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SUMMARY

The material and device characteristics of InGa¥NGheterojunction bipolar
transistors (HBTs) grown by metalorganic chemiapar deposition are examined. Two
structures grown on sapphire with differgnin,Ga; <N base-region compositions,, =
0.03 and 0.05, are presented in a comparative .stlidg structure with the higher indium
content base is expected to provide improvementgwce performance due to its higher
p-type doping efficiency and lower bulk resistivitydowever, the D.C. gain for both
devices is the same at ~37. The tradeoffs involviéld using higher indium composition
in the base foNpN HBTs are investigated using atomic-force microgcdfall-effect
measurement, and device characterization.

In a second experimenypN-GaN/InGaN/GaN HBTs are grown and fabricated
on free-standing GaN (FS-GaN) and sapphire substrad investigate the effect of
dislocations on llI-nitride HBT epitaxial structweThe performance characteristics of
HBTs on FS-GaN with a 20x20m® emitter area exhibit a maximum collector-current
density of ~12.3 kA/ct) a D.C. current gain of ~90, and a maximum difféie¢ gain of
~120 without surface passivation. These charadt=istepresent a substantial
improvement over similar devices grown on sapphifihe improved performance is
attributed to the reduction in threading-dislocatidensity afforded by homoepitaxial
growth on a high-crystalline-quality substratesheTminority-carrier diffusion length
increases significantly owing to both a mitigatedrier-trap effect via fewer dislocations

and reduced microscopic localized states.

Xi



For the development of deep-ultraviolet optoeleutrs, several various structures
of optically-pumped lasers at 257, 246, and 243 aien demonstrated on (0001) AIN
substrates. The substantial reduction of the thmgadislocation density in the active
region of the laser by using a native substrate sapphire is critical to the realization of
stimulated emission. The A& «N/AIN heterostructures were grown by metalorganic
chemical vapor deposition and then the substratetinaned and the wafer was cleaved
into laser bars of various widths. The threshold#qpodensity at room temperature was
reduced to as low as 297 kW/ernThe dominating polarization was measured to be
transverse electric in all cases.

INAIN material was developed to provide lattice aiegtd, high-bandgap energy
cladding layers for a IlI-N UV laser structure. $hwould alleviate strain and dislocation
formation in the structure, and also mitigate tléapzation charge. However, a gallium
auto-doping mechanism was encountered which prevém@ growth of pure ternary
InAIN, resulting instead in quaternary InAlGaN. $hphenomenon is quantitatively

examined and its source is explored.
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CHAPTER 1

INTRODUCTION

[lI-nitrides have recently come to the forefroritresearch and development as a

possible alternative for next-generation electramd optoelectronic devices. The wide-

bandgap and high thermal stability of IlI-nitridensiconductors make them ideal for

high-power applications. Silicon, the most commoméged semiconductor, has a narrow

andindirect bandgap, meaning the recombination of electroe-pairs must generate a

phonon, releasing heat to the crystal lattice, tgefocan emit a photon. Nitrides have a

direct bandgap, meaning the recombination process cah apioton directly, giving

them a clear advantage over silicon for photoniiads. The bandgap energies of the

binary combinations of IlI-nitrides cover a widengg of the electromagnetic spectrum-

from ultraviolet to infrared (Figure 1.1)- makinkhitride materials suitable for a variety

of optoelectronic applications.

This thesis will focus on two nitride-based desgican electronic heterojunction

bipolar transistor demonstrating ultra-high poweemtion and a photonic ultraviolet-

light emitter demonstrating stimulated emissionlldwang a brief introduction to the

material system and epitaxial growth technique, blaekground of each device is



presented with its technical challenges. The erpamtal approach to solving these

challenges will then be discussed, along with thsults obtained thus far. Finally, a

summary of the work completed and a proposal fahér research will be presented.
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Figure 1.1 Bandgap energy vs. lattice constant fal-nitride materials.

1.1 llI-Nitride Materials
Epitaxial films of GaN were first grown and chaexzed in 1969 by Maruska
and Tietjen by hydride-vapor-phase epitaxy (HVPE). [The first instance of GaN

epitaxial growth using metalorganic chemical vap@position (MOCVD), now the



preferred method for devices, was by Manasevit.eh d971 [2]. Ternary combinations,
such as IgGaxN and AkGa . xN, were soon developed. In the ternary combinatitres

composition determines the lattice parameter anddpp as per Vegard’s law:

Ain Ga, N (X) = X[ + 1= X) [Bg, +bX(A-X), and (1.1)

E v (X) =x[E + (L= X) B, gav +XAL=X), (1.2)

g'lnxGal—x g,InN

whereE, is the bandgap energg,is the lattice parametex,is the % alloy composition
(in In,GaxN or AlkGa,«N), andb is the bandgap bowing parameter specific to each
compound and determined experimentally.

The nitrides have a hexagonal/wurtzite crystaidatand thus four axes: the c-
axis perpendicular to the basal planes, and thvaeea perpendicular to the c-axis as
shown in Figure 1.2. The Bravais lattice of botle ttexagonal and trigonal crystal
systems are the only two to have 120° rotationairsgtry, with the hexagonal system
having an addition six-fold symmetry about the tsa$o while the Miller indices of the
hexagonal system can be expressed with just theetns —a;, a;, andc or (hkl) — an

additional vector 120° froma; anday is often used to yield the four-axis Miller-Brasai



indices in the formHkil). Since the intercept of the plane on thisxis is determined by
its intercept ora; anday, the Miller-Bravais indices share the relationship -(h+k).

In the cubic crystal system, crystal directionsegi by XYZ] are numerically
equivalent to the Miller indices of the perpendauplane, i.e.XYZ] = [hkl]. But this is
not necessarily the case for all directions in g\aher crystal system. This complicates
the directional scheme in the hexagonal crystaksysand the conversion from three- to

four-index directions is not straightforward.
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Figure 1.2 Hexagonal/wurtzite unit cell of llI-nitride crystal.

Directions in a hexagonal lattice can be describgdhree coordinatesXyZ],

corresponding to vectors parallel &9 a,, andc. To recognize the inclusion of tleg



axis, a fourth coordinate is added, yielding a setvof directional vectorsuytw], such

thatu= X+ t,v=Y+t,t=-(u+ v) andw= Z Note that the sum of the three new basal-

plane vectors is equal to zero yielding -(X+Y)/3. Therefore, converting from three- to

four-coordinate directions is accomplished by tleWing equations:

u=x - X*Y)_2x-Y (1.3)
3 3

V:Y_(x+z):2\(—x, (1.4)
3 3

t:—(x +Y),and (1.5)

w=Z. (1.6)

The early work in GaN epitaxy was plagued by thekl of lattice-matched
substrates. Sapphire (&3) was commonly used because of its hexagonal syrgmet
thermal stability, availability, and low cost. Hover there is a ~14% lattice mismatch in
the c-plane between GaN and the Al bonding sitesapphire which results in crystal
strain and high-defect density formation in thegeof 16" cm? for epitaxially grown
layers. Furthermore, these early films all exhibigehigh background-carrier density of
~10" cm® which made it difficult to controh-type doping, and nearly impossible to

createp-type conduction. The inability to produce evennapde pn-junction, the staple of



semiconductor devices, hindered interest in comiaedevelopment of Ill-nitrides for
many years.

A major breakthrough occurred in 1985 when Amand Akasaki grew the first
high-quality GaN epitaxial films on sapphire by M@DO using a low-temperature AIN
buffer layer [3]. The dislocation density was reeddy two orders of magnitude, to 210
cm?, and the intrinsic-background-electron conceraratias lowered to tdcm?®. The
low-temperature (LT) buffer layer allows for theateation of 3D islands which lowers
the interfacial free energy between the substrat thin film. The following high-
temperature layers grow laterally across the desis@d cluster, resulting in a high-
quality and uniform film.

Because of the reduced background-carrier coratérir n-type doping of GaN
layers can now be controlled. Doping in galliumridg is achieved by atomic
substitution of either Ga or N by a dopant atomn@aon-type) dopants for GaN include
group IV elements, notably germanium and siliconege elements act as donors since
they favor replacement of the Ga atom over N bexafishe lower difference in covalent
radii as can be seen in Table 1.1. Doping effigyeiscquite high for silane (Si, with
reported carrier concentrations as highnas 2 x 13° cm® via MOCVD [4]. Silane

doping was also found to maintain crystal quaéten at high doping concentrations.



Table 1.1 Covalent radii of gallium, nitrogen and ommon GaN dopants.

Covalent Radius

Atom (R)
Gallium 1.26
Nitrogen 0.75
Silicon 1.11
Germanium 1.22
Magnesium 1.36
Indium 1.44
Aluminium 1.18

Magnesium is a commonly used acceptor that repléee Ga atom as is the case
with silicon. However, magnesium is compensatetiymirogen as grown within the GaN
crystal matrix [5]. To activate the Mg acceptoisthydrogen bond must be broken by a
method such as low-energy electron-beam irradigti®EBI) [6] or thermal annealing
[7]. But even then, the doping efficiency is quitev at ~1%, meaning that a magnesium
concentration as high as®@m? will yield a carrier concentration of only 1 x ‘f@m?,
The covalent radius of Mg is also larger than thfaGa, which leads to degradation of

crystal quality at high concentrations.

1.2 Metalorganic Chemical Vapor Deposition
The process of MOCVD was pioneered by Manasevit968 [8]. In the years

that followed, he was successful in demonstratimg deposition of several various



materials onto semiconductors and insulators, assdBaAs, GaP, GaAlAs, AIN and GaN

[2]. However, these epitaxial layers often suffefein impurity related defects, as the

metalorganic sources and reactor designs wereirstitheir infancy. The first practical

devices grown using MOCVD were the AlGaAs/GaAs-sdaialls and quantum-well

injection laser by Dupuis et al. in 1977 and 19980]. This set off a flurry of research

in the area which has led to large-scale commezeaizdn of MOCVD-grown devices

such as light-emitting diodes (LEDs) and high-elattmobility transistors (HEMTS).

The primary use of MOCVD is for the growth of M-epitaxial layers. It is

favored by industry because it is well developemilable, and functions at pressures

close to atmospheric. As the name implies, metaliggcompounds are used as the

precursors. These usually consist of an orgameetiyl- or triethyl- group connected to

a group Il metal such as Ga, Al, or In. Group ¥qursors come in the form of hydrides

such as Askl(arsine) or NH (ammonia).

As previously discussed, gooetype doping can be accomplished with silicon,

using SiH as a precursor. The issues surrounglisigpe doping using magnesium with

bis(cyclopentadienyl)magnesium (§8fg) as a precursor are further complicated by the

“‘memory effect” in MOCVD [11]: Mg source moleculese prone to sticking to the

walls of the reactor before reaching the substils sticking effect results in reduced



incorporation into the sample or a gradual “turfi as Mg first adheres to the walls and
then to the substrate surface. To avoid this, agpserth coating is used to saturate the
Mg layer on the reactor walls.

An inert carrier gas, Hor N, is used to carry the precursors to the reaction
chamber. The precursors are broken down by pysolgad adsorb onto the substrate.

Epitaxial crystals are formed by the chemical rieact

AsM (g) + EH3 (g) = ME (s) + 3AH (g), (1.7)

whereA is the alkyl group of Cklor GHs, M is the group Il metalE is the group V
atom, andH is hydrogen.

Nitride work using MOCVD developed rapidly in thete 1980s, following the
major breakthrough of two-step growth by Amanoalktin 1986 [3]. The same group
was successful ip-doping gallium nitride in 1989 [6]. In 1992, Nakama provided the
final breakthroughs in the high-quality growth eiaN on GaN needed for blue and
green double-heterostructure-optoelectronic dewaesis two-flow reactor design [12].
Commercialization of InGaN/GaN-based blue LEDs dader diodes (LDs) soon

followed in the form of now ubiquitous Blu-r&{ disk players.



The MOCVD reactor used for this thesis researcl iShomas Swan 6 x 2~
rotating disk reactor with a close coupled showath@CS™). The CCS enables for the
intermixing of precursors within close proximity tbe substrates, resulting in uniform
deposition. A three-zone heater allows for conttbltemperature gradients within the
chamber to further control uniformity. A diagram tbis system is presented in Figure

1.3.
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V Three-Way :
Valves Metal-Organic

Source

Figure 1.3 Basic diagram of an MOCVD reactor. Notd scale.
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1.3 Motivation for IlI-Nitride Heterojunction Bipol ar Transistors

Wide-bandgap llI-nitride based semiconductors Haaen widely developed over
the past decade because of their unique propevtieeh provide advantages over silicon
and other IlI-V materials. They have excellent cleainand thermal stability, and exhibit
high-breakdown fields, on the order of 2 MV/cm [18fhich make them ideally suited
for electronic devices that operate under high tnafpres and at high-power densities.
One such device is the heterojunction bipolar istos (HBT) which has been
investigated as a high-power amplifier and switdtdhile much effort has been put forth
in ll-nitride based heterostructure-field-effectanisistors (HFETs), HBTs offer
advantages in terms of higher current handlinghdngoower density, lower 1/f noise,
and increased usage of wafer area as verticalci&on allows for smaller-footprint
devices [14,15].

However, the development of bipolar junction tratmis has been held back by
problems related to material growth and deviceitalion. The greatest challengeps
type doping of the IlI-nitride materials, and fadaiion challenges related to forming
ohmic contact t@-type layers. Nevertheless, the advantages todiqahlll-ntride HBT
have garnered the attention of several researalpgrstarting around 1999. Most notable

are the groups at the University of California ahf Barbara [16,17], the University of
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Florida [18], and the NTT Corporation [19,20,21}of common-emitter or common-
base mode I-V characteristics and Gummel plots,réiperted DC current gains range
from 3-50 with collector current densities limitemlunder 10 kA/crh These groups used
several methods to push the performance of theseede higher, such as emitter
regrowth, base regrowth, and growth on SiC sulestrialr improved material quality.

The majority of efforts in llI-nitride bipolar tramstors have been focused ldpn-
AlGaN/GaN HBTs withp-GaN as the base (capital lettdris used to denote a wider
bandgam-type material for the emitter) [22,23,24,25]. $aealevices benefit from high
breakdown fields and large bandgap variance faciefft hole blocking at the base-
emitter junction, but their performance is limitdxy the relatively high acceptor-
activation energy (~170 meV) in Mg-doped GaN [2d]his reduces the-type doping
efficiency of GaN to about 1%, and the resultingklaf carriers leads to low D.C. gain
and a highly resistive base region, which in turoréases the contact resistance and
limits high-frequency operation of the device.

Despite their advantageous characteristics, suchigiser current handling
capabilities and smaller-footprint devices, the elepment of HBTs based on
AlGaN/GaN heterojunction structures, as opposethéocase of steady development of

AlGaN/GaN HFETs [27], has been hampered by botlosertechnical challenges and
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relative lack of research efforts: current gais baen limited; large offset voltages as a
result of high base contact and sheet resistameiged power density; and no meaningful
RF performance characteristics have been repaz&:30Q].

This limitation may soon be overcome by the adwanbhative GaN substrates
which have recently become commercially availaBlmong several native substrates
prepared by different techniques, the free-stan@adl (FS-GaN) substrates [31] are the
most technologically matured and currently offetheeading-dislocation density below
the order of 1®cm-2 with a large size of >2 inch diameter. Téeéuced lattice strain and
dislocation density afforded by the use of FS-Galdredicted to yield increased gain and
current density for HBTs, as has previously begomed for AIGaN/GaN-baseBnp
devices [32].

In this work, we have optimized the structure ofNpIN- GaN/InGaN/GaN HBT
for growth on a FS-GaN substrate. The use of In@aNhe base allows for a highpr
type doping concentration owing to a reduced accegdtivation energy. Coupled with
the reduction of strain and defects afforded by deptixaial growth on FS-GaN, we
were able to achieve a higher gain and much higlosver density than previously
reported. Thus IlI-N HBTs are closer to widespraasd in practical applications than ever

before.
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1.4 Motivation for IlI-Nitride Deep Ultraviolet Lig ht Emtiters

Owing to the llI-nitride direct bandgap and the eoemcial success of blue GaN
LEDs [33], a primary focus of lll-nitride researchas been for optoelectronic
applications. By tailoring the alloy compositionng aluminum, gallium, and indium, a
tunable bandgap is obtained from 0.7 eV (InN) @06V (AIN), corresponding to the
wavelengths between 1771 nm and 200 nm (showngar&il.1). Theoretically, the
guaternary AlGalnN alloys can provide a wide sp@atoverage from the infrared to the
deep ultraviolet.

While Nakamura introduced InGaN-based candela-¢l&s3s and laser diodes in
the early 90’s that have since been well develdpéf] the wider-bandgap AlGaN-based
nitride materials, candidates for ultraviolet (UViyht-emitting diodes (LEDs) and
injection lasers, are less developed. In the 20@@s,epitaxial growth technology
continued to improve, there was a surge of reseacthity in the development of UV
optoelectronic devices based on the wider bandfamtilide semiconductors [35,36].
Such a solid-state, high-efficiency UV light sourceuld be employed in a variety of
applications in water purification, food sanitatidso-agent detection, optical memory
storage, and medical sterilization [37,38,39,40)n@ntional sources of UV radiation

include high pressure mercury lamps and excimarsasvhich suffer the disadvantages
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of containing toxic materials and low portabilith compact and efficient semiconductor

device emitting in the germicidal UV range is tHere a desirable alternative.

The wide-bandgap lll-nitride material system, sfieaily AIN and its

composites: AlGaN and AllnGaN, can access the entiitraviolet spectral range

including near (320-400 nm) [41,42], middle (283#m) [43,44], and deep-UV (200-

280 nm) [45,46]. However, a number of difficulti@sse as one increases the aluminum

mole fraction to achieve a wider bandgap and shavivelength. The formation of

cracks and dislocations in the epitaxial layeroeissed with lattice strain relaxation act

as carrier traps that inhibit radiative recombio@atithus lowering the output efficiency

and increasing the power threshold for stimulatedssion [47]. These defects must be

reduced or eliminated in high-aluminum-containingustures to achieve high-power

operation and lasing in the deep-ultraviolet (DWPectral range. A summary of the

results thus far for sub-300 nm lasers is listetable 1.2.

Nitride materials are typically grown via heterdagy on non-native substrates

such as sapphire or SiC because of their relatradladility and low cost compared to

AIN and GaN substrates. However, the differencelattice constants and thermal

conductivities of heteroepitaxially grown materidd¢ads to strain relaxation, cracking

and dislocation formation during growth that istmadarly severe for higher aluminum
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contents [48]. Therefore, electrical-injection UD& are thus far limited to an emission

wavelength of 336 nm due to limitations in matewglality and effective doping of

AlGaN with high aluminum content [49]. Dislocatioaduction techniques such as the

inclusion of a low-temperature nucleation layer][5€uperlattices [51], graded layers

[52], and epitaxial lateral overgrowth schemes [B&8Ve been used to some degree of

success in UV emitters. However, emission in the-300 nm spectral range remains

elusive, especially for laser diodes, where a mim@oh defect density is critical for the

realization of stimulated emission. Optically purd@dGaN multi-quantum well (MQW)

structures have been reported for wavelengths @s$ ab 241.5 nm on SiC, however the

threshold power density was relatively high [54].

In this work, we have demonstrated stimulated dorisdom an AlGaN based

multi-quantum well below 250 nm via optical pumpin@efect reduction via

homoepitaxial growth on AIN substrate is cruciakhics goal. Optimizations of the layer

structure and growth techniques have allowed ugdace the threshold density to 297

KW/cn?.
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1.5 Motivation for InAlGaN material

While InGaN and AlGaN have been well developed, tthied ternary of the

conventional lll-nitride system, InAIN, has beersdeso. INAIN offers many attractive

benefits in terms of crystal quality and devicefgpenance resulting from its ability to

lattice match the other ternary compounds, but vathhigher bandgap energy. In

heterojunction-field-effect transistors, INAIN cdme used as the barrier layer with

variations in the composition leading to tensilaisted, lattice matched, a compressively

strained configurations for both depletion and eweaent-mode operation [55,56]. The

higher bandgap is extremely beneficial for ultré@i@mitters, as InAIN can theoretically

be used as a cladding layer by providing optical alectrical confinement while still

being lattice matched to the active region [57]e Taduction in interface strain at each

heterojunction would serve the purpose of redudireg quantum confined stark effect

resulting from piezoelectric fields, and reducingeirface polarization charge which

inhibits the flow of carriers and disrupts carneavefunctions.

However, there are several practical difficuliiregrowing InAIN in dealing with

the competing conditions for optimal InN and AlINowgth. InN requires a low

temperature (~800° C), a,Marrier gas environment, a high V/Ill ratio andihpressure,

whereas AIN is optimized under the opposite coadgi a high temperature (>1200° C),

18



a H, carrier gas, a low V/III ratio and low pressurertRer complications arise because

of the mismatch in covalent radius, with indium rgeimuch larger than aluminum,

inhibiting its incorporation into an aluminum-ri&iN matrix [58,59]. Thus the optimal

conditions for growing InAIN are difficult to balae between these competing forces and

must be methodically explored.

In our efforts to utilize INAIN in our UV devicesye noticed a difficulty in

controlling the composition of the ternary materis@mperature, pressure, and flow rates

all seemed to irregularly affect the amount of imdj leading us to initially believe there

to be a state of “compositional locking” within thmarameter space. However, the

composition also varied amongst runs of the examhes recipe, which defies

conventional reasoning. A deeper analysis of themibal makeup of the material

revealed a gallium auto-doping effect to be ocagrevery time we grew InAIN.

In the literature, we have found few other casegadlium auto-doping reported.

One example is by Trejo and Gillespie et al. butas not very deeply explored [60,61].

The team used “proprietary techniques” to elimindte gallium incorporation without

further elaboration. Other groups have done sigaiii research on INAIN and not seen

any gallium incorporation in RBS and SIMS depthfiige such as Yakovlev et al. in

reference 62 and Hums et al. in reference 63, eatly a horizontal flow style reactor,
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and Manuel et al. who grew InAIN/GaN heterostruesunsing plasma assisted molecular
beam epitaxy in reference 64. The lack of gallaumo-doping in these experiments may
be a result of the geometry of their reactors: ¢ékbaust scheme of horizontal flow
reactors being more efficient at expelling unuseztprsors, or in the case of MBE, the
nature of the molecular beam is such so as to pteékie formation of the In-Ga eutectic.
Unfortunately, there are many studies of INAIN trelyy solely on indirect techniques to
determine the material composition, such as XRDplwtoluminescence, and operate
under the assumption that their material is indegdary. Methods which would alert
these groups to the autodoping effect such as SIRBS, x-ray photoelectron
spectroscopy, or energy dispersive x-ray spectmseme more rarely used because of
cost and availability. Thus, for our future worke wust operate under the assumption of
growing InAlGaN at all times. A survey of previowsorks focusing on the quaternary
material have revealed that the indium compositdnepitaxially grown quaternary
material is limited by contradicting growth parasrst of AIN and InN tox, < 11%
[65,66,67,68]. This coincides with our observationewever there may be techniques
that have yet to be developed that would allow tgireeontrol over the composition. This

would be critical to its encourage its widespread im IlI-nitride devices.
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1.6 Scope of this Dissertation

This work demonstrates the achievement of highHopsiance electronic
and optoelectronic devices based in the llI-nitmaaterials system, specifically a
heterojunction bipiolar transistor, and deep-uitvhet stimulated emission from
an AlGaN MQW structureThe background and motivation for this work alonighva
review of the literature has been established ia tihapter. Techniques used by the
author and the author’'s colleagues to charactepimdities of lll-nitride materials are
described in Chapter 2. A basic primer on the sendactor device basics is presented in
Chapter 3. The experimental procedure, device gedeg details, and experimental data
for high-power lll-nitride HBTs are presented inapter 4. In Chapter 5, deep-ultraviolet
stimulated is demonstrated, along with effortsawdr the threshold power density for
lasing via process and design optimization. Chagteexplores the “auto-doping”
phenomenon of InAl(Ga)N, describing a possible eaasd ways to further control the
composition. Finally, Chapter 7 is a summary of Werk thus far, and provides for

possible directions of future work.
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CHAPTER 2

MATERIAL CHARACTERIZATION TECHNIQUES

Several methods are employed to measure the piegpand quality of MOCVD
grown epitaxial layers. Since there is often adierrelation between material quality
and device performance, these methods are usefuicené predict fabricated device
performance results. Described here are the clesization techniques of atomic force
microscopy, photoluminescence, electroluminescesoanning electron microscopy,
transmission electron microscopy, secondary ion smapectrometry, Hall-effect

measurement, and x-ray diffraction.

2.1 Atomic Force Microscopy

The atomic force microscope (AFM) was first develdpn 1986 by Binnig,
Quate, and Gerber [69]. It consists of five majomponents: a cantilever, probe tip,
sample stage, measurement device, and feedbackamsich The probe tip is the needle
which senses the sample, and must be as shargsiblpdo achieve sub nanometer scale
resolution. An ideal tip has a diameter of just at@m at its apex. The probe is attached

to the cantilever which acts as a spring, the gpcionstant of which must be extremely
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small in order to detect forces in the range 6f 2@0**N (with a theoretical lower limit

of 108 N) and deflections as small as“& according to Hooke’s law:

F =—-kx 2.1)

whereF is the force applieds is the spring constant, andis the displacement of the
spring.

In the original design of the AFM (Figure 2.1a)@nning tunneling microscope
(STM) was used to measure the deflection of théileaer. Figure 2.1b depicts a modern
incarnation of the AFM in which the STM has beeplaeed with a laser and photodiode,

known collectively as the “scanner.”

SCANNERS ] A G T Feedback control loop
Fl FEEDBACK 1 SRR | e M e
(@) AFM i (b
x @ Laser
BLOCK (ALUMINUM) (I} z ;
7 ;
25 I]_Lm —--l |-- -
: i Detector B
A' AFM SAMPLE .25 mm Do Sinnnen
B+ AFM DIAMOND TIP DIAMOND
C:85T# TIP (AW TP T
0 CANTILEVER, .8 mm -— |
5TM SAMPLE . Piezo-element
£ MODULATING PIEZO LEVER l
FoVITON tAu-Foi) [~~~ sample

Figure 2.1 Anatomy of an AFM. (a) The original devge invented by Binnig, et al. in 1986 [69]. (b)

Modern incarnation of an AFM.
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Atomic force microscopy has three primary modespdration: contact, tapping,

and non-contact. In contact mode, the probe tigeigt in physical contact with the

sample at all times as it is raster scanned a¢hassurface. The cantilever deflection is

measured by the laser and photodiode and usedn&iraot the image by the detector

electronics. The feedback mechanism ensures aattrfstce between the probe tip and

sample surface by a piezoelectric element in tharser.

In tapping mode, the cantilever is oscillated &t riesonant frequency by a

piezoelectric element in the scanner, close toctrdilever. The probe tip then taps the

sample surface at that frequency. As the cantilessillates, the reflected laser also

oscillates over the photodiode. The computer meastire amplitude, frequency, and

phase of this oscillation to create an image, dad provide feedback to the scanner

piezoelectric which will adjust the height of theope to ensure a constant oscillation

frequency.

In non-contact mode, the probe tip is oscillatesraslightly above its resonant

frequency. The tip is scanned just above the serfalmse enough to be deflected by

interatomic force interactions such as Van der $Védrces. These forces dampen the

oscillation, which is detected by the laser andiptimde measurement.
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The AFM used in this thesis is a Veeco Dimensidid( scanning probe
microscope operated in tapping mode. High resalu{01nm) scans are obtained at

5x5 unft.

2.2 Photoluminescence
Photoluminescence (PL) is an optical characteomatechnique primarily for

determining the band gap energy of a materialchotalso be used to determine material
quality. The basic premise is based on radiatie®mbination. If energy is added to a
semiconductor in excess of the forbidden energydgap, an electron will be excited
from the valence band to the conduction band, fepviehind a “hole” which is an
imaginary particle, but convenient way to model dek of an electron. If the energy is
very high, electrons can be excited to an enefg stbove the conduction band, but with
no energy barrier in the way, most will naturalgil fto the conduction band edge,
emitting heat or transferring energy to secondangkk electrons. In PL, this excitation

energy is in the form of a light source, typicalyigh energy/short wavelength laser.
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For direct bandgap semiconductors, the majoritghef electron-hole pairs will
recombine at the band-edge energy, emitting phatbiise corresponding wavelength as

per the relation:
... _.C
E,=hv=h—, (2.2)

whereEg is the bandgaf is Plank’s constant; is frequency of lightg is speed of light,
and/ is the wavelength.

A detector composed of a monochromator and CCDsstla@ spectrum and
records the intensity at each wavelength. The peéakstensity correspond to the
bandgap energy of the material. Since the matéiadot perfect, each peak will be
broadened and thus have a measurable line widtib&uadgap levels created by dopants
and defects will broaden the spectrum or produegpef their own.

PL measurements in this thesis were performed uasmd93 nm ArF pulsed-
excimer laser as the excitation source. PL meaguartéds way is not a specific metric of
luminous intensity or light output. Rather, it isedl to compare the brightness between

samples. Therefore, the light intensity in a PL suieament is given in terms of arbitrary
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units (a.u.). Data from multiple samples are ugyalibtted together to determine which is

brighter.

2.3 Hall-Effect Measurement

The Hall-effect measurement, as put to practicdeby. Van der Pauw in 1958
[70], is a simple way to measure the resistivitgjonty carrier type, majority carrier
concentration, and carrier mobility of a semicortdusample. An approximately 1x1
cn? square sample is prepared by depositing an ohoniact to each corner. The contact
is ideally infinitely small, but pragmatically snhed than the distance between contacts.
Indium eutectic is commonly used for contact toypet IlI-nitride material, and

evaporated Ni/Ag/Pt for p-type 1lI-N contact.

Figure 2.2A typical hall sample; variation on Van der Pauw Geometry.
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Free-standing resistivity is measured by applyinguarent across one pair of
contacts and measuring the voltage across the p#iem the two configurations as per

the following equation:

e 226&(E +£]F, (2.3)

12 14

wheret is the sample thicknesisis the applied currenY, is the measured voltage, aRd
is a correction factor based on sample symmetfgr(a perfect square).

Carrier concentration and mobility are derived frima Hall coefficient. When a
magnetic field is applied perpendicular to an agplurrent, the resulting Lorentz force
pushes the carriers to one side, creating an iefottd normal to the current. The

voltage produced by this electric field yields tha&ll coefficient by

(2.4)
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whereV, is the Hall voltaget is the sample thickneskjs the applied current, ariélis
the applied magnetic field. The polarity \&f is determined by the material: positive for

p-type and negative far-type. The free-carrier concentration and mobiiit§ow thusly:

:ﬁ, and (2.5)
p="% (2.6)
0

The Hall measurements carried out for this thegigevperformed using an Accent

HL5500PC Hall measurement system.

2.4 Secondary lon Mass Spectrometry

Secondary ion mass spectrometry (SIMS) is a powenkthod that produces a
2D profile of a sample in the form of atomic concation as a function of depth. Layer
thickness, doping concentration, background comtatiin concentrations and interface
guality can thus all be observed empirically. Tmawback is that this is a destructive
process.

In SIMS, the sample is sputtered by a primary iearb composed of an ionized

species such as,0or CS. Atomic and molecular secondary ions are thusasald from
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the sample surface. A mass analyzer scans therspecf mass to charge ratios and
counts the ions at each step (in ions per secdidie every element has a roughly
unique mass to charge ratio, the peaks of the aumts correlate to the elements under
investigation. As the sample is sputtered, the goant is plotted over time for each
element. At the end of the sputtering, the deptthefsputtered crater is measured using a
profilometer. That depth divided by time yields eage sputter rate from which an
elemental depth profile can be calculated. The ¢onnt is converted to elemental

concentration (atoms/cc) via the following equation
C
Cc =RSF dEI—M 2.7)
M

where Cg is the concentration of the element of inter&S- is its relative sensitivity
factor, Ig is the secondary ion intensity for the elemenntdrest,Cy is the major/matrix
element concentration, ang is the ion intensity of the major element. Thecmniration

versus depth profile is thus obtained.
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2.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a powerfudl tsm micro- and nano-
electronics allowing surface resolution to the maater scale, and exceeding 100,000x
magnification. The basic premise revolves aroumtbstic electron scattering.

In a typical SEM, an electron gun produces a be@nthermionic emission from
a tungsten filament. These electrons have eneogi¢dbe scale of several keV. The beam
is focused and accelerated by a magnetic coil. Whemarrow beam is incident upon
the sample surface, the high-energy primary elastexcite the sample, and are able to
cause the discharge of secondary electrons. Apriheary beam is raster scanned over
the sample surface, secondary electrons with differenergies and trajectories are
released. These secondary electrons are gathered tgtector and processed via
computer into an image of the surface. The detdst@able to filter out the secondary
electrons from stray primary electrons, and anytsdenagnetic radiation that results
from electron bombardment of the surface. Thus iy y®od picture of the surface
morphology of a sample can be obtained.

One drawback of the SEM is that it must be perfatraader high vacuum to
prevent atmospheric scattering of the electron bdaralso has difficulty measuring

insulating samples for extended periods of timeteNbat the measuring mechanism is
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by definition electrically charged. A conductingrgale is able to evenly distribute this
charge while an insulating sample will yield a geabuildup in the scan area over time.
This built-up charge can deflect the primary bearausing a shift in the image.

Therefore, SEM for lll-nitride samples is best donea short amount of time and over

larger areas (micron scale) to prevent any largleln of electrons in a small area.

2.6 Transmission Electron Microscopy
The resolution of a conventional optical microseap limited to a few hundred

nanometers by the wavelength of lighk &nd its numerical aperturbl4) and given by:

0611
r=——.

" (2.8)

As such, optical imaging requires a smaller wavgilerio resolve smaller features. One
way to overcome this barrier to take advantagehefwave-particle duality of electrons.
The wavelength of an electron depends on its a@telg energy, and is typically less
than one angstrom at several hundred kV.

In a TEM, electrons are generated in similar fashio that of the SEM, via

thermionic emission from a tungsten filament arehtfocused by electro-magnetic coils
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acting as the analog to optical lenses. But, asn#ime implies, TEM imaging relies on
the transmitted electrons, rather than those abdawb backscattered. Bright-field images
simply measure these transmitted electrons, whensat material with higher atomic
number will appear dark. Higher resolution can leamed by measuring not only
transmitted, but alsdiffracted beams: the electron beam will undergo Bragg swadfe
depending on the angle measured, and thus onlye tbeams which constructively
interfere will produce an image. This is particiyyarseful when measuring distortions in
a crystal lattice. Further precision still can liained by measuring the phase contrast of
these transmitted beams in high-resolution trarsomselectron microscopy (HRTEM).
In practice, the resolution is limited to ~0.05 nm Hens aberrations” caused by
difficulties in magnetic focusing of electron beaif¥d]. But this is still more than
sufficient for imaging crystal planes.

All TEM analysis in this work was performed by arolleagues at Arizona State

University under Dr. Fernando A. Ponce.

2.7 X-ray Diffraction
X-ray diffraction (XRD) is a useful method to detene the lattice constant, alloy

composition, strain, and superlattice period ofyst@al structure. The x-ray data used in
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this report was obtained with a Phillips X'Pert MRBigh Resolution X-ray

diffractometer. The x-ray source emits characteriSu K, radiation that is collimated by

a four-crystal Ge (220) Bartels monochromator, Whanables 0.00001° resolution.

e \ woro
___________ ‘ @_@— X-Ray Source

20
Analyzer Crystal Four-Crystal
Bartels Monochromator

Detector 1

Detector 2

Figure 2.3 Schematic diagram of an x-ray diffractio setup.

The basic principle of XRD is based on Bragg’s law:

nA =2d,, sing;, (2.9)

wheren is an integer representing the diffraction ordes the incident wavelengtld
is the spacing of the crystal planes, @#ads the Bragg angle. For a cubic crystal, the
lattice spacing of the plankl{) is given by:
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1 h?+k*+I?

= 2.10
TS @10
For a hexagonal Bravais lattice, the lattice spa@mgiven as:
1 _4(h*+hk+k’ +£ (2.11)
di, 3 a’ c’ '

wheredhy is the spacing between planasandc are lattice constants, ahdk, andl are
the Miller indices of the plane of interest. Whée -ray is incident upon the sample at
the Bragg angle for a given set of crystal plames'Bragg planes”), the reflections from
those planes constructively interfere, creatingirdansity spike at the detector. Bragg
planes of the formQQl) are called symmetric planes, while all others lamewn as
asymmetric planes. The lattice constant can be determined from a singlansgtric

XRD scan by combining equations 2.9 and 2.11 to get

nAl
C=—.
2sin@

(2.12)

35



The most commonly used XRD scan is the rocking emtherwise known as the
w-scan. In this configuration, the detector is kaipa fixed angle relative to the primary
beam (B) while the sample is rotated or “rocked” acrossdhaxis, perpendicular to the
sample surface as shown in the schematic diagraRigumre 2.3. Rocking curves are
useful for determining the lattice constant via equation 2.12. In a perfegstal with no
strain or defects, the-scan produces &function at the Bragg angle. But in the presence
of imperfect plane spacing, the Bragg peak is benad. The full width half maximum
(FWHM) or linewidth of this broadened peak is uséfu comparing the relative quality
of different samples. Asymmetric rocking curvespdanes such as (1@) or (1014) can
provide more information since the FWHM of theseaddy peaks are sensitive to
threading dislocations [72,73].

One drawback of the rocking curve is that sincedéector is not moved along
with the sample, they have a limited angular raofgenly ~1°. For IlI-nitride materials
grown on non-native substrates with large lattiagenmatch (e.g. sapphire), the Bragg
angles for the epitaxial layers are much smallantithat of the substrate such that
film/substrate lattice mismatch information canhetgathered in a single scan.

The w-260 scan can overcome this limitation. In this confajion, the detector

moves at twice the angular rotation rate as thepkaso that the measured diffraction
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angle is alway26 with respect to the transmitted incident beam.rétoge, scans over
larger angles can be taken and data can be gatfoereulltiple layers. Furthermore, the
diffractions peaks are narrower, reducing the @ethetween layers in the diffraction
spectrum, allowing for better analysis of indivitllegyers.

Reciprocal space mapping (RSM) is a powerful tempiimade possible by XRD.
In this configuration, am-20 scan is plotted against a rocking curve in redak@pace.
The resulting two-dimensional image allows for #galysis of strain and relaxation
between layers, in addition to the relative crysjadlity of each layer. In an asymmetric
RSM, both thea andc lattice constants can be directly calculated fribva reciprocal
lattice vectors corresponding to the peak positidhe FWHM of each peak along the
directional corresponds to the “mosaicity” of theseciated layer: if it has many
disoriented grain boundaries the FWHM will be largdile a more ideal single crystal
will have a lower FWHM. The FWHM along@-26 indicates the level of fluctuations in
the c-lattice constant, which result from uneven striairthe material or compositional
grading. If the centers of each peak are verticaligned along the same (i.e. they
share a common Bragg angle and thus common plaagingpand common lattice
constants) then the layers are fully strained. Risgment of peaks in the horizontal

direction indicates that relaxation has taken plakile a basic description has been

37



given here, a more detailed look at RSM and itsnggtdc significance can be found

elsewhere [74,75].
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CHAPTER 3

DEVICE BASICS

This chapter will review the operation of bipoleansistors and laser diodes.

Basic device structures and technical challengé#dwidiscussed.

3.1 Heterojunction Bipolar Transistors

The bipolar junction transistor (BJT) consists lufee regions: the emitter, base,
and collector. These layers are alternately dopechihg two back-to-backn-junction
diodes: eithepnp or npn. This work will focus on the latter. As with it®asin, the field
effect transistor, the BJT can function as a switcider proper biasing conditions.
However the doping characteristics of the BJT emdtbto obtain high levels of current
gain when a bias is placed along the device angeigumjected, making it useful as a

power amplifier.

3.1.1 Minority Transport and Current Gain
The commonly accepted symbol for apn transistor is shown in Figure 3.1

including applied voltages and currents for forwéidsing. The arrow in the symbol
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points in the direction of current flow from the ét@r. The device is governed by the

flow of minority carriers in the base; in this case, electrons are emitted from the emitter,

drift across the-type base in forward biasing and are collectedhleyitype collector.

Figure 3.1 Circuit symbol for an npn bipolar junction transistor

The current flows found in a BJT are further ilhaséd in Figure 3.2. As electrons
flow across th@-type region, some of them will recombine with thajonity holes. Hole
injection is provided by the base current to repslenlepleted majority carriers. Electrons
that make it across the base contribute to the afdime device. Thus the D.C. gajf) s

given by the equation:

I
p=-= (3.1)

(o8]
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wherelc is the collector current arigis the base current. A fundamental assumption of a
BJT is that the width of the bas@/Yis less than the diffusion length of the minority

carrier in the basd.g).

Hole Injection

Emitter &/l

Back-Injection |Base Recombination

Collector
Electron Flow Current
n++ p+ n-

Emitter Base Collector

Figure 3.2 Schematic a BJT summarizing hole and et&on flows.

The emitter back injection consists of holes thdfuse into the emitter. This
reverse current adversely affects the gain of #hace, and is quantified by the emitter

injection efficiency Y) [76]:

|
y=_le LI— (3.2)
IEn +|Ep + DENBniEW
DBNEniZBLE
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where lgn and lg, are the electron and hole currents in the emilerand Dg are the
diffusion coefficients for the emitter and bable,andNg are carrier concentrations for the
emitter and baseye andnig are intrinsic carrier concentrations for the eemitind base,
respectivelyW is the width of the base, ahg is the diffusion length of a carrier in the

emitter.

3.1.2 Homo- vs. Hetero-junction Bipolar Transistor

In a conventional BJT, the doping of the emittersimioe larger than that of the
base in order to ensure that dose to unity; that is Ng>>Ng>Nc must hold in order for
the band offsets to discourage emitter current fi@ekin active biasing. However, this
necessarily limits the doping concentration of Hase region, and thus increases it’s
resistance. Another drawback is that it leads togher capacitance at the emitter-base
junction that limits high frequency performance.

The heterojunction bipolar transistor (HBT) overasrthis drawback with its
inherent band offset: the emitter is composed lairger-bandgap material than the base
creating a built-in hole barrier under forward bidke band diagram of a conventional

BJT and HBT (with graded emitter-base junctionjiepicted in Figure 3.3. Note that the
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base doping of the base region of the HBT is highan that of the BJT, ddz>>Ng>Nc.
However the back-injection current is minimized the valence band offset in active-
mode biasing as shown in Figure 3.3c.

This is further illustrated by comparing the cott& current to the base hole

current [77]:

qAE D PE n'?z qVBE
- = ex ,and 3.3
XN, kT )2 3:3)

| = qAE DnB r]i {qVBE ] , (34)

c 2 ex

Xz Ng KT
whereq is the elementary charg@g is the emitter areaXg and Xg are the emitter and
base perimeter®),e andDng are minority carrier diffusion coefficients of teenitter and

base Vg is the base emitter voltagejs the Boltzmann constant, afids temperature.

As gain is the proportion of collector current sk current, it can thus be written as:

I :DnBXENEeXF{AEVj’ (3.5)
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whereEy is the valence band offset or the effective holeiba For a BJT, thiglEy is
zero, thudNg must be larger thaNg for gain to be above unity. However for an HBT, the
exponential of Equation 3.5 is much larger than, dhas allowing forNg>>Ng For a

graded junction HBTAE, becomesiE, yielding even higher gains.

44



Emitter Base Collector

(b)

Emitter Base Collector

(C) Forward-Injection Current

Back-Injection Current

Emitter Base Collector

Figure 3.3 Band diagram of (a) a BJT under zero bigs, (b) a HBT under zero bias, and (c) a HBT

under forward biasing.
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3.1.3 Technical Challenges

While the band offset present in an HBT largelynahiates the back-injection
current, and has an emitter injection efficienaysel to 1, there remain several other paths
of non-ideal conduction within the base. Theseioate from the several methods of
recombination the minority carrier can undergo whihoving across the base. They
include radiative recombination, where the electron and hole recombine to emit a photon,;
non-radiative recombination otherwise known as &lyeRead-Hall recombination,
where an electron recombines with a hole via alman®d gap state(s) related to crystal
defects; and Auger recombination, where a an electron recombines with a hole by
transferring its energy to another free electrorthi@ conduction band. Each of these
components have a specific lifetime and can be awealinto the overall minority carrier

lifetime as [78]:

_( 11 1]*
ly=|\—+t—+—1| , (3.6)

where 14 IS the radiative recombination lifetimagry is the Shockley-Reed-Hall

recombination lifetime, anda is the Auger recombination lifetime. Thus the cotrgain
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of an HBT can quantitatively be defined as thetilite of a minority carrier relative to

the time it takes that carrier to traverse the pase

B= = (3.7)

wherelgpuk IS the bulk recombination current of the base (lwldominatesg since base
back-injection is near zero) anglis the base transit time. For example, if the ttaime

is 100 ns and an electron is lost to recombinagigry 2us, then the gain of the device

is 20. To improve the gain, the base width candmahsed at the expense of base sheet
resistance and the possibility of base-width mathda or 7, can be increased by
reducing recombination lifetimes. From a materiakgpective, most control can be
exerted overrszy by reducing the defect density. There are severabn®m of
accomplishing this such as optimizing structuregfesadjusting growth parameters, and

reducing lattice strain, all of which will be diszed in a later chapter.
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3.2 IlI-N Semiconductor Optoelectronics

3.2.1Electrical Injection and Radiative Recombination

The light-emitting diode (LED) is gn-junction device that functions under
forward bias. Charge carriers are injected viatatad contacts: holes at thetype
contact, electrons at thetype side. The carriers recombine across the ipmcand
under the right conditions will emit a photon (Figu3.4). This is called radiative

recombination.

Figure 3.4 Energy band diagram of a p-n junction uder forward bias featuring radiative

recombination.

The wavelength of this light is determined the ggeiandgap of the

semiconductor as per Equation 2.2. The active regib DUV lll-nitride LEDs is

typically InaGa.xN, the bandgap of which is tuned by varyxgwvhich in turn tunes the

wavelength of emission.
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Defects in the material and sub-bandgap energgsstan result in non-radiative

recombination of carriers, the product of whichaiphonon or heat. Radiative and non-

radiative recombination are quantized by a parametewn as recombination lifetime

by the following relationship:

N

S 3.8
TI’ an , ( . )

wherer, andz, are the radiative and non radiative lifetimes eesipely. The probability

of radiative recombination occurring is calculatasl the internal quantum efficiency

(IQE) by:

NS

qe (3.9)

NN

In an ideal cases, is 0 making the IQE equal to 1. But for practicppkcations, the

technical challenges lie in reducing non-radiat@eombination as much as possible by

limiting the formation of defects.
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3.2.2 Double Heterostructures and Quantum Wells

The IQE can be improved if the charge carriers phgsically confined,
increasing the probability of radiative recombipatiOne way to accomplish this is with
a double heterostructure, where a narrow bandgaprialais sandwiched between two
materials of larger bandgap, for example AlGaN eetfvAIN as shown in Figure 3.5.
Charge carriers always “prefer” lower energy statasd so charge diffusion will
concentrate the carriers within the central regidrus there are more electron-hole pairs

readily available for radiative recombination.

AIN Al,Ga,,N AIN

O0O0O0O

E
' OOJ

Figure 3.5 Energy band diagram of a AIN/JAIGaN/AIN quantum well with electrical carrier injection

and radiative recombination.
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If the central region of this structure is narrewough, it effectively limits the

carrier movement to two dimensions, and is knowa gsiantum well. In AIGaN LEDs,

the well width is typically in the range of 3 nmhi¥ enhanced confinement leads to

enhanced IQE. Since there are a finite number @frggnstates per well, multiple

guantum wells (MQW) can be used to prevent baiddil thus increasing the amount of

band-to-band radiative recombination.

3.2.3 Technical Challenges

Quantum wells are the structure of choice for comemaé LEDs. However, they

still involve several technical challenges to beermome, especially as the wavelength

approaches 300 nm and below for DUV emission.

Quantum-Confined Stark Effect

Since AIN is a polar structure (when grown in thaxis direction), is contains a

spontaneous electric polarization field. Even with external bias applied, this internal

bias will exert influence on carrier motion. Fumtm®re, built-in strain between hetero-

epitaxial layers produces piezoelectric fields,uliasg in large internal biases. In

guantum wells, this piezoelectric field separatiearge carriers, inhibiting the radiative
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recombination of electron hole pairs. This is knaagnthe quantum-confined Stark effect

(QCSE), and is particularly important in AlGaN quan wells undergoing large lattice

mismatch strain when pseudomorphically grown on ,Alhere the strength of the

internal fields can be as high as 1-2 MV/cm [79].

Figure 3.6 Band diagrams demonstrating the quantuntonfined Stark effect. A quantum well with

(a) no electric field and another (b) in the presere of an electric field.

QCSE-induced band bending also allows carriere¢dombine at levels below the

bandgap of the material, resulting in a red-shiftie emitted wavelength, particularly at

low injection levels. At higher injection level$iet QCSE is screened as more carriers are

pumped into the wells, reducing charge separatiod ereating more instances of

electron-hole overlap which favors radiative recamabon.
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3.3SemiconductorLaser Diodes

3.3.1 Stimulated vs. Spontaneous Emission

When an electron-hole pair undergoes band-to-baedmmbination emitting a
photon as described in the previous section, khi®vn as “spontaneous recombination”
due to the random nature of the process, and Hudtireg photons are emitted in a variety
of directions. This is the fundamental operatianalde of an LED.

Laser diodes work a bit differently. When a photeith energyEgy > Eqy is
incident upon a semiconductor, two things can hapihee photon can be absorbed by the
material, exciting an electron from the valencé¢ht® conduction band, or it can stimulate
the radiative recombination of an electron-holer,patherwise known as stimulated
emission. If this second photon has the same freyuand direction as the first, the two

photons create coherent light.

E, ?
hv~~~s N>
El ® \ 4

Figure 3.7 Energy band diagrams featuring (a) photoic absorption and (b) stimulated emission.
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Population inversion occurs when the minority ieas in a pn-junction
outnumber the majority carriers. This is accom@dleither by optical excitation, where
the diode is pumped by another laser, or by elsdtiinjection at very high current
densities. A diode is said to be “lasing” when pagian inversion leads to the stimulated
emission of coherent light.

Before quantum theory was fully developed, Eimst@athematically described
the transition probabilities of absorption, spoetauns emission, and stimulated emission.
He considered two energy stat&s,and E,, analogous to the valence and conduction
bands in a semiconductdty(~ E,, E; ~ E¢), with E; > E; andE; - E; = hv. Each level has
a respective electron densitid; and Np, which are related by Equation 3.10 in

equilibrium:

% =exphv/kT), (3.10)

1

wherekg is the Boltzmann constant aiids temperature. In an unperturbed stBke; No.

The probability of a transition frofg; to E, (i.e. absorption) is given by

W, =N#(V)B,,, (3.11)
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whereBy; is known as the Einstein absorption coefficient @\ is the radiation density
of photons with frequency, defined asp(v)=Nphv whereNp, is the number of photons

present. A transition frori, to E; can occur as spontaneous or stimulated emissien, th

probability of which is:

W, = NLA, +N,9(V)B,,, (3.12)

whereA,; andB,; are the Einstein coefficients for spontaneous stnmdulated emission
respectively, further defined by\»=1r, and By =413%8zr, [80]. Under thermal

equilibrium, the probabilities of upward and dowmd/#&ansition are equal or:

N,#(V)B, = N,A,; + N,4(V)B,, . (3.13)

The Einstein relations also state tBat = B,; under equilibrium.
As with an LED, the rate of emission must exceeat tf absorption and non-
radiative recombination for a laser diode to brdak equilibrium condition and produce

light. Thus N, must exceedN;, which is population inversion. A laser must also
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accomplish the extra feat of having stimulated sioisrates exceed that of spontaneous
emission and absorption, 8gdv) must reach a critical level. Sinéw is fixed, the only

way to increasep(v) is to increaseNyn. The photon density of a coherent beam of
radiation in a two-level lasing medium is subjectwo competing processes: absorption

and stimulated emission. The net loss of photorsitieper unit time is expressed as:

iN,, o,
—hv " = N1¢(V) Blz - N2¢(V) le = (N1 - N2)¢(V)821 = T = (N2 - Nl)Nph 821(314)

Again it is clear that in order for the number diopons in the coherent beam to increase
and produce consistent lasinly, must be larger tham;. For electrically pumped
devices, this is accomplished when the currentitdehas reached a threshold value such
that the valud\; is large enough to overcome absorption and speataemission. In a
steady state, the changeNB is zero as each injected carrier spontaneoushmbmes

(so thatN, never reacheN;). This is quantitatively described by the equation

N, I N (3.15)
d qd 71
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whereJ is the injection current densitg, is electron charge] is the thickness of the
lasing medium, and is the recombination rate. To overcome this stesidye, the
threshold electron density must be breached. Theesmonding threshold injection

current density to accomplish this is extractednfiéquation 3.15 and given by

(3.16)

The threshold current density is one of the prinfagyres of merit for a laser diode, the
lower the better. It can be improved a number of/sydor example: quantum wells
within the pn-junction enhance population inversion via quantonfinement, which in
turn enhances stimulated emission. Thus quanturs wet often found in the structures
of lll-nitride laser diodes. A further discussion the quantum mechanics of lasing action

can be found in the literature [81,82].

3.3.2 Optical Confinement

In order to increase the probability of stimulatethission, photons can be
confined within the diode, resonating back andhfarmaking several passes over the

active region, as opposed to being emitted directbflowing electron-hole
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recombination. This is done via optical waveguidaseither side of the active region to
confine photons in the transverse directions; the active region and waveguides must have

different indices of refraction in order for reftam to occur at the interfaces. This
ensures that the optical wave function is only sabjo absorption losses within the

active region. These losses are quantified by biseration coefficient, defined as:

n
a:(Nl_Nz)le?r’ (3.17)

wheren; is the refractive index; is the speed of light, ard, andN, are carrier densities
of E; and E;, andBy; is the Einstein coefficient for stimulated emission order for
stimulated emission to occur, this absorption niigstome negative, by makimd > N;
as described previously. Under this condition, Egua3.17 is negated and is redefined
as gain wherg = -a. But if the optical wave function leaks from thetige region into
the surrounding layers, the absorption coefficiaithose layers are added to that of the
active region in an amount proportional to the amiaaf optical leakage. The result is
that total absorption losses are increased, aedhbid gain is more difficult to achieve.

In an edge-emitting laser, photons are also loshetends of the device. For an

LED, this would be fine. However a laser by defomt produces a coherent beam of
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light, which requires some confinement of the béarmake several passes through the
active region resulting in more stimulated emissgaich time. The losses at these end

boundaries are given by:
y=iln(i] (3.18)

wherel is the length of the optical cavity, aRd andR; are the reflectivity at each end.
Lateral optical confinement is achieved by cleavihg sides of the laser diode. The
differences in refractive index at the air-semiaactdr interface are sufficient to provide
some reflection. This can be enhanced by the suks¢gleposition of mirrors to the
sides of the cleaved facets, which increase theegadfR; andR..

The total threshold gain is a sum of the absonpiagses within the optical cavity
and transmission losses at the endgypra + y. Thus good mirror facets, cladding, and
material quality are all essential in lowering teeshold current density required to

achieve threshold gain and ultimately lasing.
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3.3.3 Technical Challenges

Strain-Induced Defects

Due to the additional requirement of optical coefirent, laser diodes are

significantly more complex than light emitting dexl in both epitaxial structure and

device fabrication. To enhance transverse optioaficement, the index of the cladding

layers must be reduced as much as possible, asdhkeubandgap must be extended as

much as possible. A common way to do this is byosunding the AlIGaN active regions

with AIN. The drawback of this approach is the éiffince in lattice constant that

accompanies bandgap as per Figure 1.1. If thetmegdtrain is too great, it can lead to

crystal lattice relaxation, the product of whichasdislocation and/or cracking. These

defects are non-radiative recombination centers eamd strongly inhibit if not Kkill

altogether the lasing potential of the diode.

The most common substrate for devices grown via MD@ sapphire due to its

low cost and ready availability. However, the tmismatch between sapphire and AIN

is large at around 14%. This leads to built-iniatia the epitaxial layers and increased

formation of defects even with the low temperathtdfers described previously. The

added complexity of a laser diode structure — idiclg contact layers, cladding layers,

and the active region — amplifies this strain peotl To eliminate the effect of the
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substrate mismatch, native AIN substrates can b@musing sublimation. Growing AIN
layers on a AIN substrate is known as “homoepitakige result is a reduction in overall
lattice strain in the device, which reduces thebphility of relaxation and defect
formation. A drawback of these AIN substrates &t tiney are slow and difficult to grow

making the cost of each individual wafer quite high
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CHAPTER 4

HI-NITRIDE HETEROJUNCTION BIPOLAR TRANSISTORS

In this chapter, a lll-nitrideNpN-GaN/InGaN/GaN heterojunction bipolar
transistor is developed for high-power operatiohe Tseveral design challenges to be
overcome involvep-type doping of the base, and difficulties in faltion of ohmic
contacts tg-type lll-nitride material. Since GaN is chemicathsistant to wet etchants,
dry etching must be used to expose the base ddenge fabrication. However, this
process damages tpeype base, and can lead to type conversion — frota n-type — at
the etched surface owing to a plasma-etching imdli¢eleficiency [83]. This makes it
challenging to create ptype ohmic contact to an HBT base region. Whdme work
has been done withnp designs [84], low hole doping efficiencies, lowldanobility,
collector etch damage and the ®g “memory effect” in MOCVD all add extra layers of
complexity to the structure.

The acceptor activation energy of InGaN is lotan that of GaN and scales as
the bandgap decreases with increased indium conf@mis, higher hole concentrations
can be achievedp(> 1x10® cmi®) in p-InGaN:Mg than inp-GaN:Mg [85]. The lower
bandgap energy of InGaN also makes it suitabletier p-type base region of an
GaN/InGaN/GaN HBT. Such configurations have beemahstrated with lower base
resistance and higher gains than AlIGaN/GaN HBTs3[B6 Reduced etch damage to the
base related to the level of indium incorporati@s lalso been reported [88]. To further
eliminate base damage as an inhibitor to devicdopeance, some groups have

employed a base regrowth design, where epitaxepeated after the base has been
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exposed [89]. While this method has demonstrategkessive results, its added cost,
complexity, and time of manufacture warrants furtiresestigation of single growth
designs.

In this work we have characterized the effectwad design considerations for an
NpN-InGaN/GaN HBT. Firstly, we have studied the effetindium composition in the
base region which will influence the band discouity) doping efficiency, strain state,
and defect formation. Second, we have utilizedea-Btanding GaN (FS-GaN) substrate
to lattice match the buffer layer and collectorioeg, yielding significantly reduced
dislocation density. Both developments have le@riocoptimized device for ultra-high-

power operation.

4.1 Effect of Base Composition on GaN/lgGa; ,N-Heterojunction Bipolar
Transistors

One technical challenge of InGaN growth is thagerature requirement dictated
by its thermal instability. Indium content decresisvith increasing growth temperatures,
so a low temperature is required to ensure suffidiedium incorporation, typically in the
range of 850 °C for low [In] content JBaN. Since high-quality GaN is typically
grown around 1050 °C, some compromise must be rbatvecen the growth conditions
of the InGaN base and the overlying GaN emitteghidr temperatures preclude higher
indium contents, so the compromise must be madiadysaN emitter which inevitably
results in reduced crystal quality, and is a lingtfactor on the performance of the device
as a whole. Another challenge lies in avoidingdatstrain between the GaN and InGaN
layers. Highly-strained interfaces may result itaxation and defect formation, which
will degrade device performance. To assist in stralief and improve crystal quality,
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grading layers have been developed for the base-collector and base-emitter junctions
[90,91]. These grading layers also serve to eliminate the effects of conduction band
discontinuities at each heterojunction, decreasing current blocking at high-injection

currents as shown by simulation in Figure 4.1.

GaN InGaN GaN

I a i
GaN nGamn GaN Emitter Base Collector

Emitter Base Collector

Ey

Figure 4.1 1D simulation of HBT structure without grading layer (left) and with grading layer
(right).

To further explore the trade-off between InGaN composition and device
performance, we have grown two In,Ga;.,N/GaN HBT structures, with x;, = 0.03 and
0.05. If we consider the band offset between the InGaN base and GaN layers, the HBTs
with p-Ing9sGagosN are expected to have an enhanced emitter-injection efficiency and
show higher current gain than HBTs with p-Ing03Gag¢7N. This turns out not to be the
case, as higher strain conditions and defect formation in the Ing¢sGagosN base
compensate the advantages offered by higher indium content.

EpiPure™ trimethylgallium (TMGa, Ga(CHs);), trimethylindium (TMlIn,
In(CH3)3), and high-purity ammonia (NH3) were used as MOCVD precursors for GaN
and InGaN, and silane (SiH,) and bis-cyclopentadienylmagnesium (Cp,Mg, Mg(CsHs),)

were used as precursors for the n- and p-type dopants respectively. All structures were
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grown on GaN templates which consist of-plane (0001) sapphire substrate, ~20 nm
low temperatureTy = 550 °C) GaN nucleation layer, and 2u% high temperaturerl =
1050 °C), high-quality GaN buffer layer. The layg#ructure of the HBTs developed for
this study is illustrated in Figure 4.2. The odijference between the two structures is
the indium content of the base: one wih = 0.03, the other withx, = 0.05 for
InkGaxN. The collector and sub-collector for each sanwee grown at 1065 °C. The
3% InGaN base was grown at 850 °C, and the 5% Inkzedé was grown using the same
TMIn flow rate but with reduced temperature, 825, WG achieve higher indium
incorporation. The base-collector (BC) graded jiomctwas grown at the same
temperature as the base for each sample, with igyaaccomplished by ramping the
TMIn flow. The base-emitter (BE) grading layer wgrown by ramping the TMIn flow
rate and temperature, from the base growth temperad 950 °C, for both structures.
The emitters were grown at 950 °C which is wellolekthe optimal growth temperature
for high-quality GaN (~1060 °C), but this reducesnperature is necessary in order to
prevent desorption of indium from the base duringiter growth. The indium
composition for each sample was confirmed with x-diffraction via anw28 scan.
Separate “base-only” samples were grown just upbiat not including - the base-emitter
grading layer in order to characterize the base st

Device fabrication started with a two-step chlofbesed mesa etching in an
inductively-coupled plasma reactive-ion etchingRIRIE) system using Sg@tch masks
deposited via electron-beam evaporation. The lag®se was exposed by the first etching
step, with the second mesa etching stopping asubecollector layer. After ICP etching,

these samples were treated in a diluted KQiS/Rs solution under ultraviolet
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illumination to remove the dry-etching-induced siwéd damage [92]. The base contact
consisted of a Ni/Ag/Pt metal stack, and was amteat 500 °C. Even with reduced etch
damage related to indium in the base and posttstaklment, it should be noted that good
ohmic contact to the base remains difficult to aghi Ti/Al/Ti/Au metallization was
used for the sub-collector and emitter contactab-&llector contacts were annealed at
750° C. Atop down scanning-electron microscopagenof the final fabricated structure

is shown in Figure 4.3.

Layer Material: doping Thickness
Emitter GaN:Si” 70 nm
Base-Emitter Grading In,Ga,xN:Si > GaN:Si 30 nm
T T
Base-Collector Grading GaN:Si=> InGa «N:Si 30 nm
Collector n-GaN:Si 500 nm
Sub-Collector n-GaN:Si+ 1000 nm
Buffer GaN:ud 2.5um
Substrate Sapphire

Figure 4.2 Schematic of the epitaxial layer structre of the InGaN/GaN HBTs developed for this

study. Two samples were created, one witk),, = 0.03 the other withx;, = 0.05.
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Figure 4.3 A picture of the surface of the fully-féricated HBT structure taken with a scanning-

electron microscope. The collector, emitter, and tsed are labeled C, E and B respectively.

The separate base-only sampbes,= 0.03 and 0.05 for JGaxN, were grown
and characterized first. Atomic-force microscopgrss of these samples, taken over 5x5
un?, are shown in Figure 4.4. A higher density o péit observed for the sample with
xin = 0.05 in the base tha@, = 0.03. These pits are caused by the formation-adéfects,
associated with threading dislocations and stralaxation mechanisms, which are
known to become more severe with higher indium eonin terms of both density and
size [93,94]. The presence of these pits is aldeated in the emitter surface morphology
of the full structure, shown in Figure 4.5, witletly, = 0.03 base sample showing a better
surface morphology and lower root-mean square (RBW8jace roughness than the
sample withx;, = 0.05 in the base. Since the emitter growth damth are identical for
the two structures, the reduction in emitter qydhir the HBT withx;, = 0.05 in the base

is attributed to the V-defects at the base-emittirface which degrade the BE junction.
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Figure 4.4 5x5um? AFM scans of the “base-only” samples with (ay,, = 0.03 and (b)x,, = 0.05.

Figure 4.5 5x5um? AFM scans of the HBT emitter with (a)x,, = 0.03 and (b)x,, = 0.05.

Four-point van der Pauw patterns were depositetiath the base-only samples
and full structures for electrical characterizatminthe bases and emitters of the HBTSs.

The sheet resistance was measured, and the mahititypulk carrier concentrations were
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determined via Hall-effect measurement. The resuit these measurements are
summarized in Table 4.1. As expected, #)e= 0.05 base has lower resistance and
increased carrier concentration because of its dokandgap and improved doping

efficiency over the base grown witty, = 0.03. However, the material and crystalline
qualities of the emitter and base of thhe= 0.03 structure are superior to thosexgt

0.05.

Table 4.1 Electrical measurements of HBT base andretter layers.

Sheet Mobilit Carrier
Sample | Resistance (cmzNg) Concentration
(Q/sq.) (cm®)
0
3% 9.6 x 1¢ 6.5 +9.9 x 18
Base
0
5% 6.66 x 10 12 +1.1 x 168
Base
0,
3% 1313 94.2 70x 16
Emitter
0,
5% 1968 66.0 -6.6 x 16
Emitter

Common-emittet-V characteristics were measured at room temperatufally
fabricated HBTs with 20x2m? emitter areas and are shown in Figure 4.6. [glsteps
were each 10QA to a maximum of 5S0QlA. The negative slope of the saturation region
of the higher current curves is attributed to $&l&ting which typically sets in at collector
currents higher than 10 mA, because of current dinogv and the poor thermal
conductivity of the sapphire substrate. The offsdtage and knee voltage of thg =

0.05 base device are 0.8 V and 10.8 V, respectivdijle the device with, = 0.03 in
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the base exhibits higher values\@fi< = 1.8 V andVinee = 12.8 V. The lower offset and
knee voltages imply that the, = 0.05 structure has better base resistance tleax,th

0.03 structure, in agreement with the electricarahterization of the base only samples.

a) 3% InGaN Base

N
o
1

Vi (V)

-0 b) 5% InGaN Base

| .=500pA

16
&\ 124
E
_o 8-
4
0_ T T T T T T T T
0 5 10 15 20
VCE V)

Figure 4.6 Common-emitterl-V characteristics of the HBTs with (a)x;, = 0.03 and (b)x;, = 0.05 base
compositions. The emitter area is 20x2fim? for each device.
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The Gummel plot for each device V&g = 0 V is presented in Figure 4.7. The
maximum differential gainh¢) and D.C. gainf) for thex,, = 0.03 device are 47 and 38.
The gains are nearly the same for ¥he= 0.05 device, withe = 44 andfS= 37. The
common-emitter open-base breakdown voltage wasratsasured for each device with
BVceo = 110 V and 55 V fox, = 0.03 and 0.05 respectively. Thus the advanttuss
higher indium content offers to the base are corsgiea by a degraded base-emitter
junction, and thus poor emitter injection efficignieading to the D.C. gains being nearly

equal for both devices.

In summary, we have studied the effects of indicontent in the InGaN base
region of a InGaN/GaN HBT on device performanceglywing two structures, one with
Xn = 0.03 and the other witky, =0.05. As higher indium contents lead to lower lggap)
increased doping efficiency, and decreased shemstaace, the performance of the HBT
is also expected to improve. Accordingly, mateciahracterization of the base revealed
thatx;, = 0.05 exhibits superior electrical charactersstiout inferior surface morphology
resulting from the formation of V-defects. The kwoffset and knee voltagebserved
in the common-emitter-V characteristics of th&, = 0.05 InGaN device confirm the
improvement in electrical properties of the bas®wever the D.C. gain for both thg =
0.03 andx;, = 0.05 structures was ~37. Thus we suggest thamntive severe V-defect
formation associated with higher base indium canliggds to degraded emitter injection
efficiency, and limits overall device performancehis trade-off between base electrical
characteristics and emitter-base crystalline gualtiich depends on the indium content

must be considered in further development of In@dW HBTs, aiming for the
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development of HBT structures that can satisfy boproved electrical properties of the

base layer and improved crystalline quality of ¢éeniand base with large band offsets.
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Figure 4.7 Gummel plots of the HBTs with (a)k,, = 0.03 and (b)x,, = 0.05 base compositions.
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4.2 High Power Operation of GaN/InGa;,N Heterojunction Bipolar
Transistors on Free-Standing GaN Substrates

In order to address technical challenges in nmaterand device fabrication,
expecially for the improvement in contact and brékistance of the base layer, HBTs
employing a GaN/InGaN heterojunction structure apphire and SiC substrates have
been developed to achieve improvements in curramt gnd output power [95]. One
significant drawback is still a high density of eéading dislocations (on the order of
10°~10° cm? in the HBT epitaxial structures originating frorthe strained
heteroepitaxial growth on foreign substrates wattide and thermal mismatches [3].
While this rather high dislocation density does mpoévent lll-nitride devices from
working, it limits their full potential, as theseefécts act as current leakage paths and
carrier traps, reducing the current handling charatics of electronic devices [96,97].
These problems are believed to be even worse éoHBITs than HFETS, as the operation
of HBTs dominantly relies on carrier transport bfgusion of minority carriers.

For this work we have employed a free-standing GBN-GaN) substrate for
homoepitaxial growth of the collector layer. Thenmval of the low-temperature buffer
layer ensures a reduced defect density throughtctizstal structure, limited by the
inherent quality of the substrate. In this case,dtslocation density is reduced from’10
cm? on sapphire to f0cmi? on FS-GaN. This reduced dislocation density mathér
benefit the performance characteristics for HBTgshwan InGaN base layer. For
InGaN/GaN devices, reduced dislocation densitystgpress the formation of V-defects
around dislocations [94] and indium (In)-rich quamtdot (QD) like localized states,

which are not found in AlIGaN/GaN-based devicesthim present study, we have grown
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and fabricatedpN GaN/InGaN/GaN HBTs on a FS-GaN substrate whictehsewveral
advantages over their AlIGaN/GaN counterparts, ssclower acceptor activation energy
for p-type InGaN and high mobility of electrons. One eaivto this design is the non-
ideal base contact formation: type conversion cc@irthe surface gi-type lli-nitride
material as a result of dry etching damage, inimgpithe formation of an ohmic contact.
However, one further advantage of using InGaN asbtse material is resistance to this
effect with the addition of indium as reported bykimoto et al. [96]. Thus, while the
Ing.0sGa 9N base contact in this study still exhibits a ndmaec characteristic on etched
p-type surface, the inclusion of indium allows imyped current delivery through the
contact as compared tp-GaN. We have also investigated the effect of tthrep
dislocations on the current gain and diffusion tengf minority carriers for a
comparative study of HBTs on FS-GaN and sapphibstsates.

The epitaxial layer and device structure for theTslBn this study is shown in
Figure 4.8. They are virtually the same as the as/described in the previous section
save for the substrate which now includes FS-Ga,the base composition which has
been set ax,, = 0.03. Both structures were grown in a single dhoman—utilizing no
additional re-growth—by MOCVD. Common-emittéfV characteristics measured at
room temperature for the 20xp0n® devices on both substrates are shown in Figure 4.9
Both maximum collector current and gain are suliithy higher for the device on FS-
GaN, with a maximum collector current densii)(of 12.3 kA/cnf versus 1.8kA/cm?
for the device on sapphire. This improvement irentrgain and collector current density
for high-power operations is attributed to (1) sheerior thermal conductivity of FS-

GaN compared to that of sapphire substrates an@)tdéhe improvement in material
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quality of HBT epitaxial structures on FS-GaN, including not only reduced threading-
dislocation density, but also possible mitigation of microscopic localized states

formation, which will be discussed in further detail.

TVAUTI/Au
Emitter: n-GaN:Si**
n~1x10%cms, 70 nm
Grading: n-GaN:Si

n-Ing osGag s;N: Si
Ni/Au n~1x10%¥cms, 30 nm Ni/Au

Base: p-IngasGaosyN:Mg**
p~1x10%¥cm=,100 nm
Grading: n-InggsGags;N:Si

n-GaN:Si
n~1x10*¥cm=, 30 nm

Collector: n-GaN:Si

17 -3
TIAITIAU n~1x107cm=, 500 nm TUAUTI/AU

Sub-collector: n-GaN:Si**
n~3x10¥cm=, 1000 nm

Buffer: GaN:undoped
Substrate: GaN (0001)or sapphire (0001)

Figure 4.8 Schematic illustration of epitaxial layer and device structure of NpN GaN/InGaN
heterojunction bipolar transistors in this study.
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Figure 4.9 Common-emitterl-V characteristics of HBTs withAz = 20x20pm? grown on FS-GaN and
sapphire substrates.

The Gummel plot for these devices\as = 0 V is shown in Figure 4.10. The
advantages of FS-GaN over sapphire for HBTs arenagade clear by the significant
improvement in both D.C. gairB€E Ic/ Ig) and differential gaintte = dc/ dg). D.C.
and differential gain are 70 and 113 for the feadudevice on FS-GaN, while only 19
and 21 for the device on sapphirdlat 2.7 kA/cnf, the level of current density at which
the peak current gain for the sapphire deviceashred. The maximum values Bfand

he for the device on FS-GaN a®@ and 120, respectively.
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Figure 4.10 Gummel plot atVeg = 0 V of HBTs with Ac = 20x20pm? grown on FS-GaN and sapphire
substrates.

In the case of the HBT epitaxial structure growm BS-GaN substrates, the
density of threading dislocations was estimatecbéo~4x18 cm? based upon the
dislocation density of the substrate. This valusigmificantly lower by several orders of
magnitude than the typical value in the range of:&® cmi’ to ~1x1§ cm? for the
HBTs grown on sapphire substrates. This reduceshtling-dislocation density is critical
to the material quality and structure of HBTs, matarly to the base region which
predominately determines the device performanceachkexistics. First, in InGaN/GaN
heterostructures, V-defects associated with thnepdlislocations are prone to form
depending on the In mole fraction, thickness, dreldccumulated strain energy. These

V-defects can play a role as paths of leakage suakethep-InGaNh-GaN BE junction,
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as verified in othep-n junction structures [98]. However, with the desagmsiderations
we have employed in this structure, specificallypdngoGa AN base layer with
compositional grading in base-emitter (BE) and badkector (BC) junctions, V-defects
are not expected to form. Therefore, we can ingasti the effect of threading
dislocations without the influence of V-defectghis structure. When carriers recombine
at crystalline defects (mainly threading dislocasioin this study) the resulting
recombination current detracts from the net gairthef device. The bulk recombination
current (syk) consists of the BE reverse-injection current, edefssisted base
recombination and BE space-charge recombinationcalt be derived from the

normalized collector-current densit} () via the following equation [99]:

J_Cz‘JBqu+K
B

LE
B,surface xE ) (4-1)

where Kg grace 1S the perimeter dependent surface-recombinatiorent (from surface
states and contact lossek}, is the emitter perimeter, andk is the emitter area. By
plotting the normalized current density over selveadues ofLg/Ae for several different
devicesJgyis determined.

Figure 4.11 shows this data plotted for severées ofJc for the HBT on FS-
GaN substrate. At collector currents of 0.5, 54 &0 A/cnf, the bulk recombination
currents were found to be 0.01, 0.18, and 1.23 Afmmpectively. As a comparison to
HBTs on a sapphire substrate, valuesJfgi have been previously reported as 0.25, 0.8,
and 3.3 A/crfor collector currents of 0.5, 5 and 50 Afcfi00]. Thus the reduction in

dislocation density plays a significant role in wethg parasitic bulk recombination
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currents in the base, particularly at lower curidgnsities where defects play a dominant
role in performance limitation. At higher currerdriities, current crowding becomes the
dominant limiting factor. In an analogous derivatithe minority carrier diffusion length
(L, also exhibits a dependence on dislocation denaitg can be obtained via the

equation:

B = an , (4.2)

where Wi is the base width, assuming that the emitter efficy is unity and that
L>>Ws. Ly is calculated to be 308 nm for the HBT on sappsivewn in this study, and
670 nm for the HBT on FS-GaN, representing a ~1l@8provement, which is
significantly is higher than ~31% improvement foiffusion length of holesife,

Lh=150—196 nm) in AlIGaN/GaN HBTs on GaN [32].
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Figure 4.11 Plot of normalized collector-current desity (JJ/f) versus perimeter-to-area ratio Lg/Ag)
for HBTs on a FS-GaN substrate.

Setting aside the difference between electrons hotks, such dramatic
improvement may imply that, in addition to the direffect of reducing dislocations, the
diffusion length of minority carriers can be funthemproved for HBT structures
containing an InGaN base. For the InGaN/GaN HBTsboth FS-GaN and sapphire
substratesmacroscopic phase separation governed by thermodynamic equilibis
believed tobe the same; however, the formation of microscopic QD-like In-rich InGaN
embedded in the ypsGayoN base might be different between substrates. @{G801)
surface of growing InGaN, In will preferentiallyrial at the edges and interior of the

surface structures [101], and thereby leading tonllmogeneous In distribution near
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crystalline defects with high energy sites. Expemtal observation also confirms that the
enhanced formation of In-rich QDs on high energiessivia intentional surface
roughening [102]. This different behavior of QDdikocalized states is believed to also
be important, resulting in promoted/mitigated triaygpof injected minority carriers in the
base layer affecting their diffusion length. Hoe GaN/InGaN/GaN HBTs on FS-GaN in
this study, reduction in QD-like localized statesveell as threading-dislocation density

may contribute to the significantly improved diffois length of minority carriers.

4.2.1 Ultra-High Power HBT on FS-GaN Substrate

To further push the limits of high-power operatiosmall-area 3x3im? HBTs
were fabricated from the HBT structure on FS-GaNssate. This would enable us to
achieve a higher power density at testable currastong as our device did not break
down. Figure 4.12 demonstrates th&/ characteristics of this device reaching a
maximum current density gk = 141 kA/cnf at a base current of 4QA. At this point,
self-heating effects started to kick in, reducihg tollector current at higher voltages.
However, a maximum power density of 3.05 MWfcmas achieved before breakdown.
This performance is attributed to the reductiorh@at-generating defects as well as the

enhanced thermal conductivity of FS-GaN as comperedpphire.
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Figure 4.121-V characteristics of a small area, ultra-high poweHBT on FS-GaN substrate.
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CHAPTER 5

[II-NITRIDE DEEP-ULTRAVIOLET LIGHT EMITTERS

5.1 Heteroepitaxy vs. Homoepitaxy for SemiconductddV Emitters

A major technical obstacle to the realization winslated emission in the deep-
ultraviolet (DUV) region of the electro-magneticegfrum from a semiconductor crystal
is the high defect density found in heteroepitdyigrown IllI-nitride materials. As
described in the introduction, these defect sites & non-radiative recombination
centers, which inhibit stimulated emission by imgieg the threshold for population
inversion.

A solution to this problem is provided by the necedvent of native AIN
substrates. Prepared from high-quality bulk crgstathese substrates enable
homoepitaxial growth of AIN buffer layers [103],ading to a reduced threading
dislocation density in the subsequent@d N MQW active region. The elimination of
thermal mismatch between the substrate and eplitiiars also enhances the growth
and performance of the device by eliminating cratiet form during the thermal cycle
and cool-down. There have been a handful of reprsuccessful growth on native-AIN
substrates for both electrically and optically petipUV devices [76,104], but
efficiencies remain low and thus continued develepmis underway for better

performance at shorter wavelengths.

In this study, we have used 5@n thick aluminum-polar (0001) native AIN

substrates cut from a boule grown by physical vaprsport. Prior to growth, the AIN
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substrates were prepared in a 3: 156, :H3PO, solution at 90° C to remove the native
surface oxide [103]. The epitaxial structure waswpn in an AIXTRON 6x2"
metalorganic chemical vapor deposition (MOCVD) teac with close-coupled
showerhead. Amn-situ high-temperature ammonia treatment was then uséddrtioer
etch the oxide to enable efficient AIN growth. Anet difficulty encountered in the
growth of high aluminum content structures is tbes lad-atom mobility of aluminum
compared to gallium. Thus, a high temperature lamd V/III ratio (relative to GaN
growth) must be carefully calibrated in order t@mpote smooth, two-dimensional AIN
and AlGaN growth [105,106]. Here we have usednaperature of 1155° C and a V/III
ratio of less than 100 for the AIN buffer and ~400 all subsequent ternary layers. The
ideal temperature range for such a structure isveabbt200° C, however inherent
limitations in the reactor design, particularly tlaiderance level of the heater, prevent us
from achieving such a high growth temperature withtsking damage to the reactor.
Using these growth parameters as a basic templaehave grown several
structures on AIN substrates to probe the lowechrea of the DUV spectrum. The first is
a complex structure developed to examine the effeiat-cladding and contact layers on
the material quality of a DUV active region. Topydas such as an electron blocking
layer, p-cladding, andp-contact layers were purposefully emitted so thaeacitation
laser could penetrate to the active region for at@hminescence measurement. The
second and third structures were specifically ojzta for optical pumping studies: they
are significantly simpler containing a multi-quamiwvell active region with AIN

cladding layers. Thus the material quality of tlotivee region would not be adversely
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affected by the underlyingr-layers, which should theoretically yield a reduced

dislocation formation and a lower lasing threshmbdver density.

5.2 Lasing at 257 nm from %2 Laser Diode StructuremAIN Substrate

The structure examined in this study is a ¥z lasede designed specifically for
optical pumping. For future studies, further expansf the structure into an electrical
injection design is possible with the additionpetfype layers. The structure began with a
200 nm homoepitaxial AIN buffer layer, followed o strain-reducing superlattices
consisting of 50 periods of AGasN/AIN (2 / 2 nm) and 50 periods of
Al s5Gay 49N/Alg G 3N (2 / 2 nm). These layers are deemed necessgpyotade a
gradient of lattice constant between the AIN bu#iad the following 500 nm thick, low
aluminum content AlssGa 49\:Si n-type contact layer. This contact layer is a crucia
design aspect of a DUV laser diode as it must Hewafenough aluminum composition to
accommodate efficient electron injection, yet havieigher aluminum composition than
the active region so as not to absorb emitted pisotBollowing the contact layer is an
800 nm graded layer (from fdsGay.49N to AlpsdGay20N) that acts as-type cladding,
enhancing the optical field of the active regiolbe# at the expense of electron injection
into the MQWSs. This trade-off between optical doament and electrical conductivity
must be carefully balanced, thus our decision ®amnpositional grading to reduce the
energy barrier to current flow created by a moreupbconduction band discontinuity.
The grading layers also serve to enhance the cavagefunction overlap in the active
region by distributing the interface polarizatiohacge present at the heterojunctions.

The AbsdGa 20N cladding is then linearly graded down to the cosifion of the
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quantum barrier, followed by a three perioth &Ga 3N/Alps3GalsN (5 / 2.8 nm)

MQW active region and 12 nm fdeGay 34N cap.

12 nm Spacer Al, ;(Ga, ;,N

Buffer 2 nm AIN / 2 nm Al, ..Ga, ;,N x25

Figure 5.1 Cross-section schematic of the DUV AlGaNIQW laser structure with n-contact and
cladding layers

The reciprocal-space mapping (RSM) of this stmectaken with high-resolution
x-ray diffraction (XRD) is shown in Figure 5.2. &v with the wide compositional
variation and thick layers, the RSM shows the enstructure to be pseudomorphically
grown to the AIN substrate. A cross-section of #treicture taken with transmission-
electron microscopy (TEM) is shown in Figure ;%aB image of the same device grown
on sapphire substrate with additional low-tempertwffer layer is also presented for
comparison. Threading dislocations are readilysediigh density in the sapphire based

sample, but nearly non-existent for the structumwvg on AIN substrate. That is not to
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say these structures are perfect crystals, but only that the defect density is significantly
reduced to an extent where stimulated emission becomes possible below 300 nm.

Qy*10000(rlu)
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Figure 5.2 X-ray diffraction reciprocal-space mapping of the optically pumped structure on AIN
substrate demonstrating pseudomorphic growth.

Figure 5.3 Transmission-electron microscopy cross-section of identical structures on (a) sapphire and
(b) AIN substrate.
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An atomic-force microscopy measurement for the surface of the epitaxial
structure grown on the AIN substrate is shown in Figure 5.4. While the surface
morphology exhibits a large amount of inhomogeneity, step flow morphology is clearly
seen at higher magnifications. The inhomogeneity is due to the very low adatom mobility
of aluminum compared to gallium, particularly at temperatures below 1200° C. This low
aluminum adatom mobility results in localized areas of 2D growth separated by grain
boundaries. These grain boundaries inhibit stimulated emission and push the lasing
thresholds higher.

Following growth, the samples were thinned from the backside down to 50 pm
via a chemical-mechanical lapping process to enhance confinement of the optical field
within the sample. The pieces were then cleaved into laser bars of various sizes with
widths ranging from 100 to 500 pm and lengths all in the range of 50 mm. The lengths of

the bars are perpendicular to the m-cleavage plane and widths lie along the a-plane.

RMS/= 3.54 nm RMS = 0.074 nm

Figure 5.4 Atomic-force microscopy surface scans of the structure on AIN substrate.

88



The samples were then optically pumped with a 248 nm, 20 mW KrF laser to
produce stimulated emission at room temperature. The sample emission spectrum is
shown in Figure 5.5, lasing at a wavelength of 257 nm with a measured full-width half

maximum of less than 2 nm. The maximum excitation power density is 4.9 MW/cm®.
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Figure 5.5 Emission spectra at various excitation densities demonstrating lasing at 257 nm.

The optical output power as a function of excitation density is shown in Figure
5.6, demonstrating lasing with a pump power threshold density of 1.88 MW/cm®. While
this is higher than threshold densities reported elsewhere [76], it is to be expected at
lower wavelengths in higher aluminum content structures because of the higher bandgap
energies, reduced carrier mobility, and enhanced defect related non-radiative
recombination. However, we believe this threshold power density can be significantly

reduced with further optimization of cladding layers and the addition of distributed Bragg
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reflectors to improve the optical confinement oé tetructure so that the optical gain

profile lies more squarely within the active region
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Figure 5.6 Optical output intensity as a function fexcitation power density.

In summary, we have grown and fabricated an ulttailaser on AIN substrate
and demonstrated stimulated emission via opticaipaog. The elimination of thermal
mismatch reduction in the strain state betweenstitestrate and the AIN buffer layer
yielded reduced defect formation compared to cotieeal substrates such as sapphire or
SiC, thus enabling laser action at lower thresholse epitaxial design includes a full n-
cladding layer for future expansion into a full-de design with anticipated electrical
injection. The development of high conductivity,ghi aluminum containing p-type
Al,GaxN will be crucial to this venture and it is critic® have an appropriate active

region capable of lasing as demonstrated in thidyst
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5.3 Low-Threshold Lasing Below 250 nm from Optically Pumped AlGaN

Structures on AIN Substrates

The epitaxial structure designed for this study, illustrated in Figure 5.7 was
specifically optimized for optical pumping experiments. The active region consists of a
10 x MQW structure, with 3 nm AlygGagsN wells and 5 nm Al 75GagosN barriers,
between a 200 nm AIN regrowth buffer layer and a 10 nm AIN cap layer for surface
passivation. The thickness of the cap layer was determined by the absorption coefficient
of the material at the desired excitation wavelength so as to maximize the absorption
within the active region. The omission of any underlying AlIGaN layers for the purpose
of strain reduction serves to enhance the confinement of the optical field within the active
region. Even without such strain-engineered layers, high crystal-quality was still

maintained.

10 nm AIN cap
10x Alg 60Gag.40N/Alg 75Gag ,sN MQWs

200 nm AIN Regrowth

(0001) AIN Substrate

Figure 5.7 Cross-section schematic of the DUV AlGaN MQW laser structure specifically optimized
for optical pumping experiments.

The surface morphology of the structure was measured by atomic-force

microscopy illustrated in Figure 5.8. The RMS roughness is 0.87 nm, 0.90 nm and 0.91
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nm for 5x5 um?, 10x10 pm?, and 20x20 pm’ measurements, respectively, indicating a
relatively smooth surface with low defect density. Figure 5.9 shows the asymmetric
(105) reciprocal space mapping (RSM) of the epitaxial structure taken by high-resolution
triple-axis x-ray diffraction. The horizontal position of the AIN peak and that of the
AlGaN/AlGaN active region indicate that the epitaxial grown layers are fully strained to

the substrate, inhibiting the formation of defects such as cracks and dislocation associated

with lattice relaxation.

Figure 5.8 Atomic-force microscopy measurements taken at 5x5, 10x10, and 20x20 pm’ with RMS
roughness values of 0.87, 0.90, and 0.91 nm respectively. The Z-height for all scans was 15 nm.
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Figure 5.9 Reciprocal-space mapping of the multi-gantum well sample taken via x-ray diffraction.
The horizontal alignment of the multi-quantum well peak to the substrate indicates the layer is fully
strained (i.e. pseudomorphically grown).

Following growth, the wafer was thinned to @& and Fabry-Perot etalons were
formed using cleavedtplane facets with a 1.25-mm long resonant caviyo high
reflection (HR) facet coatings were used. Therldmsas were optically pumped by an
ArF Excimer laser{ = 193 nm) with a pulse width of 20 ns at a repatitiate of 10 Hz.
The laser beam passes through an optical apertitihewidth of 0.1 cm and length of
1.27 cm and was illuminated over the surface of dleaved bars. Attenuators were
inserted to vary the pump power and a Glan-LasBBO polarizer was used to measure
the polarization of light emission. An optical éibwas placed in the proximity of time
plane facets for spontaneous and stimulated lighisgon detection. The photon
emission was collected and analyzed using an OOgéins Maya 2000 Pro spectrometer

with a spectral resolution of 0.2 nm.
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Figure 5.10 Schematic diagram of optical measureméesystem.

The photon emission spectrum at room-temperatuitd wdifferent pumping
power densities is shown in Figure 5.11. The pmakssion wavelength wak= 246.8
nm with the spectral linewidth reducing to 1.3 nintlee maximum measured pump-
power of 709 kW/crh The optical output power as a function of exiitadensity [-L
curve) is shown in Figure 5.12 demonstrating airtistthreshold characteristic at a
threshold pump power densitP,) of 455 kW/cmi. The stimulated emission output
increases linearly with the pumping power densiydnd the threshold. The measured
Pt is nearly three times lower than previously repdrphoto-pumped UV lasers grown

on 4H-SiC at a similar emission wavelength of 24in5[54].
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Figure 5.11 Light-spectra of the MQW structure at \arious pump-power densities.
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Figure 5.12 Output intensity and spectral linewidthas a function of pump-power density. The
threshold for lasing is 455 kW/cm2.

The transverse electric (TE) and transverse mag(EM) emission spectra are
shown in Figure 5.13 for the cleaved laser bar ativa AIN substrate operating above
threshold and the same structure grown on a sappghibstrate. We observed that the

stimulated emission is strongly TE polarized fog thevice on AIN. On the contrary, the
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spontaneous emission for the same MQW structurevigron AIN on sapphire is
dominated by TM polarization. For AlGaN-based tas¢he polarization of the light
emission is predicated to switch from the TE moolehe TM mode as the emission
wavelength decreases from near-UV to deep-UV watinesponding increased AIN mole
fraction since the topmost valence band transitioorm heavy hole (TE polarization) to
crystal-field-split hole (TM polarization) [107,1P8 Our results (along with those of
references 52, 53, and 109) suggest a mixing ddeth@lence bands where a strong
dependence on composition and strain state endifesiode gain to continue to
dominate into the DUV region while TM-mode sees @dast boost for pseudomorphic
AlGaN layers. This is similar to the conclusioracked by J. E. Northrugt al. in

reference 110.
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In summary, we have used bulk-grown (0001) AlINs$tdies for the growth of
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Figure 5.13 Output-polarization measurements for ientical MQW samples grown on FS-AIN and
sapphire substrates. The stimulated emission specim of the sample on FS-AIN demonstrates TE-
dominant polarization, while that on sapphire is deninated by TM polarization.

AlGaN/AIN based MQW heterostructures by MOCVD tohigwve DUV stimulated
emission at 300K. By eliminating ancillary cladgliand contact layers, we optimized

the design for optical pumping and were able taicedhe pump power threshold density



while also reducing the emission wavelength. Thakpeavelength demonstrated was
246.8 nm with a threshold power density of 455 kiwf/and dominating TE polarization
mode. These results confirm the viability of AINbstrates for future development of

DUV AllnGaN based laser diodes.

5.4 Optimization of Optically-Pumped AlGaN MQW Structur e using Dual-
TMGa Source Growth Scheme

While the MQW structure designed for optical puntpiyielded an impressive
result, we observed an anomaly in the epitaxia¢isyby high-resolution transmission
electron microscopy (HRTEM). As shown in Figure4.the multi-quantum wells and
multi-quantum barriers are separated by a highrasntiayer. Further analysis of this
layer was performed using high-angle annular deekl {(HAADF) imaging coupled to
the scanning tunneling electron microscope. The BRAdetector collects incoherently
scattered electrons- as opposed to Bragg scagéettons- which are highly sensitive to
the square of the atomic number of atoms in thepanThus, a higher count indicates a
higher atomic number. In this case, the higher aomamber indicates more gallium and
therefore smaller bandgap. As seen in HAADF imafj€igure 5.15, the high-contrast
layers have a higher aluminum mole fraction spagprsaveral monolayers and thus a
larger bandgap than the quantum barriers. Thetresa non-ideal band profile of the
MQW structure that would inhibit the distributiomdh efficient radiative recombination

of generated excitons.
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Figure 5.14 HRTEM image taken under (1-100 ) axief AlIGaN MQW structure grown using a single
TMGa source.

1] LN 20 30 a 50
rim

Figure 5.15 HAADF measurement of the MQW active rgion grown using a single TMGa source.
High peaks correspond to higher AIN mole fraction.

The source of this layer was hypothesized to lefeciency in our MOCVD
growth recipe; specifically in our use of a single TMGa source. In order to grow our

MQW active region, we need change thg@d, N composition for the wells and
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barriers. With a single TMGa source, this involmalising the growth for 5-10 seconds
while the TMGa flow rate ramped to the appropridéeel. During this growth
interruption, residual TMAI and aluminum from theepious layer may have mixed with
the NH; over pressure to create an AIN rich layer at eatshface.

To eliminate this effect, we made use of a secbMida source. For the MQW
region, the NH and TMAI flow rates were kept constant while odGa source was set
at the flow rate for a quantum barrier, and theeoflor a well. Thus we could instantly
switch between them without having to pause thevtirdor a ramping time. With this
dual-source growth scheme, we grew a structuretimi@nn design to that of Figure 5.7.
HRTEM was performed on this new sample and no battrast layers were observed as
shown in Figure 5.16. Neither does a HAADF analysigeal any high AIN interface

layers, as seen in Figure 5.17.

Figure 5.16 HRTEM image taken under (1-100 ) axief AlIGaN MQW structure grown using a dual
TMGa growth scheme.
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Figure 5.17 HAADF measurement of the MQW active region grown using a dual TMGa growth
scheme.

As with the previous structure, high crystal-quality was measured by atomic force
microscopy illustrated in Figure 5.18: terraced step-flow is observed, characteristic of
two-dimensional layer-by-layer Ill-nitride epitaxial growth. The RMS roughness is 0.37
nm and 0.32 nm at 10x10 pm?® and 5x5 pm’ measurements, respectively, indicating a

relatively smooth surface with low defect density.

(b)

10.0 nm

5.0 nm

0.0 nm

Figure 5.18 Atomic-force microscopy measurements of the structure grown on (0001) AIN substrate
taken at (a) 5x5 me and (b) 10x10 umz.
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The photon emission spectrum at room-temperatuitd wdifferent pumping
power densities is shown in Figure 5.19. The pmakssion wavelength was= 243.5
nm with the spectral linewidth reducing to 2.1 nintlee maximum measured pump-
power of 620 kW/crh The optical output power as a function of exizitadensity [-L
curve) is shown in Figure 5.20 demonstrating airtistthreshold characteristic at a
threshold pump power densitPy) of 427 kW/cmi. The stimulated emission output
increases linearly with the pumping power densitydnd the threshold. Compared to
the sample using a single TMGa source, the waviiengs reduced by 3 nm and thg

reduced by 27 kW/cfn

243.5nm —— 244 KW/cm®
—— 433 kW/cm®
—— 496 kW/cm®
—— 620 kw/cm®

Cavity length: 1.23 mm
@ Room Temperature

—| [*=—AA=2.1nm

Light Intensity (a.u.)

220 240 260 280 300 320
Wavelength (nm)

Figure 5.19 The laser emission spectra with pumpapver densities below and above threshold at
room-temperature.
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Figure 5.20 Light-output intensity and linewidth as a function of the optical pump power density at
room-temperature with lasing atA = 243.5 nm.

The transverse electric and transverse magnetissemni spectra from the cleaved
laser bar operating above threshold are shown guir€i5.21. We observed that the
stimulated emission is strongly TE-polarized witle tdegree of polarizationP) greater
than 0.9, similar to the single TMGa source sampteis also noted that the TE-mode

emission wavelength is about 1.6 nm longer thanftral M-mode emission.
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Figure 5.21 TE and TM-modes emission spectra fohe same laser bar operating above threshold at
room-temperature.
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5.4.1 Reduction of Threshold Power via MQW Reductio

Utilizing the dual-TMGa growth scheme, the desanFigure 5.7 was further
optimized to reduce the laser threshold power déerBy reducing the cap layer from 10
nm to 8 nm, we can minimize the excitation beanogtigon while still screening surface
states. By reducing the number of quantum wetimften to eight, we can reduce the
number of states requiring population inversionobeflasing occurs. However, to
maintain the same amount of optical flux within #wive region, we have increased the
width of the quantum well slightly from 2.8 to 3 nand that of the quantum barrier from
5 nm to 6 nm. Thus the overall change in widthha &ctive area changes only slightly
from 78 to 72 nm.

These small changes resulted in a dramatic impneme The wafers were
cleaved into bars with cavity length of 1.45 nmeTémission wavelength was measured
to be 245.3 nm with a linewidth of 0.9 nm, as peyufFe 5.22. The threshold power
density was reduced to as low as 297 kW/dar our champion device as shown in
Figure 5.23. As with previous measurements, TE-m@dérization dominates as

exhibited in Figure 5.24, but this time with norsigf TM-polarization.
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Figure 5.22 Laser emission spectrum of the optiméd optically pumped structure.
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Figure 5.23 Light-output intensity as a function 6 the optical-pump power density at room-
temperature with lasing atA = 245.3 nm.
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Figure 5.24 TE and TM-modes emission spectra fohe optimized laser bar operating at 1.3x the
threshold power density at room-temperature.

In summary, we have used native AIN substrategroov AlGaN/AIN based
MQW heterostructures by MOCVD for DUV stimulated ission. The use of a dual-
TMGa source growth scheme eliminated interfaceriayg high AIN observed in the
active region of the sample grown using a singleGavsource. The result was a more
uniform band profile within the MQW region and threduced threshold pump power
density. The peak wavelength demonstrated was &524m with a threshold power
density of 427 kWi/ch and dominating TE-polarization mode. To furthertimjze
absorption of the excitation beam, we reduced kiekness of the AIN cap layer, and
eliminated two periods of the MQW, while increasingll and barrier thickness to keep
the overall area of excitation roughly the samee Tésult was a dramatic reduction in
threshold power density to 297 kW/tat 245.3 nm. Further optimization of the device
parameters and the addition of high-reflection icggt are expected to yield even better

performance in the near future.
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CHAPTER 6

GALLIUM AUTO-DOPING OF INDIUM ALUMINUM NITRIDE
MATERIAL

During our experiments, we sought to optimize theagh and crystal quality of
InAIN on AIN templates by varying temperature amdgsure. The expected result was to
find a functional relationship between each paramand the material composition as
there is with AlIGaN and InGaN. But we eventuallyceantered some irregularities.
First, we observed the composition would not changever a certain range of
temperature, as measured by XRD and plotted in r€ige.1l. This mysterious
compositional locking effect was unexpected: whde non-linear trend may be
anticipated, a piecewise saturation region of nange over a range of 100 °C is
somewhat unusual when compared to similar trend&l&aN and InGaN. Secondly, we
observed a significant variation in compositionvwetn different runs using the same
conditions (e.g. precursor flow rate, temperatpressure, V/1ll). Repeatability is crucial
to the experimental method, and so the cause ¢f gacation must be explained by an

occurrence outside of the input parameters.
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Figure 6.1 The supposed “compositional-locking” effct of InAIN as measured by XRD.

Over time, we noticed a pattern that the compasitvould seemingly reset itself
if immediately preceded by a run involving GaN. ckauccessive run would then see a
decrease in indium composition according to XRD observation; that is, the ternary peak
would shift to higher angles, closer to that of AWith the only variation being the
number of runs between that and the last GaN rumexXample of this phenomenon is
shown in Figure 6.2, with four spectra of InAIN gales on AIN templates all grown
under the same conditions. The first INAIN run, whoby the blue curve, was grown
immediately following a thick GaN template growtlith each proceeding run, the
ternary peak moves closer to that of the AIN tergplandicating that the aluminum

content is increasing at expense of indium, ot agms out, gallium.
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Figure 6.2 XRD diffraction spectra of four InAIGaN samples grown using the same condition.

Upon further investigation to determine the chexhemmposition of this material,
we observed large concentrations of gallium, asdrarisingly small amount of indium
as seen by secondary ion mass spectroscopy (SIM$)igure 6.3, and Rutherford
backscattering (RBS) in Figure 6.4. The evidenciEkly started to mount that some
source of gallium was contaminating our InAIN saepIThus it was concluded that we
had been growing quaternary InAlGaN material abngl Further investigation has
revealed the indium composition was never highan % and usually only varied from
3-5%. This was shocking since we had not introdwgdgallium precursor during these
growth runs and the trimethylindium flow rate wadatively high compared to that of
trimethylaluminum at a ratio of 4:1. And yet we wepbserving what was essentially

AlGaN with a small sprinkling of indium. In a sirail fashion, Zhu et al. observed a large
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amount of unintentional gallium contamination during InAIN growth and attributed its
source to their GaN template [111]. However, our growth of high [Al] compounds starts
with an AIN template which we have determined via SIMS and RBS to contain no
significant amounts of gallium incorporation. Thus the unintentional auto-doping of

gallium accompanies only the inclusion of indium.
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Figure 6.3 SIMS depth profile of InAl(Ga)N grown on AIN template on sapphire.
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Figure 6.4 RBS depth profile InAl(Ga)N grown on AIN template on sapphire.

This phenomenon is explained by the nature of gallium and indium, and the
design of our MOCVD reactor. Firstly, it must be noted that solid gallium and indium
will form a eutectic when simply brought into contact with one another at room
temperature [112113114]. Second, although the 6 x 2 Thomas Swan MOCVD reactor
is a pedestal style reactor, meaning the heating element is directly below the growth
susceptor and does not encompass the entire chamber, the walls of the chamber - which
consist of stainless steel and a quartz liner - are heated by convection when the
temperature of the heater is raised to over 800° C for a typical InAIN run. This
convection heating provides conditions that are more than suitable for the formation of
In-Ga eutectic, which is then desorbed from the reactor wall or even the showerhead and

finds its way to the sample.
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The “memory effect” of the p-type dopant bis(cymotadienyl)magnesium has

been well documented for nitride materials growrMiCVD [11]. Because of the high

stickiness of CgMg, the precursor will tend to coat the gas lined walls of the reactor

before being incorporated into the material, résglin a “delayed turn-on” as observed

in the depth profile via SIMS. This stickiness apgovides a source of magnesium atoms

even when the precursor source is closed, resuiltirey delayed turn off in the depth

profile as well. We propose a similar effect foe tbnintentional gallium auto-doping

observed in InAIN when grown in a vertical-showeatieMOCVD reactor. Following a

gallium-rich run, adatoms remain in the reactoriemment including the gas lines,

showerhead, chamber, and growth susceptor. Durlhgdk AlGaN runs, there is no

indium present to facilitate eutectic formationsuking gallium free samples as shown

by the XRD spectrum as shown in Figure 6.5 and dhemical composition depth

profiles of the previous two figures. For InGaN sumhe trimethylgallium flow rate is

high enough so as to screen this effect.
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Figure 6.5 XRD (002)w-260 scan of AIN grown on an AIN template. The lack o&n additional ternary
material peak demonstrates that AIN can be grown e of the gallium autodoping effect.

In conclusion, we have observed the compositigaghbility of InNAl(Ga)N to be
difficult to precisely predict and control, since depends not only on the growth
condition of the current run, but also that of thas prior to it. The situation is further
complicated when growing a complex heterostructtirat also includes gallium
containing materials such as a laser diode withaNGactive region and InAl(Ga)N
claddings. In an attempt to control this process,have begun purposefully flowing a
low amount of trimethylgallium during all InAl(Ga)kuns in order to screen the auto-
doping effect. This is successful in terms of egpbility, but the indium composition
remains stubbornly low each time. Therefore, ideorto effectively take advantage of
InAl(Ga)N, its growth dynamics must be rigorousliudied, the effect of indium
incorporation must be fully understood and all &a#l designs must take these practical

limitations into account.
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CHAPTER 7

SUMMARY AND FUTURE WORK

Metalorganic chemical vapor deposition was useddévelop two advanced
electronic and optoelectronic devices based omiltlde materials: a heterojunction
bipolar transistor and a deep-ultraviolet light #emi The INAIN material system was
explored for possible applications to DUV lasers; an unintentional auto-doping
phenomenon was observed where residual galliumim@sporated into the material,

and its influence and source was examined.

7.1 Heterojunction Bipolar Transistors

State-of-the-art heterojunction bipolar transistarere developed for advanced
high power electronic device operations. The stmecof the device was optimized on
sapphire substrates, with specific attention giwetine composition of the base region for
an GaN/InGaN/GaN device. Bo#y =0.03 and 0.05 for the @& N base were grown
in separate structures for comparison [115]. Thghdy indium composition and lower
bandgap of the 5% sample was expected to provigansaiges in terms of superior

emitter-injection efficiency and base doping leuwdbwever, the increased lattice strain
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associated with heteroepitaxial growth on the ulytey GaN collector advanced the
formation of defects when compared to the 3% sangpecifically the formation of V-
defects which are common to InGaN. These defedisdaas current sinks and non-
radiative recombination centers, causing the peréorce of thex,, = 0.03 and 0.05
samples to be comparable with slight edge to thesB® NN sample. The D.C. gain was
~37 for both while the reverse biased break dowltage (Vceg was 110 V usingin =
0.03 for the base, double the value obtained fexiti+ 0.05 base at 55 V.

Growth on a native free-standing GaN substrate tvas developed using, =
0.03 for the base [116]. Homoepitaxial growth akwmwfor a reduction in defect
formation, thus increasing the non-radiative recmation lifetime for minority carriers.
We were able to demonstrate a maximum differetimfent gain of 120 and D.C. gain
of 90 for the device on FS-GaN compared to 21 #ghitbd that on sapphire for a 20 x 20
pum? device. The maximum current density for this deweas 12 kA/cmh and 1.81
kA/cm? for the devices on FS-GaN and sapphire respeytiVae genesis of defects was
examined for each device and quantitatively anaypefurther explain the benefits of
homoepitaxial growth on FS-GaN.

Further work in llI-nitride HBTs grown by MOCVD Wiinclude high frequency

characteristics. However, in order to take full achage of homoepitaxial growth for this
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purpose, native GaN substrates with insulating grtigs will need to be developed for
sufficient device isolation. The doping profile ofir structure may also be further
optimized; specifically the doping level of the emitter may be reduced slightly to reduce

the BE-junction capacitance.

7.2 Deep-Ultraviolet Light Emitters

High aluminum containing heteroepitaxial structurevere developed for
ultraviolet optoelectronic applications. In sumgare have grown and fabricated an
ultraviolet laser on AIN substrate and demonstragéichulated emission via optical
pumping. The elimination of thermal mismatch redurttin the strain state between the
substrate and the AIN buffer layer yielded reduakfect formation compared to
conventional substrates such as sapphire or Si&¥ @mabling laser action at lower
thresholds. The epitaxial design of our first stane includes a fulh-cladding layer for
future expansion into a full-diode design with aipated electrical injection. Stimulated
emission at 257 nm was observed from a AlGaN/AINtrguantum well with a pump
power threshold density (P of 1.88 MV/cnf [117]. While stimulated emission is an

achievement itself, the power threshold density tmes significantly reduced for
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electrical injection to be practical. In the Y2 laggde design, the optical field overlap
with the active region was quite poor, pushingttireshold power high.

For a more effective demonstration of stimulatedisesian by AlGaN/AIN
MQWSs, we optimized the structure for optical puntpiexperiments. By eliminating
cladding and contact layers, we were able to redibegpump power threshold density
while also reducing the emission wavelength by mwprg the confinement of the optical
field within the active region. The peak wavelendgdmonstrated was 246.8 nm with a
threshold power density of 455 kW/€émand dominating TE-polarization mode [118].
These results confirm the viability of AIN subseatfor future development of DUV
AlinGaN based laser diodes.

To further optimize this optically-pumped DUV MQ¥tructure, we altered the
growth recipe to use two TMGa sources instead @f toneliminate interface layers of
high AIN content. The peak wavelength demonstrated at 243.5 nm with a threshold
power density of 427 kW/cm2 and dominating TE-paktion mode [119]. A further
optimization of the structure by removing two oétguantum wells yielded an emission
wavelength of 245.3 nm with a threshold of 297 kiwicCompared to previous work,

these results represent a substantial improvenmetérms of reducing the wavelength
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below 250 nm while simultaneously reducing the ptpoper threshold density below 1

MW/cm? as shown in Figure 7.1.
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Figure 7.1 Graphical summary of published results boptically pumped DUV lasers.

Further development of DUV laser diodes will degpéeavily on development of

high conductivity, high aluminum containing ,&a xN for electrical injection. While-

type ALGa-xN up tox = 0.75 has been achievepttype conductivity will be a much

more monumental challenge due the high acceptoraéicin energy. Demonstration of a

high [Al] pn-diode will be the first step in realization of $hievice. Effective cladding
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layers and perhaps more importantly effective higftective facet coatings must also be

developed for sufficient optical confinement.

7.3 Gallium auto-doping in InAl(Ga)N

An alternative ternary compound of InAIN was exaed for improved
performance for llI-nitride UV emitters. Its abjlitto lattice match AlGaN at higher
bandgap energies would be beneficial to the efimyeof the device by eliminating
interface-polarization charge and significantly ueithg strain-induced internal
piezoelectric fields. However, we discovered a igail auto-doping effect during the
course of our studies, which takes place when mdis introduced into the growth
chamber. The causes and effects of this phenomeroa studied, and the source was
determined to be the formation of a gallium-indiaatectic on non-growth surfaces (e.g.
reactor walls) which is then transported to thessiabe and takes part in the epitaxial
growth reaction.

Elimination or at least control of this auto-dopiphenomenon is a pre-requisite
to its incorporation into a device. This would elealattice-matched cladding layers and
potentially a higher doping efficiency for contdayers. Thus further development of this

material is certainly worthwhile.
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