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CHAPTER 1

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-IIl 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



most common applications for compound 14%

semiconductors. How much of this market could

other
digital

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
Figure 1. Market for compound

market for compound semiconductors is estimated t0 . viconductors. From Ref. [1].

increase and reach values as high as $9 billion a
year, but the distribution is expected to remain the same.

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 AlGalnP-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 ~ AlGaAs

AlGalnP

substantial ~quantities. Among the biggest GaN

suppliers are Nichia Corporation (Japan) with

shipments of over 30 million units/month, Cree GaP

Research Inc. (USA) producing 20 million InGaN

units/month, and Hewlett Packard (USA) Algalpk

AlGaAs AlGalnP
delivering approximately 10 million units/month. InGaN

Among smaller suppliers are EMCORE (USA),
Toyoda Gosei (Japan), Infineon Technologies Fjgure 2. LED market. From Ref. [1].

(Germany), and Samsung (Korea).



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 AlInGaP 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.” 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.’ 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 qué.nturn 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 1. Technical characteristics of state-of-the-art InGaN LEDs. Typical values
for AllnGaP LEDs are also given for comparison. From Ref. [1].




to prevail in the market for visible spectrum
. Do o 4 storage

emitters. Perhaps the only exception is in $1B

the long-wavelength range (amber-red),

where the efficiency of GaN-based LEDs

drops dramatically.

The market for LDs is only slightty ~ $0.15 B $1B
smaller than that for LEDs. It is also one of power LDs communication
the fastest growing markets in the US. In
1999 the total market for LDs was $2.15  Figure 3. Market for laser diodes.
billion. Most LDs are used in storage ($1
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 um 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



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 pm (some preliminary research to fabricate nitride-based
LDs in this wavelength range has been done on GalnNAs). 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.” 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 detectors’ 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.® In 1999 the
market for UV detectors was rather small but it is expected to grow to as much as $100

million a year.



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.”® 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-III nitrides utilizing photovoltaic and
photoconductive properties that were not included in the current discussion. However, the

majority of these applications are presently unrealized.



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
Jasing in GaN was made by Dingle ef al.® 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.'®!! 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'? at
Nichia Chemical, Inc. The active lasing medium was composed of InGaN multi-quantum
wells and the threshold current density was 4 kA/cm® 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.



# Current 2 Wavelength Company/
Temp. (K) | Jy (kA/em”) 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 cwW 233K 8.7 411 18 Nichia
25 pulsed RT 50 417.5 19 Toshiba
3 cwW 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 cwW RT 3.6 405-407 24 Nichia
8 pulsed RT 48 402.8 25 Cree
cW RT 11 404-435 26 Cree
4 cwW 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
cwW 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.




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 (MgAl,0O4) 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 LiNbO3 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



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 VCSELSs 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 90-98%

10 periods of
InGaN/GaN QW

large excitation density, the experiment

was performed in "single shot" mode: the

obtained spectra are the result of a single sapphire
6-ns-long pulse. While optimization of the 100%
structure 1s still necessary, we clearly InGaN/GaN MQW VCSEL
355 nm, 6 ns, "single shot"
demonstrated the feasibility of fabricating a back-scattering geometry
nitride-based VCSEL. Currently, many Lo A
TR =l

research  group are pursuing the
development of current-injection VCSELSs.

It might take several years before the first

applications utilizing a blue vertical cavity w
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Finally, ~the nitride research Figure 4. Room temperature lasing in
AlGaN/GaN VCSEL structure.
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surface-emitting laser emerge.

community is putting a lot of effort into the
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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 AlggsGagaN/Alg12GagsgN multi-quantum well
structure.”’

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 IIT 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 sunimarizes 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

Al 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, AIN, 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 (5¢/8). Table III

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

The conduction band minimum of wurtzite GaN has I',-symmetry with a

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

I' -point, resulting in a direct fundamental band-gap. Crystal-field and spin-orbit coupling

14



splits the top of the valence band in GaN into three different sub-bands, denoted by 4, B,
and C. The 4-band has I'y-symmetry, while B and C have I',-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 Wannier-

Mott exciton.

Excitons associated with the I’y valence band (4-band), the upper I') valence

band (B-band), and the lower I',’ valence band (C-band) are often referred to as 4-, 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
Bandgap £, | 339V (B00K) | 6.2V (300K) | 1.89 eV (300 K)
3.50eV (1.6K) | 6.28 eV (5K)
Temperature coefficient dE, /dT -6.0x10™ eV/K -1.8x10™ eV/K
Pressure coefficient dE, /dP 4.2x10” eV/kbar
Lattice constants  a 3.189 A 3112 A 3.548A
c 5.185 A 4982 A
Thermal expansion  Aafa | 5.59x10° K 42x10° K"
Acfe | 317x10°K" 5.3x10° K™
Thermal conductivity & 1.3 W/em K 2 W/em K
Index of refraction n 2.33 (1 eV) 2.15(3¢eV) 2.80-3.05
2.67 (3.38 &V)
Dielectric constants &, 10 8.5+0.2 15.3
e 5.5 4.68-4.84

o)

Table III. Fundamental properties of GaN, AIN, 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 I'-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 Wannier-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 FE, . 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 £, at the exciton energies:

E=E, —%. (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:
hv=E, —E, —E, (1-2)
where E,, is the exciton localization energy. In the Haynes approximation £, ~0.1E,,

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-um-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 4-, 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 Iy and I', orbital states and describes the

spin-orbit coupling (see Figure 5).% 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.

21



3540

GaN/sapphire
2 K

3520

— 3500
>
)
E
>
@)
o 3480
c
Ll
3460
dilation compression
3440 ' '
3460 3480 3500

Energy of A-exciton (meV)

Figure 7. The measured transition energies of various free excitons versus the
energy position of A-exciton. The solid lines are fits to the data.
Adapted from Ref. [40].
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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 4-, B-, and C-excitons. From theory, the C-
exciton transition is only allowed for E||c, thus its intensity is significantly reduced in the
transmission configuration (where Elc). However, if the pumping configuration is
modified, an increase in the C-exciton absorption is expected.*!

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 4-exciton was found to be well approximated by the
Varshni equation:

B(r)= EO0)~ 7 (1)

with & =11.8x10™* eV/K and £ =1414 K.

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 Varshni equation.
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Figure 8. Absorption spectra of a 0.38-pum-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].

24



Al, ,,Ga, g;N/sapphire

exciton

Temperatures: //

35 K /
150 K

Absorption (arb. units)

3.5 36 37 38 3.9
Photon Energy (eV)

Figure 9. Absorption spectra of a 0.44-um-thick Alp7Gagg3N epilayer in the
vicinity of the fundamental band-gap. At low temperatures a weak
excitonic feature is observed. Adapted from Ref. [42].
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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 (I, —T7) transition.”® 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 E, =21 meV for the 4- and B-excitons was obtained.* 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. v

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
(bottom) spectra taken from a 7.2-um-thick GaN/sapphire sample at
10 K. Open circles are experimental data and solid lines represent the
best result of the least squares fit to the photoreflectance data. Adapted
from Ref. [39].
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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-pum-thick GaN sample at different pump power densities 7, . At low temperature,

strong, well resolved features are observed in the absorption spectrum for 7, =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 I, is increased, the exciton resonances decrease and saturate due to screening by

free carriers. At pump power densities of 7, ~3 MW/cm” they are no longer observable

in the absorption spectra. The measured induced transparency and induced absorption
were found to exceed 4x10* cm™. 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.** 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.* 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.*®-°®

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

experiments performed on a 0.1-pum-thick Ing 13Gag goN 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 I, _, 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.*”*® 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-um-thick GaN thin film at 10 K. The 4- and B- exciton
transitions are clearly seen in the unpumped spectrum. With increasing
optical excitation, induced transparency in the excitonic region was
observed. From Ref. [49].
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Figure 13. 10 K nanosecond nondegenerate optical pump-probe absorption
spectra from an InGaN thin film as a function of above-gap optical
excitation. Clear bleaching of these band tail states is observed with
increasing excitation, whereas below-gap induced absorption is

completely absent. From Ref. [49].
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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-um-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 uJ/cm?, which
corresponds to an estimated carrier density of 1x10"% em™.

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 pJ/em®. 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 an 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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Figure 14. 10 K absorption spectra for a 0.38-um-thick epilayer of GaN grown on
sapphire as function of pump fluence. The inset shows the near-band-
edge change in absorption as a function of fluence. From Ref. [50].
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Figure 15. Absorption spectra as a function of time delay for a pump fluence of
750 pi/em?® showing the ultrafast near-zero delay dynamics. Note the
induced transparency at 356.5 nm. From Ref. [50].
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Figure 16. Absorption as a function of time delay for the three wavelengths
denoted by arrows in Figure 15. Note the induced absorption below
the band-gap at zero delay followed by induced transparency which
reaches a maximum at 400 fs. The solid lines are guides for the eye.
From Ref. [50].
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CHAPTER III

GAIN MECHANISMS IN SEMICONDUCTORS

In the past three decades, semiconductor laser technology has advanced
considerably. The structure of modern 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-1III 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:
e spontaneous recombination (photon emission)
e stimulated generation (photon absorption)
e stimulated recombination (coherent photon emission)
e 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(w) can be defined by any one of three equivalent equations,
cach of which determines the rate of stimulated recombination or stimulated emission:”'
e Spectral density equation:

d(dN c dN
E(%)__g(w)%, G-1)

: . . . . dN .
where = is the group velocity of light in a semiconductor and ™ is the spectral
n, W

density of photons per unit volume with frequency @ (%A—[ = % , where W, is the unit
0

volume in 6-D phase space).

e Volume density equation:

adN ¢
=@V, (3-2)

r

d . : o .
where N = (d—NjAa)A!// is the volume density of photons lying in the solid angle Ay
@

and I =N is the flux of photons with frequencies in the range @ to @ + A@ in the
n,

solid angle Ay .

e Path amplification equation:
dl
—=glo)l, 3-3
— =&l@) (3-3)
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where Zis a coordinate in the direction of photon flux propagation and 7 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(w) by making some assumptions about the characteristics mentioned above and

then compare them with experimental curves for g(®) in order to reach conclusions
about the validity of the hypothesis.

One of the most important parameters directly related to gain 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, , 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:

g >1,)=g,- (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: >
e cxciton-phonon recombination
e cxciton-exciton recombination

e cxciton-electron (hole) recombination

e clectron-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 £=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 7 =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 £ =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 gain
mechanisms at different temperatures or even different excitation powers. For example,
Benoit 4 la Guillaume ef al.** 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,*® electron-
hole scattering,”® and Bose-condensation of exciton molecules.’® 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 lon