces. The mode spacing of the laser emission was found to be correlated to 

the size of the pyramids. This study suggests that GaN microstructures could potentially 

be used as pixel elements and high density two-dimensional laser arrays. 
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Figure 79. SEM image of GaN pyramids with a 15-µm-wide hexagonal base, 
grown on a (111) Si substrate by selective lateral overgrowth. 
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Figure 80. Experimental geometry. The pyramids were individually pumped, 
imaged, and spectrally analyzed through a high-magnification 
telescope system. Two cross-polarized Gian-laser prisms were used to 
avoid a leak of the pump beam into the detection system. 
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Figure 81. Emission spectra of a 15-µm-wide GaN pyramid under different levels 
of optical pumping above and below the lasing threshold at room 
temperature. At pump densities below the lasing threshold only a 
14-nm-wide spontaneous emission peak is present, whereas at 
excitation levels above the lasing threshold multimode laser action is 
observed. 

162 



~ 

"' C 
Q) ...... 
C 

~ 
co 
Q) 

CL 

GaN pyramids 
on (111) Si 
RT 

I -1 2.8 
lasing- p 

I =I o.93 
spon p 

10 100 

Excitation density (MW/cm2) 

Figure 82. Peak intensity as a function of excitation density. The intensity of the 
spontaneous emission peak ( open squares) increases almost linearly 
with excitation power. The lasing peak intensity (open circles) exhibits 
a strong superlinear increase as the pump density is raised. The solid 
lines represent linear fits to the experimental data. 
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Figure 83. Lasing modes in a 15-µm-wide GaN pyramid. High finesse modes 
(open circles) were observed when the sample was excited above the 
lasing threshold. The solid line represents a fit to the experimental data 
with the assumption of a Gaussian gain profile. The perimeter of the 
cavity was estimated to be 58 µm. 
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Figure 84. Emission spectra of a 15-µm-wide GaN pyramid under different levels 
of optical pumping above and below the lasing threshold at room 
temperature (excitation pulse width is 25 ns). A single-mode laser peak 
of less than 0.3 nm FWHM was observed when the sample was pumped 
above the lasing threshold. 
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Figure 85. Multi-mode laser action in (a) 15-µm-wide and (b) 5-µm-wide 
pyramids. The mode spacings correspond to cavities of 58 and 23 µm, 
respectively. 
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CHAPTER VII 

IMAGING TECHNIQUES FOR WIDE-BAND-GAP SEMICONDUCTORS 

In a laser diode it is desirable to have a well-designed laser cavity producing a 

narrow zero-order transverse mode pattern with smooth transverse amplitude, even phase 

profiles, and low diffraction losses. It is equally desirable to obtain a laser with the lowest 

lasing threshold possible. To achieve these objectives the geometry of the laser cavity 

should be optimized, paying special attention to the waveguiding properties of the 

confinement layers. This chapter deals with issues related to near- and far-field 

stimulated emission patterns of GaN-based lasing structures and describes a novel 

experimental technique for evaluating optical confinement in wide-band-gap 

semiconductors. 

Transverse Lasing Modes in GaN-Based Lasing Structures 

The beam properties of a laser diode become critical when it is necessary to 

couple the laser output into another optical element. For example, a smaller beam 

divergence can increase the coupling efficiency of a laser diode to an optical fiber. In the 

DVD optical storage system (and even more so in DVD/HD), it is also necessary to 

reduce the perpendicular divergence angle to below 25° (see Ref. [133]). However, in the 

conventional separate confinement heterostructure laser, the tight optical confinement 

normally results in a large beam divergence in the direction perpendicular to the junction. 

Such a large transverse beam divergence will lead to a low coupling efficiency and a 
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highly asymmetric elliptical far-field pattern. To overcome this problem, different 

structures have been used to expand the size of the transverse electrical field in the 

optical cavities. This leads to improvements in both the near-field (Fresnel) and far-field 

(Fraunhofer) regions. However, the decrease of the far-field angle will normally result in 

a higher threshold current. This higher current can cause power dissipation and heat 

generation problems which would jeopardize the realization of the much longer lifetime 

that is essential for commercial applications of laser diodes. Only very limited attention 

has been paid to strict lateral carrier and photon confinement in InGaN-based laser 

diodes, since no reliable technique for measuring optical confinement existed. 

Current state-of-the-art InGaN/GaN multi-quantum well laser diodes have many 

problems associated with poor optical confinement. Figure 86 shows the near-field 

pattern of a laser diode at output powers of 70 and 100 mW taken by a charge-coupled 

device camera through an optical microscope. 134 The fundamental transverse mode was 

observed at output powers below 80 mW, as shown in Figure 86(a). When the output 

power was increased above 80 mW, the first-order transverse mode appeared, as shown 

in Figure 86(b ). In order to suppress this change, one must force the transverse mode to 

be the fundamental mode over the entire range of operating currents by further narrowing 

the ridge width and improving optical confinement. 

We performed an intensity analysis of the near- and far-field patterns from 

InGaN/GaN multi-quantum well structures. The samples were pumped using the 3rd 

harmonic of an Nd:YAG laser (355 nm, 6 ns). The emission from the sample edge was 

projected onto a Spiricon CCD camera using a lOOx microscope objective with NA=0.9. 

The signal was averaged over 500 laser pulses and converted into a two-dimensional 

array of numbers for intensity analysis using a custom-programmed digital filter. 

Typical emission intensity profiles when the sample was excited above the 

stimulated emission threshold are shown in Figure 87. The near-field pattern [Figure 

87(a)] resembles a line that lies along the sample surface. However, the far-field pattern 

bears the signature of a TEM01 mode, consisting of two distinct bright spots. An example 

of such a pattern taken at a distance of 20 µm from the sample edge is shown in Figure 

87(b). We estimated the divergence of the beam in the direction perpendicular to the 

surface to be -35°. 

168 



In order to confirm our observations, we performed computer simulations. Higher 

order transverse modes are usually of a Hermite-Gaussian type in rectangular coordinates 

or Laguerre-Gaussian in cylindrical coordinates. 135 The preliminary analysis of the far

field pattern depicted in Figure 87(b) suggested that it did not represent the fundamental 

mode, but rather a higher order TEM mode. 

The free-space Hermite-Gaussian TEMnm solutions can be written m the 

following form: 

where w(z) is the spot size, '!f(z) is the Guoy phase shift, and R(z) is the radius of 

curvature. The first two (unnormalized) Hermite polynomials are given by: 

(7.2) 

We can use the information given in Eqs. 7-1 and 7-2 to perform a computer 

simulation of the TEM01 mode. The result of such a modeling is depicted in Figure 88. 

Note that the computer simulation depicted in Figure 88 closely resembles (at least 

qualitatively) the far-field pattern shown in Figure 87(b). 

Since the far-field pattern observed from the InGaN/GaN multi-quantum well 

sample is not in the shape of a single Gaussian, we conclude that the fundamental mode 

(TEM00) could not be observed due to poor optical confinement of the sample emission at 

excitation densities above the stimulated emission threshold. Thus, further improvement 

in waveguiding characteristics is needed. Unfortunately, the intensity profiles do not 

contain information about the depth of the optically confined region, and the "leak" of 

stimulated emission into the buffer/substrate region is rather difficult to estimate from 

this technique. 
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Figure 86. Near-field pattern of InGaN MQW laser diodes at output powers of 
(a) 70 mW and (b) 100 mW under room temperature cw operation. 
The X and Y directions are parallel and perpendicular to the junction 
of the laser diode, respectively. From Ref. [134]. 
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(a) (b) 

Figure 87. Images of the beam propagation from (a) near-field to (b) 20 µm from 
the sample taken from an InGaN/GaN MQW sample at room 
temperature under pulsed excitation. Improvements in optical 
confinement are necessary to improve the far-field pattern of the laser 
em1ss10n. 
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Figure 88. Computer simulation of the TEM01 mode using the Hermite-Gaussian 
solutions given by Eq. 7-1. 
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Novel Technique for Evaluating Optical Confinement in GaN-Based Lasing Structures 

In December of 1999, the success in the fabrication of room temperature cw violet 

laser diodes was marked by Nichia's announcement of "engineering sample shipments." 

However, the realization of longer lifetime and higher power laser diodes for commercial 

applications was still contingent upon further qualitative improvements to the design of 

UV and blue laser diodes. Current state-of-the-art LDs cannot efficiently confine the 

optical field of the fundamental mode at high output powers due to the penetration of the 

laser radiation from the waveguide region into the GaN substrate region. 134 In particular, 

the beam property of an LD is a critical parameter in coupling the output of the laser to 

other optical elements since it can severely affect the coupling efficiency.136 

While numerous theoretical models for the evaluation of optical confinement have 

been given in the literature, 137 experimental techniques have been limited mostly to 

measuring the beam divergence and extrapolating to obtain the thickness of the 

confinement layer under the assumption of Gaussian fields, as was described previously. 

The limitations of this technique prompted our research group to develop an advanced 

measurement technique that can resolve the laser emission not only spatially but also 

spectrally. We successfully achieved this objective by combining positioning and 

dispersion instruments in a single high-resolution experimental setup. We performed an 

evaluation of the optical confinement in GaN-based lasing structures by spectrally 

resolving the near-field pattern observed on the facets of the laser structures. We 

demonstrated that the confinement layers introduce a unique signature onto the near

band-edge emission spectra that can be used to deduce the optical confinement 

characteristics. Information extracted through this technique can be applied towards 

lowering the internal optical losses and improving the transverse beam profile by 

eliminating optical leakage and the presence of higher order modes. 

The experimental configuration of our experimental setup is shown in Figure 89. 

A tunable dye laser pumped by a frequency-doubled injection-seeded Nd:YAG laser was 
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used as the primary optical pumping source. The visible output of the dye laser was 

frequency doubled using a nonlinear crystal to achieve a near-UV pumping frequency. 

The laser beam was focused with a cylindrical lens into a line on the sample surface (see 

page 69). The near-field pattern of the emission from the edge of the sample was imaged 

and spectrally resolved using a high-magnification optical assembly (NA=0.9) in 

conjunction with a 1-m spectrometer and an optical multi-channel analyzer. The optical 

assembly was mounted on a translation stage driven by a computer-controlled stepper 

motor which allowed the microscope objective to be positioned with sub-micron 

resolution relative to the sample. The spectral resolution of the system was better than 

0.1 nm. 

The samples used in this study were MOCVD-grown GaN films with thicknesses 

ranging from 1.7 to 7.2 µm as well as a GaN/AlGaN separate confinement 

heterostructure (SCH). The details of the sample growth have been described previously 

(see pages 69 and 107). Experiments were performed at room temperature with excitation 

power densities of two times the stimulated emission (SE)/lasing thresholds for each 

sample studied. We note that the SCH exhibited low-threshold lasing at room 

temperature due to microcavity effects as described in Chapter VI. 

We observed drastic changes in the emission spectra for different positions of the 

sample relative to the microscope objective while exciting samples above the SE/lasing 

threshold. A 3-D plot of the spectrally and spatially resolved emission from a 

7.2-µm-thick GaN epilayer is shown in Figure 90. The horizontal axes represent the 

emission energy and the position of the microscope objective relative to the active layer. 

The scanning of the near-field pattern under optical pumping was performed in the 

growth direction (normal to the sample active layer). The vertical axis indicates the 

intensity of the sample emission on a logarithmic scale. Utilizing this scanning technique, 

we could resolve fine spectral features that would otherwise be averaged out in spatially 

unresolved experiments. 3-D plots obtained in this way contain a substantial amount of 

information about the optical confinement characteristics of the structure under 

investigation. 

Several different cross sections of the 3-D plot from Figure 90 are shown in 

Figure 91. When the emission is collected at a significant distance above the surface of 
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the epilayer [Figure 9l(a)], we observe only non-reabsorbed surface-scattered 

spontaneous emission. As we move the microscope objective closer to the sample 

surface, a weak stimulated emission peak appears on the low energy side of the 

spontaneous emission peak [Figure 91(b)]. In this case, the stimulated emission is 

amplified in-plane and scattered off the sample edge (see page 141 and Ref. [128]). When 

the optical axis of the objective is aligned with the GaN epilayer, only a strong stimulated 

emission peak is observed [Figure 91(c)], since spontaneous emission is entirely 

reabsorbed in the direction parallel to the surface. 

The sample emission becomes strongly modulated when it is collected from the 

sapphire substrate just below the GaN epilayer, as shown in Figure 91(d). This 

interference pattern results from multiple reflections within the active layer very close to 

the critical angle for total internal reflection between the epilayer and substrate interface, 

and the beams emerge at a grazing angle. 

In order to understand this phenomenon we have to consider the different 

refractive indices for the GaN epilayer, sapphire substrate, and air. For simplicity, let's 

assume the refractive index of GaN to be n ~ 2.4. In general, however, we should 

account for the dispersion of the refractive index with wavelength, since stimulated 

emission is by its very nature close to the GaN band-gap. The photon flux propagating 

inside the GaN epilayer will be totally internally reflected off the GaN-air interface for 

angles larger than 25°. For the GaN-sapphire interface the incident angle has to be as 

steep as 49° in order for the beam to be totally reflected (assuming the refractive index of 

sapphire to be n ~ 1.8 ). Thus, for angles slightly below 49°, the photon flux is totally 

reflected off the air-GaN interface and is almost totally reflected off the sapphire-GaN 

interface, as shown in Figure 92. Some of this light will be scattered off the sapphire

GaN interface and emerges at a grazing angle. This is the signal that is picked up by our 

apparatus and depicted in Figure 91 ( d). 

Therefore, this spatially resolved emission bears a spectral signature that can be 

used to deduce optical confinement characteristics. Combined with the near-band-edge 

dispersion of the GaN refractive index, 138 this interference pattern can be used to obtain 

the thickness of the layer to which the emission is confined. In the simplest case ( a GaN 

epilayer), the fit of the experimental data into a tilted cavity Fabry-Perot equation139 
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yields the thickness of the epilayer. This has been confirmed to a high degree of accuracy 

in a variety of GaN samples, as illustrated in Figure 93. 

We further extended our work to cover GaN/AlGaN SCH samples, as shown in 

Figure 94. Besides a strong lasing peak at 3.42 eV, weak modulated emission was 

observed in the low-energy spectral region of 3.31-3.40 eV. The observed mode spacing 

suggests that the modulated emission is due to the photon flux leaking from the 

waveguide region into the GaN buffer region, as depicted in Figure 95. 

A qualitative analysis of optical confinement can be given by further analyzing 

the data obtained by means of the technique described in this chapter. Since the edge 

emission is spectrally resolved, we can separately calculate the spectrally integrated 

intensity of the emission leaking into the buffer or substrate layers ( J1eak) and the 

spectrally integrated intensity of SE/lasing ( I sFJiasing) for each position z of the microscope 

objective relative to the sample edge. We can extend the analysis by spatially integrating 

the SE/lasing and leak intensities and evaluating the ratio of the integrals: 

JI SE/lasin/ Z) dz 

J11eak(z) dz 
(7-3) 

In general, n will depend not only on the degree of optical confinement but also 

on excitation power. Thus, it is necessary to maintain the power at the same level relative 

to the SE/lasing threshold for each of the samples. For the two spectra shown in Figure 

90 and Figure 94, the ratios were found to be n = 4 and 10 for a GaN epilayer and a 

GaN/AlGaN SCH sample, respectively. The higher ratio corresponds to a higher degree 

of optical confinement. 

Optical confinement has a significant effect on the lasing threshold and transverse 

beam profile of laser diodes. The technique described in this work introduces a way to 

directly compare the quality of optical confinement in GaN-based lasing structures 

through the analysis of both spectrally and spatially resolved emission. By comparing the 

mode spacing as well as the intensity ratio of the emissions, one gains insight into both 

the amount of emission leak and the layer thicknesses. 

To summarize, in this chapter we have introduced a novel technique for 

evaluating the optical confinement in GaN-based lasing structures by studying their 

176 



spectrally resolved near-field pattern under high optical excitation. The emission spectra 

vary greatly with the position of the collection optics relative to the active layer when the 

sample is excited above the lasing threshold. The spatially resolved spectra contain a 

modulation signature that can be used to evaluate the optical confinement characteristics. 

This technique can provide valuable data that will help improve the transverse beam 

profile of GaN-based lasing structures. 
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Figure 89. Experimental configuration. A microscope assembly (NA=0.9) was 
used to project the image of the sample onto the spectrometer slits. The 
microscope assembly was mounted on a translation stage with 
submicron resolution for scanning the sample perpendicular to the 
active layer. 
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Figure 90. Spatially resolved emission spectra from a 7.2-µm-thick GaN epilayer at 
excitation densities above the SE threshold. The horizontal axes indicate the 
emission photon energy and position of the microscope objective relative to 
the sample active layer. The vertical axis is the emission intensity plotted on a 
logarithmic scale. 
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Figure 91. Cross sections of the 3-D plot shown in Figure 90 taken at 
(a) substantially above the GaN epilayer, (b) slightly above the 
epilayer, (c) in line with the epilayer, and (d) slightly below the 
epilayer. 
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Figure 92. Formation of an interference pattern in a GaN epilayer. The difference 
in refractive indices for air, sapphire, and GaN creates a tilted Fabry
Perot cavity. 
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Figure 93. Edge emission from GaN epilayers with different thicknesses. Emission was 
taken with a microscope objective positioned slightly below the GaN epilayer. 
The spatially and spectrally resolved measurement technique gives precise 
information on the thicknesses of the epilayers. 
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Figure 94. Spatially resolved emission spectra from a GaN/AlGaN SCH at 
excitation densities above the lasing threshold. Index guided modes 
appearing on the lower energy side of the lasing peak indicate a leak 
of emission from the waveguide region to the GaN substrate region. 

183 



active layer--1.b;;X~§IJjlfifS;~ 
optical (.; 

confinement 
layers 

buffer layer ~ 

lasing 
>-

Figure 95. Mechanism of optical confinement and leak in a GaN/ AlGaN 
separate confinement heterostructure. The observed mode spacing in 
Figure 94 suggests that the modulated emission is due to the photon 
flux leaking from the waveguide region into the GaN buffer region. 
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CHAPTER VIII 

SUMMARY 

Many aspects of the group-III nitrides have not been thoroughly explored yet. 

This thesis has hopefully answered many issues related to gain mechanisms, 

microstructure lasing, imaging, and high-temperature optical properties of this material 

system, as well as provided some background information on the general properties of 

group-III nitrides. 

In this monograph the observation of sti~ulated emission in GaN at temperatures 

as high as 700 K was reported and issues pertinent to sample degradation were addressed. 

Stimulated emission at such high temperatures has never been observed in any 

semiconductor system. By raising the temperature from 300 K to 700 K we achieved a 

"tuning" of the stimulated emission peak in GaN from the near-UV spectral region to 

blue (a range of more than 40 nm). This unique property of stimulated emission might 

result in new types of optoelectronic devices utilizing this temperature tuning. We also 

studied stimulated emission in InGaN/GaN multi-quantum wells at elevated 

temperatures. The low sensitivity of the stimulated emission threshold was clearly 

demonstrated. This creates opportunities for the development of light-emitting devices 

capable of high-temperature operation. 

In this monograph we reported the gain mechanisms in GaN epilayers over the 

temperature range of 20 to 700 K. We observed that for temperatures below 150 K the 

dominant near-threshold gain mechanism is inelastic exciton-exciton scattering, 

characterized by a low stimulated emission threshold. For temperatures exceeding 150 K 

the dominant gain mechanism was shown to be electron-hole plasma recombination, 
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characterized by a relatively high stimulated emission threshold and a large separation 

between spontaneous and stimulated emission peaks. 

We also achieved efficient lasing in optically pumped GaN/AlGaN separate 

confinement heterostructures with the shortest emission wavelength reported to date. 

Remarkably low values of the lasing threshold were measured over a wide temperature 

range. Through an analysis of the relative shift between spontaneous and lasing peaks, 

combined with the temperature dependence of the lasing threshold, we demonstrated that 

exciton-exciton scattering is the dominant gain mechanism leading to low-threshold ultra

violet lasing over the entire temperature range studied. 

We have systematically investigated both the spontaneous and· stimulated 

emission properties of InGaN/GaN multi-quantum well structures and InGaN epilayers. 

Our findings were explained in the context of localization of photogenerated carriers 

associated with strong potential fluctuations in the InGaN active region. We believe that 

the efficiency of the state-of-the-art blue laser diode and the origin of gain is due to 

potential fluctuations of indium in the active layers. 

Gain mechanisms in AlGaN alloys were also studied in the temperature range of 

10 K to 300 K. Through a careful analysis of the carrier densities we concluded that 

stimulated emission occurs at densities significantly above the Mott density, and 

consequently, the origin of gain was attributed to an electron-hole plasma recombination. 

By studying the origin of surface-emitted stimulated emission in GaN epilayer 

films we have resolved a long lasting controversy in GaN research. Based on our 

experimental observations, we clearly demonstrated that the surface-emitted stimulated 

emission reported by several groups is not vertically amplified emission, but rather is due 

to a scattering of the photon flux propagating parallel to the surface by defects. These 

results show that the influence of imperfections in GaN epilayers cannot be ignored when 

determining gain values from experiment, and may be one of the reasons that there are 

large discrepancies in the gain values measured in different experimental geometries. The 

existence of microcracks in GaN-based structures (particularly those grown on SiC) 

affects the directionality, spectral appearance, and the threshold of lasing. Consequently, 

one has to take into account the effects of these microstructures to correctly interpret 

experimental data. 
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For the first time, we reported the observation of single-mode and multi-mode 

laser action in GaN pyramids under strong optical pumping at room temperature. We 

suggested that the cavity formed in a pyramid is of a three-dimensional ring type, 

introduced by total internal reflections of light off the pyramid surfaces. This study 

suggested that GaN microstructures could potentially be used as pixel elements and high 

density two-dimensional laser arrays. 

Finally, we described the intensity profiles for far-field em1ss10n from 

InGaN/GaN multi-quantum well samples. We showed that good carrier and optical 

confinement are critical in order to maintain the fundamental Gaussian mode. We have 

introduced a novel technique for evaluating the optical confinement in GaN-based lasing 

structures by studying their spectrally resolved near-field pattern under high optical 

excitation. This new technique could provide help in improving the transverse beam 

profile of GaN-based lasing structures. 

Much of the research on group-Ill nitrides is still in progress. This thesis gives 

only an up-to-date summary of research projects undertaken by the author. The results 

reported in this . monograph are directed towards future applications and aimed at 

explaining high-density carrier phenomena observed in this material system. 
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APPENDIX A 

DETERMINATION OF GAIN THROUGH THE 

VARIABLE STRIPE METHOD 

The direct determination of optical gain in semiconductor crystals by the variable 

stripe method was first suggested by Shaklee and Leheny* in 1971. This method is a 

modification of a method used on pulsed metal vapor lasers by Silfvast and Deech.t 

Cross and Oldham+ presented a detailed theoretical analysis of the variable stripe 

measurement technique that explicitly investigated gain saturation and the effects of a 

nonzero collection aperture on the interpretation of experimental data. The advantage of 

this technique is that the crystal need not be fabricated into an optical cavity in order to 

determine its suitability for producing semiconductor lasers. With the advent of this 

technique, it became possible to evaluate crystals in their early stages of technological 

development. 

The variable stripe method has been extensively used to study the gain dynamics 

of GaN-based lasing mediums. This measurement technique involves the detection of 

single-pass amplified light emitted along the length of an optically excited crystal. A 

rectangular beam of uniform intensity was focused into a line. Spontaneous emission was 

amplified (via stimulated emission) as it passed through the excited volume towards the 

edge of the crystal as shown in Figure A-1. The pumped region was a narrow stripe of 

length l translated a distance d from the sample edge with the output I(l, d) collected 

along the stripe axis. The length of the stripe was varied by a computer-controlled stepper 

* K. L. Shaklee and R. F. Leheny, Appl. Phys. Lett. 18,475 (1971). 
t W. T. Silfvast and J. S. Deech, Appl. Phys. Lett. 11, 97 (1967). 
+ P. S. Cross and W. G. Oldham, IEEE J. Quantum Electronics, QE-11, 190 (1975) 
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motor. The acquisition setup used a set of apertures to assure that it only collected the 

light that passed through the edge of the crystal and not through the side. 

Let us define the net gain as 

g = g' -a' (A-1) 

where g' is the gain due to stimulated emission and a is the optical loss. The ideal 

dependence of 1(1, d) is 

I{z,d) ~ (I/ J [exp(gl)-1 ]exp(-ad), (A-2) 

where Is is the spontaneous emission rate per unit volume and A is the cross-sectional 

area of the excited volume. Figure A-2 shows the ideal output-intensity characteristics for 

different values of d . When l is sufficiently large and the excitation region starts from 

the edge of the sample ( d = 0 ), the exponential factor in Eq. A-2 dominates and one can 

obtain the gain from the slope of the curve plotted on a logarithmic scale. 

Figure A-3 shows how the emission intensity from a 1.9-µm-thick GaN sample 

varies as a function of excitation length. By utilizing an optical multi-channel analyzer 

and a stepper motor, we collected a series of spectra for different values of excitation 

length. The two emission peaks at 367 and 372 nm represent spontaneous and stimulated 

emission, respectively. With increasing excitation length, the intensity of the spontaneous 

emission peak (seen due to a non-zero collection aperture) linearly increases, whereas the 

intensity of the stimulated emission peak exhibits an exponential increase, as was 

predicted by Eq. A-2. Typical values of gain for GaN epilayers obtained by utilizing the 

variable stripe technique are on the order of several hundred cm-1. 

Let's define (f)(E)dE to be the flux of photons with energy between E and 

E + dE , R,,,. to be the nonradiative transition rate, Rspon to be the total spontaneous-

emission rate per unit volume, and Rs,im to be the total stimulated-emission rate per unit 

volume. Under steady-state excitation, the total downward-transition rate must equal the 

pumping rate R as expressed by 

R = R,pon + Rstim + R,,, ' (A-3) 

or 
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R spon can be characterized by a lifetime r spon : 

n 
Rspon =--, 

'['spon 

(A-4) 

(A-5) 

where n is the density of the excited species. Similarly, the nomadiative transition rate is 

given by: 

(A-6) 

where Tnr is the nomadiative lifetime. Now we can rewrite Eq. A-3 as: 

. R R (1 '[' spon J 
R = slim+ spon +-- · 

'[' nr 

(A-7) 

In general it is difficult to establish a relation between R .. 1;111 and Rspon without 

some assumptions. In order to reduce the computational complexity, the photon-energy 

dependence is eliminated by approximating the emission characteristics with a 

rectangular spectra of width M . Thus the transition probabilities (both spontaneous and 

stimulated) become independent of photon energy within the bandwidth M, which 

requires short energy-relaxation times. Results based on the rectangular approximation 

give an upper bound to the degree of saturation. Carrying out the integral for Rs,im in 

Eq. A-4 we get: 

l•g 
Rslim =<l>·g·b.E=E, (A-8) 

where I is the integrated radiation intensity. The general approach of Einstein was to 

assign rate constants to spontaneous and stimulated emission with the assumption that 

both of them are propmtional to the carrier density. Einstein stated that the rate of 

stimulated emission is also proportional to the radiation intensity. To find the 

proportionality constant relating Rs,im to Rspon for the case of rectangular spectra, let us 

define I sat as the radiation intensity at which the gain has dropped to one half its low

intensity value. Thus when I= !sat, from Eq. A-7 and Eq. A-8 we get: 
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Rspon,0 (l + rspon J =(at· go = R. 

2 r 11 , 2E 2 

We can rearrange Eq. A-9 to give: 

E · Rspon ( Tspon J g= 1+-- . 
I.wt rn, 

Now we can combine Eqs. A-7, A-8, and A-10 to obtain: 

and substituting for R from Eq. A-9 we arrive at: 

g = go 
I 

1+~ 
/sat 

(A-9) 

(A-10) 

(A-11) 

(A-12) 

Therefore, we expect gain to decrease as the radiation intensity increases, which is 

in good agreement with experiment. 

The measured value of gain can also be diminished by the effect of a nonzero 

collection aperture. The fraction of photons emitted by a volume element that is collected 

by external optics is the fraction within a certain cone originating from the volume 

element. A significant fraction of the rays within the cone pass out of the active region 

before reaching the edge of the sample and some of them are amplified over the entire 

distance from the emitting volume to the sample edge. Due to limited detector sensitivity 

and a lack of total control over the excited region, the conditions necessary for the ideal 

amplified stimulated emission experiment cannot be met. We note, however, that all of 

these effects tend to reduce the measured value of gain, making our measured value a 

lower limit. 

The variable stripe gain method is a rather simple and effective technique for 

measuring optical gain in semiconductors. Unlike other methods involving transmission 

of light through the sample, it works equally well if the band-gap of the substrate is lower 

than the band-gap of the epilayer, e.g. GaN on SiC. 
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Figure A-1. Pumping configuration for the variable stripe gain experiment. 
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Figure A-3. Dependence of emission intensity on excitation length for a 
1.9-µm-thick GaN epilayer grown on a-sapphire (l .5· 1,h , 349 nm, 

4 ns, 30 Hz). The intensity of the spontaneous emission peak increases 
almost linearly with excitation length. An exponential increase in the 
emission intensity of the stimulated emission peak can be seen. 
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APPENDIXB 

EXTRACTION OF GAIN FROM SPONTANEOUS 

EMISSION SPECTRA 

There have been many attempts to deduce gain spectra from an analysis of 

measured spontaneous emission spectra. Bernard and Duraffourg * considered the case of 

stimulated emission in semiconductors for transitions between the conduction band and 

the valence band, or between one of these bands and an impurity level. They derived 

relations for spontaneous emission, stimulated emission, and optical absorption. Bebb 

and Williams t derived the same relations for many different transitions. Finally, Henry 

et al. t presented a new method for obtaining absorption and gain spectra of lasers which 

made no assumption on the nature of the optical transition. The method for extraction of 

optical gain described here is based on their publication as well as Landau and Lifshitz's§ 

work and applied to GaN epilayers grown on sapphire. 

Einstein postulated that the rates of absorption, spontaneous emission, and 

stimulated emission are governed by three coefficients, but these three processes are not 

independent. By demanding that the emission and absorption processes lead to the same 

equilibrium values for the radiation density and level populations it is possible to derive 

two relations between the three coefficients. This argument can be made for any material, 

including a semiconductor. 

* M. G. A. Bernard and G. Duraffourg, Phys. Status Sol. 1,699 (1961). 
t H.B. Bedd and E. W. Williams, "Semiconductors and Semimetals," (Academic Press, 
New York, 1972). 
t C.H. Henry, R. A. Logan, and F. R. Merritt, J. Appl. Phys. 51, 3042 (1980). 
§ L. D. Landau and E. M. Lifshitz, "Statistical Physics," 2nd edition, (Academic Press, 
New York, 1972). 
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Consider a thin layer of semiconductor with light propagating along a path length 

t through the layer. A beam of photons with an occupation of nhv per mode is passing 

through the layer. The change in nhv can be written as: 

(B-1) 

where -at nhv is the decrease in mode occupation number due to absorption, and the 

coefficients A and B describe the · increases in occupation number due to spontaneous 

and stimulated emission, respectively. A steady-state equilibrium for some value 

nhv = nhv can be reached if B is greater than a t. At equilibrium, the rates of emission 

and absorption are equal and tinhv = 0 . Eq. B-1 becomes: 

or, solving for nhv : 

0 = -a t nhv +A+ B nhv, 

A/B n --~
hv - a ·t 

--1 
B 

(B-2) 

(B-3) 

We can consider the interaction of photons with the semiconductor as a non

equilibrium Bose gas. Landau and Lifshitz derived a formula for the entropy of such a 

gas: 

(B-4) 

where the index i represents different states. When a photon of energy h v is added to 

the gas, only modes with the same occupation number nhv will change, hence: 

(B-5) 

For a single photon, I~n; = 1 and Eq. B-5 can be written as: 
i 

(B-6) 

In order for a photon to be emitted, an electron has to drop from the conduction 

band to the valence band. The free energy M of the semiconductor changes by - till F , 
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where MF is the separation between the quasi-Fermi levels of the two bands. At the 

same time the energy M of the semiconductor changes by - h v . At constant 

temperature we can write the equation for the change in entropy as: 

M-M' hv-M M= =- F. 
T T 

(B-7) 

From the point of view of statistical mechanics and thermodynamics, the entropy 

of the combined system of the semiconductor and the radiation at equilibrium will be a 

maximum. In other words, there will be no net increase in entropy when a photon is 

emitted or absorbed. Therefore, the sum of Eq. B-6 and Eq. B-7 should be equal to 0: 

Mhv +M=kln(n': +lJ- hv-MF =0. 
nhv T 

(B-8) 

From Eq. B-8 we can obtain the equilibrium occupation number: 

- 1 
nhv = (hv-M ) . 

exp F 

kT 

(B-9) 

If radiative equilibrium is to lead to a state of maximum entropy, Eq. B-3 and 

Eq. B-9 should be identical, since they define the same quantity nhv. This is satisfied 

only if: 

(B-10) 

Optical gain was defined in Eq. 3-3, but in the current notation it looks somewhat 

different: 

(B-11) 

Ifwe neglect the spontaneous emission in Eq. B-1 we get: 

(B-12) 

The rate of spontaneous emission into a single mode is given by: 

dnhv = dx dnhv =!:._ dnhv =v dnhv =a(hv M )v ex (MF -hv) 
dt dt dx n dx g dx ' F g p kT ' 

(B-13) 
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where n is the index of refraction and v g = dm/ dk is the group velocity of light in the 

semiconductor. The number of modes per unit solid angle per unit energy per unit 

volume is: 

dN _ 2k2dk _ n2 (hv)2 
dhv dQ - (2.n-)3 dhv - ;r h3c2v g ' 

(B-14) 

where k = 21rnv/c is the wavevector. The detected spontaneous emission intensity is a 

function of the photon energy and pumping power (quasi-Fermi level separation). It is 

proportional to the theoretically calculated value, given in Eq. B-13, with the aperture 

consideration given in Eq. B-14, and the relative quantum efficiency of the detection 

system F)hv ), i.e.: 

L(hvM)oc(dnhvJ( dN JF(hv). 
' F df dhv dQ s 

(B-15) 

The substitution ofEq. B-13 and Eq. B-14 into Eq. B-15 yields: 

L(hv,MF )oc Fs(hv)(hv)2a(hv,MF )exp( M~;hv J. (B-16) 

The absorption coefficient a(hv,MF) can be obtained from Eq. B-12: 

(h Av )= g(hv,MF) 
a V,=p ( J . MF -hv l exp -

kT 

(B-17) 

Let's insert Eq. B-17 into Eq. B-16: 

( ) ( )( ) 2 g(hv,MF) (MF -hv) 
L h V, MF oc Fs h V h V ( . ) exp . 

MF -hv l kT exp -
kT 

(B-18) 

Finally, we can deduce gain from Eq. B-18: 

( ) L(hv,MF) [ (hv-MF )] 
g hv,MF oc Fs(hv)(hv)2 1-exp kT . (B-19) 

To summarize, if one has to extract the shape of the gain curve from spontaneous 

emission spectra, one must perform the following steps: 

• · Experimentally obtain spontaneous emission spectra L(h v, MF) and 

the position of the laser line h v L (stimulated emission peak). 
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• Substitute L(hv,MF) into Eq. B-19 in order to obtain the gam 

spectra as a function of only one parameter (MF). 

• Numerically adjust MF in the equation so that the peak of the gain 

curve will coincide with the laser line h v L • 

We applied the above recipe to calculate gain from a 1.9-µm-thick GaN epilayer 

grown on a-sapphire. The room temperature spontaneous emission spectrum L(h v, MF) 

is shown in Figure B-l(a). The spectrum was taken at pump densities slightly below the 

stimulated emission threshold. The position of the stimulated emission is marked by h v L • 

We substituted L(hv,MF) into Eq. B-19 and numerically adjusted the parameter MF 

so that the gain curve depicted in Figure B-1 (b) coincided with the stimulated emission 

peak hvL. 

It is also possible to determine the value of MF for each current or pumping 

intensity without a fit, as well as to calculate the absolute values of gain - not just the 

shape. MF can be determined by the ratios of the luminescence intensities. Let's defme 

M; to be the bias energy at laser threshold. Then from Eq. B-16: 

L(hv,MF) _ a(hv,MF) (MF -M; J 
L(hv,M; )- a(hv,M; rxp kT . 

(B-20) 

Usually, the carrier injection or pumping intensity modifies the absorption edge 

(through band-gap renormalization, exciton screening, etc.), but for photon energies 

sufficiently far above the absorption edge (hv > hv1 ), the absorption coefficient is 

independent of MF. Eq. B-20 simplifies to: 

(B-21) 

Eq. B-21 determines MF relative to the threshold value M;. The absolute value 

of M; can be determined from the requirement that at the lasing threshold MF = M;, 
the gain spectrum is a maximum at h v = h v L • The maximum of the gain spectrum can be 

found by setting the derivative ofB-19 to zero: 
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This yields: 

d g(hv,M;) 

dhv 
hv=hvr 

=0 

( M;-hvL) 1 1 
exp kT = + kT(~- F; _ _3_)' 

L' Fs hvL 

where the prime denotes the derivative with respect to h v evaluated at h v L • 

(B-22) 

(B-23) 

Eq. B-21 and Eq. B-23 completely determine the value of M; for each pumping 

intensity. 

We can determine the gain relative to its threshold value directly from Eq. B-19: 

( hv-M ) 
(h !iE )= L(hv,11EF)F/hvL)(hvL)2 l-exp kT F 

g v, F gL L(hv,M;) Fs(hv) hv (hv-M;)' 
1-exp 

kT 

(B-24) 

where g L = g(h v L, M;) is the gain at threshold at the position of the laser line. It is 

equal to the sum of the mirror facet losses a 111 and other waveguide loses ag: · 

(B-25) 

Eqs. B-24 and B-25, together with Eq. B-21 and Eq. B-23 can be used to 

completely determine the gain g(hv,MF) from spontaneous emission spectra. 

The described technique is the easiest from an experimental point of view since it 

requires only spontaneous emission spectra and the position of the stimulated emission 

(or lasing) peak. However, in group-III nitrides, photoluminescence is a strong function 

of the pumping/collecting geometry. This introduces some ambiguity into the derivation 

of gain profiles. 
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Figure B-1. (a) Spontaneous emission L(hv,MF) from a 1.9-µm-thick GaN 
epilayer grown on a-sapphire taken at an excitation power slightly 
below the stimulated emission threshold. (b) Gain spectra g(hv,MF) 
calculated from the spontaneous emission using the technique 
described in Appendix B. The position of the stimulated emission peak 

is indicated by h v L • 
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APPENDIXC 

PUMP-PROBE EXPERIMENTAL CONFIGURATIONS 

The pump-probe technique is a frequently used method for extracting information 

about optical phenomena associated with high carrier concentrations, such as stimulated 

emission and gain. A discussion of results obtained with this technique was presented in 

Chapters I and V; here we will concentrate mostly on technical issues related to pump

probe experiments in nitrides. In describing the pump-probe technique we will use 

. suggestions and equation derivations given by Klingshirn et al.,* Yamada et al} and 

Bohnert et al. t 

In pump-probe experiments, the sample . is first excited with an intense and 

spectrally narrow laser beam. The changes in absorption or transmission are then probed 

with a weak and spectrally wide beam as shown in Figure C-l(a). An alternative 

technique uses a weak and spectrally narrow probe beam which is scanned in frequency, 

as illustrated in Figure C-l(b). 

Usually, two spectra are required to extract information from pump-probe 

experiments. The first spectrum is taken in the presence of the pump beam while the 

second spectrum is taken without the pump. The difference between the two spectra gives 

information about the changes caused by the pump beam. There are two requirements for 

the intensity of the probe beam: (1) it should be low enough so it does not introduce any 

changes to the optical properties of the sample, and (2) it should be high enough to give a 

* C. Klingshirn and H. Haug, "Optical properties of highly excited direct gap 
semiconductors," (North-Holland Publishing Company, Amsterdam, 1981). 
t Y. Yamada, Y. Masumoto, J. T. Mullins, and T. Taguchi, Appl. Phys. Lett. 61, 2190 
(1992). . 
t K. Bohnert, G. Schmieder, and C. Klingshirn, Phys. Stat. Sol. (b) 98, 175 (1980). 
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good signal-to-noise ratio. As a rule of thumb, the intensity of the probe beam should be 

five times stronger than the luminescence arising from the pump. 

The pump-probe technique can be used in both the continuous wave and pulsed 

regimes. However it is crucially important to satisfy the following conditions, which 

minimize lateral and longitudinal diffusion of the excited species: 

1. The probe beam should be temporally narrower than the pump. It should 

begin after the pump pulse starts and end before the pump pulse ends. 

2. The probe beam should be spatially smaller than the pump and it should 

probe only the central part of the pump. 

In the case of pulsed pump-probe experiments, the pump pulse repetition rate 

should be low enough not to considerably increase the lattice temperature of the sample. 

One of the most difficult aspects of pump-probe experiments is the inhomogeneity of the 

excitation beam. In GaN, the pump beam is in the region of strong absorption and the 

penetration depth is around 0.5 µm. It is important to select samples with a thickness 

equal to or smaller than the penetration depth. If the sample is thicker than the penetration 

depth, one has to consider a many layer model where each layer is excited with different 

intensity. Alternatively, to uniformly excite a thick sample one can use two-photon 

excitation. In our studies we chose to use samples with thicknesses not exceeding 0.4 µm. 

The experimental setup for reflection and gain spectroscopy using the pump

probe technique is shown in Figure C-2. The output of the 3rd (or 4th) harmonic of an 

Nd:YAG laser was split into two parts, one to excite the crystal and the other to pump a 

broad-band dye, which acted as the probe beam. The two laser beams were focused on a 

pinhole to assure spatial coincidence. This pinhole was imaged on the sample mounted in 

a closed-cycle helium cryostat. Temporal coincidence resulted from the equal optical path 

length for the two beams and the fact that the temporal width of the dye emission is 4 ns 

as compared to the Nd:YAG emission of 6-8 ns. The transmitted (or reflected) light was 

dispersed by a 1-m spectrometer and detected by a CCD camera. 

For the determination of absorption or gain spectra, we measure I~ (nm), Ir (nm), 

and 1; (nm), which are spectra transmitted without the sample, through the unexcited 

sample, and through the excited sample, respectively. For the reflection spectra, we 
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measure I~ (nco), IR (nm), and 1; (nco), which are the broad-band spectra of the dye, the 

signal from the unexcited sample, and the signal from the excited sample, respectively. In 

the band-gap region the absorption coefficient is sufficiently high to neglect reflection 

from the backside of the sample. The reflection spectrum r(nm) is given by 

IR (nm)/ I~ (hm) or 1; (nco )/ I~ (hco). 
The absorption coefficient a of the unexcited crystal 1s calculated with the 

following formula: 

1 ( Ir J 1 a=--ln 0 ( / 0 ) --lnF, 
d IT l-lR JR d 

(C-1) 

where F is a function which allows to correct for multiple reflections. The formula for 

the determination of the gain spectrum g(nm) in the excited volume reads: 

(C-2) 

where 8 is the excited thickness of the sample. 

We note that by keeping aperture sizes small (Figure C~2), the contribution of the 

luminescence to Ir {nm) or IR (nco) is generally negligible. If this is not sufficient, the 

luminescence is subtracted. 

Due to the large number of dislocations in group-III nitrides (see Chapter VI), one 

has to pay extra attention to scattering effects from interfaces arid surface imperfections. 

One of the most challenging experiments is to observe absolute gain in the transmission 

geometry. Due to the substantial size (several tens of micron) of the pump and probe 

beams, it is common to observe scattered in-plane amplified emission in transmission 

spectra (see page 141). 

We observed that AlGaN samples used in pump-probe experiments have 

additional limitations with regard to the sample thickness. In particular, if the sample is 

too thick, excitonic features can not be observed due to the limited signal-to-noise ratio of 

our instrumentation. However, if the sample is too thin, excitonic features are absent due 

to the inferior quality of the AlGaN epilayer close to the interface. We experimentally 

determined that the best values for the thickness of AlGaN epilayers for the transmission 

pump-probe experiments are in the range of 0.3-0.4 µm. 
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Figure C-1. Relative spectral width of the beams in pump-probe experiments. The 
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Figure C-2. Experimental set-up for the two-beam transmission and reflection 
spectroscopy. 
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