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A three-step solution-based process had been ysehdesize powders of GaN,

AIN and their alloys. The complete solid solulyiland tunable nature of these nitride
band gaps in the visible spectrum were the motmatf these studies due to their
application in solid state lighting. Energy disgee X-ray spectroscopy confirmed the
reduction in oxygen content for the GaN powderagdow as 4 atom % with an 8 %
oxygen to nitrogen ratio. Relative to commerciaNspowders, the bandedge of the
powders synthesized by such approach also shiftdadgher energy, which indicated
fewer defects, as observed from reflectance meamnes. Inspired by the use of rare-
earth elements as color emitters in fluorescenplahmosphors, these elements were also
used as activators in our nitride material.  Misiemission was demonstrated through
photoluminescence measurements in AIN powders aetlv with rare-earth elements
Eu®, Tb®, Tm®*. These ions showed emission in the red, greerbhmdregions of the
visible spectrum, respectively. Ewand TH* co-activation was also observed in an AIN

sample that indicated successful energy transfem fthe host to sensitizer, and

XiX



subsequently to another activator. %Tb emission was observed under
cathodoluminescence in GaN powders synthesized Hey game method, and a
concentration study showed no effect of concemtmatjuenching up to 8 atom %. Using
the same source powder, a pulsed-laser depositedilth was fabricated that showed
both band gap emission and activator-related eamssuggesting a reduction of defects
when the powders were deposited as thin films. ithaaally, GaN:TB" films were also
fabricated using metallorganic vapor phase epitasiyng precursors with and without
oxygen ligands. TH emission was only observed in the sample fabricétem the
precursor with oxygen ligand, suggestion that oxygey be required for effective rare
earth luminescence. Finally, GAIN alloy powders ( x = 0.5) and Ga,AlxDyyN (x =
0.10, 0.30, y = 0.01) powders were synthesized gusire solution method while
incorporating a stainless steel pressure vesséthwhcreased the synthesis pressure and
aided the formation of a single phase hydroxideymsor. This in turn produced a single
phase alloy nitride in the final step. Pyemission that was not observed in GaN
powders was also observed in theiG#lDyy,N powder. This suggested that the
incorporation of aluminum enabled rare-earth erarssn the nitrides synthesized for
these experiments. However, attempts to sputterdaialloy thin films via radio
frequency sputtering were unsuccessful; only venpom peak shifts in the X-ray
diffraction patterns were observed. Neverthelegsgrgy dispersive X-ray spectroscopy
indicates the presence of Al in the /&alosN film deposited on a Si substrate. This
suggested that Al atoms may have segregated freralliby lattice during the deposition

process, with only a small amount of Al atoms ipovated into the GaN lattice.
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Chapter 1. Introduction

It is estimated that approximately 8 % of overakry consumption and 20 % of
all electricity used in the United States is fghling [1, 2]. Data compiled in 2002, the
latest available from the U. S. Department of Egpesiowed that more than 70 % of
electricity used for lighting is for commercial amdsidential lighting, with a high
percentage of residential lighting using incandestights [2], as shown in Figure 1.1.
Since most of the energy used for the incandedaent is wasted as infrared radiation,
there has long been efforts to improve the efficafythe technology, as well as

developing a more energy efficient light sourcegiolace incandescent lighting [1].

Qutdoor i
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Figure 1.1 Annual energy consumption broken down by sectodslighting technology [2].

The cost of using inefficient lighting technologgin be measured both in dollar
amounts as well as the amount of carbon emissimm foroducing the energy. U.S.

consumers can save ~$42 billion by the year 20&%if can adapt new technologies that



improve energy efficacy to 50% (relative to the B¥icacy of the incandescent light
bulb). This also translates to saving 70 gigaw@&#d/) of power, which is equivalent to
the power generated by 70 one-GW nuclear powertgldar example. Additional
benefits include using less air-conditioning, simere efficient lighting systems can
operate with less wasted energy and heat [1]. porteissued in 2006 by U. S.
Department of Energy also suggested ways to imptiseeoverall lighting efficiency in
major categories of lighting such as fluorescegiti, high intensity discharge lamps,
and light-emitting diodes [3].

The beginning of modern lighting technology is gatlg attributed to the
invention of the incandescent lamp by Sir Thomasd&din 1878 [4]. The color of light
produced by a heated metal filament in an incaredgédamp appears close to that of the
sun, to which the human eye has been adapted {(Bjects illuminated under an
incandescent light would then appear to have aralatolor. To determine the “quality”
of a light source, one parameter called the cotmdering index (CRI) is often used.
This index, with a scale of 0 to 100, measuresathibty of the light source to accurately
display the color of an object compared to a stehdluminant [5]. The incandescent
light has a high CRI of about 100, while low presssodium lamps have CRI of about
18 [1, 5]. However, about 95% of the electricised by a typical incandescent light bulb
is wasted as heat and infrared radiation, whichlt®é a low luminous efficiency of ~12
lumens per watt (Im/W) [5]. Using a tungsten-ha&ogcycle, halogen incandescent
lamps have longer filament lifetimes as the filamewaporation rate is reduced. This
also allows the halogen lamps be at full brightfesdonger time and have comparable

CRI relative to traditional incandescent lampsultsg in more than twice the efficiency



(=30 Im/W) [1, 5]. Table 1.1 shows the CRI and powaensumption of some common
light sources.

Unlike incandescent lamps that generate light \agkbbody radiation of a solid
metal at high temperature, gas discharge lampsatgpdry exciting the inert gas
molecules and metal vapor enclosed within the larRpuorescent lamps, low-pressure
sodium, mercury, or high pressure metal-halide ke all examples of gas discharge

lamps with increased efficacy, ~40 Im/W and abowegared to incandescent lamps [5].

Table 1.1Comparison of CRI, power consumption and efficacgammonly available light sources [5, 6].

Light source CRI  Wattage (W) Luminous Luminous
flux (Im) efficiency
(Im/W)
Candle 5-15
Compact fluorescent lamp 55-65 11 660 60
Incandescent lamp 100 60 730 12
Halogen incandescent lamp 100 1250 13
Fluorescent lamp 55-65 36 2850 79
Low-pressure sodium lamp 0-18 35 4800 137
High-pressure mercury lamp 25-82 80 3450 43
LED Luxeon white 5 W 70 5 150 30
LED Cree LR 5 white 10.5 W 94 10.5 540 54

These lamps are filled with inert gasses and mwtabrs, which are excited by electrons
emitted by a cathode. Upon returning to the grostade, the excited gas atoms or
plasma will emit light that correlate to their diste excitation energy. This results in
separated spectral lines instead of a continuoestigpn like an incandescent lamp.
Without a continuous spectrum, gas discharge laypsally render colors more poorly
than incandescent lamps, with a CRI value betweamd086 [5].

For example, low pressure sodium lamps have resenamission lines of

sodium around 590 nm, a yellow color. Therefohe, true color of objects cannot be



determined under the monochromatic light. Nevéegs contrast and movement can be
perceived faster than with other white light sosrc€oupled with its high efficacy (>100
Im/W), low pressure sodium lamps are now mainlydufee outdoor and street lighting.
The fluorescent lamp is a low pressure mercuryhdigge lamp, in which the resonance
lines are in the UV range (185.0 nm and 253.7 nii.achieve emission in the visible
spectrum, a three-band phosphor is used as a goathmch can be excited to
approximate color rendering to that of the “whitght” from incandescent lamps. In
high pressure or high intensity discharge (HID) pamthe spectral lines are generally
broader and improve color rendering. The incorpansof various metal-halide salts can
further improve the luminous efficacy and colordenng, similar to phosphors that are
used for fluorescent lamps [5].

Light emitting diodes (LEDs) have recently beerereing attention due to their
application as a general illumination light sourldd. Based on wide band gap
semiconductors, the active layer of an LED willeede photons corresponding to the
band gap energy of the semiconductor upon propatagion. Like the emission from
gas atoms in a fluorescent lamp, emissions lirms &tEDs are also narrow and discrete.
GaAlAs is used as red emitters, GaP is used asngasel SiC and InGaN are used as
blue emitters [8]. Due to the nature of its ligdmhission, two or more monochromatic
light sources must be used at specific ratios fgrapmate white light [9]. Typically
complementary colors, such as blue and yellow Jighg used to generate white light in a
dichromatic source, while higher quality white ligh generated with red, green and blue
colors [9]. As shown in Table 1.1, Luxeon LEDs @éasomparable efficiency to high

pressure mercury lamps; some Cree LEDs have evenparable efficiency to



fluorescent lamps [6]. Moreover, the CRI value tbese LEDs is higher than most
sodium vapor lamps and fluorescent lamps. Thisvshihat with the rapid progress in
LED technology development, it is a valid candidftte directional lighting as well as
general illumination.

The development of commercial LEDs can be trace#t ba 1950s - 1960s, with
the first GaAsP red LED being offered by the GehEtectric Corporation, followed by
GaP and activated GaAsP green LEDs. The invemtidhe first viable blue and higher
brightness green LED did not occur until 1993 by NMakamura group using the GalnN
system [7]. It also enabled white LEDs based oosphor wavelength converters and
semiconductor wavelength converters [9]. As edficies of LEDs continue to improve,
as seen by the rapid development of blue LEDs baseditride alloys, the possible
applications for LEDs also extend from the tragiibsmall scale indicator lighting, to
using green LEDs for traffic lights, to using whit&Ds for automotive headlights, and
even general illumination for homes and officesd],

Research on white LEDs is advancing on many frokts. the purpose of general
illumination, factors such as reliability, efficieyy and color rendering are all important
considerations for LEDs. Currently research isy\astive on new designs for the LED
structure and packaging to improve the light extoacefficiency and reliability of the
device, as well as on novel phosphor materialsuse in LEDs to improve color
rendering. For example, delamination of LED pa@salgave been studied by subjecting
LED packages under moisture and heat [10, 11]t laghput degradation has also been

studied using commercial white LEDs [12]. A reviefyohosphors used by LEDs can be



found in Kitai [13], which included surveys of metaide-based phosphors as well as
metal nitride phosphors with Euas a red emitter.

While nitrides have been used as phosphors, lumémee from nitride hosts
activated with trivalent rare-earth (RE) ions hagrfb successfully demonstrated in GaN
hosts, as shown by our group and others. Powde®sN activated with Bf , EW** and
Tb** have been prepared by a mixture of gallium anivacr metals with bismuth as a
catalyst [14-16], from freeze-dried nitrate preauss[17], from combustion synthesis and
a three-step solution based process by our gra8iplf], as well as from the nitridation
of activated oxides [20]. On the other hand*EEUW**, and Tmi*- activated GaN films
and corresponding electroluminescent devices haan dabricated using molecular
beam epitaxy (MBE) [21-26]. Pure GaN films haveoabeen grown by pulsed-laser
deposition (PLD) [27-29], whereas EuPr*, EF*, Tb®" and Tni*-activated films have
been grown by metal-organic chemical vapor demsiMOCVD) or metal-organic
vapor phase epitaxy (MOVPE) [30-33]. Due to thema band 4f — 4f transitions of the
RE** ions and the weak dependence of these transitinrtseir host lattice, they are a
rational choice for an active layer of an LED systeThe white light of the LED could
be generated directly from the active layer, asshim Figure 1.2, without having to use
an external phosphor coating that could reducdigheoutput like a traditional LED.

The goal of this research was to develop a whifetdemitting material based on
the visible emission from RE activated AIN and GaS8becifically, a three-step solution
process was used to synthesize the nitride powadide MOVPE, PLD and radio-
frequency (RF) sputtering were used to fabricate fiims from the same source

powders.
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Figure 1.2 (a) Device configuration for a typical light-emittj diode using phosphors. (b) Possible
configuration of a light emitting diode using aglmluminescent layer.
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GaN and especially InGaN has been breakthroughrialatéhat made blue LEDs
possible, with high radiative recombination effioty despite the high density of
dislocations from the lattice mismatch betweendhlestrate and the GaN epitaxial layer
[34, 35]. It is commonly believed that oxygen a#$econtribute to the “yellow band”
observed in the emission of GaN films [36]. Usow three step solution method, we
were able to reduce the presence of oxygen inithdenhost powder, thereby improving
the quality of the material [37].

Following the study of nitride powders, these REvated host nitrides were then
deposited as thin films in order to compare thengka in optical properties between
powder and films of the same material. Three tygdhin films were compared with the
powders: MOVPE, PLD, and RF sputtered thin filmStructural characterization was
done by X-ray diffraction (XRD), while elementalropositions are measured by energy

dispersive X-ray spectroscopy (EDX). Optical cletedzation was done by measuring



the photoluminescence (PL) and cathodoluminesc@dLti spectra of the powders and
films.

This research project had been a collaborativerteffetween the University of
California, San Diego (UCSD) and Osram-Sylvaniat@riResearch (OS). Synthesis of
RE-activated nitride powders via the solution pes;ehe fabrication of targets used for
PLD and RF thin film deposition, as well as anaysf chemical composition, crystal
structure, morphology and CL spectra of the powdaid thin films were performed by
UCSD. Room temperature PL characterization suamnassion and excitation spectra of
the powders and thin films, interpretation of spestopic data using theoretical methods,
and the development of the MOVPE thin film depasitprocess were performed by the
OS team.

The dissertation is organized as follows: Chaptegives a background on
luminescence in semiconductors and reviews theegtumethods to generate white light
in LEDs. It also reviews some basic nitride phystbe band gap modification of nitride
systems, as well as the chemistry of RE eleme@Gtsapter 3-5 contains material that has
already been published. Chapter 3 details therewpatal parameters and setup of a
three-step solution process, and the effect of emygn the optical properties of the
nitride powders. Chapter 4 discusses the opticglgrties of RE dopants in an AIN host
powder, while Chapter 5 compares the optical emissif GaN:TB* powders and thin
films made by PLD and MOCVD. Chapter 6 details #gerimental process to
synthesize GaAIN alloys using a hydrothermal mettoodynthesize the source powder,

and the thin films fabricated via RF sputtering.heTchanges in lattice constant and



optical properties of the alloy are discussed. diimions and recommendations for

future work are presented in Chapter 7.



Chapter 2. Background

2.1  Electromagnetic Spectrum and Quantification of Coloed Light

When Sir Issac Newton separated white sunligltt #&tven colors using a prism,
and subsequently recombined the seven colors @sisgcond prism in the 1600’s, he
proved that white sunlight consists of a mixturecofors [4]. Yet the visible light
emission from luminescent materials is a very narregion of the electromagnetic
spectrum. As shown in Figure 2.1, the electromagrspectrum is typically divided in
seven spectral regions: radio waves, microwavdsrad, visible, ultraviolet light, X-
rays, andy-rays [38, 39]. The types of radiation can be dbed by frequency (in Hz),
wavelength (in m, etc.), photon energy E (in eV), or wavenenstv (in cni). The

energy of a photon is relatedv@ndi by [39, 40]:

E:h/:%:h(ﬁ (2.1)

whereh is the Planck’s constant amdis the speed of light. The visible wavelength
region, or the region of the spectra that humancayesee, is between ~400 nm and ~700
nm, with wavenumbers of 25,000 and 14,300'crespectively. Wavelengths from ~200
nm to 400 nm are termed ultraviolet. Wavelengtheva 700 nm and below 10,000 nm

are termed infrared.

10
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Figure 2.1 The electromagnetic spectrum [38].

Within the region of visible light, the colors che further specified via the 1931
chromaticity diagram, or the CIE x,y diagram [4}jps/n in Figure 2.2. Any color on the
diagram can be described by mrandy coordinate, which correspond to thae and
saturationof a certain wavelength of light. The coordinatdues, combined with the
brightness, ofuminous intensityY” of the light will then fully quantify the perceptio
of light by the human eye. Beams of light with aglwminous intensity Y, but highgr
coordinate value (also calldagminance, will appear brighter. Therefore, blues and reds
will appear less bright than greens and yellow$gssthe amount of light is increased to

raise the luminous intensity [4].
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Figure 2.2The 1931 chromaticity diagram, or CIE x, y diagrgit].

In addition to using chromaticity to define coléwr incandescent bodies it is also
possible to use theolor temperaturdo define its color. As seen in Figure 2.2, liheck
body curvds in the sequence of black, red, orange, yellohitey and blue-white, which
corresponds to the increasing temperature of aangkescent object as it radiates
thermally. When an object is heated to emit lidpait correspond to the black body curve,
its temperature is defined as the color temperatliteerefore, the color temperature of
an incandescent light source is the temperatueebafdy on the black body curve that has
the same color, or chromaticity on the diagranthadight source. Theorrelated color

temperatureof a light source, then, is defined as the tempegadf the body that isot
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on the black body curve with a color thatciesestto the light source. Typical color
temperatures of the white region in the diagrangeabetween 2500 and 10000 K [42].

Correlated color temperatures of some light souacedisted in Table 2.1.

Table 2.1Correlated color temperatures of some artificia aatural light sources [42].

Light source Correlated Color Temperature (K)
Tungsten filament household lamp 100 W 2850

Tungsten filament halogen lamp 2800 — 3200

“Warm white” fluorescent tube 3000

“Cool daylight white” fluorescent tube 4300

Direct sun 5700 — 6500

Also in Figure 2.2, the central point E is the whgroduced by the “standard
daylight,” while the pure spectrum obtained by Nawfollow the curved outer edge of
the diagram from violet at 400 nm to red at 700[din Colors at the edge of the curve
are saturated and colors inside the curve arasaturated. Straight dashed lines on the
CIE diagram pass through colors of light that carobtained from colors at the opposite
points of the dashed line. Therefore, a straigi® from a saturated blue at 480 nm to a
saturated yellow at 580 nm will pass through thetre¢ point E, or the white light. A
correct mixture of blue and yellow, a pairafmplimentary colorswill then produce the
white light [4]. If a triangle is constructed idsi the CIE diagram, any color within the
triangle can be obtained by varying the beamsgpft lwith colors at the vertices of the
triangle. The range of colors available within thangle is then called thgamut [4].
The central point W can also be produced by mixiolgrs at the corners of the triangle,
such as the violet at 400 nm, green at 520 nmredét about 700 nm. Superimposing
light beams in such a manner is ternssttitive mixing while mixing color of paint

pigments or fabrics result subtractive mixing Since the color of a pigment is the result
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of the pigment absorbing all complimentary lightcegt its own color, mixing
complimentary pigments will result in all light Ingj absorbed. This is the reason why
mixing complimentary colors of light will result irwhite light, while mixing

complimentary pigments will result islack

2.2 White Light Generation in LEDs

Since the commercialization of the first red LEDada from GaAsP in the 1960s,
the use of LEDs has been limited to small scalacatdr lighting for electronics,
telephones and even wristwatches [7], that is] theirecent development of blue LEDs.
Red LEDs using GaAlAs have been used for signageesiheir commercialization in
1963; green LEDs were also available using GaP dlepth N [7]; but since 1995, the
Nakamura group and others fabricated shorter wagt#ieLEDs in the blue, green, and
yellow range that showed promise of using LEDs gereeral area light source [13, 43].
Table 2.2 shows a list of commercialized or cullsenhder development LEDs and their
properties [13].

In this table, the external quantum efficiency reféo the ratio between the
number of photons emitted into the free space madtper second, to the number of
electrons injected into the LED per second [42]hisTis affected by how easily the
photons can escape the active light-emitting layghout being reabsorbed by or
reflected within the substrate, as well as the ggsimg of the actual semiconductor die
[13, 42]. On the other hand, the luminous effickers calculated by the amount of light

emitted into free space (in lumens) divided by e¢hextrical power supplied to the LED.
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Therefore, the power efficiency of the LED designtérms of delivering the supplied

power to the LED itself will affect the luminoudfiefency [13, 42].

Table 2.2Properties of commercialized or developed visib&gr-UV, UV and white LEDs [13].

Color Material Emission Brightness External Luminous
wavelength (candela) quantum efficiency
(nm) efficiency (Im/W)
(%)
Red GaAlAs 600 2 30 20
Yellow AlinGaP 610-650 10 50 96
Orange AlinGaP 595 2.6 >20 60
Green InGaN 520 12 >20 40
Blue InGaN 450-475 >2.5 >50 20
Near-UV InGaN 382-400 >43
uv AlinGaN 360-371 >40
Pseudo binary InGaN blue + 465, 560 >10 >100
white yellow
phosphor
Pseudo 3- InGaN blue + 465, 520, >30
color white green, red 620
phosphor
3-wavelength Near UV + 465, 520, >5 >40
white light red, green, 612-640

blue phosphor

In order to produce white light from LEDs, addd#iwixing from two or more
colors must be used. Currently there are two dontinpproaches to manufacture white
LEDs [13]:

* Wavelength Conversion: in this approach, a blu&gremitting LED is coated
with a yellow emitting phosphor (such as*Cdoped yttrium aluminum garnet, or
Ce:YAG) or combinations of other phosphors. Thegphors will in turn emit
colored light as it is excited by the blue or Ught, producing a combined white

light. This is shown in Figure 2.3.
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» Color Mixing: in this approach, multiple single oolLEDs are arranged into a
matrix such that the combined lighting effect appeahite. This can be done
with mixing two to four colors or LEDs to achievieet desired effect. This is

shown in Figure 2.4.

(a) Di-
chromatic Blue LED plus
white vellow phosphor E
source N
() Tri-. 1 @ Blue and red
chron_latlc Ii\v’ o ES LED plus green
source
A
(c) Tetra- UV LED plus | dred
chromatic blue, cyan, ?Eul; ""|1 re
white green, and . - plus C)r’]an :
source red phosphor ' l I ‘ A and green phosphor

Figure 2.3White LEDs made by wavelength conversion.
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Figure 2.4White LEDs made by color mixing [9].
While the LEDs manufactured by the first approaahraore cost effective, they
often exhibit the halo effect of color separatiow &how a cooler white light with hints

of blue light that escaped from regions of insudint phosphor coverage. Color
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rendering is also an issue due to the lack of geewhred components. White LED
matrix manufactured by color mixing, on the othantt, becomes costly due to complex
packaging and electrical connections. Each LED né@kd to be adjusted to balance the
emission intensity of each color for proper whigght [13]. When a near UV LED is
used as the light source, the technology becomaegous to that of fluorescent lamps;

in which white light is achieved via photoluminesce of UV excited RGB phosphors.

2.3 LED Design and Device Structures

The basic construction of an LED is a semiconduptor junction. The n-type
layer uses electron as the majority charge camibereas the p-type layer uses holes as
the majority charge carrier. Like a conventioniaidé under forward bias, the anode of
the LED is connected to a positive terminal and daghode is connected to a negative
terminal [44]. As a result, electrons in the nedyljayer will be repelled toward the
depletion zone of the p-n junction, and tunnel tigio to the p-type layer. Similarly,
holes in the p-type layer will also be repelled &oslv the depletion zone and tunnel
through to the n-type layer. The movement of thawerge carriers under forward bias in
the p-n junction then produces current flow andage drop, providing the necessary
power to operate an LED. Typical operating rarayeah LED is around 10 — 30 mA and
1.5 — 3V, with infrared LEDs operating with a heghdriving current and lower voltage
compared to visible LEDs [44]. As the electrongssrthe p-n junction and recombine
with holes in the p-type layer, they fall into avier energy state and releases photons, or
light, corresponding to the energy difference (andb gap, as discussed in section 2.6)

between the p-type and n-type semiconductor.
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In order to increase the amount of light emitteohfrthe p-n junction, or the
luminescent layer, the most direct way is to inseedhe radiative recombination
probability. Currently, virtually all LEDs use thidoubleheterostructure” design where
two confinement or cladding layers sandwich thevaclayer, as shown in Figure 2.5
[45]. Due to the difference in band gap energyveen the cladding layer and the active
layer, the electrons and holes are forced to stathe active layer, thereby increasing

electron-hole recombination probability (to be disged in detail in section 2.8).

—= Current spreading layer

/_/

Contact Top confinement layer

—=— Active region

Bottom confinement layer
Double

hetero-

structure Substrate
(DH)

< - Contact

Substrate

Figure 2.5The doubleheterostructure design with two confinanteeyers, or cladding layers, and one
active region [45].

The LED chip, which includes the luminescent layke confinement layers and
their respective electrical contacts, is typicahcased in an epoxy resin designed for the
specific application (Figure 2.6). The chip isd=kd to a lead wire serving as the
cathode at the bottom of a reflector cup, and ¢dpemetal contact is connected to another
lead wire serving as the anode. LEDs with highmwvgr requirements also have heat-
dissipation designs under the chip to prolong LEBtime. Other packaging designs

include using an electrostatic discharge-protectionuit to prevent LED component
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failure, and changing the encapsulant chemistry sindcture to increase the light
extraction efficiency. For example, silicone armalypmethyl methacrylate encapsulants
are alternatives to epoxy resin depending on tleenthl requirements. Graded-index
encapsulants, in which layers of material with efiéint refractive indices are stacked in
one encapsulant, can extract light more efficietiign those with only one material.

Oxides have also been used as diffusers to seaiterandomize light direction [45].

Hemispherical epoxy

. Top contact
resin encapsulant

T~/ Reflector cup
Bond wire / \\
T LED chip
(a) (b)
Cathode
Anode

J

Figure 2.6 Conventional LED designs with (a) hemisphericalagrstilant and (b) cylindrical and
rectangular encapsulants [45].

2.4  Luminescence and Excitation Techniques

In order to understand the generation of light EDis, we will start with material
classification. One way of classifying solid maés is by ranking their electrical
conductivity. Semiconductors are materials withceical conductivity between that of
metals and insulators, which have high and lowtetat conductivity, respectively [46].
The lateral movement of valence electrons larg@iemnines the conductivity of the
material. On the other hand, the transition ottetes from a higher to lower energy

state, or their “vertical” movement, can resultuminescence via the release of photons
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[40, 47]. If the electron transition is within r@seconds, the luminescence produced is
called fluorescence. If the electron transition is in the realm of naicor milliseconds,
phosphorescenceccurs [47] Afterglow occurs when electrons become trapped in
impurity states that do not allow the electronsdturn to their lower energy state after
seconds [48].

In order to promote electrons to a higher energtestvarious excitation
techniqgues are used. Luminescence produced undgfateon of light is termed
photoluminescencéPL), while luminescence produced by electron beam eiaitds
termed cathodoluminescence (CL). High energy elawgnetic radiation such as X-ray
will produce radioluminescencewhile electric current passing through a matecemh

produceelectroluminescencgL) [39].

2.5 Formation of Electronic Energy States

Since luminescence involves the transition of etexs between different energy
states, a discussion of electronic energy stategéessary. The formation of electron
energy states can be explained by the simplifietirBdomic model. In this model,
electrons revolve around the atomic nucleus inrdiscenergy levels, or orbitals, and the
electron energies are quantized [49]. Dependinghennumber of electrons and their
energies, electrons can partially or completelyafil energy level. As solids form from a
large number of atoms, the overlap of atomic olbitéith closely spaced energy levels
then form an almost continuous band of energy &{&0, 51]. These bands would be
filled by electrons with increasing energy. Howevihe quantization of electron

energies leads to gaps between energy bands wbeoebitals or energy levels exist.
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Metals such as copper have a partially filled epdrand at the highest energy, as seen in
Figure 2.7(a). Metals such as magnesium have ayyarlg empty and filled energy
bands (Figure 2.7(b)). Both electronic band stmed contribute to their electrical
conductivity. Insulators and semiconductors hawveilar band structures, where their
filled (valence) bands are separate from their gnm(pobnduction) band. The two
materials differ by the magnitude of their band ,gapth semiconductors having

relatively narrow band gaps (Figure 2.7(c) and.(d))

Empty -
Empty - conduction Empty
band Empty band conduction
: . band _band
el Band ga L
Band gap Ey 7 B Band gap
Empty states ~ Filled Filed  Filled
— Ef ~ band _ valence _valence
. bend . band

(a) ®) (c) (d)

Figure 2.7 Possible electron band structures in solids at @ .Electron band structure found in metals
such as copper. (b) Electron band structure fommdetals such as magnesium. (c) Electron bandtsii
of insulators, with a band gap typically more ti2a@V. (d) Electron band structure found in
semiconductors, with band gap typically less thav450].

2.6 Direct and Indirect Band Gap

Energy gaps can vary depending on crystallogcapmhiections due to the
difference in interatomic distances along thosedfions [52]. For the sake of simplicity,
the kinetic energy of an electron in a crystal medeas a square well potential with

infinite walls can be expressed as the following]{5
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E:kh
2m*

(2.2)
wherek is the wave vector and is related to the wavelengtthe electron wave; is
the Dirac’s constant, antd* is the effective mass of the electron. Then thergy of an
electron has a parabolic relationship wkithwhich is directly related to the momentym
of an electron by [52]:

p = kn (2.3)
When the electron energy is plotted agaknst p, one can observe an upward curvature
of the conduction band and downward curvature eflence band, with the maxima of
the valence band taken as reference. In 3-D,ritbegg bands become an energy surface.
And due to interactions between nearest neighlmmstand higher order neighbors, the

minima of the conduction band for a specific matenmay occur at a specific

crystallographic direction such as [111], as shawfigure 2.8.

AE

- i >
e <00<N am Kayz

Figure 2.8Energy vs. momentum diagram for a semiconductdr egnduction band valleys lat= <000>
andk = <111> family of directions [52].
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If the positions of the valence and conduction Isaatign at their respective
maxima and minima with the sarkevalue, electron transitions have a high probabibt
occur [13]. Such material, like GaN and AIN, aesdsto have a direct band gap in the
range of 3.4 eV, or ~ 365 nm, with a band gap emissi the UV range. For an indirect
band gap material, the maxima and minima of valeswcé conduction bands are at
differentk values. Electron transition then requires a ckand value, or momentum, as
well as energy. Therefore, indirect transitionuiegs simultaneous excitation of an
electron with energy and electron-phonon interagtiohich is less likely to occur. The
absorption and electron-hole recombination efficieis four orders of magnitude higher

in direct band gap than indirect band gap semicotadsi [13].

2.7 Donors and Acceptors

As mentioned in section 2.2, for some materials ddelition of dopants is
necessary for the material to emit visible ligiithese dopants are considered impurities
since they are foreign atoms introduced into theéems that usually substitute regular
lattice atoms. Dopants with more valence electtbaa the host atoms are calldohors
and the additional electrons act as conductingreles. As temperature increases, these
electrons may dissociate from the donor atoms auwbrbe excited to the conduction
band and contribute to the conduction process [4Bfn-type semiconductors are those
doped with donors, and use electrons as the majrarge carriers. On the other hand,
dopants with less valence electrons than the hresiceptors and introduce a positive
charge around the impurity. Tlpetype semiconductors are doped with acceptors, and

use positive charges, or holes, as the majoritygehaarrier in the valence band. As
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shown in Figure 2.9, the donor levels are sligh#jow the conduction band, whereas the
acceptor levels are slightly above the valence bahuerefore the distance between the
donor level and the conduction band is the eneegyired to transfer extra electrons to
the conduction band. Similarly, the distance betwthe acceptor level and the valence
band is the energy required for electrons in tHenae band to transfer to the acceptor

level, leaving holes in the valence band as cheageers [40].

Conduction
_ Band

~leV

Valence
Band

() (b)

Figure 2.9(a) Donor and (b) acceptor levels (dashed lingjtinat to the valence and conduction band [40].
2.8  Overview of Nitride Alloys

The surge of research interest in 11I-V nitridegeothe past ten years is generally
credited to the realization of GaN-based blue LEDghile other green and blue light
emitters are also possible with [I-VI materials lswas GaP, ZnSe, and SiC, they have
either short lifetimes or comparatively low brighss due to their indirect band gap [8].
The combination of AIN, GaN and InN is attractiveedto the tunable nature of their
direct band gaps, spanning the entire visible specfrom about ~6.2 eV for AIN (above
far UV range), to ~3.4 for GaN (in the near UV ragioto ~0.9 eV for InN (in the

infrared region) as shown in Figure 2.10 [53].
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AIN, GaN, and InN can all crystallize in hexagomalrtzite and cubic zincblend
structure (Figure 2.11), with wurtzite being moremenon [8, 53]. In the wurtzite
structure, the stacking sequence is:

...GaaNAGaNgGanNAGasNgGanNAGasNgGanNaAGasNg. ..
whereas the zincblend structure has three altegn&yers of stacking sequence:

...GaaNAGa&NgGacNc GanNaGasNgGacNe GanNaGasNg.

i [ T T T T T
6 - AIN ]
F m
—_ 9 ]
- X
° _
o 4r ]
o L
S 3F E
c L
= :
2 [ zincblende nN ]
_ n
1F .
O :u PR T T T |

3.0 3.1 32 33 3.4 35 3.6
lattice constant a (A)

Figure 2.10Variation of band gap and lattice constant for itetand zincblend nitride [53].

The superior stability of wurtzite over zincblendrusture is due to the
electrostatic attraction between cation and an@ansgn the [0001] direction, indicated
by the dashed line in Figure 2.11(b). The wurtgttecture has an ideal c/a ratio of 1.633
and an ideal internal parameteiof 0.375, which is the relative bond length palalb
the [0001] direction. However, physical deformatiand bond angle deformation can

reduce the interlayer distances between layer Aéda@B, and increase the valuewf
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The attraction between cation and anion pairs désweases the c/a ratio from the ideal
value. These structural changes can cause spontmmlarization in the wurtzite

structure, which affect their electronic proper{ig3, 54].

(a) (b)

[001]  [111]
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A

Figure 2.11The crystal structure and stacking sequence dfifaplend and (b) wurtzite structures. The
closed circle and open circle represent the c@ai", etc.) and anion (N, respectively [53].

Due to the similarity in their crystal and chemis#iluctures, the nitride system
forms a complete solid solution, first reported1i®73 [55, 56]. Their direct band gap

structure also allows band gap modification asdetalloys are formed. However, the
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band gap change for a nitride alloy., 84N has a parabolic dependence with the bowing
parameteb, by the following relationship [53, 57]:

E,(0)=1-XE"+ xE" - bfl- X (2.4)
where X is the alloy composition, A and B are thetahions, and Eg is the energy gap for
the associated component. Depending on the atlmposition, experimental parameters
and method of computation, the valuelbtan vary greatly, as shown in Table 2.3.
These values continue to be updated with progrgssesearch. Variations in
experimental values for the bowing parameter are ¢ different experimental
conditions such as composition. The valud afan be overestimated due to regions of
high In content on In-rich thin films; for GgAlxN samples, bowing parameters also can
vary depending on the Al fraction. The recentlyised band gap value of InN (revised
from ~2.2 eV to 0.9 eV since 2001) also necessithitgher research on the bowing
parameter. Variation in theoretical values conmenfrassumptions in modeling, such as
ignoring the effect of localized states, or consatiens on atomic relaxations and strain

effects [58]. GaN and AIN are the nitride hostsdgd in this work.

Table 2.3Summary of experimental and calculated bowing patars.

Experimental[57] Computational [57] Recommended
values [58]
GayAlxN -0.8eVto1.3eV -0.08eV1t00.34eV 0.7eV
Gay.xInyN levVtod.leVforx<0.2 1.21eVto3eV 1l4eV
Al xInkN Scattered due to poor 3.6 eV 25eV

material quality

2.9 Band Structure of Nitrides

As described in section 2.6, GaN and AIN are dileotd gap materials. This is

because the lowest direct band gap exists at oestgstallographic directions. When a
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complete band diagram of GaN is plotted as eneegyus wave vectd (or momentum),
for example in Figure 2.12, one can observe therdifice in energy levels along various
directions ink-space. The zero eV energy level represents theftohe valence band.
Common directions such as the [100], [110], and.[Hirections ink-space are indicated
byI' - X, I =K, I' — L, respectively [40]. To translate tkespace directions, which are
in the reciprocal lattice, to physical crystalloghé directions in real space lattice, one

will use the relationship
k=ndl, n=+1+2+3+1,.. (2.5)

where ais the lattice constant of the crystal in real spf0]. The band diagram can

reveal optical transitions of the material based-gpace directions.
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Figure 2.12k-space directions in reciprocal lattice and coroesiing energy band diagram of wurtzite
GaN, from [59, 60].

The transitions of electrons between the condudianmd and the valence band, or

band-to-band transitions, are considered intriogitical transitions, whereas transitions
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caused by dopants or defects are considered agttiagsitions. As conduction bands
and valence bands form from overlapping electra@rgnlevels, there are levels with the
same energy within each band caltezheneratestates. These degenerate states can be
further split into different energy levels as aulesf crystal field splitting, or spin-orbit
coupling (to be discussed in section 2.11.2). Jdlence band of GaN, for example, can

be split into three degenerate states if spin-arbiipling is considered, as shown in

Figure 2.13.
C-B - r
A B C
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Figure 2.13Schematic diagram of wurtzite GaN band structuosvéing degenerate states of the valence
band, and three exciton transitions A, B, C [61].

2.10 Optical Emission From Band Edge and Other Defects

2.10.1 Excitons

When an electron in the conduction band is pairgld avhole in the valence band

through Coulombic attraction, this pair is consaitelas a quasi- particle calledfrae
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exciton. As free excitons form, the total energy of thgstal is lowered, therefore
emission due to free excitons are at lower endrgy the band gap energy by the exciton
binding energy [61]. The energy of an emitted phatue to free exciton transitions is

given as:

E
nx; (2.6)

E=hw=E, -
where g is the band gap, xs the exciton binding energy in the ground sfate 1).
Exciton transitions are depicted in Figure 2.13rfrinree degenerate states in the valence
band of GaN, and are labeled A, B, and C. Theibgénergies of these excitons are
~25 meV.
On the other hand, excitons can be localized ar@uneutral or charged impurity
and/or defect when the Coulombic attraction betwibenexciton and the defect lowers

the overall energy. These excitons boeind electrons.In this case, the energy of an
emitted photon is given as:

E=hw=E-E - Ey, (2.7)
where Exp is the localization energy of an exciton boundatdonor or acceptor. The
emission from an exciton bound to a neutral dosatenoted PX, whereas AX denotes
emission from an exciton bound to an acceptor [@1]e PL spectra from a free standing
(magnetic field B = 0) GaN film is shown in Figu?el4. In addition to the emission
lines from bound excitons X, D°Xg, D°X¢), emission lines related to transverse and
longitudinal optical phonons (TO and LO respeciyedre also observed at T = 4.7 K.
Also seen are transitions from excitons bound toode in an excited state (labeled as

TES) [62].
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Figure 2.14PL spectra of a GaN film showing transition peaksrf bound excitons at ground state (n=1)
and first excited state (n=2), as well as transgimvolving phonons [62].

2.10.2 Donor-Acceptor Pair Transitions

GaN can contain both donors and acceptors as defédthen some electrons
from donors are captured by acceptors within aecldstance, they recombine as a
donor-acceptor pair (DAP) where the donor beconwstigely charged and acceptor
negatively charged. The transition can be writsn
D°+A° . hw+ D"+ A (2.8)
and the energy of the DAP depends on the donomeceptor binding energy as well as

the distance between the donor and acceptor. B, Gpical shallow DAP lines are

usually observed at 3.26 — 3.27eV at low tempeediiL].
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2.10.3 Deep Level Emissions

While donors and acceptors form close to the commlucand valence band,
defects with energies the middle of the band gapam as recombination centers for
radiative transitions. These deep centers, whiah be vacancies, unintentional
impurities, or strains from displaced atoms, canseathe emission of photons with
energies far below the band gap. The most comnuirdgrved defect emission for GaN
is a yellow band around 2.2 eV, but other extendetects can cause significantly
stronger emission than the band edge emissioroat temperature [61, 63]. Figure 2.15
shows an example of the yellow band defect emisaionnd 2.2 eV as well as extended

defects forming a broad emission peak.

Photoluminescence intensity (a. u.)
-

20 22 24 26730 32 34 36
Energy (eV)

Figure 2.15Room temperature PL spectra of laterally overgr@aN with less defects (solid line)
compared to GaN grown directly on a GaN buffer tggashed line) [63].
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2.11 RE Atoms and Their Luminescence

Rare earth (RE) elements (formally referred toasshanoids) are a collection of
17 elements, 15 of which belong to the lanthanbig &eries located in theblock of the
periodic table; the remaining two are scandium gttdum [64]. In this series of
elements in thd-block, the electrons fill theirfdorbitals sequentially fronfi * to f **,
They commonly occur as phosphate minerals, and kaxe similar chemistry due to
their shielded #electrons [64].

The elements favor an oxidation state of Ln(liéchuse thé electrons are held
tightly by the nucleus once the valereandd electrons are removed. Oxidation states
of Ln*" are then most typically associated with an emipayf-filled or filled f subshell.
For example, C& can be oxidized to G&(fromf ! to f °) and Ed* can be reduced to
EW?* (fromf®tof ) [65].

To properly identify the transition of electronstween their respective energy
states, and characterize optical properties of madgefirst one must be familiar with the
guantum numberthat are used to distinguish between electrod#farent energy states
In the next paragraphs, a brief review of quantwmipers will be presented, followed by
an explanation of spectroscopic conventions, andllfi a discussion of the optical

properties of RE atoms in general.

2.11.1 Review of Quantum Numbers

The principle quantum number specifies the energy of the electron, or the shell
in which the electron is located. It can be anteger from 1 to infinity. Their

corresponding letter designation are K, L, M, N, Gor.n =1, 2, 3, 4, 5... and so forth.
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Theorbital angular momentum quantum numbelekignates angular orbital momentum,
or the subshells the electrons are located. Theyraditionally represented by letters s,
p, d, f, g, h, i, etc., and can take on the vabfeany integer from 0 to n-1. Theagnetic
guantum numbemm designates the orientation of the angular momentamthe
individual orbitals corresponding to each orbitalagtum numbet. It can take on the
value ofl, I-1,1-2...1, O, -1...-(-2), -(-1), 4. Therefore, whem = 1,1 = 0, andm = O;
whenn =2, =1, andn =1, 0, -1, whem = 3,| = 2, andn = 2, 1, O, -1, -2. Therefore,
one orbital (n = 0) is associated with = 1, while three orbitalsn§ = -1, 0, 1) are
associated witln = 2, and five orbitalsng = -2, -1, 0, 1, 2) are associated with 3.
Therefore, the corresponding orbitals for the filsee subshells p, andd, are: s
(forn=1,1=0,m=0), g, B, p(forn=2,1=1,m =1, 0, -1), and 4, d*y° dhy, A, dxx
(forn=3,1=2,m =2,1,0, -1, -2). The correlation of these ¢hgeantum numbers is
shown in Table 2.4. The boundary surface withincWwithere is a high probability of

finding electrons in that orbital is shown in Figw#.16(a) to (d).

Table 2.4Principle, orbital, and magnetic quantum numbersfe 1, 2, 3 [49].

Principle Shell Orbital Subshell  Magnetic Individual Max
guantum designation angular designation quantum  orbitals number
number momentum number within of
(n) guantum (my) each shell electrons
number (1) per shell
1 K 0 S 0 S 2
2 L 0 S 0 S 8
1 p -1,0,1 B By P
3 M 0 s 0 s 18
1 p -1,0,1 BR P
2 d 2,1,0, dfd’]

'1- '2 dxy- dyz, dzx
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Figure 2.16Representations of the boundary surfaces o$,thed, andf orbitals. (a) The spherical
boundary surface of awrbital. (b) The boundary surfacespbrbitals, which can be positive or negative
in amplitude. (c) The boundary surfaces ofdhebitals. (d) One representation of the boundaryaces
of f orbitals; other shapes are also possible [66].
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Thespin quantum numbex(also called thepin angular momentunand thespin
magnetic quantum numbeg gesignate the angular momentum of an electroits spin.
For an electron, only the value ®f %2 is allowed, withmg = + Y2 or — % as spin up or
spin down. Other particles such as proton androeutaves = %2, while photons have
=1.

According to the Pauli Exclusion Principle, eachdiwdual orbital can
accommodate no more than two electrons with opp@egiins. Therefore, the s, p, and d
subshells can accommodate a total of 2, 6, and l&ftrens, respectively. With

increasing n values, the subshell energies widl alsrease, as shown in Figure 2.17.
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Principal quantum number, n =

Figure 2.17Relative energies of electrons in shells and sulsshéh increasing quantum numbef49].
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These four quantum numbers are used to expresdetieonic structure of atoms
by designating the electron configurations of amma{51]. For example, Li with three
total electrons will have the electron configuratiof 1$2s" where the first two electrons

fall in the K shell, s orbital; and the third elext falls in the L shell, s orbital.

2.11.2 Spectroscopic Terms, Electron Coupling, and Termi®y

As the number of electrons increase, it is cleat the electron configuration
cannot completely describe the arrangement of relestin an atom. In order to more
specifically identify the energy of a specific dlen, the interaction between electrons
and their orbitals must be considered. Spectrosdapms are symbols that describe
energy levels that account for electron-electrgruigons in atoms and molecules[67].

There are three parts to a term symbol:

1. The total orbital angular momentum, L;
2. The multiplicity (2S + 1) of the term;
3. The total angular moment, J.
The value of L is obtained by coupling the indivédl orbital angular momenta

using theClebsch-Gordan series:

L:|1+|2,|1+|2—1,...,||1-|2|, (29)

where L is non-negative amgdandl, correspond to individual electrons. Each valué of

is assigned a letter, similar to the subshell aedign of the individual orbital angular

momentum, as shown in Table 2.5. ThereforetwWorelectrons in the subshell witH,



38

=1, = 1, the possible values of L are 2, 1, 0, cowadng to D, P, and S terms. (Refer
to p. 401 of [68] for determining values of L foione electrons.) Due to electron pairing
in closed shells, their total angular momenta saraero. Therefore, only electrons of
unfilled shells need to be considered to deterrtiiederm symbol.

The multiplicity of the term is normally reported the value of 2S + 1, where S
is the total spin, as shown in Table 2.6. The @atiS is also determined by using the
Clebsch-Gordan seriesFor closed shells with paired electrons, S =d®rfat spin) and
2S + 1 =1, which is calledsangletterm. A single electron outside the closed shieks
S=s=%, 0r2S + 1 = 2, odaubletterm. Likewise, two unpaired electrons gives S =1

or 2S +1 = 3, or &iplet term.

Table 2.5Termsymbol assigned to values of total orbital angolamentum L.
Total orbital angular momentum L=0 1 2 3 4
Term symbol S P D F G Alphabetical
except J

Table 2.6 Total spin S and corresponding multiplicity.
Total spin S=0 4 1 °l, 2
2S+1 1 2 3 4 5 Alphabetical
except J

Finally, the total angular momentujnfor single electrons (or J for multiple
electrons) describes the sum of the spin and érbibanenta. For single electrons, | =
Y% or |l = % |; for multiple electrons, J values will vatgpending on the strength of the
spin-orbit coupling. Furthermore, the electron glolg mechanism depends on the
atomic number. The relative orientation of thenspof the electrons can affect the
electron energy of light atoms, and the orientabbthe orbital angular momentum can

affect the electron energy of heavier atoms. ThssRl-Saunders (RS) coupling scheme
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is devised to sum up first the possible electranssfas S) and then the possible orbital
angular momentum (as L), and finally combining #ie&nd L values. Electron levels
within an atom can then be sorted by this scheRwe.heavier atoms, the spin and orbital
angular momenta of each electron is strongly caljpieerefore only the total angular
momentum quantum numbgmeeds to be considered. This scheme igjibeupling
scheme

In the RS coupling scheme for lighter atoms, thengiged values of J are:

J = L+S, L+S-1, ..., |L+S]| (2.10)

while in thejj-coupling scheme for heavier atoms, the indiviguahlues for each atom
must be considered when determining the valug/@8)J

Therefore, the complete term symbol is denoted by:

254 (2.11)

and the term symbol can be applied for RS coupsogeme as well as jj-coupling

scheme for convenience sake.

2.11.3 Selection Rules

When an electron transitions between energy levbes excess energy will be
released in the form of a photon. With the releafsa photon with s = 1, the angular

momentum of an electron must compensate for sussh |G herefore, an electron irda
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orbital with| = 2 cannot transition into awrbital withl = 0 with the release of a photon,
since the photon has a spin angular momentum sAmnilelectronic transition from the
orbital to ans orbital is therebyorbidden. By the same reasoning, athowedelectronic

transition will satisfy the following selection rd [68]:

Al =+/-1,Am=0, +/- 1 (2.12)

When spin-orbit coupling is also considered, tHed®n rule becomes [13]:

Al = +-1,Aj=0, +/- 1 (2.13)

and there are no restrictions on the change ofciptin quantum number n. If the

selection rules were to be expressed via the tgmsls, they become:

AS=0,AL =0, +/-1,AJ=0, +/- 1, but J =6> J =0 is not allowed (2.14)

In addition to spin-forbidden and allowed transigp there are also parity-
forbidden and allowed transitions based on thetmteclipole or magnetic dipole
moments of an electron. The electric dipole ttamsiprobability is given by:

_

= g7 | @) [M (2.15)
0

where omn is the angular frequency of emitted lighg, the dielectric constant of the
material, ¢ the speed of light] the emission intensity, anMl,, the electric dipole

transition moment from state m to Ny, is also defined by:
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M, = j LP?{Z eri}P dr (2.16)
where¥*,, and¥, are the wave functions of states m and the lifetime of transition,

and (Zerij the electric dipole moment. The transition praligbbecomes zero when

the electric dipole moment is zero; this occurs mtiee wave function of the initial state
(m) and final state (n) are both odd or even, nmeatihat they have the same parity.
Thereforef-f transitions for REs angarity forbiddendue to their electron configurations.
In crystals, however, they can be partially alloweek to the surrounding crystal field.
Transitions between different orbitals, suctsgsd-f, areparity allowed [48, 69].

More detailed analysis shows thatnMalso contains the contribution of the
electric dipole (E1), the magnetic dipole (M1), aradectric quadrupole (E2).
Luminescence betweerf fevels of REs is mainly due to electric dipole oagnetic
dipole interactions. Although they are parity-fioldien, thef-f transitions are partially
allowed due to mixing with orbitals with differeparity. Magnetic dipold-f transitions
are not affected much since they are parity-allojé&ql.

While term symbols are more suited for light atoomder RS couplingjj-
coupling is more appropriate as atomic numbersas® and quantum numbers S and L
become less defined. The term symbols for heasgatthen do not correlate to their
actual angular momenta. Therefore, transitions/éen singlet and triplet states witls
= +/- 1, while forbidden in light atoms, are alladvan heavy atoms [68]. Furthermore,
forbidden transitions are not strictly forbiddehey are simply less likely to occur than

allowed transitions. They also have much longetithes of milliseconds to seconds
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rather than nanoseconds for allowed transitionsrroBnding atoms in a crystal can also
lift restrictions of ideal selection rules [13].h& selection rules also give an indication to
the intensity of absorption bands, which involvhe transition/excitation of electrons

from a lower to higher energy state.

2.11.4 Intersystem Crossing and Internal Conversion

While traditionally defined wusing their lifetimes,fluorescence and
phosphorescencare more precisely defined by the mechanism of phecesses.
Fluorescences radiative decay from an excited state of the esamultiplicity as the
ground state; whilephosphorescences radiative decay from a state of different
multiplicity from the ground state, which is spiorlbidden and often slow [51]. In
addition, electrons promoted to an excited state loa converted nonradiatively to
another excited state with a different multiplicigy process callethtersystem crossing
[67, 70]. At this second excited state, radiatiegay to the ground state becomes spin-
forbidden. Without an allowed ground state to metio, the electrons then release light
and return back to the ground state slowly [70]ph@sphorescenceThe phenomenon
of intersystem crossing depicted in Figure 2.18, along with internaheersion (IC),
nonradiative relaxation processes between spinvatlo states, and other relaxation

processes between vibronic states.
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Figure 2.18The Jablonski diagram, which show optical processenolecular systems: (1) light
absorption, (2) vibrational relaxation, (3) internanversion (IC), (4) intersystem crossing (IS(B),
radiative transition, and (6) nonradiative tramsit[71].

The visible spectra of the RE elements show naawevdistinct absorption bands
upon external excitation, associated with weékransitions. Due to the high number of
electrons and associated configurations, electamsitions are complex and difficult to
analyze. Yet the transitions are somewhat singglifis thd orbitals are buried deeply
inside the atom; therefore the spectra can be skgtlias free ions that are independent of
their surrounding complexes [65]. Since thelectrons only penetrate slightly through
the inner shells, the spin-orbit coupling betwehba ft electrons and their associated
orbital is weak. Therefore, the Russel-Saundengploty scheme is a reasonable

approximation despite the high atomic numbers.
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The high number of electrons for RE elements tesalmany different electron
arrangements within a given orbital, hence thedangmber of terms, transitions, and
excited states that increase the possibility adrgystem crossing. [65]. Transitions are
not coupled with the orbitals, which result in ghaeaks due to molecular vibrations; yet
the transitions are still labeled with free-ionneesymbols[65]. Its long lifetime in the
excited state is also due to the weak interactetwéen itself and the environment. All
RE elements except £aand Lu* show luminescence, with Euand TB* emission
being particularly strong. Therefore, lanthanadsiplexes and dopants have long been

used as phosphors in TV and various other typésspfay screens.

2.11.5 The Dieke Diagram

The identification of these trivalent RE transionave been done by Dieke and
co-workers in 1960s [72], and tliseke diagram(Figure 2.19) can be used to quickly
identify transitions based on their energies. WHilieke's experimental data were
mostly based on Laglcrystals, the energy levels only vary slightlyviee¢n different
host environments [72] due to the shielding 6fefectrons by the outersband H°
electrons. However, the Stark effect from the @umding crystal field can split each
level into a number of sublevels. The number dbleeels is determined by the
symmetry of the crystal field surrounding the RBd also depends on the value of J.
The number of split sublevels is at most 2J + lafointeger J, or J + % for a half-integer
J; the thicker levels indicating more splitting. enicircles below the energy levels

indicate that they are light emitting levels. Cidesing the energy level difference and
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the term symbols associated with each level, ometlsan identify the emission peaks
using the term symbols in Figure 2.19.

The relaxation of electrons from excited states caour via the emission of
photons as well as phonons. The rate of phonosseom,w, depends on the number of

phonons emitted across the nearest energy gap [69]:

w exp{ ;\EAEJ (2.17)

whereAE is the energy gap to the nearest lower lelvé$, the Boltzman constant, and
hvmax IS the maximum energy of phonons coupled to thigtiein states. ALE increased,
the rate of phonon emission would decrease, cayingpn emission to be the dominant
process. The energy gap of more thahctd® betweerrD, of EU** and®D, of Tb** and

its next lower level makes Eliand TH* highly luminescent [69].
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Figure 2.19Energy levels of trivalent lanthanide ions [72].
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2.11.6 Locations of RE Atoms in Nitride Lattice

In the wurtzite lattice, each group-lll atom is odioated with four nitrogen
atoms in the [0001] direction. From theoreticdcukations and the principle of charge
neutrality, the most energetically favorable positifor an isolated RE atom is at the
substitutional Ga site [73]. However, substituibN site and many interstitial sites are
also possible locations of RE atoms, as showngnar€i2.20. Due to the close proximity
of HN, HG and O defects, their locations overlaphwaach other. Intrinsic defects and
impurities like oxygen and nitrogen can interactmiRE atoms to incorporate them into

the interstitial lattice site, and RE-nitrogen vaoa has been reported to be stable up to

ht

.

1000 °C [73].

o _
= (1120) plane in
= wurizite lattice

Figure 2.20The (11-20) plane of a GaN lattice, showing thedsoentered site within the-axis (BC-c),
off axis (BC-0), the antibonding sites (AG-c, ANAG-0, AN-0), the hexagonal sites (HG, HN), and the
interstitial T and O sites [74].
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The lattice locations of RE atoms are determinemmfrtwo major types of
techniques: by modeling of the IlI-N:RE incorpocativia RE site symmetry, RE atom
coordination, and neighboring atom distances; and@hanneling of energetic charged
particles to determine the lattice site directlythe lattice locations can then be used to
determine the crystal field experienced by the Rifmaand used to explain the Stark
splitting and intensity of the luminescence [73Jll studies conducted have shown only
the substitutional site denoted RREBnd no other high symmetry sites, with the exoepti
of Eu, which has two sites. Furthermore, the ipooation of other light elements like F
and O does not alter the RE location. As repobtea@ study of Er-implanted GaN, the
presence of oxygen does not affect the RE locdierause the Er-N binding energy is
much stronger than that of Er-O [75]. The fractadrsubstituted REs varies from 100 %
to 0 % with the remaining ions positioned on randsites. However, the REs are
randomly dispersed around the substitutional pmsitinstead of being perfectly
positioned on the site. Thermal annealing cancedinie amount of lattice defects around

the REs to reduce the displacement of REs fronsubstitutional site [73].

2.12 GaN, AIN Powder and Thin Film Synthesis Techniques

2.12.1 Powder Synthesis

The first report of GaN powder synthesis was in2lBg Johnson et al. [76]. In
their report, they obtained metallic gallium fronergnanite, which contained 0.5 —
0.75 % gallium as an impurity, and used liquid amraaas the nitrogen source. GaN

was obtained by passing ammonia gas through mgh#ium between 700 — 1000 °C.
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It was found that the reaction proceeded slowlytis@g at 700 °C, but temperatures
between 900 — 1000 °C was required to obtain endegN for analysis. However,
metallic Ga becomes volatile around 1000 °C andlavadistill out of the crucible and
remain unreacted at cooler regions of the furndteias reported as a dark grey powder.
Addamiano described a procedure to fire fine powddrGaP or GaAs in dry NHo
obtain GaN, which required a reaction temperatdir€000 — 1100 °C with white GaN
powders using GaAs as precursor, and pale yellomdpcs using GaP as precursor [77].
Balkas and Dayi showed that GaN could also be obtained from reaaf GaOs; and
NHj3 via the reduction of the oxide phase to.Gan the presence of dissociated NFA8].
They did not find a significant difference in oxygeontent between the powder
synthesized from the oxide precursor, or the povggathesized from the direct reaction
of metallic gallium and ammonia. Qiu and Gao sgsthed GaN by reacting a Ga(lll)-
urea complex [ Ga(NF¥CONH,)sCls ] with flowing ammonia [79]. Nanocrystalline
powders were observed for GaN synthesized at 50hi¢h increased to about 1 um as
temperature increased to 900 °C, accompanied bgeasiag impurity and band gap
emission. Kisailus et al. used nitrogen and oxygentaining precursors (gallium
dimethyl amide (GDA), hydrolyzed gallium isopropd&i(GIP)) to react under ammonia
[80]. GDA reacted with ammonia at room temperatamd reduced its carbon content,
and converted to wurtzite GaN at T > 800 °C, wkil® converted to an oxynitride phase
before becoming GaN at T > 600 °C. Defects suclcasbon, oxygen, and nitrogen
vacancies were all possible causes of impurity gioms Faulhaber et al. [81] prepared
GaAIN via three types of precursors: (i) from anidex precursor prepared by the

precipitation of a mixed AI(Ng); and Ga(NQ@); via NH,OH; (ii) spray-dried Ga(Ng)s
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and AI(NG;)s solutions; and (iii) Ga/Al-isopropoxide hydrolyzdsy water and 1,6-
hexanediol. All precursors were then heat tredtedbtain the final GaAIN under
flowing ammonia gas at 700, 900, 1100, 1300 °C @h wow (3 °C/min) or high
(20 °C/min) heating rates. It was found that tiieoxade route produced the most
uniform wurtzite-type GaAIN with the lease amouffitplhase separation, while higher
heating rate can reduce the formation of a sep&ateé phase. Nevertheless, oxygen-
containing precursors or intermediates could inioced oxygen defects that create
unwanted metal vacancies, as well as creatingntsaefect emission in the yellow range
of the visible spectrum [36, 82]. The yellow bodylor of GaN powders has also been
attributed to oxygen defects in the material [83].

Due to similar chemistry of AIN and GaN, certaymthesis routes that have been
applied for GaN can also be applied to AIN. Altgburaditionally AIN was used as a
refractory material [84, 85], electroluminescented®es were done as early as 1959
when it was prepared by the reaction of Al andalNan unspecified high pressure and
temperature [86]. It is typically prepared in isthial scale via nitridation of Nwith
Al,O3; and carbon black [87, 88]; but it can also be arepg by combustion synthesis of
Al metal powder with N [89], or in the same manner as GaN via the readigtween
NH3; and Al-containing precursors [77]. The similarity chemistry between AIN and
GaN also allows the synthesis of the pure nitrideheir alloy simply by varying the
content of Al. Residual oxygen has also been auneixontaminating AIN due to the

stability of ALOs in terms of enthalpy of formation, as shown in pnesent work.
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2.12.2 Thin Film Fabrication

Thin films of GaN and AIN have typically been fatated via metal-organic
chemical vapor deposition (MOCVD), molecular begnmtaxy (MBE), as well as radio-
frequency (RF) magnetron sputtering. More recenplylsed laser deposition (PLD)
became another technique that is actively expld2 90-94]. Studies of optical
properties of thin films began in the 1970s, bt fdck of high purity metal precursors,
suitable growth substrates, and incompatible nénoglasma sources were all issues that

have been steadily overcome over the past decadle [9

2.12.2.1 MOCVD and Related Films

In MOCVD and similar techniques such as metal oigaapor phase epitaxy
(MOVPE) and hydride vapor-phase epitaxy (HVPE), tapor phase of the constituents
react near or on the substrate surface to formia goduct [96]. Trimethyl gallium or
trimethyl aluminum (TMG or TMA) are commonly usesl the gallium/aluminum source
and NH is the nitrogen source for MOVPE [97-101]. Ga@t&lCl; have also been
used as precursors in films grown by HVPE [102-108] these systems, often a two-
flow system is required to insure a continuous fdnowth, in which the main flow of
reactant gas is complemented by a mixture of imadtk and B gases. The inactive gas
mixture is used to change the direction of the nilw, such that the reactant gas can

come into contact with the substrate [98].

2.12.2.2 MBE Film

While MOCVD is the industry standard for thin filfabrication and has some

success in dopant incorporation [32, 107], MBEhe tmore successful technique to
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incorporate dopants with successful electrolumieesclevices demonstrated (see [23,
108] and references within Chapter 5). With thditgbto carefully control growth
parameters, then-situ monitoring capability, and the uniformity of fillgrowth, MBE
has been used to grow heterostructures and to igaight to the incorporation
mechanisms of dopants [109]. The films are formedsingle crystal substrates by
slowly evaporating the elemental or molecular ctmsnts of the film from separate
crucibles onto the substrate maintained at apptgpriemperature. The evaporation
sources are called Knudsen cells, and are conétedating elements and heat shields
surrounding a crucible containing the material éodvaporated.Shutters between the
source and substrate are used to control film t@sk, uniformity, and dopant

concentrations down to atomic layers [96].

2.12.2.3 RF Sputtering Films

Relative to MOCVD and MBE, radio-frequency (RF) gpted thin films and
pulsed laser deposited (PLD) thin films have reegivess attention. In sputtering,
energetic particles ions erode the surface atonasnediterial, which in turn deposit onto a
nearby sample, as shown in Figure 2.21 [110]. Téusices the radiation damage to the
deposited film and does not increase the subgeatperature [96].

Sputtering yield is given by the ratio of the numloé emitted particles to the
number of incident particles, and relies on thedfar of momentum and kinetic energy
from the incident particle to the surface atoms.all practical cases, sputtering utilizes
charged ions such as inert gas ion$ é&r Kr* or small molecule gas ions,Nand Q.

Energetic ions could either be generated by iommiseiom a separate source, or by
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plasma that surround the material to be sputterBae typical working gas pressure is

around mTorr to 1 Torr range [110].
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Figure 2.21Schematic representation of the sputtering prodd<y.

Plasma can be generated with a diode device ¢edw$ a cathode and an anode.
With appropriate voltages across the electrodesedlsas the correct gas pressure, the
gas will breakdown into plasma discharge with umifgotential. Charged gas ions will
then accelerate toward the cathode, while gengrasecondary electrons from the
material surface. The secondary electrons thelideolith gas atoms, and create ions
that sustain the plasma discharge. Using an R#ioffeequency) diode, the power
supply to the cathode is operated at a high freqgemost commonly 13.56 MHz.
Cycling of the RF frequency reverses the electratiesg operation and eliminates the
charge build up on insulating surfaces. This imtenables the sputtering of insulating

materials. The other advantage of using an RFediodhe increase in deposition rate, as
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the oscillation of the electric fields increases gecondary electron movement, which
also increases plasma density and a faster spgfterocess [110].

Another modification to sputtering sources is magmresputtering. With the use
of a magnetic field §) that is transverse to the electric fiel) (at the cathode, the
magnetic field causes the ejected secondary efectmdrift in a direction that is parallel
to the cathode surface, known as BB drift. This drift traps the secondary electrons
generated from the target close to the cathodeenalles the collision of these electrons
with other gas atoms to generate extremely ders&ma. The electron drift path can
clearly be seen as the plasma becomes brightlylihg deposition; the target would also
have deep erosion groves corresponding to the mhith [110]. The schematic of the
sputtering process using a planar magnetron is showFigure 2.22, whereas the
magnetic field arrangement and tB&B drift path for a circular planar design cathode
can be seen in Figure 2.23; other cathode desighsmultiple targets are also possible

[110].
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Figure 2.22Cross section of a planar magnetron sputteringgagiacourtesy of [111].
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Figure 2.23The arrangement of magnetic field lines and secgnelactron drift path for a circular planar
magnetron cathode [110].

2.12.2.4PLD Thin Films

PLD is the most recent thin film deposition techuegcompared to MOVPE,
MBE and sputtering. Research on the interactiohighh power laser beams with solid
surfaces have been conducted since the 1960s wigefirst high power ruby laser
became available. However, it was not until 198i2ma more stable Nd:YAG laser was
used to deposit ternary HgCdTe layers that researdPLD began to flourish [112].

The advantages of PLD come from the simple hardawadesetup. The substrate

and target are housed in a vacuum chamber, whitegla-power laser is mounted
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externally and can be focused via optical lensesaporize the target material and

deposit thin films on the substrate, as shown gufa 2.24.

Target ‘\\\ Vacuum
// Plume  Substrate pUmMp

X

Reactive gas

Figure 2.24Schematic diagram of a pulsed laser deposition beasetup [112].

Without the use of an internal evaporation souneating elements or electrodes,
the deposition atmosphere can be any kind of neaagas with or without plasma
excitation. If desired, it could also be combinetith other types of evaporation
deposition technique such as MOVPE [112, 113]. €kaporated material form a
“plume” close to the target that consists of a om&tof energetic species including atoms,
molecules, electrons, ions, clusters of microneizmlid particulates, and molten

globules. A dense plume then expands in the vaduom the target surface toward the

substrate with a narrow forward angular distriboitio
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While the hardware required in PLD is relativelynpile, the laser-target
interaction is extremely complex. The mechanism rfaterial ablation depends on
properties of the laser as well as the opticalplmgical, and thermodynamic properties
of the target. The electromagnetic energy absobydtie solid surface is first converted
into electronic excitation, and then into thern@iemical, and mechanical energy that
leads to evaporation, plasma formation and exfohatL12].

There are two main drawbacks of PLD. Due to thgu&ar distribution of the
plume, large area deposits are often not unifofims is usually resolved by rastering the
laser or rotating/translating the substrate. Tihemomore intrinsic drawback is known as
“splashing,” where micron-sized molten globules deposited onto the substrate from
either subsurface boiling, expulsion of the liquayer, or exfoliation — where solid
particulates instead of liquid globules are deasdnto the substrate. In order to reduce
or eliminate the effect of splashing from liquid/éa expulsion and exfoliation, several
approaches have been studied. Using a mechanandicle filter, slow-moving
particulates can be screened with a velocity selgaaced between the target and the
substrate. However, the filters tend to be bulkg &ave low transmission rate that
lowers the deposition rate as well. Other attenmutkide manipulating laser plumes by
using two synchronized laser beams; using a hoeescrto re-evaporate lighter
particulates; or placing the substrate at an aingia the normal axis [112].

The preceding paragraphs presented detailed iatovm that will be useful in
understanding the chapters to follow. Chapters @&ftain information about the
experimental process, with chapter 3 giving the tmdstail on powder synthesis.

Chapters 5 and 6 contain experimental detail om fdbrication.



Chapter 3. A Study of Oxygen Content in GaN, AIN, and GaAIN Pwders
3.1 Abstract

A three-step solution-based method has been adaptttmproved to synthesize
AIN, GaAIN and GaN powders with low oxygen contdat sequential conversion of
nitrates to hydroxides to fluorides and finallyamtitrides. The synthesis parameters for
rare-earth activated AIN powders, high-purity seighase GaN, and GaAIN were
determined. Oxygen content of approximately 4 atdmin GaN as determined by
energy dispersive spectroscopy was achieved bynaatig the experimental process. X-
ray diffraction observed single-phase AIN, GaN aBdAIN powders; reflectance
measurements indicated a slightly increased banttyathe synthesized GaN powder
with the highest purity compared to those with leigbxygen content, and the GaAIN

powder with more incorporated aluminum.

3.2 Introduction

The potential application of nitride semiconductoroptoelectronic devices has
generated considerable interest for the synthesiharacterization of nitrides and their
alloys. Alloys of AIN (bandgap of 6.2 eV), GaN (lalap of 3.4 eV) and InN (bandgap
of 0.9 eV) yield nitrides with a tunable band gagal aisible luminescence from infrared
(0.9 eV) to UV range (6.2 eV), which lend themsslte applications in solid-state
lighting [7, 114].  Multiple color emission hagdn achieved by activating GaN thin
films with rare earth ions, such as*t&r*, Tm®* and Dy* with the potential for white
light emission [17, 115-117]. To date, most of tiiteide applications have been focused

on thin films deposited using molecular beam epit§k09-111] or metallorganic

59
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chemical vapor deposition, the technique most comynased in the industry [118, 119].
These techniques require complex and expensivaargac and are often difficult to
control[120]. However, powder synthesis is a more econahand rapid alternative for
studying material properties and designing novelenies for specific applications prior
to thin film fabrication. Powders can be synthediavith simpler equipment and are
particularly suitable for investigating luminescerand optical properties compared with
thin-film samples. The particle surfaces of povedenhance scattering of light, whereas
the total internal reflection of thin films can litnthe escape of light from its smooth
surface [4].

Typically, GaN powders have been synthesized witaium source such as
gallium metal, gallium oxide powder, or gallium idgls under flowing ammonia [77, 78].

Thermal decomposition of precursors such as cyghitazane (HGaNH,), containing

Ga-N bonds has also been used to produce GaN [12dinbustion synthesis has been
used to produce AIN powders, or in conjunction wittridation, GaN powders [122,
123] Recently, activator emission in bulk GaN powdeeve been demonstrated by
various groups. Ogi et al. [124] achieved blueténg GaN:Md* powders by drying a
solution of Ga(NQ)s;, Mg(NOs); and aqueous NHunder air at 750-800°C, followed by
nitridation under NH, to obtain GaN:Mg nanoparticles. Luminescence intensity was
enhanced with the addition of Mg, which shifted #mission wavelength from UV to
blue. Green-emitting GaN:Erpowders with very low oxygen content and charastier
Er’* emission lines were prepared from molten Ga andnEtal, with Bi used as a
wetting agent [14]. Red and green emissions wése shown separately in Eu

activated and TH-activated GaN host, prepared from freeze-driectgtprecursors [17],
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and from the dissolution and subsequent nitridatiboxide powder mixtures [20, 125].
The f-to-f shell electron transitions in the afoesttioned rare-earth (RE) ions are largely
unaffected by the host lattice compared to the ilwes, due to an incompletely filled 4f
shell that is shielded by the filled’@md 55 orbitals [126]. Because these transitions are
responsible for the visible emissions in their exdjve hosts, one can carefully choose
the combination of ions and their concentrationsa¢bieve white light emission in a
single host material. Evidence of successful Rivatton in thin films, powders as well
as electroluminescent devices [127] prompted oudysbf these ions as activators in
GaN powders.

This paper reports a solution-based method to sgitb powders of AIN
activated with rare-earth elements, GaAIN powdars] high purity GaN based on a
technique developed by Juza and Hahn [128] and firaddby Garcia et al. [129]. As
GaN has a band gap in the UV region, single crys&N should be colorless with no
absorption of visible light. Powder samples shob&lve a white body color due to
multiple scattering of light from non-absorbing fedes. However, most powder
samples of GaN have a yellow body color which hesnbattributed to absorption in the
blue region of the visible spectrum due to oxygefedts, Q [83]. The body color and
the concentration of oxygen in powder samples k@ @Bot often reported [78, 79, 130-
133]. The main objective of this work is to idéptiactors that lead to the incorporation
of oxygen during the synthesis steps, and optirthizesynthesis parameters to lower the

overall oxygen impurity concentration.
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3.3  Experimental

The synthesis process as reported by Garcia £28].jvas modified; in particular,
the starting material as well as the experimen&ls and parameters during GaN
synthesis were improved. Starting with nitratecpreors, the reaction products were
sequentially converted to hydroxides, hexafluoridesd finally nitrides. Phase
identification was performed by X-ray diffractioXRD), and elemental compositions,
including the oxygen content of the powders, weetednined by energy-dispersive
spectroscopy (EDX). Reflectance was performedeterthine the optical quality of the
powders in addition to photoluminescence (PL) aath@doluminescence measurements
which have been reported earlier [134].

Typically, the synthesis procedure consisted okehor four reaction steps
depending on the RE activator used, as shown ifildkaechart in Figure 3.1. For each
step, the amount of reactants was calculated amghee based on the desired product
weight and 100% conversion. For yTm** or EF* activators, stoichiometric amounts
of dysprosium oxide (D¥D3, Alfa Aesar, 99.9%), thulium oxide (TxX@s;, Alfa Aesar,
99.9%) or erbium oxide (EDs, Alfa Aesar, 99.9%), respectively, were first dised in
approximately 80°C aqueous nitric acid (HN@&M Science, 68.0-70.0%) in a Pyrex
beaker. An aqueous solution of dysprosium nitrgdg(NOs3)s)], thulium nitrate
[TmM(NOs)s], or erbium nitrate [Er(Ng)s] was then formed according to the following

reaction:

X REO3 (s) + 6x HNG; (ag) 2 2x RE(NQ)3 (ag) + 3x HO (1) (3.1)
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where RE represented Dy, Tm, or Er, and x the atgarcent of the desired activator in
the nitride product. In a separate beaker, theaetbsmount of host-nitrate, activator-
Ga(NQG)3*XH,0 (Puratronic by Alfa-Aesar, 99.999%) and/or lag®8AI(NG;)3XH0
(Puratronic by Alfa-Aesar, 99.999%), was dissoliredeionized (DI) water. The nitrate
solution was then combined with the host-nitratéutsan. For activators such as
europium (Ed&" and terbium (T#), their corresponding nitrates were purchasec:tjre
from the vendor and dissolved in deionized wafBEnese activator-nitrate solutions were
subsequently combined with the host-nitrate sofutio

Once the host and activator solutions were thorlyughixed, the ammonium
hydroxide solution (NEHOH, Fisher Scientific, 28.50%) was added and thedyxct

became a viscous gel. The reaction is expresstdi@ss:

XRE(NG;)3 (ag) + YAI(NOs)s (aq) + (1-x-y)Ga(NQ)s (aq) + 3NH,OH (aq)

> GapxAlyRE(OH); (5) + 3NHNO; (aq) (3.2)

where y is the atomic percent of the desired amotiatuminum to be incorporated into
the GaAIN powder. The gel was separated througfation with a vacuum pump and
filter paper and rinsed with DI water, until no dga in pH was registered in the filtrate

solution, to approximately pH of 6.

To study the effect of the washing agent on thédved oxygen of the final
product, absolute ethanol was also used insteddl @fater due to its relatively higher
vapor pressure at room temperature. The gel waa tiried overnight at room

temperature in a vacuum dessicator.
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In the next step, approximately three times theickiometric amount of
ammonium fluoride (NEF*XH,0, Alfa-Aesar, 99.9975%) was dissolved in DI wated
heated to approximately 80°C. Then the dried gallialuminum hydroxide [Ga-
yAlyRE(OH)s] was ground with a ceramic mortar and pestle athded to the NkF

solution in a Pyrex beaker to react as follows:

GayxyAl,RE(OH); (5) + 6NHF (ag)>

(NH4)3Gay x-yAlyREFs (s) + 3H0 (1) + 3NH; (9) (3.3)

After 30 min, the mixture was allowed to cool, tHétered and dried overnight at
room temperature in a vacuum dessicator to retanammonium gallium aluminum
hexafluoride [(NH)s:Gax.,AlyREFs] precipitate. To study the effect of drying
atmosphere on the oxygen content of the final detproduct, the hexafluorides were
then dried either in air or nitrogen for 12 h aD20, or taken directly to the final step
without drying at 200°C. By eliminating oxygen time drying atmosphere, the oxygen

content in the hexafluoride was expected to beaedu

For the last step, the experimental setup to sgigBeAIN was identical to that
described elsewhere [129]. The dried @S a -« AlyREFs was placed in a rectangular
boron nitride crucible (GE Advanced Ceramics) amdoduced into the tube furnace to
react with flowing ultra-high purity ammonia gas §Meson Trigas, ULSI grade,

99.9995%) to react as follows:
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(NH2):GanxyAlLREFs (5) + 4NH: () > GausyALREN (9) + BNHF (0) (3.4)

The tube assembly was first purged with ultra-hpginity nitrogen gas (Airgas,
99.999%) at approximately 215 sccm, as the temperavas raised to 1000°C and
maintained for 1 h. During this time, the crucibdnained at the entrance of the furnace
near the downstream end at approximately 350°@Qrtadr dry the precursors. After 1 h,
the nitrogen flow was stopped and the ammonia daw fwas introduced at
approximately 200 sccm as the temperature was &xver 900°C. Once at temperature,
the crucible was pushed into the center of thedcenwhere it remained for 2.5 h. Upon
completion, the crucible was pulled to the entraoicéhe furnace to cool under ammonia
gas flow. When the temperature reached approxijn&s0°C, the gas flow was

switched to nitrogen until the crucible was coobegh to remove from the furnace.

For GaN and GaAIN synthesis, the setup was modifresn the original
equipment to improve sealing and prevent the irsgoésir, as shown in Fig. 3.2D-ring
joints were used on both ends of the quartz tubladditate sample removal, and the
downstream O-ring joint have been modified to $éms steel connections with an
attached vacuum pump. The synthesis parameteanedessentially identical to those
of AIN synthesis, with the exception of evacuatihg system by the vacuum pump for 1

h prior to purging with nitrogen.
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Figure 3.2 A schematic of the setup used to synthesize GaNza#IN powders, modified from [12].

A Rigaku X-ray diffractometer with a vertical sarapgiolder was used to perform
phase characterization. A small amount of petralglly was mixed with the powder in
order to secure the powder onto the sample hol8eanning electron microscopy (SEM)
imaging and EDX measurements were done on a FEhtQud00 scanning electron
microscope. The samples were sputter-coated vatth gnd palladium, and analyzed
under 20 kV accelerating voltage. EDX was perfairoa 5-8 points, im? in size, on
each sample, and the average value with standaidtide reported. Reflectance and
PL measurements were measured with a SPEX spectrofheter, a 450W Xe-lamp,
and a cooled Hamamatsu R928 photomultiplier. Hbighty Al,O3; powders were used as
standard for reflectance measurements. Both taeflee and PL spectra were corrected

for the spectral response of the setup.

34 Results and Discussion

Under identical conditions, the process producgsagimately 60 mg of AIN and
0.5 g of GaN powders from 0.3 g and 1.5 g of the Ahd GaN precursors, respectively,

corresponding to ~100% yiel®&EM micrographs in Fig. 3.3 clearly shows micraresl
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hexagonal particles of AIN:Ph. The formation of single phase AIN, GaAIN and GaN
powders is confirmed by XRD measurements. JCPD& wa. 00-050-0792 for GaN
and JCPDS card no. 00-025-1133 for AIN matchethéosynthesized samples are shown
in Fig. 3.4a and b, respectively. GaN and GaAlMgers were mixed with 99.999% Si

powder (JCPDS card no. 00-027-1402) for calibrapiorposes.

Figure 3.3SEM images of micrometer-sized, hexagonal AIN*Tarticles.
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Figure 3.4Typical XRD patterns showing (a) AIN and (b) GaNl@BaAIN powders synthesized with
equipment shown in Figure 3.2.
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To illustrate the effect of various synthesis pagters on reducing the overall
oxygen concentration, a summary of drying condgioh select samples is presented in
Table 3.1. The oxygen content (in atomic perceag)measured by EDX, along with the
oxygen-to-nitrogen content ratio for the precuraod the final nitride product, are both
used to determine the level of relative impuritytie samples.The precursors for two
GaAIN samples with 20 atom % Al are dried underdtimosphere or air for 12 h at
200°C, respectively. The oxygen content of thecyrgor to the highest purity GaN is

immediately measured after filtration, without 1&rdying at 200°C.

Table 3.1Drying conditions and oxygen content of fluorideqursors and final products.

Precursor Product
Precursor drying
Product condition Oxygen O/N Oxygen OIN
content ratio content ratio
(avg atom %) (avg atom %)

AIN:Tb** 200°C in air 12 h, 3.92+5.14 0.21 19.3+1.7 0.66
350°CN1h

AIN:Nd** 200°C in air 5h, 1.11 £0.76 0.05 9.97 £0.39 0.30
350°CN1h

AIN:Dy*, Tt Abs. EtOH washed, None N/A 5.86+1.77 0.15
350°CN1h

GaAlN, 18 atom 200°Cin N 12 h 1.45+ 2.55 0.10 11.40.93 0.42

% Al (calculated) 350°CN1h

GaAlN, 9 atom % 200°C in air 12 h, 4.35+5.56 0.24 18.3 9.0 0.59

Al (calculated) 350°CN1h

GaN 200°C in air 12 h, 2.07+0.83 0.26 4,74 0.81 0.27
350°CN1h

GaN 350°C N1h 13.5+18.8 0.83 3.7%32.02 0.08

GaN Abs. EtOH washed, None N/A 3.0+ 0.61 0.09
350°CN1h

Commercial GaN Used as received N/A N/A 17815 0.29
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As shown in Table 3.1, the oxygen content and omytgenitrogen ratio for AIN
samples increases from the precursor to the fimatlyct. This was attributed to
inadequate sealing from the stainless steel flamglee original nitridation system. The
modified system (Figure 3.2) effectively improveshbng, and the oxygen content has
been reduced in the final product, with the bestiGample having an oxygen content of
3-4 atom % and O/N ratio of only 8%. This is an#igant improvement over
commercial GaN powders, which contains approxinyatdl atom % oxygen and O/N
ratio of 29%. Because oxygen is believed to stuistifor nitrogen in the lattice, higher
O/N ratio suggests that the Ga atoms and RE actwatre coordinated with oxygen
rather than nitrogen atoms as nearest neighboes;ptesence of oxygen, therefore,
contributes to the defect emission.

GaAIN powders, on the other hand, show high oxygamtent of 11-18 atom %,
possibly due to the formation of trace.@} phase that is below the detection limit of
XRD, around 1 atom % [135]. Considering the stadcanthalpy of formation [136] for
GaN (-110.5 kJ/mol), AIN (-318.0 kJ/mol), &2 (-1089.1 kJ/mol), and AD; (-1675.7
kJ/mol), oxygen will more likely bond with Al tha@a. This accounts for the increased
oxygen content in GaAIN powders relative to theegp@aN sample that was also dried in
air for 12 h at 200°C.

The amount of aluminum incorporation into the hiagtice was calculated by
Vegard’s law for the GaAIN samples, in which th#it® constant of the solid solution

varies linearly with that of its constituents [137his relationship is expressed by:

Agaan = (L= X)agay + Xy (3.5)
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where a is the lattice constant of the respectitr&la, x is the amount of Al incorporated.
While both GaAIN samples shown in Table 3.1 haveminal composition of 20 atom
% Al, the sample dried in nitrogen contains appretely 18 atom % incorporated
aluminum as calculated. This is a significant ioy@ment than the air-dried sample,
which contains 9 atom % aluminum. While the deemain aluminum content from the
nominal concentration could be due to the amounaatfial aluminum in the starting
precursor, the results indicate that drying atmesplof the precursor can affect the
purity of the final nitride product.

Subsequently, the precursors were only dried foral 350°C under Nduring the
final nitridation step. Although the precursor sha higher oxygen content of 13
atom %and 83% OI/N ratio, these values for the final patcare further reduced to 4
atom % and 8% O/N ratio. This indicates that lewated oxygen content in the nitride
product could be from its immediate precursor amel tesult of long drying time at
elevated temperature. In addition, oxygen wasomger observed in the precursors as
the washing agent was switched from deionized wé&temabsolute ethanol. This
suggested the residual oxygen in the hexafluondes from the water molecule; using
ethanol as a washing agent allows for faster drghthe precursors. Nevertheless, it
should be noted that as oxygen concentration deesedhe EDX measurement error,
reported as standard deviation in Table 3.1, isg®asignificantly. As the synthesis
process is optimized, more sensitive analyticahneques will be required to accurately
measure the oxygen level in the material.

Reflectance measurements shown in Figure 3.5 iteditegher reflectance

between 350 — 800nm for the GaN sample made frenpitacursor without 12 h drying,
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compared to the GaN sample from precursor with #2ying. As impurities and defect

level decreased, defect states in the band gante#éol sub-band absorption also were
reduced. This in turn increased the band gap dsawehe reflectance of the material.
To determine the band edge of these samples, thelkatMunk formula was used while

assuming a constant scattering coefficient overwhagelength range measured. The
direct band gap of these two GaN samples can tlewalculated according to the

relation [138, 139]:

(uhv)® ~ hv - B (3.6)

whereyp is the absorption coefficient, h is the Plancldastanty is the photon frequency
and g is the band gap of the material. By the extrapmiaof (hv)?> = 0 in a plot of h

vs. (uhv)? the band gap energy was determined to be 3.438@1hm) and 3.483 eV
(356nm) for the GaN sample with and without 12 irty as shown in Figure 3.6. The
larger optical band gap indicated lower oxygen eonhtfor the sample without 12 h
drying, which is consistent with its higher reflaste across the visible spectrum. This
sample also had a lighter yellow color, consisteith the reflectance measurements.
Some GaN samples had a metallic grey appearanceh wias likely the effect of Ga

ions dissociating from GaN due to its relativelwlenthalpy of formation.
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Figure 3.5 Reflectance measurements of GaN powders with difteairying conditions.
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Figure 3.6 Bandgap calculation for GaN powders by extrapofatibthe relation () ~ hv - E.
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In Figure 3.7, the reflectance for GaAIN with 10rmat% and 20 atom % nominal
Al content were shown. The increasing reflectdiocehe GaAIN samples also matched
the increasing band gap as more aluminum was incatgd into the GaN lattice. Drying
in nitrogen eliminated the source of oxygen indngng atmosphere, which reduced the
overall oxygen content in the final product, reisgtin a lighter body color. While the
yellow body color cannot be completely eliminatedr high purity GaN powders have

only light coloration compared to commercial GaNvgers, which has a darker yellow

tint.
Gao.sAlo.2N
dried in air for 12 hrs
0.9 -
’g Gao.sAlo2N f
= os dried in N2 for 12 hrs Gao.vAlo.1N
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c
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Figure 3.7 Reflectance measurements of GaN and GaAIN alléyssamples were dried at 200°C.

PL measurements showed clear activator-relatedssem for AIN:Dy*,
AIN:Tb*, AIN:Tm*, and AIN:EG* powders as reported earlier [140, 141]. EDX
measurements also confirmed the presence of tleeesath activators in the sample
powders of approximately 1 atom %. PL measurements for the GaN powders show

band edge emission for the GaN powder without 1@rying, but no emission was
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observed for the powder with 12 h drying or the owercial GaN powder. The presence
of band edge emission in the sample with low oxygentent again suggests a lower

defect level than the sample with higher oxygen&oin

3.5 Conclusions

Rare-earth activated AIN and GaN powders with nmeszed particles have been
successfully synthesized using a three-step solli@sed process. GaAlN alloy was also
synthesized with approximately 18% aluminum incogpion, as calculated by Vegard’s
law. By reducing drying time, using a more voktivashing agent and eliminating
oxygen from the drying atmosphere, the oxygen cardéthe product was reduced to as
low as 4 atom % and O/N ratio to 8% in the highmsity GaN sample. The synthesis
conditions used was 900°C NHbr 2.5 h for all nitrides. For GaN and GaAlIN,nioa
edge was shifted to shorter wavelengths with reduokygen content as indicated by the
reflectance data; the yellow body color was alsobly improved when compared with

commercial samples.
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Chapter 4. A Study of Luminescence from Tni*, Tb**, and EU** in AIN Powders

41  Abstract

Nitride alloys of Ga, In, and Al activated by razarth ions (RE) are being
considered for application in nitride-based sofiakes light sources. The potential
applications involve using such materials as th@dayer in a heterostructure design or
as a fluorescent material for converting the erarséiom a light-emitting diode to white
light. In this paper, we report luminescence from®T, Tb**, Eu**, and TB*—EU** couple
in AIN powder samples synthesized for this purpds$sing the photoluminescence and
photoluminescence excitation responses of'RIBped AIN samples, the multiplet
structures of these REions in AIN with tetrahedral coordination have beketermined.
The excitation energy transfer processes from st énd defects to REand from TB"*
to EU*" have been observed. These processes are criticalef/eloping nitride-based

luminescent materials for white-light emission.

4.2 Introduction

During the last decade, developing efficacious ehght sources using light-
emitting diodes (LEDs) of IlI-V nitride semicondocs has become a focus of intense
research and development in lighting research [142f conversion of electrical energy
to light within a LED die occurs within the actileyer sandwiched between the n- and p-
type nitride layers. These n- and p-type claddiagschosen with an energy gap larger
than that of the active layer for confining the edirs within the active layer under

forward-biasing condition. This spatial confinemaritelectrons and holes within the

78
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active layer enhances the probability of radiatigeombination of the e-h pairs. The
recombination usually results in excitonic or baigke emission, which is ultimately
converted to white light through a layer of fluarest materials on the LED die [9]. In
designing such solid-state light sources, luminescetrides activated by RE could
play an important role either as a phosphor omaacéive layer material. As a phosphor,
they can be used for converting blue or near-ulttat/ (UV) emission from an InGaN-
based LED to white light in a hybrid design. As active layer in a heterostructure
design, the rare-earth (RE)-ion impurities perfamrecombination centers for the e-h
pairs, and convert the bandedge emission from entbmation to white light within the
die. We are interested in the latter applicationmnibfide-based luminescent materials.
Sme promising luminescence properties of RE-act/atitrides have already been
discussed in the literature [143-147]. The mairtivation for this work was to explore
the choice and concentration of REo optimize efficacy of white-light emission from
such materials upon e-h recombination.

RE ions are ideal candidates as radiative recortibmaenters. The forbidden f
— f transitions are relatively insensitive to the théatice and lead to narrow band
emission [72]. Once the energy levels associaiguthe f' configuration are identified,
emission from a RE ion could be accurately predicted in hosts withilsir chemical
composition and metal-ligand coordinations. Thisdoctability of the emission spectrum
for f — f transitions of RE" ions has been exploited for making novel blends of
luminescent materials with specific color-renderningdex and color temperature [126]. In
this manner, phosphors with RE-ion activators retiohized the fluorescent lighting

industries in the 1960s and 1970s.
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Luminescent materials like MN(M = Al,Ga, and In):REould have a similar
impact on solid-state lighting. Unfortunately, spescopy of rare-earth ions in nitrides is
still in its infancy. In order to use MN:RE(M = Al,Ga, and In) as fluorescent materials,
a good understanding of the luminescence processe RE" ions in nitride hosts in
the visible to near-UV region is essential. Inertb use these materials as active layers,
the need for understanding the processes of e-tmt@oation in a nitride and the
excitation of RE ions via energy transfer from i@ pairs cannot be overemphasized.
In this work, we focus on identifying observed s#ions for the RE ions in nitride hosts
and developing an understanding of how such ioa®xacited through photoexcitation of
the host material at energies near or larger thein bandgaps.

The spectroscopic measurements of photoluminescen&d) and
photoluminescence excitation (PLE) spectra werdopmed using powder samples of
AIN:RE®*. AIN was chosen as the host because of its band§®.2 eV. It has a
wurtzite crystalline structure similar to nitride$ Ga, In, and their alloys in which the
cation sites are tetrahedrally coordinated. Tlius,multiplet structures associated with
the f¥ configuration of the RE ions substituting for tteions are expected to be similar
for all three nitrides, but the wide bandgap of AtRrmits probing the excited states at
higher energies before the onset of strong hostrpben. The chances of locating the
charge transfer and-f d absorption bands for some &H#ons in nitride hosts are more
probable for this wide-gap material.

This study is focused on evaluating the performaoteMN:RE®" under PL
conditions. Irrespective of the method of generatf e-h pairs in a bulk material, these

electrons and holes are expected to be at thembaifdhe conduction and at the top of
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the valence band, respectively, in the k-spacerbafeir recombination. This state prior
to e-h pair recombination can be reproduced byqgehaiting the bulk material near the
bandedge. At higher energies, there could be m#mr loss processes as the electrons
and holes relax toward the bottom of the conduchand or top of the valence band,
respectively, losing their energy to the host ¢attihrough electron-phonon scattering, or
electron/hole capture by surface states or otherradiative centers. Therefore, most
materials show a maximum in quantum efficiency wekgnited near the bandedge, and
then their quantum efficiency drops rapidly witltieasing excitation energy. Thus, the
guantum efficiency of a material near the bandexged be a powerful indicator of the
probability of radiative recombination of the e-hins irrespective of their method of
production.

In this work we chose to use powder samples of RE/ for these initial
spectroscopic measurements in preference to thms foy epitaxial growth techniques.
First, there have been scant spectroscopic measatemof nitride powders. Second,
photons passing through a thick layer of powderegepce longer optical path due to
multiple scattering from the interfaces between piagticles and thus have a greater
probability of being absorbed. Therefore, powdampgles can yield satisfactory
reflectance, emission, and excitation spectra @t ildensity with a small amount of
material compared to thin films and are used extehsfor studying luminescence from
conventional luminescent materials [126].

The synthesis of high-purity samples of MN powdgrarticularly free of any
oxygen defects, is a challenge. The degree of oxygetamination depends on the

method of preparation and ambient conditions. plesence of these impurities could
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not only affect the transition probability of padiar f — f transitions but also their
transition energy. For example, various wavelengénging from 600 to 620 nm have
been attributed t8Dy — ’F, transition of E&" in GaN thin films and powder samples. It
is not certain whether the Euions are in a defective but homogeneous phasé, asic
GaN/O, or in a minor phase of oxides in these sampFor the present study, we have
adopted a solution-based approach to prepare ssroplN of purity comparable to or
better than commercially available samples [128]though no secondary phases have
been detected by X-ray diffraction measurementsttier samples used in this study,
measurements from energy-dispersive spectroscopX)Endicate the presence of
oxygen impurities. The emission spectrum from uredbAIN always showed significant
defect emission and the absorption edge shiftswer energy.

From the PL and PLE spectra, we have observed aodessfully identified
various transitions between multiplet states of iEs within the ¥ configuration. The
differences in transition energies between AIN*R&nd those observed in oxides and
fluorides are very small. Results from our PLEdgtalso indicate that T#, Tb**, and
Eu®* in AIN could be excited through energy transfesnir both the host lattice and
defects. Thus, when these materials are excitethexigies above the bandgap, emission
is observed through $ f transitions of the RE-ion impurities. Becausdydinee e-h
pairs are created in the bulk and emission fromRE& ions is observed on exciting the
host lattice near the bandgap energy, it is redderta assume that upon electron and
hole injection into the active layer in a heterosture design of a LED light source,

emission from the RE ions will be observed; thipgraexplores the underlying processes.
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4.3  Experimental

The powder samples of AIN:RE were prepared using a method that is an
extension of the approach used first by Juza ¢128] and later improved by Garcia et
al. for synthesizing an alloy of Ga and In nitri§&29]. Details of the materials synthesis
are discussed elsewhere [140].

The room temperature PL and PLE spectra were meésuith a SPEX DM
3000F spectro-fluorometer with 0.22 m SPEX 1680bdumonochromators. A 450W
Xe-lamp was used as the light source. The photoeee vdetected using a cooled
Hamamatsu R928 photomultiplier tube. Both PL and Bpectra were corrected for the

spectral response of the setup.
4.4  Results and Discussion

4.4.1 Luminescence from undoped AIN

The room-temperature luminescence of an undopedsAtNple is observed to be
a broad emission around 490 nm (Figure 4.1). boped AIN, the broad emission band
is probably composed of host emission and emisdiams various point defects in the
powder sample, some of the defect bands beingeskdirectly by 250 nm and some
indirectly via energy transfer or absorption of #ed radiation from those directly
excited. A second band, whose high energy tail @8 nm is shown, appears to be
developing in the near-infrared region. Although aditional crystalline phases are
suggested from the X-ray diffraction measureme®BX measurements show the

presence of oxygen defects in the lattice.
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Figure 4.1 Room-temperature PL spectrum of AIN:Thand undoped AIN corresponding to excitation at
250 nm.

From remission measurements (not shown), the atisorpdge of the undoped
AIN sample appears to be shifted to lower energy?2 €¥ (238 nm) [140], compared to
the bandgap of AIN, ~6.2 eV. It is worthwhile todemstand the origin of this shift of the
bandedge. Trinkler and Brezina attribute the nidirexcitation band in AIN ceramics at
245 nm to oxygen-related centers [148]. An oxygémm substituting for a nitrogen
atom, Q%, creates a shallow donor level (the Kroger-Vinkation for point defects in
solids is used where superscrips ', and ¢ represent neutral, negative, and pesitiv
charge states; and subscripts the atom being subsdf. From an electronic structure
point of view, a neutral point defectyOimplies a positively charged defectGnd an
electron in a donor level. Thus, the oxygen atooissttuting for the nitrogen atoms in

[1I-V semiconductors lead to n-type conductivity.
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Considering the nature of chemical bonding Ga analtdns, it is obvious that
this donor level would have the characteristicamfanti-bonding sehybridized state of
Ga and O, because all the bonding states aredatlypied and belong to occupied states
in the valence band. The anti-bonding levels of Kbaselong to the unoccupied
conduction band states of the host material. |a s@nse, this impurity-induced donor
level due to an oxygen atom substituting for aogigm atom can be viewed as a perturbed
state at the bottom of the conduction band. Dugeqoositively charged point defectO
instead of N*, the corresponding energy level is lowered int® blandgap. This donor
level associated with © holding the electron released from the substitufiwocess
ultimately frees the electron with increasing terapgre and contributes to the n-type
behavior.

However, this picture of a localized level assadatvith an Q center is valid at a
substantially low concentration of oxygen impurtydonor concentration of 18-10%°
per cn? which normally corresponds to typical dopant comeion in intentionally
doped samples for device application. At the l@febxygen concentration present (2 -
10%) in the samples used in this study, theseilmzhlevels lead to extended states and
energy bands. Because this orbital is obtainedtduke lowering of a state from the
conduction band, the corresponding energy levsldiese in energy to the bottom of the
conduction band, and the associated wave functam significant overlap with other
extended states at the bottom of the conductiord.baRrom first-order perturbation
theory, it can be easily shown that the first-orcerection to the wave function leads to
a significant mixture of the donor wave functiortiwihe extended states near the bottom

of the conduction band. Thus, with increasing oxyg@encentration, these perturbed
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wave functions overlap through the admixture ofékended states of the host and start
forming an energy band. Unlike the deep leveherlocalized impurity states, the states
associated withO\® rapidly lead to delocalized states with increasiogygen
concentration. This is essentially reflected in theults obtained from band-structure
calculations using supercells ranging from typigait cells to 3x3x2 supercells [149].
From this perspective, the host in this study cdugdconsidered as a crystalline and
homogeneous material having the composition 1A% (0.01 <x < 0.05) with a

bandgap near 5.2 eV.

4.4.2 Luminescence from Tiin AIN

AIN:Tm** is considered as a candidate for blue emissiars: 7™ is used as a
blue emitter in cathode ray tube (CRT) applicati¢i» — °H, at 450 nm). Figure 4.1
compares the room-temperature PL spectra of AIN'Twith that of an undoped AIN
sample excited at 250 nm from a Xe lamp. The mafvand f-f intraconfigurational
transitions associated with Fmare clearly contrasted with the broad-band emissio
from undoped AIN due to lattice defects and impesit The spectroscopic assignments
of the emission peaks are made by comparisons datia from the literature for
AIN:Tm?>* thin film [150] and YVQ:Tm*" powder samples [151].

The strongest emission with the peak wavelengtii9@f nm is attributed to the
®H, — ®Hg transition of Tm*. The blue emission near 481 nm is assigned to the
hypersensitivéG, — °Hg transition. In addition to these two major peaksre are two

other peaks assigned B, — °H¢ and G, — 3H4 transitions near 360 and 655 nm,
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respectively. All the observed transitions areelistin Table 4.1, along with their

spectroscopic assignments.

Table 4.1 Summary of intraconfigurational transitions of ¥mirb®*, and Ed" in AIN

RE> ion A (nm) at room temperature _ Transition assignments
Tm 356 *Hg — D>
481 *He—1G,
655 *H,-1G,
792 3He—°H,4
Tb 378 "Fe—"Ds
416 "Fs—°D3
435 'F,—°Ds
484 "Fe =D,
542 "B -°D,
585 'F,-°D,
621 /"D,
Eu 364 Fo="D,4
378 Fo="L7, °G,
465 "Fo—"D>
526 "Fo =D,
536 'F,-°D;
592 Do -"F;
610 Do - F>
655 Do — 'F3
707 Do —F4

When AIN is doped with Trii, the emission spectrum is dominated by emission
from Tm™* and the defect emission is significantly supprés&his is indicative of
successful energy transfer from the host or thétexstates of the defect to T

In order to have a better understanding of thetattan processes leading to the
Tm®" f-f intraconfigurational emissions, the UV-visitdcitation spectra were measured
with the emission wavelength fixed at 792 nm (cgponding to théH,—*Hs transition).
The PLE spectrum is shown in Figure 4.2. It cleathows that this transition can be

excited in a broad range from 300 to 560 nm. Twaakvbut well-defined peaks are
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superimposed upon this broad excitation profileeSEhtwo peaks are easily identified to
be®Hs — 'D, and®Hs — G, associated with intraconfigurational transitiorthin the f*
manifold. These two peaks overlap with the broaddbamission from undoped AIN.
This is one of the conditions for energy transt@nf one radiative center to another.
Most likely, nonradiative energy transfer from thest or defect states excites ¥rfrom

the ground statéHs to ‘D, and'G, states, from which it relaxes to the emittingestit..
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Figure 4.2Room temperature PLE spectrum of the*T?hi, — *Hg transition in AIN at 792 nm.

A broad excitation band with a peak around 245 snalso observed. An
excitation peak near 240 nm was reported earlibetassociated with oxygen-associated
defect centers [148]. Considering the absorptidgeeof ~240 nm, as determined from
the remission spectrum of the same sample, thigaton band is tentatively attributed
to the excitation of the AIN host with oxygen imjti@s, AIN;Ox. At this excitation
wavelength, absorption of a photon most likely potes an electron from the ground

state to the excited state of the host lattice.s€h&tates are probably perturbed p-like
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states of nitrogen and s-like states of aluminwgspectively. The source of perturbation
could be oxygen defects occupying the nitrogerssiteRE" occupying the aluminum
sites. In the former case, the 3s-like levels lafmtnum ions surrounding the oxygen
impurities are lowered into the gap region. Thiecess may explain the modified
bandgap of these materials estimated from refleetaneasurements. In the latter case,
the 2p-like levels of nitrogen ions coordinatedite RE ions move into the band gap due
to lower Madelung potential experienced by theses lnecause of the substantially larger
Tm—-N bond length compared to that of AI-N. We addserved this broad excitation
band peaking around 245 nm in the PLE spectraropkss of AIN doped with other RE
ions such as DY [140] and TB*, which is discussed in detail in the following Sees.
Thus, this excitation peak is probably associatath wransitions in the perturbed
environment of the RE and the transfer of energy from the corresponeixgjted states
to the RE* is quite efficient. Because defect emission i stiserved with 250 nm
excitation in other samples of A:RE it is also possible that excitation of Yfions
proceeds at this wavelength with sequential enenayysfers from the host to defects to
Tm®" ions. This was also observed in AINDysamples [140]. Alternatively, upon
excitation at 254 nm, free electron and hole pairs generated which radiatively
recombine preferably at the RE ion sites; it isyvdifficult to distinguish experimentally
this nonradiative process from the other nonradkatenergy-transfer processes.
Irrespective of the exact mechanism, it appearsttf@ Tnt* ion successfully harvests
excitation from the host. This observation is maarly encouraging for its application

as a LED light source.
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Figure 4.2 indicates that Tihcould also be excited in a broad range of spectrum
from 300 to 600 nm. Excitation spectrum associategd the defect emission at 792 nm
could also be contributing partly to this broadhaBdt this contribution is expected to be
very weak considering the strong RE emission a$ thavelength. In this broad
wavelength range from 300 to 600 nm, the absorptiophotons most likely promotes
defects from the ground states to the excited statieer than those excited at 250 nm.
The Tt ions are subsequently excited from the groundest& nonradiative energy

transfer from these excited point defects.

4.4.3 Luminescence from Thin AIN

The®D4— Fs transition in the yellow-green region from>fthas often been
utilized as the green component in white-light-éimgt blends of luminescent materials.
Figure 4.3 shows the room-temperature PL spectea &IN:Tb** sample excited at 250
nm. The narrow band £ f intraconfigurational transitions associated witte TH*
appear to be superimposed on a background emifsionthe host lattice. Although
emission from the defects in the host lattice isrgjer than that for THi, the emission
from Tb** appears to be quite efficient. Various emissiomkpehave been given
spectroscopic assignments (Table 4.1) by comparigoth data from the literature for
AIN:Tb®* [72, 150]. The strongest emission near 542 nattisbuted to theéD, — 'Fs
transition of TB*. This transition will be useful for application dfis material as a

yellowish-green emitter in solid-state lighting &pations.
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Figure 4.3Room temperature PL spectrum of AIN*Teorresponding to the excitation wavelength of 250
nm.

The PLE spectrum corresponding to tBe— 'Fs emission is shown in Figure 4.4.
Similar to Tni*, the PLE spectrum consists of a broad-band peakir®g!5 nm, another
broad-band profile extending to almost 550 nm, stmalp peaks which could be assigned
to f — f transitions associated with ¥b These peaks overlap with the broad-band
emission from the host lattice and are most likalolved in energy transfer from the
host or defect states to b As mentioned earlier, the broad excitation pesaknist
likely associated with the perturbed states okp-btates of nitrogen and s-like states of

aluminum, respectively.
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Figure 4.4Roomtemperature PLE spectrum for the*T¥D, — ’Fs transition in AIN at 542.2 nm.

4.4.4 Luminescence from Elin AIN

Figure 4.5shows the room temperature PL spectra of an AlR:Bample. The
excitation wavelengths were fixed at 250 (solide)irand 464 nm (dashed line). In
contrast to other samples discussed, the emisston the defect states appears to be
quite strong with 250 nm excitation. Neverthelesghe spectral range from 550 to 700
nm, one observes sharp multiplet transitions withim f manifold. Upon exciting Bl
directly at 464 nm corresponding to a transitiamnfrthe ground levelF, to an excited
level, °D,, a well-resolved, clean spectrum for®Ein AIN is obtained with almost no
defect emission. In Table 4.1, a list of observed f transitions for E&' in this sample

is provided.
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Figure 4.5Room-temperature PL spectrum of AIN*or excitations at 250 and 464 nm.

In Figure 4.5 the strongest emission with the peakelength near 610 nm is
attributed to the hypersensitivB,— 'F, transition of EG". This transition is particularly
interesting for application of this material as ed remitter in solid-state lighting
applications. The peak energy for tAl— 'F» hypersensitive transition in GaN has been
reported at energies varying within 10-15 nm depandn the method of preparation. It
is usually observed at 621-622 nm in GaN’Eand AIN:Ed" thin films. This emission
is reported to be at 614 nm in GaN prepared byradguency (rf)-sputtering [152] or at
611 nm along with a shoulder at 622 nm by Hirataletin GaN powder prepared by a
combustion method [123]. Hao [153] reports thasition occurs at 617 nm in Ga203.
Kitai [154] describes this emission as occurring2l nm in Gay-,InyEu,O3 thin-film
devices. In oxide phosphors,®s;, YVO, and Y,0,S, these transitions are known to
occur at 611, 619, and 625 nm, respectively. Thas@tions appear to suggest that the

intensity of this hypersensitive transition is ooty dependent on the host lattice but also
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depends on structural modifications in the localimmment. Considering that our
sample has higher oxygen impurity concentration gamed to thin films grown

epitaxially with oxygen-free precursors, the penkrgy at 610 nm indicates that the’Eu
ion segregate in an oxygen-rich environment.

To determine the excitation processes leading ¢cgili* f-f intraconfigurational
transitions, the UV-visible excitation spectrum waseasured with the emission
wavelength fixed at 610 nm (corresponding to tBg — 'F, transition). The PLE
spectra (Figure 4.6) suggests similar excitatiavc@sses, namely, excitation via defects
between 300 and to 560 nm, excitation via energysfier from the host around 250 nm,
and direct excitation via its own excited stateelswvithin the ¥ manifold. However, the

broad peak near 250 nm is not as pronounced &g icatse of Tii{ and TH".
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Figure 4.6 Room temperature PLE spectrum of thé'ED, — 'F, transition in AIN.



95

4.4.5 Luminescence from AIN Co-doped with*Thnd E{*: Evidence of

Energy Transfer from Tb to EU*

Figure 4.7a and b show the room-temperature PLirgpetan AIN sample co-
doped with TB"and E4*. The narrow-band f-f intraconfigurational traitsits
associated with both Thand Ed* are clearly observed. The spectrum between 360 an
600 nm (Figure 4.7a) is dominated by the intragpmfitional f-f transitions of TH,
while between 580 and 750 nm (Figure 4.7b) th&disitions involving E¥f are clearly
observed. The assignments of different transitamesndicated in the figures. These
results indicate that in the co-doped sample batladd Eu are optically active in the
trivalent state.

Our main interest in the Eu—Tb couple is to explbemergy transfer from one
RE ion to another occurs in a nitride host. Thisimation is critical for designing a
single emitting system that could generate whgbtlivith one sensitizer and multiple
activators, where the sensitizer is the ion tranisig the absorbed energy to the
activators. The energy transfer from®Tto EU* has been previously observed irfEu

and TB" co-doped CaW@[155]. This process of Eliexcitation is attributed to:

°Dy( TH*) + "Fo( EH) — "Fe( TE*) +°Dy( EUPY) (4.1)

In order to determine if the red emitting*ion could be sensitized by Ththe
UV-visible excitation spectrum was measured with éimission wavelength fixed at 610
nm (corresponding to th&D, —'F, transition) while the excitation wavelength was

scanned between 200 and 525 nm (Figure 4.8). lniaadldo narrow excitation peaks
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originating from Ed", there is a peak which clearly belongs tofag— °D, transition
associated with TB. This transition could be used for transferringrery from T5" to
Eu®* while using excitation features of ¥to optimize the host lattice for maximum

efficacy.
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Figure 4.8Room temperature PLE spectrum of thé'ED, — 'F, transition in AIN, from the codoped AIN
sample.

45 Conclusions

In this work, effective intraconfigurational f-f essions from AIN powders doped
with different RE ions including TH, Tb*, EU**, and TB* — EU™* couple were
demonstrated. Both PL and PLE responses of tlfierelift samples were systematically
investigated to determine the electronic structwe®&E ions in the nitride host. The
PLE studies of Tri-, Tb®*-, and Ed"-doped AIN indicate that the RE transitions could

be excited through both host lattice and defecth@nAIN host. Energy transfer between
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different RE ions is also observed in Tb—Eu co-dbAEN. Our results support the idea

of using RE*-doped AIN as a suitable active layer in a heteunostre design.
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Chapter 5. Study of Luminescence from GaN:TB" Powders and Thin Films

Deposited by MOVPE and PLD Methods

51 Abstract

Due to the recent commercial interest in nitridedshoptoelectronics and rare-
earth emission in nitride materials, the structarad optical characteristics of GaN>Tb
powders and thin films have been investigated is Work. The powder samples were
made using a three-step solution method. Pulsai-ldeposition (PLD) and metal-
organic vapor phase epitaxy (MOVPE) methods weilzed for depositing GaN:TH
films on sapphire substrates. The GaN powders waftfivator concentrations up to 8
atom % exhibited TH luminescence due to théDss, - 'F transitions under
cathodoluminescence (CL) as well as under 243 notophexcitation. Both near band
edge emission and activator emission have beemwdssen PLD thin films made from
the corresponding GaN:Thpowders. X-ray diffraction revealed polycrystadli PLD
thin films with a preferred growth direction alotige ¢ axis, while scanning electron
micrographs showed rough film morphology with sutnmmeter particles. CL emission
from Tb®* accompanied by near-band-edge emission and daféssions from the GaN
host was observed for the MOVPE films made using(2s2,6,6-tetramethyl-3,5-
heptanedionato)terbium but not flms made with(istgpropylcyclopentadienyl)terbium.
Despite visible luminescence from *bin GaN powders and thin films, no energy
transfer from the host to activator ions was observThis suggests that *This unlikely

to fluoresce if used in a GaN-based optoelectrdaigce.

99
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52 Introduction

Recently, there has been considerable interesuanelscence of rare earth (RE)
ions in IlI-V nitrides. Emissions from RE ions dte transitions with energy levels
originating from the 4f-levels are less sensitigetlie host lattice, and can be predicted
based on the Dieke’s energy level diagram[72].thk past, this aided fluorescent lamp
technology to utilize RE- activated oxide phosphors for designing blend mositions
that produces white light with a desired color g index (CRI) compatible with
optimum efficacy[156]. Similar advantages are &tpé from the nitride hosts, which
form the basis of recent developments in solideslighting technology. Red emission
from EU** together with green emission from>fland blue emission from InGaN could
produce white light with high CRI and efficacy (lamens per watt). The ability to
incorporate these rare earth ions into nitride siaetd make them to fluoresce as
efficiently as in oxide hosts has been the focuseoént research in this area [25, 157-
159].

RE incorporation into nitride hosts has been attechpvith success in various
aspects. Powders of GaN activated witi"EWb®*, and Ef* have been prepared in the
past using a mixture of freeze-dried nitrate preots [17], by nitridation of a mixture of
gallium and activator metals with bismuth as a lgatH4-16], or by combustion
synthesis followed by nitridation[123]. For thiitnds, pulsed laser deposition (PLD) of
GaN:RE" is a relatively unexplored approach. Pure GakgjR7-29] and Eti-
activated GaN [160] have been grown using this @ggir, in which GaN:RE powder is
used for deposition of thin films. Attempts haveoabeen made to deposit RE-activated

PLD films from a GaN powder source and RE metahorg precursors[113]. However,
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the most common method for depositing GaN*Rfiims has been molecular beam
epitaxy (MBE) using ion implantation to incorporagge earth ions [22-26, 30, 146, 157].
In situ incorporation of RE ions in nitride hostsing metallorganic vapor phase epitaxy
(MOVPE) has been attempted with*EyEr*, Tb*" and Tni* [31-33, 161]. But the few
available metal organic precursors for RE ions hkwe vapor pressure, long and
complex organic chains, oxygen ligands in most ledsé compounds, and multiple
valence states of rare earth ions; all are factongributing to the difficulty in fabricating
RE-activated nitride thin films by MOVPE. Nevertbgs, direct comparison of ion-
implanted MOVPE films and MBE films[33] showed adveed yellow-luminescence
band and higher activator CL emission in MOVPE §)msuggesting a lower
concentration of radiative defects and higher fgoality for MOVPE films. Thin film
technology based on MOVPE is the industry standardlll-V semiconductor chip
fabrication[119]; therefore, implementation of a MBE process for deposition of
GaN:TB"is critical for eventual integration of this appcbao white light emitting solid
state light sources.

The present work compared the incorporation of b GaN hosts by powder
synthesis, PLD, and MOVPE. In an earlier work, nese used a three-step solution
method to synthesize AIN powders with emission from*, EU**, Tb**, Dy** and Er*
ions[140, 141], as well as GaN powders demonstali®* emission [162] In this
paper, we have explored the dependence of fluanesaen the concentration of I'ions
varying from 0.25 to 8 atom % in GaN using powdamples prepared by the same
method. These powders were also used as targetdefmsiting thin films by PLD.

Furthermore, we continue our earlier efforts to@&@aN with RE ions using MOVPE.
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In a recent publication, we reported a detailedlysiga of the nature and origin of
fluorescence from Eiin GaN deposited by the MOVPE method[163]. Irs ihaper, we
report results of structural and luminescence measents on MOVPE thin films of
GaN:TB". To the best of our knowledge, there has beey onk other report of
fluorescence from GaN: Thdeposited by MOVPE [32]. These three methodg] irse
complementary manner, allowed us to explore thepesod GaN:TB* as a green emitting
material for applications in the solid state liglgtidevices.

Scanning electron microscopy (SEM), energy dispersX-ray spectroscopy
(EDX), and X-ray diffraction (XRD) have been usedr fstructural and phase
characterization of the samples. Photoluminescefile) and photoluminescence
excitation (PLE) using lamp and laser excitatichweell as CL, were performed at room
temperature for optical characterization of the gers and thin films. PLE was also

performed at 23 K for MOVPE films.
5.3  Experimental

5.3.1 Powder Synthesis

GaN:TB" powders were prepared from a mixture of GagN@nd Tb(NQ)sin
solution following a three-step process, with a mahTb concentration from 0.25 to 8
atom %. For each step, the amount of reactantcaleslated and weighed based on the
desired product weight and 100% conversion. Fastaqgueous solution of Th(NR
and Ga(NQ); (REacton by Alfa-Aesar, 99.99%; Puratronic by Adfasar, 99.999%),
was thoroughly mixed with ammonium hydroxide sauati(NH;OH, Fisher Scientific,

28.50%) to react at room temperature until the oyidie product, GaThy(OH)s (x =
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0.25 — 8 atom %), became a viscous gel. Afterafibn and drying in a dessicator,
approximately three times the stoichiometric amouwsit ammonium fluoride
(NH4F+XH,0, Alfa-Aesar, 99.9975%) was combined with the picidrom the previous
step in deionized water and heated to react atoappately 80°C. After subsequent
filtration and drying, the hexafluoride [(NHGa «TbFs] precipitate was introduced into
a tube furnace to react with flowing ultra-high ipprammonia gas (Matheson Trigas,
ULSI grade, 99.9995%) at 900°C for 150 min for final conversion to GaN:TH. The

synthesis procedure has been reported in detaivhkre [37].

5.3.2 PLD Thin Film Deposition

GaN:TB" thin films by PLD were fabricated with a sourcegt of GaN:TB" (1
atom %) and GaN:TH (2 atom %) powders synthesized by the solution otethOnce
the powders were thoroughly mixed, they were pkss® a pellet and annealed at
1200°C in NH. The films were deposited on GaN buffer layemagr by PLD from a
pressed GaN target made from pure GaN powder (A#aar, 99.99%) on sapphire
substrates. A neodymium-doped yttrium aluminumnga(Nd:YAG) laser at 532 nm
was used for the deposition process in an ultrh iscuum chamber. The GaN>*b
target was rotated at 20 rpm, while the substraltech was mounted on a heating stage,
was rotated at 5 rpm. During deposition, the chemias maintained at 100 mTorg N
pressure for a deposition time of two minutes for TH*-doped film. Substrates were
heated to 650°C. Following deposition, all filmen& annealed again at 1000°C in NH

in order to activate the luminescent centers argtone the emission intensity [164, 165].
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For this study, two films were fabricated at a tapewer of 250 and 300 mWw,

corresponding to a surface fluence of 0.20 3/amt 0.24 J/cfn

5.3.3 MOVPE Thin Film Deposition

Deposition of GaN: TH epitaxial films was performed at atmospheric puessn
a horizontal research MOVPE reactor developed 8palty for this purpose. The
reactor has a 1 x 1 in. square cross section, théhsapphire substrate mounted on an
inclined-plane shaped susceptor, which was heaxterrally using infrared lamps.
Trimethylgallium (TMGa) and ammonia gases were uggdhe source for Ga and N,
respectively. In situ terbium doping was performesing two types of precursor
molecules:  tris(2,2,6,6-tetramethyl-3,5-heptanediojterbium, abbreviated as
Tb(TMHD)3; , and tris(isopropylcyclopentadienyl)terbium, abbated as Th(i-PrCp)
(Strem Chemicals, Inc.). TMGa was maintained bubbler at -15C. Tb(TMHD); was
sublimated in a standard bubbler at 450 The RE precursor delivery lines were heated
to at least 18C higher than the bubbler temperature to avoid ensdtion en route to the
reaction chamber. The reactor was configured deroto have the Th precursor carrier
gas mixed with the other process gasesj{NMGa, and H push gas) at the final stage,
just before entering the reactor chamber. The-fihim growth was carried out at
atmospheric pressure on the basal (0001) planappidre substrates.

The approximate growth rate of undoped GaN layetke reactor was 14m/h.
The growth rate of GaN: Fblayer was presumed to be proportional to the TMGa
rate, which was at times lowered to increase thaive concentration of terbium. The

entire deposition process consisted of the follgnsteps: i} treatment of the sapphire
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substrate with 1000 sccm of; Fit 1050C for 10 min, {i) nitridation of the sapphire
substrate with a mixture of 1000 sccm &hd 1200 sccm NHat 600C for 90 s, ifi)
deposition of an approximately 22 nm GaN bufferelaat 600C (using the above
H2/NH3 mixture plus 2.4 sccm of Atarrier gas through the TMGa bubbler for 751\, (
deposition of approximately one pum of undoped GalodCC (using a mixture of 840
sccm B push gas, 1400 sccm NHand 4 sccm of Hcarrier gas through the TMGa
bubbler) for typically 40 min, andv) deposition of GaN:TH layer at 1046C with a
TMGa flow rate of 0.5 sccm to increase the relateomcentration of Tb. Flow rate
through the Tb(TMHD) bubbler was 150 sccm. NEndH; push gas were the same as
in the undoped GaN layer. GaNZ®Thayer thickness is estimated at approximately 700

nm, assuming a proportional growth rate based oG&Mvailability.

5.3.4 Material Characterization

A Rigaku X-ray diffractometer model Miniflex Il wassed to perform phase
characterization for both powder samples and tiimsf SEM imaging and EDX
measurements were done with an FEI Quanta 600 iscpefectron microscope. All
powder and thin-film samples were sputter-coateti @old and palladium and analyzed
under 20 kV accelerating voltage. The elementahmusitions of each sample along
with the standard deviation were averaged from tepghnts, 1me2 in size, on each
sample.

CL measurements were performed on all powders dnts fwith a Kimball
Physics electron gun model EGPS-14B at room terntysesawith the data collected by a

Jobin-Yvon Triax 180 monochromator and SpectrumQsterge-coupled device
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detection system, which was shared with the PLesyshat uses a 450 W Xe lamp as the
excitation source. Additional PL and PLE measumi@vere measured with a SPEX
spectro-fluorometer using a pulsed laser as thaatixm source, with the data collected

by a cooled Hamamatsu R928 photomultiplier tube.
5.4 Results

5.4.1 Powders

XRD measurements of the GaN>flpowders at various compositions show GaN
in a wurtzite structure as the major phase. Mipeaks from an additional phase are
observed for samples with a nominal 1 atom % Tlrentration or higher (Figure 5.1),
which has been assigned as TbOF (JCPDS card 00Z8XB- The presence of TbhOF
was also confirmed via EDX in subsequent sampléh, exygen and fluorine impurities
of up to 4.77 and 2.44 atom %, respectively, ingample with a nominal 8 atom % Tb
concentration. Other minor phases including J@EPDS card 00-032-1290) and TbON

(JCPDS card 04-002-9489) were observed in that kamp
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Figure 5.1 XRD pattern of GaN:Th powder samples withl atom % Tb ion concentration. Additional
phases including TbOF, ThFand TbON have been observed.

As shown in Table 5.1, EDX measurements revealeth@easing Th:Ga ratio
from 0.003 to 0.050 as the nominal Tb concentratmmneased from 0.25 to 5 atom %.
This indicates that the amount of activator incoaped was consistent with the amount
intended, up to approximately 5 atom %. As the imainTb concentration continued to
increase to 8 atom %, the Th:Ga ratio remainedrat@050. At concentrations higher
than 5 atom %, Tb-rich phases such as TbhOF may baparated from the main
GaN:TB" phase. In addition, some parts of the powderanatktallic gray appearance.

This was likely due to the dissociation of Ga ifmsn the GaN host, as the reaction was
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carried out in a reducing atmosphere that can c&as@ns to exist on the surface of the

powder as Ga metal [37]

Table 5.1Th:Ga ratio for GaN:Th powders.
Nominal Tb (atom %Th) Th/Ga ratio (from atom % df and Ga measured by EDX)

0.25 0.003
0.5 0.006

0.007

0.019

0.047

0.050

0.050

oo OTN -

CL measurements of the GaN*Tfpowders excited at 4 keV and 408, shown
in Figure 5.2, consistently yielded emission peassociated witiD, — 'F; transitions,
with the most intense transition beif‘lg4 — 'Fs. The latter transition leads to a Stark-
split doublet with the most intense peak at 543famall the powder samples, starting
with 1 atom % Tb sample. In comparison, Nyk et [@D] observed the strongest
emission around 543 nm in their nanograined GaRl:pbwders excited with a 90 keV
electron beam at 60A. Our GaN:TB* powders have a grain size ~30 nm as calculated
by the Scherrer formula [137], which is only slighiarger than that reported in Ref. [20],
~20 nm. This accounted for the identical®Tlemission peaks despite the different

excitation parameters.
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Figure 5.2 Room temperature CL measurements of GaRf:‘iwwder samples with increasing *b
concentration. All samples are measured with 4 keditation at 40QA current. (Inset) Integrated CL
emission intensity of th#, — 'Fs transition with increasing Th/Ga ratio.

The integrated CL emission intensity of the domtnaeak in Figure 5.2 increased
with Th/Ga ratio, as illustrated in the inset, up G.050. Interestingly, concentration
guenching was not observed at high Tb/Ga rationges with lower Tb/Ga ratio did not
show any Tb emission in CL, despite the presencébofs measured by EDX. Near-
band-edge (NBE) emission around 360 nm (3.44e\W][&as not observed in any of the
powders.

PL and PLE measurements were performed on GaN posadeples with 5 atom

% Tb. Using a cooled photomultiplier tube as tle¢edtor and above gap excitation at
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243 nm, no band gap emission was observed, but thias emission due f®, — 7Fj
transitions from TH" (Figure 5.3a). Direct excitation at 488 nm waable to produce
°D, - Fs transition at 542 nm (Figure 5.3b). However, &t@n at 360 nm did not
produce any emission. PLE measurements (Figurarisldnset), when monitored at 543
nm emission, show excitation peaks at 243 nm, 3i@&nd 488 nm. In Figure 5.4 inset,
the doublet around 488 nm is associated witHfge. °D, transition, and the unresolved
peak near 378 nm is associated with tRe — °Ds transition. These two bands are
superimposed on a broad-band with much lower it{enslative to the peak at 243 nm.
Because excitation near the bandedge did not peoailg emission from Th, the broad-
band may be associated with the defect emissian fte host material which always
accompanies emission near 543 nm due tolhe- ‘Fs transition of TB". The nature
of excitation near 243 nm is unclear. Because Th@§ found to be a secondary phase
in all the samples, we considered the possibitigt the 243 nm excitation peak was due
to Tb®* ions in this phase. In contrast, the room-tentpeea PLE spectrum of
commercial TbOF powder (Alfa-Aesar) (Figure 5.5pwi8 a weak peak around 254 nm.
After correcting for system response at lower wewngths, no distinct peaks were
observed below 240 nm; all other prominent peals/@t250 nm appear to be due to
intra-4f" configurational transitions, with the peak at 2imi being a second order artifact
from the diffraction grating. This rules out tpessibility that the observed emission in

our GaN:TB* powder is due to T in the secondary phase of ThOF.
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Figure 5.3(a) PL emission spectra of tAi®, — 'Fs transition for the GaN:Tb (5 atom %) powder, w243
nm excitation and acquired using the cooled phottptier tube. (b) PL emission spectra of tP@, —
"Fs 4 3 transition for the GaN:Tb (5 atom %) powder, wi88 nm excitation and acquired using the cooled
photomultiplier tube.
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Figure 5.4 Excitation spectrum for GaN:Th (5 atom %) powdeb43 nm emission, showing excitation
peaks at 243 nm, 378 nm (inset) and 488 nm (inastieasured by cooled photomultiplier tube.
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Figure 5.5 Excitation spectrum of commercial TbOF powder aB 5¥m emission, showing a weak
excitation peak at 254 nm and above.

5.4.2 PLD Thin Films

PLD thin films were fabricated from a mixture of &@b** source powders with
nominal 1 and 2 atom % Tb. As seen in Figure thé,fabricated films show a rough
morphology with particle sizes in the range of ~b@@ The average Tb concentration in
the films was approximately 0.10 atom % as meashbye&8DX, with a Th:Ga ratio of
approximately 0.012. In addition, regions of thefshow higher Th concentration than
the rest of the film of up to 0.85 atom %. XRD icated a polycrystalline film despite
the preferentialkc-axis growth of the GaN buffer layer underneathowsdver, as the
surface fluence increased with the laser powerfillrebecame more polycrystalline as

evidenced by higher (100) and (101) reflectionnsty, shown in Figure 5.7.
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Figure 5.6 SEM micrograph showing GaN:TbPLD films consisting of ~100 nm particles.
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Figure 5.7 XRD patterns of GaN:TH PLD films fabricated at a surface fluence of 022énf and 0.24
Jlcnt, showing a more oriented film with lower intensitgaks in the (100) and (101) direction for thenfil
made with lower surface fluence.

CL measurements of the film made with lower surftieence, as show in Figure
5.8, displayed all the Pb transitions in the film that were originally obsed in the
source powder, along with NBE emission at 370 nWhile it is possible that NBE
emission could come from the GaN buffer layer, iearCL measurements of both
commercial GaN powder used to make the GaN butiger] as well as the source
GaN:TB" powder did not show NBE emission. Therefore, firesence of NBE
emission suggests a reduction in the overall ddtastl from the powder to the film

regardless of the polycrystalline nature of both.
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Figure 5.8 Room temperature CL measurement of GaR:F.D film made at 0.20 J/chsurface fluence.
Measured with 5 keV and 5Q0A electron beam excitation, the film shows NBE esitig, not previously
observed in the source powder, along witi Flmnsitions.

5.4.3 MOVPE Thin Films

For the films grown by MOVPE with Tb(TMHR)XRD measurements revealed
a strong (002) GaN 2-theta peak with additional Ispeaks attributed to a secondary
phase of THO;. EDX analysis indicated a Th:Ga ratio in the mid 0.09 — 0.15, with
O:Tb ratios typically about 4:1. This was likeblated to the fact that each Tb precursor
molecule arrives with six oxygen atoms as parthefligand. The increased O:Tb ratio
also may be due to the formation of a@pphase. The CL spectra presented in Figure

5.9 indicated NBE emission (not shown) along witharacteristic terbium emission
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peaks at 543 and 550 nm, consistent with thoseradsén our GaN:TH powders and
PLD thin films. The terbium emission peaks wererenprominent at the center of the
film than the edges. Also present was a 612 nrik,deatatively identified as europium,

presumably a residual contaminant from previouskwyth this element.
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Figure 5.9 Room temperature CL emission from GaNTfim made by MOVPE; excited with 3 keV,
280pA electron beam.

While some previous characterization of powderswsioilar TB* emission [20,
125], other thin film measurements made by Lozykowet al. showed the strongest
emission at 558 nm with CL excitation from AINtas well as GaN: T films where
Tb** was incorporated by ion implantation [167-169].e Wiade an additional MOVPE
film with a lower terbium concentration (typical T&a ratio of 0.016) that showed

similar results to our higher concentration filnuyt lwith weaker terbium CL emission
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peaks (data not shown). In both cases, the anuduetbium that formed the oxide phase
or substituted into the GaN lattice was unknowm contrast to Hara et al. [32], no
terbium emission was observed with PL under eilduap or laser excitation at the band
edge (350-360 nm) or direct excitation of *Thons (480-490 nm). Pulsed laser
excitation was performed at both room temperatace 28 K at 360, 320, 250, 230 nm;
no PL emission was observed.

Alternatively, films were grown using a Tb(i-PrGpprecursor under similar
conditions except with a lower bubbler tempera(lmetween 115 and 126, depending
on dopant concentration) as required by this psmunolecule. XRD measurements did
not show a secondary phase of,@f due to the lack of oxygen ligands of tfe
diketonate from the Th(TMHR)precursor. However, no CL from ¥bwas observed.
Torvik et al. [170] showed the presence of oxygan enhance the optical emission of
Er* ions; Hara et al. [32] have also suggested a aingffect of oxygen on the
luminescent process of GaN=Tb Therefore, the presence of oxygen ligands in
Th(TMHD); could contribute to the ease of*Tlon incorporation and luminescence as

opposed to flms made from oxygen-free Tbh(i-PrJpecursors.

55 Conclusions

In this paper, we have investigated the fluoresegmoperties of GaN:Th in
powder samples and thin films deposited by PLD lsi@VPE methods. This study on
Tb** in GaN provides several meaningful insights alibatincorporation of TH into a

nitride host and luminescence processes assooiétiedb**.
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The MOVPE deposition of GaN: b thin films proved to be significantly more
difficult than that of GaN:EXl. The conditions of the epitaxial deposition @E®s were
very similar to that of Hara et al. [32]. It wasre at a high Th:Ga ratio and also higher
ammonia flux in contrast to that of GaN*¥{163]. Because some trivalent rare earth
ions like Eu have a tendency to become divalentlendome others like Tb could be
tetravalent [126], the incorporation of Euequires an oxidizing environment as opposed
to the reducing environment needed for*'Tb The desired oxidation state is usually
achieved in the solid state synthesis of oxide phoss by imposing a reducing or
oxidizing environment. A way to achieve this wagh MOVPE reactor where ammonia
flow is relatively high for nitridation of Ga hasnyet been fully explored.

We also observed that when cyclopentadienyl is @asethe precursor, the oxide
impurity phase is significantly reduced, with ngidral oxygen detected in the form of a
secondary oxide phase by XRD measurements. BuThfieconcentration in GaN is
also significantly reduced when this precursor $&di1 It is possible that oxygen is
needed to incorporate Thinto the GaN lattice, as noted by Hara et. al].[32

The study of Tb concentration in powder samplesatd that concentration
quenching may not be an issue in GaN activated iy. TThe secondary phase TbOF
was observed in the powders starting with 1 atorffii#% and higher Tb concentrations.
With similar spectral features up to 8 atom %, ¢h@ssion spectra suggest that most of
the emission may originate from the *fhons in the secondary phase of TbOF. A
critical examination of the PLE spectrum of TbOFesuout this possibility.

In the GaN:TB" powder samples, the 543 nm emission froni Tims observed at

an excitation wavelength of 243 nm. When the ®slirectly excited with 320 or 360
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nm, no PL emission was observed at wavelengthgeshibran 543 nm. This suggests
that the 243 nm excitation process is associatéld eifect excitation of TH. In this
connection, it is interesting to compare this etain peak with that predicted for 4f

5d transition for TB" in YSIO,N based on the crystal field depression energyfi@edion
energy by Dorenbos [171]. In this material thetficoordination sphere contains two
oxygen atoms and two nitrogen atoms, and the secooddination sphere contains
additional four oxygen atoms [172]. Using the mpad crystal field depression energy of
22,313 crit and 4f-5d energy difference of 62520 tnthe predicted energy for 4f-5d
excitation energy is calculated to be 249 nm, wiscbomparable to that observed in the
present material. Similarly, with the oxynitride(®%iO,)sN, the crystal field depression
energy is 21,171 cthat one of the Y sites which yields a 4f5d transition energy to be
241 nm. These estimates of 4f 5d transition energies raise the possibility ofidhs
emitting in an oxynitride environment of GaN, irestieof TbOF.

However, the absence of any concentration quendigstysuggests that emission
of Tb*" activated samples do not saturate under normaktpgrconditions of a typical
light emitting diode. In order to avoid saturatiatypical chip operating at 350 mA
would require approximately 3 atom % RE ions withadiative life time ~10Qus. Our
results show that this concentration can be acHiewihout any accompanying
concentration quenching.

In general we observed weak PL in all our samm@esn when the Tb ions were
excited directly. The powders and thin films bittoresced under CL. Because no PL

emission was observed upon excitation at energigeehthan the bandgap except at 243
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nm, most likely the Tb ions are excited directlydnergetic electrons in CL rather than
electron and hole pairs generated by high enegptrens.

Our PLE measurements indicate the absence of argetransfer from the host
to Tb*" near the band-edge excitation. Unlike*H@63], no excitation peak developed
near the band edge that indicated transfer of gnfeogn the host to the activator ions.
The lack of any emission upon band-edge excitatam also at energies higher than
bandgap, is unfortunate from the perspective ofiqushis material for green emission.
Because excitation at energies higher than the daandreates electron-hole pairs, the
lack of TE"* emission upon excitation of the host lattice intBsahat this material is very

unlikely to fluoresce upon injection of electronlidpairs into the active layer.
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Chapter 6.  Synthesis and Characterization of GaAIN and GaAIN:§*" Powder

and Radio-Frequency Sputtered Thin Film

6.1 Abstract

A three-step solution method previously used tottmsize AIN and GaN
powders was modified to include the use of a stasbkteel pressure vessel to synthesize
single phase GaAIN powders. Radio-frequency (Rbttering of the same source
powder produced a GaAIN film, but with a very smathount of Al incorporation
compared to the source materilowders of GaAIN activated with Bysynthesized by
the solution method showed activator-related lusieace. Because Byemission was
observed for GaAIN:DY, but not for GaN:Dy powders synthesized by the same
approach, this suggests that Al incorporation aldiae luminescence of this rare-earth

activator in GaN.

6.2 Introduction

Fluorescent lamp phosphors, such as oxides, phtespaad vanadates have used
rare-earth (RE) ions as activators for decades,[138]. The earliest use of rare-earth
ions in phosphors was the YM@&U** phosphor for the red color in television displays
1964 [156]. Due to the forbidden nature of thesiaons, an efficient phosphor requires
energy transfer from the host crystal to the ramhe activator or from the primary
activator to the secondary rare-earth activatdre YVO,:EUu** phosphor luminescence is
an example of energy transfer to the RE ion froenttbst. Of late, research efforts have

been devoted to incorporating RE ions into a rethast for light-emitting devices [127].

123



124

Steckl et al. proposed that BHons are incorporated in the GaN lattice viaGation
substitution, which are bonded more strongly th&i Rons in II-VI semiconductors.
Relative to II-VI systems, RE-activated GaN alsoteams fewer defects due to charge
neutrality [127]. Emission in the red, green, gelland blue region of the visible
spectrum from EU, Tb**, Dy**, and Tni", respectively, have been demonstrated in AIN
powders [140, 141], as well as GaN powders andegdisser deposited thin films [19].
There have also been reports of some of these REused in GaN as color emitters in
electroluminescent thin films and devices [115,,1P74, 175]. Since GaN and AIN can
form a complete solid solution, the nitride allayutd be a potential host for the RE ions.
Furthermore, RE ions with higher energy levels barused as emitters in GaN alloyed
with AIN. This alloy would have a higher band gayan GaN (3.4 eV for GaN and 6.2
eV for AIN, respectively) [176]. The intensity ofsible emission from ion implanted
Eu®, EF*, Tb®" and Tn* ions has also been shown to be stronger in Gaiins fmade
by MOVPE and halide vapor phase epitaxy when coetpar pure GaN films. For Bl
activated samples, Lorenz et al. reported an isered activator emission for GaAIN
films implanted with Eti", up to 30 atom % Al; for higher concentrations #mission
drops significantly [176]. Wakahara showed tha thaximum CL and PL emission
intensity occurred at 50 % Al incorporation [17 Hlowever, TB" emission lines®Ps-
’F¢ transition) increased super linearly from 10 %upoto ~30 % Al, and then increased
linearly up to 100 % Al [178], whereas Eremission was not observed until ~30 % Al
and continued to increase until 100 % Al [179].qRo et al. demonstrated enhanced Tm
3 CL emission at lower (9 % to 21 %) Al content whilee and Steckl showed that ¥m

emission continued to increase until 81 % Al [1881].
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In the current work, GaAIN alloy powders were swsized by a three-step
solution method previously used for AIN and GaN pgevs [37]. In addition, a stainless
steel pressure vessel (Parr bomb) was used toesynghsingle phase Ga#&lIN and Ga
«yAlxDYyN powders (x = 0.1, 0.3, 0.5, y = 0.01). To stutg effect of aluminum
incorporation in GaN on DY luminescence, DY (1 atom %) was incorporated into the
nitride alloy with 10 and 30 atom % Al, with therfoula written as GgsdAlo.10DYo.01N
and GaedAlosdDYooiN, respectively. Furthermore, thin films were $prdd onto
sapphire substrates from GaN, (G&losdN and GaedAlosdDYo.0iN pressed-powder
targets. X-ray diffraction (XRD) was used to cleaesize the phases of the powder and
thin films. Cathodoluminescence (CL) was measuaédroom temperature for all

powders and thin films, which were excited at 5 kM 500 pA.
6.3 Experimental Procedures

6.3.1 Powder Synthesis

The process of preparing the ;GalyN and Ga.,AlDyyN powders was the same
as those in [37], except a stainless steel pressssel was used to increase the synthesis
pressure during the first step, as described belowhe amount of reactants was
calculated and weighed based on the desired predright and 100% conversion.

To prepare the undoped GAI«N powders, the first step was to weigh the
desired amount of host nitrate, Ga(®oXH,O (Puratronic by Alfa-Aesar, 99.999 %)
and AI(NG;)z- XH,O (Puratronic by Alfa-Aesar, 99.999 %), and diseolthem in
deionized (DI) water. Then, ammonium hydroxide ¢&H, Fisher Scientific, 28.50 %)

was added to the nitrate solution at room tempegatol form the hydroxide product,
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Ga-xAlx(OH)s, as a viscous gel. The gel was then filtereddared! in a dessicator into a
powder, which was then ground. In order to use ghessurized container, a small
amount of DI water was added to the powder, andnthé¢ure was then placed in a
Teflon-lined container with a Teflon lid. The Tefl container was placed inside a
stainless steel vessel with screw top, as showsgare 6.1. The entire vessel was then
heated at 100 °C for approximately 90 hours to mtenthe formation of GaAlx(OH)s.
The screw-top stainless steel vessel was requirpcetzent the escape of water vapor and
maintain the pressurized environment inside thdohefontainer. The pressure inside
the container was estimated from the steam tai®2] [to be around 9.9x iTorr (1.3
atm) at 100 °C.Following the heating process, the powder-like eatd of the container

was once again filtered and dried.

_____— Stainless Steel Screw-on Cap
with Spring

PTFE-lined Container

Stainless Steel Body

Figure 6.1 Schematic of the stainless steel pressure vessel.
To prepare the doped GaAlDyyN powders, first DyO3; powder (REacton by
Alfa Aesar, 99.9 %) was dissolved in concentratigicracid (HNG;, EM Science, 68.0 —
70.0 %) that was heated to approximately 80 °Cmiog an aqueous solution of
Dy(NOg3);. The activator solution was then added to the hibsate solution mixture of
Ga(NGy); and AI(NG); and placed in the stainless steel vessel to r@aaescribed

above.
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In step 2, the Ga,Alx(OH); or Ga-x.;AlxDyy(OH); was reacted with 2 - 3 times
the stoichiometric amount of ammonium fluoride (()#HXH,O, Alfa-Aesar, 99.9975%)
in DI water, and reacted at ~ 80°C for ~ 30 min.teAsubsequent filtration and drying,
the final product of this step was hexafluoride cpiate, (NH):Ga-AlxFs or
(NH,)3Gay-yAl DyyFe.

In step 3, the final step of the conversion proctss hexafluoride precipitate was
nitridated by placing it into a BN crucible, whigfas placed into a tube furnace to react
with flowing ultrahigh-purity ammonia gas (Mathesbngas, ULSI grade, 99.9995 %) at
900 °C for 150 min. In order to eliminate singleapes of GaN and AIN, and help the
formation of the alloy phase, all powders were ahedin ammonia gas at 1200°C for 2
h at a ramp rate of 10°C/min for heating and caplin

For this study, the final compositions of the ni&ripowders were GgAlysN for
the undoped powder, and §38Alo.1DYo0.0iN and GaedAlosdDYooiN for the doped

powders.

6.3.2 Radio-Frequency (RF) Sputtered Thin Film Deposition

6.3.3 RF Target Preparation

The nitride thin films were deposited from a sour@gget of the same
composition. Approximately 4 grams of the sour@avger was synthesized via the
solution process with the use of the stainlessl stegsel. Once the powders were
thoroughly mixed, they were pressed into a ~34 mamedier, 2 mm thick pellet using a
3-piece stainless steel mold, as shown in Figu2e &.irst, the powders were sprinkled

evenly into the target mold with the base inseratt] 4 - 5 drops of 4 % polyvinyl
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alcohol (PVA) solution were added as a binder f&r powders. Then the plunger was
inserted, and the whole assembly was placed ontddapress (Carver Laboratory Press,
model C) and compressed under ~ 9 ton pressuresfarid. After 15 min, the pressure
was slowly released to prevent cracking the pellet.

To remove the pellet, the assembly was first tunneside down. Then a hollow
tube with an inner diameter and total length exoepthat of the plunger was placed on
top of the assembly. Pressure was slowly appbeithé assembly such that the plunger
could slide upward and push out the pressed pelllethe pellet cracked when being

removed, it would be ground and pressed again.

34 mm

76 mm
- =

55
mm

L 1
Plunger

34 mm
60

-
) O

Target Mold 25.51

mm

| I |
Base

Figure 6.2 Schematic of the 3-piece stainless steel mold teeompress the target pellet.
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Once the pellet was removed, it was annealed wmba furnace in Nklwith a
heating and cooling rate of 30 °C/min to 1100°Chwib holding time The pellet was
then bonded via silver epoxy (Eccobond solder 5&6 @atalyst 9, Emerson & Cuming)
to a copper backing plate with an iron disk (pannber MAK-130-BP, MeiVac, Inc.),
and cured following manufacturer instructions. Toueed target was then placed at the
end of the sputtering gun, held in place by a magnEor this study, a GaN, a

Gay sdAl0.3DY0.01N, and a G@sAl o 5N target were fabricated.

6.3.4 RF Sputtering System Components

The RF sputtering system consisted of a water-cdoatating heating stage with
a molybdenum substrate holder, a titanium shufRmcky Mountain Vacuum Tech.,
Englewood, Colorado), and a water-cooled 13.56 MR{z sputtering gun with a
magnetic getter at the end of the sputtering gundeghL130A01 from MeiVac, Inc.), all
mounted inside a vacuum chamber (MDC Vacuum, Hagw@alifornia). The chamber
was pumped down using a turbo fan (TurboVac 50 With50 controller, from Leybold
Vacuum Products) connected to a 2-stage rotary pan® (TriVac 1.6B, from Leybold
Vacuum Products), with the vacuum level monitorgdabPirani-type vacuum gauge
(Model HV100 from Varian Vacuum Technologies). Td the chamber with the
sputtering gas, a 4-channel mass flow controllestesy (Model 247C, from MKS
Instruments, Inc.) was used to monitor the floveraA photo of the sputtering system
and schematics of the two main components are shovwigure 6.3 and Figure 6.4,

respectively.
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The sputtering gun was powered by an RF power sq@PS-250, Comdel, Inc.)
connected to an automatic matching network box \aitlsorresponding control unit
(Match Pro CPM-1000, Comdel, Inc.). The controltuoned the impedance of the
plasma generated during sputtering to match theQ50ansmission line impedance.
During operation, the SERIES and SHUNT caps orfring of the network box control
unit were adjusted to achieve the lowest refleggeder possible at any given forward

sputtering power.

Figure 6.3Photo of the RF sputtering system in operation.
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Vacuum Chamber | Atmosphere

Mo Substrate Holder
Steel Cylinder with Clips Cooling Water Hose
Cover Water Cooling l Source Target
* Block *

Connection to
Matching Network Box

? Magnetic Getter
K type SiC Heating
Thermocouple Element
Rotating Heating Stage RF Sputtering Gun

Figure 6.4 Schematic of the rotating heating stage and theRi&ering gun. The source target and the
magnetic getter were placed inside the vacuum cbhgmahile the cooling water hose and connection to
matching network box were in the atmosphere.

A 2-inch diameter SiC heating element (Rocky Mauteacuum Tech.)which
could be operated in air or vacuum, was used to theasubstrate. The temperature of
the heating stage was maintained by a temperaangotler (model CN76000, Omega
Engineering), which was connected to a solid g&ltey switch and pulse control module
(model SSRL240 and PCM-1, respectively, Omega Emging) powered by a line
voltage of 120 Vac, 50/60 Hz. A variable autotfanser (input 120 V, 50/60Hz, output
0 - 140V, 20 A max, Powerstat) was used to litmét ¥oltage to the heating element to a
maximum of about 40 V. To monitor the current deled to the heating element, a
shunt resistor assembly (Type PX, Westinghouse)phaased in series with the heating
element. The shunt resistor assembly, rated at\B0had four terminals (common, 3 A,

30 A, and 300 A) that were each connected to separgernal resistors that
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corresponded to the current ranges the terminalsuned. The resistance at each
terminal could then be calculated by Ohm’s law,

Rz\l/— (6.1)

where V=50 mV, and | = current listed at each faalh The resistance values at each

terminal are listed in Table 6.1

Table 6.1 Resistance values at each terminal on the shustaeassembly.

Terminal/current range (amps) Resistance (ohms)
3 1.6 x 10°
30 1.6 x 10
300 1.6 x 10

Next, a digital multimeter was connected to meadie voltage across the
common terminal and the specific current terminalith a known resistance, the actual
current during operation would then be calculatgdubing the instantaneous measured
voltage divided by the resistance at that termirfabr different current ranges, the user
would measure the voltage across the common tetamabother current terminals.

The substrate holder was a 7.6 cm diameter molybdeplate that could be
mounted on the steel cylinder cover, as shownguiféi 6.4. The substrates were secured
by 3 stainless steel clips. A titanium (Ti) shutould be rotated in front of the
substrates during deposition. The temperaturehefsubstrate was estimated using a
calibration curve shown in Figure 6.5. This wasassary because the thermocouple
inside the vacuum chamber was mounted slightlyraethe heating element. While at
room temperature the substrate and heating eleteemperature were identical; the
temperature difference became more significanigiten temperatures. To establish the

calibration curve for the substrate temperaturegttear thermocouple was placed in
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contact with the substrate holder to measure mgézature during heating under ~ 6.5 x
102 Torr N, pressure. A heating element temperature of ~77tdi@sponded to ~

500 °C at the substrate in ~ 6.5 X“IDorr N, pressure.

400—-
350_- y =0.63x + 14

R? = 0.99

300 -~

250-
200-
150-
100-

50-

Substrate temperature (C)

0

0 100 200 300 400 500 600
Heating element temperature (C)

Figure 6.5 Calibration curve pressure of substrate temperatensus heating element temperature at ~6.5
x 10% Torr N, pressure.

6.3.5 RF Sputtering Procedure

The sputtering process began with pumping down siattering chamber to
approximatelyl x 18Torr. The sputtering chamber was then backfilléthw, (UHP
grade, Airgas) while constantly adjusting the floate (around 3 - 5 sccm) to a pressure
of 6.5 x 10° Torr. Once at pressure, the heating element teatyrer was increased to
the desired temperature with the cooling wateh&heating stage and matching network

box turned on.
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The preliminary sputtering process began once thstsate was at temperature.
First, the Ti shutter was placed in front of théostuate. The RF power source and
network box control unit were turned on. The powentrol knob on the power source
was slowly turned to reach a forward power of 10@kd no reflected power, while the
SHUNT and SERIES knobs on the network box contnil were adjusted such that the
reflected power remained at 0 W. The plasma waaldhally be “lit” at ~ 25 W forward
power. Before all thin film depositions, the saitarget would first be sputtered for 10
min with the Ti shutter in front of the substrate,order to remove surface oxides and
other contaminants on the target surface. Aftemi) the shutter would be removed to
begin sputtering on the substrate.

The sputtering gun to substrate distance was £m.7 The films were deposited
onto the c-plane of sapphire substrates, which wersanted onto the rotating heating
stage, with a rotational speed of ~25 rpm. Thedilmere deposited at room temperature,
300 and 500 °C (substrate temperature) for Following deposition, the films were
annealed at 900°C in NHor 1 h. It has been reported that annealingeisessary to
activate the luminescent centers and improve thestéom intensity [165].

X-ray diffraction (XRD) was performed to characrerithe phases of the powder
and thin films. Cathodoluminescence (CL) measurgmewere done at room
temperature for all powders and thin films, whickres excited at 5 keV and 500 pA.
Imaging and elemental analysis was done using soguehectron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX). Alimgdes were either sputter-coated
with gold and palladium, or chromium during the gmay and analysis process.

Equipment details were listed in section 5.3.4.
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6.4 Results and Discussion

6.4.1 Powders

The XRD results in Figure 6.6 show the effect oihgsthe pressurized vessel
during the synthesis of the hydroxide precursohe Teference peaks of GaN and AIN
overlapped with the three samples show that san@@esynthesized without the
pressurized vessel separated into GaN and AIN ghasewever, sample (b) showed a
shift in the (100), (002), (101) peaks of GaN taosvire corresponding (100), (002), (101)
peaks of AIN, respectively, indicating the formatiof an alloy. Annealing the nitride
powder (sample (c)) for an additional hour at 1ZDCfurther improved the alloy
formation. This can most clearly be seen from p@éR), where the individual GaN and

AIN peaks merged into one broad peak.

(101)

‘ e GaN JCPDS 00-050-0792
= AIN JCPDS 00-025-1133
(1 00) = (a) GaAIN (Al=50 atom%) without pressure vessel
_ (002) = (b) GaAIN (AI=50 atom%) using pressure vessel
= (c) GaAIN (AlI=50 atom%) using pressure vessel,
l annealed at 1200C

(102)

|

Intensity (a.u.)

30IIII35 40 45 50I
2 theta (deg)

Figure 6.6 XRD of Ga sAlysN powders synthesized from hydroxide precursor aitt without using the
pressure vessel, heated at 100°C.
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Lattice parameters were calculated using the soétwprogram Jade 5.0
(Materials Data, Inc.) from the peak position shéf$ shown in Table 6.2. Tlaeand c
lattice parameters both decreased, indicating ticeessful incorporation of Al into the
GaN host. It is believed that the DI water addethe GagsAlps(OH)s;acted as a transfer
medium, allowing Al* ions to dissolve into the Ga(OH)attice when the hydroxide
phase reached its solubility limit in the DI watdfxtended heating at 100 °C inside the

pressurized vessel provided the vapor pressuraticaterated the dissolution process.

Table 6.2Lattice parameters of GaAIN powders synthesizet thie pressure vessel.

Sample Lattice parameter (A)

a-axis c-axis
GaN ( JCPDS 00-050-0792) 3.189 5.186
AIN (JCPDS 00-025-1133) 3.111 4.979
(b) Ga Alg:=N 3.162 5.179
(c) GaAlo:N annealed at 1200°C 3.151 5.145

In addition to the GgoAlpsdN sample, a GadAlo.1dDYo.0iN sample was also
synthesized in the pressure vessel. The domimansition of*Fg» — °Hisp for Dy**
typically occurred around 575 nm [69, 140]. CLules shown in Figure 6.7(c) indicated
stronger D§* emission from the GaoAlg1DYo.0iN powder compared to GaDyo.oN
powder (line (a)), where virtually no Byemission was observed. A very small and
broad peak could be seen in Figure 6.7(b) for thgsé8lo.100Y0.00N powder synthesized
without the pressure vessel, but the peak is sugmfly stronger for the sample
synthesized using the pressurized vessel. Thigestis that DY emission can be
improved with the incorporation of Al into the Gdidst, which is consistent with the

observations of others on Eu3+, ¥mand T8" ions [176-181].
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Figure 6.7 CL spectra of nitride alloy powders. (a)da@yo.0iN synthesized without pressure vessel, (b)
GaysAlo.1dDYo.0:N synthesized without pressure vessel, (Q)d#do.1dDYo.0:N synthesized with pressure
vessel.

6.4.2 Thin Films

Figure 6.8 shows the cross section of g 8k sN film sputtered on a GaN buffer
layer, which was sputtered on a (006) sapphiretsates The alloy layer was sputtered
for 1 h at room temperature, while the buffer layeas sputtered for 1 h at 500 °C.
Layers of the alloy film and GaN buffer film hasdoelabeled in the SEM micrograph in
Figure 6.8. In Figure 6.9, growth of hexagonahmsls occurred perpendicular to the
substrate surface, with smaller particles ~ 50 naleszing into larger islands of around
~ 1um. The films generally appear opaque and in samet@amces have a faint yellow

color. This correlates to the GaN films grown bkirfeda et al. with 100 % N
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atmosphere [183]. In their study, nanosized colamstructures were observed to grow
at low pressures (<5 mT) and changed to flat andtdéacstructures as the pressure
increased to ~20 mT. The films in this study werewgn at ~ 65mT, and the larger

hexagonal islands seen in Figure 6.9 were likely filceted structures observed by

Shinoda et al.

GaosAlosN layer

!‘:—-‘
Figure 6.8 Cross section of GaAlsN on GaN buffer and sapphire substrate.
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Figure 6.9Top view of GasAlysN on GaN buffer and sapphire substrate.

£

Figure 6.10 shows the XRD data for three films d#ed onto a sapphire (006)
substrate at 500C. Line (a) shows the diffraction pattern of thaNGbuffer film alone,
whereas (b) and (c) show the fs&losN film deposited onto the GaN buffer film. The
alloy film deposited on the GaN buffer has higherstallinity and larger grain size as
evidenced by a narrower peak with higher intensitmwpared to the alloy film deposited
directly on the sapphire substrate. A slight ppagition shift from the reference (002)
GaN peak is also seen for the film (c). Howeuee, position shift was significantly less
than that observed for the same peak for thes&asN powder.

In Figure 6.11, DY related transition is seen from adG#losdN film that was

annealed at 900°C for 1 h. Nevertheless, the @émnigatensities are weaker than the
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source powder. The decrease in®*Dgmission in the film compared to the source
powder may be attributed to the reduce@dttent that may promote Biyemission.

A separate GaAlgsN film was sputtered on a Si substrate to verifg il
content in the film, but EDX measurements show axipnately equal concentration of
Ga and Al in the deposited film. This suggests tha Al atoms were deposited onto the
substrate, but were in a disordered state and téendetected by XRD. The small peak
shift in the deposited film could be the resultmoinor Al incorporation into the GaN
lattice, but the majority of the Al atoms likelyggegated during the deposition process.
This indicates that the RF sputtering process \Wésta deposit a single phase GaN film
such as the GaN buffer film, but was not able tpodé an alloy film with the same

stoichiometric composition as the source alloy pemvd

(a) GaN buffer film on sapphire
s (b) Ga0.5Al05N film on sapphire
(c) GaosAlosN film on GaN buffer film
m GaN JCPDS 00-050-0792

16000 — n

14000

(c)

12000

2 10000 -
S i
> 8000-
) i
S 60004
E 4
4000 - (a)
0 (b)
I
34.0 345 35.0 355

2 theta (deg)

Figure 6.10 XRD patterns of RF sputtered thin film from GahdaGg s¢Al o 50N source target. (a) GaN
buffer film sputtered on sapphire, (b) &ghlosdN on sapphire directly, (c) GaAlqsdN on GaN buffer
film. All films were sputtered at 500 °C and pasinealed in 900 °C Nffor 1 h.
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=== GaAIN:Dy film (Al = 30 atom %, Dy = 1 atom %)
4| = GaAlIN:Dy powder (Al = 30 atom %, Dy = 1 atom %)

Intensity (Counts)

Wavelength (nm)

Figure 6.11 The various transitions for BYin Ga, ssAlo sdDY0.0:N powder and RF sputtered thin film. The
transitions were assigned according to [140].

6.5 Conclusions
Using a pressure vessel, GaAIN powders were suctigssynthesized that would

have otherwise separated into GaN and AIN pha¢egended heating at 100°C in a
pressurized environment was also required to prerttw formation of the alloy. BY
activator emission was also significantly enhandedthe GaAIN host powder as
compared to the GaN host. For thin films, the saperating conditions were used to
deposit GaN buffer films from commercial powders,veell as powders made by the 3-
step solution process. Both types of buffer finwesre confirmed by XRD to be single
phase GaN film and also exhibited band gap emissmer CL at about 365 nm (results
not shown). However, the films sputtered from Hayasource target did not show the

same compositions as the source; only a singleepBa film was deposited. However,
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EDX measurements confirmed the presence of equaliais of Al and Ga concentration
in a film deposited on a Si substrate. Thereftwe majority of the Al atoms likely
segregated from the alloy lattice with only a snaatiount of Al incorporated into the

GaN film.
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Chapter 7.  Conclusions and Recommendations for Future Work

7.1 Conclusions

As discussed in section 6.2, rare-earth ions hasenbused extensively as
luminescent centers in conventional oxide, phosphat vanadate phosphors for the past
few decades. Due to the energy transfer betweies @farare-earth ions, combinations of
rare-earth ions have also been used in single hostaprove the color rendering and
efficacy of the specific phosphor. For examples émergy transfer from &eto Tb
enhances the green *Tkemission in LaP@[69, 184]. Since the invention of the GaN-
based blue LEDs in the mid 1990’s, white LEDs tbatild be used as backlights and
replacements for incandescent or fluorescent lanape become very attractive due to
their low energy consumption. This research ptogmed to use rare-earth ions as
luminescent centers in nitride hosts. Other reteagroups have successfully
incorporated and shown visible emission in nitrpevders as well as MBE and PLD
films, as referenced in section 5.2 and 6.2. These the McKittrick lab at UCSD and
the group led by Dr. Kailash Mishra at Osram-Sylaa@entral Research collaborated on
this project to study the optical properties froarigus rare-earth ions in nitride powders
as well as thin films.

A 3-step synthesis process originally used to sside GaN powders [128, 129]
was utilized for synthesizing AIN and GaN powderg tuning the experimental
conditions as well as redesigning the experimayphratus. A summary of the findings

is given below:

143
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By eliminating an intermediate drying step and chiag the washing
agent from DI water to ethanol, the oxygen conterthe precursors was
reduced to below the detection limit of EDX, ~ @tbm %.

O-ring joints used on the redesigned equipment awgut sealing and
prevented the ingress of air, which reduced theyerycontent of the final
nitride product to around 4 atom %. This concdittreof oxygen is much
less than that of commercial materials, typically0~-atom %.

The sample with the lowest oxygen content to dée axhibited band
gap emission at 3.4 eV, which has not been obsemvecbmmercial

materials.

In the synthesis of pure AIN and rare-earth actisi@AIN powders, RE emission

was clearly observed in these powders. The firglarg summarized below:

Strong defect emission was observed in PL measumsmand it was
attributed to point defects and oxygen defecthienhtost powder [141].

The defect emission was significantly reduced wihernhost was activated
with EU**, Tb**, and Tmi*, which showed luminescence in the red, green,
and blue regions of the visible spectrum, respeltiv

In the PLE spectrum, the excitation peaks of thvaior overlapped with
the broad band emission of the host.

These observations suggested successful energgfetrdnom either the
host to the activator or from the excited defeatest to the activator.

PLE spectrum of a co-doped *p EU** activated sample showed

excitation peaks clearly related to both activgtsh®wing the possibility
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of using one sensitizer with multiple activatorsaasvhite light-emitting
system.
When the synthesis process was extended to GaXsaNdRE" powders, it was
more difficult to observe visible emission. Thedings are summarized below:

« Despite the reduction in oxygen content in the Gaders, GaN:RE
powders were not luminescent under xenon lamp aimit.

* Higher energy excitation, such as electron beamitaian (CL), was
required to show T8 and Dy* luminescence at room temperature.

« The concentration dependence of ‘Tim GaN powders was studied from
0.25 atom % to 8 atom % b The impurity phases TbOF was observed
in XRD at concentrations above 1 atom %’ Ttwith additional minor
phases of TbON and ThBbserved in the sample with 8 atom %Tb

« The TB" related emission intensity increased with incregdib’* content
up to 8 atom %, which indicates that concentratjoenching would not
be an effect to reduce visible emission.

 PLE measurements showed no band edge excitatidnfpeghe sample
with 5 atom % TB" and no evidence of energy transfer from the Gadt ho
to the activator. In order for GaN:¥hto be used as a luminescent active
layer in a LED, electron-hole pairs would have tibjected across the
band gap. Because there was no energy transfartfre band gap of the
host to the activator, Pbwould not be a useful green emitter in a GaN

LED device.
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To study the properties of thin films, MOVPE as Mad PLD and RF-sputtering

were all used to deposit nitride thin films. Tiedings are:

Consistent band gap emission for GaN could onlpl&erved when the
host powders were deposited as thin films, whe#isePLD thin films or
RF-sputtered thin films.

PLD thin films were deposited from a GaN source gemtarget with 1
and 2 atom % TB synthesized by the 3-step solution approach.

Two PLD thin films were deposited under identicahditions, except
with a surface fluence of 0.20 J/tand 0.24 J/cfa The sample deposited
under the higher surface fluence was more polyalyst, as evidenced
by higher (100) and (101) diffraction peak intepsivhich were seen in
addition to the (002) peak, the preferential grovdinection on the
sapphire substrate. The sample deposited witlverlsurface fluence and
higher crystallinity was studied with CL, and shawd@b®* related
transitions with near band-edge transition that was observed in the
source powder. This indicated a reduction in ¢kerall amount of
defects when the source powders were depositddrasliins.

The relative intensity of the band gap emissionHbb thin films was still
weaker than that observed for MOVPE films, indiegta higher purity
and lack of defects in MOVPE films compared to Blfabricated by RF-

sputtering and pulsed laser deposition.
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 For MOVPE thin films, two types of precursors werged to introduce
Tb** ions into the GaN films: Th(TMHRWwith ligands containing oxygen,
and Tb(i-PrCp) with no oxygen.

o The film deposited with Th(TMHDR)showed weak TH emission,
but it also contained the 303 phase as evidenced by XRD. The
film deposited with Th(i-PrCp)showed no T, even under CL
excitation.

o It may be that oxygen is necessary to incorpordf¥ ito the
GaN lattice, as noted in [32].

Nitride alloy powder and thin films were also stdliin this project. The findings
are:

» A pressurized container was required to providediffasion medium and
pressure to form the alloy hydroxide phase, GaAl$H the first step to
synthesized the powders. Without the use of thespiezed container, the
subsequent hexafluoride compound and the finabeigproduct separated
into GaN and AIN phases.

* XRD results showed that the diffraction peaks wierean alloy of GaN
and AIN.

« When Dy' was incorporated into GaAIN powders, the *Dselated
emissions were much stronger than those observeeh viby'* was
incorporated in GaN only.

* RF sputtering was successful in depositing GaN sfilimom both

commercial powders as well as GaN powders made filoen 3-step
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solution method. Post-annealing at 900 °C forid NH3; was required to
further crystallize the deposited film, and the NEtmosphere also
introduced additional nitrogen atoms into the ¢atti

» After annealing, GaN films showed near band edgssan at ~ 365 nm
by PL and a strong (002) diffraction peak via XR&nnfirming the
formation of the GaN phase.

* The same sputtering procedures were not succeasfi@dpositing GaAIN
films. Even though the source material wasg ég8os0N powder, the
final deposited film showed only very minor peakftsim the diffraction
pattern.

 EDX measurements on a §3AlosN film deposited on a Si substrate show
roughly equal amount of Al and Ga in the deposiilead. This indicated
that the sputtered film has the same compositioth@source target, but
Al atoms segregated from the alloy phase duringosiéipn. However,
the minor peak shift and increase in°Dgmission show that some Al may
still be incorporated into the GaN film.

* Further testing of the sputtering parameters, sashthe deposition
temperature, gas atmosphere, and deposition chacandiguration are

being explored to attempt to deposit nitride afioys.

7.2 Future Work

There continues to be research efforts in the féld/hite solid-state lighting in

their device structures [185-187], as well as namrghnic and inorganic materials [188-
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190]. Other research groups have successfully nRitlactivated nitrides, mostly by
using thin film deposition techniques in combinatievith implantation or in-situ
techniques to directly incorporate RE activatorsrentioned previously (see Chapter 2,
3,5, 6)[23, 157, 168, 191, 192]. Considering tha thin film samples showed stronger
luminescence than the powder samples, and the waleapplication for the nitride
material as an LED, it is necessary to focus omidabng thin films instead of powders.
Basic luminescence characterization from the athegized material is important, but it
is also critical to produce devices that demonstratisible emission under
electroluminescence.

The results of this project for nitride alloys haveen echoed by other research
groups [179, 193], where they also observed areas® in emission intensity from the
activators once aluminum was added to GaN. Howeorygen content increases
correspondingly with more aluminum, which may ctnite to stronger defect emission.
In addition to optimizing the RF-sputtering paraemst for GaAIN alloys films, an
extended study on the effect of oxygen on nitridileya would be useful to compare with
results published by other groups. The role thafgen plays in promoting rare-earth
emission in nitrides should be explored further.

While Tnt* was proposed as a blue emitter in our nitride, lavsather possibility
was to use an alloy of InGaN to lower the band gap the visible spectrum. The
volatility of In at room temperature may be prohi®, but it would be another way to
enable multiple color emission from a single syste@®ur results also indicate that the
original candidate of T8 as a green emitter would not be successful inE&b Hevice;

therefore a new green emitter would be necessahifonitride system.
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