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ABSTRACT

The field of group llI-nitride semiconductors hases incredible developments
during last couple of decades. They are recograzetthe most promising materials for a
wide field of optoelectronics and electronic desgic&heir bandgap ranges from 6.2 eV
for AIN to 0.7 eV for InN, covering a wide spectrange from infrared (1.77 mm) to
deep ultraviolet (200 nm). Their direct bandgap esakhem useful for fabricating
optoelectronic devices such as light emitting dsodeEDs), laser diodes (LDs), and
photodetectors. llI-nitride semiconductor materialso possess strong bond strengths
and exhibit good structural, chemical and thermabisty. These properties make it
possible for lll-nitride based devices to operatéhe high-temperature environments and
also make them compatible with high processing tmatpres. They also have high
electron saturation velocity and high breakdowrtdfi&uch unique material properties
also make lll-nitride semiconductor very popular fee applications in high power, high
frequency devices such as high electron mobilaggrstors (HEMTS).

AlGaN is the semiconductor materials of choicedptoelectronic devices in the
ultra-violet (UV) spectral range and high powerghifrequency electronic devices.
Significant advances have been made in AlGaN babédight emitting diodes high
electron mobility transistors during the last dexa@erformance and reliability of these
devices strongly depend on the electronic properté epitaxial layers which are
critically affected by structural defects and uairttonal doped impurities. As the

bandgap of AlGaN increases with its Al compositithe ionization energies for silicon

iv



(n-type dopant) and magnesium (p-type dopant) @szetoo, resulting in a lower
ionization efficiency. Therefore, both n-type antype doping of AlGaN layers is much
more difficult than GaN. Very high Si doping contation is needed to achieve low
resistivity AlGaN layers.

Effective doping without compromising material qtialis the key to high
efficiency of AlGaN based devices. This thesisasused on optimization of AlGaN
epitaxial growth and the effects of n-type doping AlGaN epilayer quality. AlGaN
films were grown on c-plane sapphire substrateagusnetal organic chemical vapor
deposition. First growth optimization of AlIGaN layeas carried out. A systematic study
of a series of Si-doped Aba «N layers with three different x = 50%, 65% and 72%s
accomplished. Detailed material characterizatiariuging x-ray diffractometry, atomic
force microscopy, hall-effect measurement, shegtance mapping, and transmission
line measurement was carried out. As the dopingcemination increased, carrier
concentration was found to monotonically increaseengas doping efficiency reduced.
Hall mobility and carrier concentrations were foutml reduce with increased Al
concentration, as expected due to increased iommzatnergy. Calculated doping
efficiency was found to be consistent with dopindficeency equation. The

comprehensive results, relevant conclusions anadutends are included.
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CHAPTER 1:INTRODUCTION

Chapter 1 reviews the history and scientific breedighs in the field of Ill-
nitrides. Nitride-based device structures for etmut and optoelectronic applications
usually incorporate layers of &a_ N, where 0< x < 1 depending on the targeted
wavelength or specific application. The layers ddug binary, ternary or quaternary type
of semiconductors and may be undoped or dopedpwitin n- type of impurities. Various
growth techniques, their current status and chgéerassociated with heteroepitaxy of
AlGaN films are also discussed in this chapter.

The field of group lll-nitrides has seen remarkatideelopments during last two
decades. They are recognized as the most promis@grials for a wide field of

optoelectronics and electronic devices.

@electronic Microwave Device}

Devices - Power Amplifies

- UV LED - Low Noise Amp.s

- UV LESAR - Voltage Controlled

- UV Detectors Oscillators

I1I-Nitrides
Sensors KJPower Electronics
- Pressure Transducers - Diodes
- Flame Sensors - Thyristors
- Power Transistors

- Gas Sensors
K o /

Figure 1.1: Applications of IlI-Nitride Semicondocs




They are wide bandgap materials and crystallizevintzite or zinc blende
polytypes, the wurtzite being the most common. Thandgap ranges from 6.2 eV for
AIN to 0.7 eV for InN, covering a wide spectral genfrom infrared (1.77 mm) to deep
ultraviolet (200 nm) [1]. Their direct bandgap makthem useful for fabricating
optoelectronic devices such as Light Emitting D®d@EDs), laser diodes, and
photodetectors. llI-nitride semiconductor materialso possess strong bond strengths
and exhibit good structural, chemical and thermabitty. These properties make it
possible for lll-nitride based devices to operatéhie high-temperature environments and
also make them compatible with high processing tatpres. They also have high
electron saturation velocity (2xi@n/s) and high breakdown field (~2 MV/cm). Such
unique material properties also make this Ill-digrisemiconductor very popular for the
applications in high power, high frequency devisegh as High Electron Mobility

Transistors (HEMTS).

1.1 EvOLUTION OF IlI- NITRIDE FILMS AND CRYSTALS GROWTH

As reviewed by Ambacher the history of group Iiricies covers more than a
century. AIN powder was first made in 1862 fromuid; Al and N gas. The major
drawback of this direct reaction method is that $heface film of AIN on Al is highly
adherent and hinders further reaction. Almost awsgnlater in 1964 a more useful
method for making AIN is to react Adfpowder with NH gas at high temperatures. The
overall chemical reaction at 100Q is:

AIF3(s) + NHs (@) — AIN(S) +3HF (g) ...t .. 1.1
In order to promote the formation of AIN, it is mssary to keep the NH3 partial

pressure above 1 bar and the HF gas must be caltyimemoved. At 1 atm. pressure, a



minimum of 25 molecules of NH3 are needed for eAtd molecule produced. The
earliest investigations of GaN powder were repoftgdlohnson and co-workers, who
described the conversion of metallic Ga in a NH8ash by the chemical reaction:

2Ga () + 2NH (g) > 2GaN(s) +3H(Q) ... vovvn. .. 1.2
They obtained a black powder by flowing ammoniaroneetallic gallium at

1000°C. These early growth processes and investigatiesglted in AIN and GaN
powders and very small crystals which were usedetermine basic physical properties
like crystal structure, lattice constants and @itjgroperties. These results enabled the
identification of substrate materials suitabletfoe heteroepitaxy of group llI-nitrides [2].
The first demonstration of growth of GaN and Al by MOCVD was carried
out by Manasevitt al. in 1971. However, the first p-n junction GaN-lhdeED by
MOCVD was achieved much later in 1989 by Amano Akdsakiet al. [2] [3] . Akasaki
and his collaborators showed that good epilayerHl-afitrides on sapphire substrates
can be grown by MOCVD if the growth is performedtwo steps. Various epitaxial

growth techniques and its uniqueness are brieflgutised here.

1.2 CURRENTEPITAXIAL GROWTH TECHNIQUES
Molecular beam epitaxy (MBE), hydride vapor phag#aay (HVPE), and metal
organic chemical vapor deposition (MOCVD) are thee¢ common methods used for

growth of lll-nitride epilayers.

1.2.1 Molecular beam epitaxy
MBE can produce high-quality layers with very alrupterfaces and good

control of thickness, doping, and composition. MBEwth mechanism is shown in



Figure 1.2 [3].It involves evaporation of the source materials E&ye-by-layer growth

on a hot substrate.

@ &

‘  Molecular Beams

Growing Epitaxial

Substrate Wafer

Figure 1.2: MBE growth mechanisms

Typically atoms are delivered as a beam o onto the substrate under extrem
high vacuum. Atoms arriving at the substrate s@fatay undergo absorption to 1
surface, surface migration, incorporation into taidattice and thermal desorptic
Which of the competing pathways dominates the th will strongly depend on tfF
temperature of the substrate. Growth temperaturesuaually much lower than fi
MOCVD to avoid evaporation of the group Il matéri@ince N2 cannot be dissocial
by using conventional effusion cells, alternataagén ources are usually employe
Use of ammonia as a nitrogen source results in legrygrowth rates as ammonia is vt
stable at lower temperatures. Plasma sources carsdgeto grow high quality GaN
growth rates comparable to MOCVD. However, dueneneed for ultrahigh vacuum ir

MBE, MOCVD still remains the most favored growthtimed of I1I-Nitrides[1].



1.2.2 Hydride vapor phase epitaxy

HVPE technology was used to deposit epilayers ¢t k&aN and AIN more than
40 years ago. The method provides deposition rateseveral microns per minute
making it possible to grow hundred microns thickels. H.P. Maruska et al. [1] used
HVPE to demonstrate the first GaN violet light gerit AlGaN alloy growth by HVPE
has also been performed. However, despite substgmbgress in material quality and
process understanding, background n-type carrieices@ration in grown materials
remained high and achieving p-type conductivity wais/ challenging. Rapid progress in
MOCVD for p-type GaN and AlGaN materials in thelgd990s and its ability to form a
(ADN/InGaN quantum well structures made HVPE teabgy obsolete for growth of

device structures.

1.2.3 Metal organic chemical vapor deposition

Main gas flow region

O

vVYyYy

Gas phase reactions

@ Desoprtion of
@ volatile surface
\ reaction products
@ Tﬂedesurpion

of film
2 Surface e "sandgrowth  Step growth
% diffusion | :
7 _ ﬁud/surpnun uf/ / / / ,, SUTTB({E / /,
i R

Figure 1.3: MOCVD process [4]

MOCVD has developed over the past two decadestitdeading technique for

epitaxial growth of group lll-nitrides. This teclguie was first introduced in the late



1960s by Manasevit and Simpson to deposit GaAsfdnto foreign substrates. The near
equilibrium technique such as HVPE is not suitdiolle nucleation onto a chemically
different surface. These pioneers found that ifythesed combination of an alkyl
organometallic for the group Il element and a ligelfor group V element, then films of
GaAs could be deposited on a variety of differentfaces. Thus the technique of
MOCVD was born and in the late 1980s it becamentlagn production technique after
improving the purity of organometallic precursongidnydrides.

As shown in Figure 1.3, growth by MOCVD involvessgphase transport of
organometallic precursors, hydrides and carrierega® a heated substrate. Higher
growth temperatures allow the volatile precursorpyrolize at the substrate and deposit
a nonvolatile solid film. The group Ill sources arsually Trimethylgallium (TMGa),
Trimethylaluminum (TMAI) and Trimethylindium (TMInyvhereas high-purity ammonia
(NH3) is used as the hydride source. Silicon (Sithe most common n-type dopant and
is delivered in hydride forms, such as silane (Sibdd disilane (Si2H6) whereas Mg is

the most common p-type dopant.

1.3 SUBSTRATESELECTION AND ISSUES

Unlike other semiconductors, growth of native litride substrates is extremely
challenging. The key obstacle is the low solubilifyN, in metal melts at reasonable
temperatures and pressures coupled with high vapssure of B above nitrides [2].
Therefore the standard methods of crystal growtbdu®r producing semiconductor
substrates (such as Bridgman, Czochralski, Verneaiinot be used for IlI-nitrides. Bulk
GaN and AIN substrates are now commercially becgravailable. Growing epi-layers

on native substrate are beneficial due to no &tiismatch. Growth on native substrate



can produce epi-structure with a very low dislamatilensity but these substrates are very
expensive and available in smaller sizes of abanth diameter. Due to their high cost
and limited size bulk substrates are not preferédmandustrial applications. The bulk
AIN substrate also has a high light absorption ratech makes them inefficient for
optoelectronic applications. The substrate seledtiecomes crucial in the field of IlI-
nitride due to all constrains associated with resubstrates. The growth over foreign
substrate has been mature over this period. A wadiety of foreign substrate materials
have been studied by various groups for nitridéagj including sapphire, SiC, Si, GaP,
W, ZnO, MgALO,4, MgO, LIAIO,, and LiGaQ. The most promising results so far have
been obtained on sapphire, Si, and SiC. Howeveretis significant mismatch of lattice
constants as well as thermal expansion coeffiCiEBIEC) between llI-nitrides and these

substrates as shown in following Table 1.1 [1] [2]

Table 1.1: Mismatch of lattice constants and théerpansion coefficients between lIlI-
nitride and most favored foreign substrates.

Lattice mismatch (%) TEC mismatch (%)
Substrate/llI-Nitrideg  AIN GaN InN AIN GaN INN
Sapphire 11.73| 13.86 22.5B -44.67 -25.47 -2k
Si(111) -23.38 -20.91 -9.37 59.62 115 119
SiC — 6H 1.03 3.42 14.64 -1.19 33.1 35.71




® [1i-planc of [1I-N
O O-plane of sapphire

— axes of
- S| AhO3
aneEN =
[1120]
asap = 4.76 A

Figure 1.4: Schematic representation of in-planenat arrangement in the case of
(0001) AIN film grown on (0001) sapphire [2]

In spite of large differences in lattice parametarsl TECs, heteroepitaxy of
nitrides on c-plane sapphire has produced thedmste performance to date. As shown
in Table 1.1 the lattice mismatch of GaN with sappls ~14 %. The quality of the films
grown directly on sapphire without buffer layempigor and hillocks are observed because
of the large mismatch of lattice and thermal exmanf GaN and sapphire. The
schematic representation of in plane atomic arnawege in the case of AIN film grown
on sapphire is shown in Figure 1.4. Later in thissts growth of better quality epitaxial
layer by first growing low temperature nucleati@ydr, its experiments and results are
discussed. Large-area high-quality sapphire suiestrare easily available at low cost.
These substrates are also available in wide rahgBameter and thickness. They are
transparent, stable at high temperature, and thethgrtechnology of nitrides on them is

rather established.



1.4 [lI-N ITRIDES THIN FILMS FOROPTOELECTRONICAPPLICATIONS

AIN Gan

l (210 nm) (365 nm)
Bandgap (eV)

6 5 4 3 2

UV light

Vacuum-UV 200 Deep-UV 300 Near-UV 400 500 800 700
(absorption by air)
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‘ Mercury lamps | |
Excimer lasers

— Water Environmental
Nanofabrication  Sterilization purification protection

techno!ogy = . %@
= i J!j‘ o i, , 2y o — )
D e |

|m e High-density
] optical data recording

Analytical instruments

Figure 1.5: UV LED Applications [5]

GaN-based semiconductors as wide-band gap matér@als found increasing
scientific and practical interest in the recentrgedhis is in large part, due to their use in
high power light-emitting diodes (LEDs) as welllaser diodes (LDs) in addition to their
application for high power high frequency electasnj2]. The LEDs emit infrared rays,
visible light, or ultraviolet (UV) rays. The visiblrange of LEDs plays an important role
in high density optical storage, solid-state lighti color printing and display
applications.

As shown in the ultraviolet LEDs (UVLEDs) have paial use in disinfection,
sensing and polymer curing. Emission light in deApband with short wavelengths of
between 220 and 350 nanometers has high sterilzavger. UVLEDs overall have a
growing potential in a broad range of applicatiansluding in medicine and in the rapid

decomposition of environmental pollutants, sucdiagins.
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AIN, GaN and InN are all direct bandgap semicondydhe bandgap energy for
AIN is 6.2 eV, for GaN it is 3.4 eV and for InNig 0.6. Figure 1.6 shows the bandgap
energy and wavelength as a function of lattice t@ris Unlike the lll-phosphide
semiconductor materials the llI-nitride system deshEDs that emit green, blue, violet
and even ultraviolet wavelengths.

The LEDs typically consists of n-type and p-typgeld made from GaN or
AlGaN, quantum wells made from GalnN or AlGaN ardcking layers made from
AlGaN. In a semiconductor with a bandgap Eg, redoatibn of an electron-hole pair
(EHP) leads to the release of an amount of eneyggléo Eg. One way this energy can
be released is through an emission of a photon.widwelength. of this emitted photon
is governed by the bandgap of the semiconductoemahtaccording to the following
equation:

10



h
A= .13
Eg

Thus, a light source of a desired wavelength caretgineered by using a
semiconductor with a proper bandgap and the bandgagntrolled just by changing the
group-lll content [1]. Blue LEDs are particularhttractive for solid-state lighting
applications; for the application the blue LEDs aoenbined with yellow phosphors to

make white light source.

1.4.1 Light Emitting Diodes

The schematic of typical LED is shown in Figure.1.7

ig .
Light output Semitransparent
metal
p-laver
: L — P
series aACCess resistance Y
) Ohmaic
n-layer
: Lo d contacts
series access resistance - n

—

Figure 1.7: Schematic of typical LED

The whole structure is grown by epitaxial technigseng MOCVD process. The
device is usually designed such that most of thetae recombination takes place in the

side of the junction nearest the surface wherebyptbability of reabsorption is greatly
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reduced. The process occurring in a LED can beldd/into three stages and the overall

device efficiencyn, may be expressed as per following equation:

no :nin nr ne ............... 14
where nin, 1, andnerespectively are the injection, radiative recomborg and extraction

efficiency.

The overall LED efficiency is simply the ratio ofptical power output and
electrical power input. Thus, efficiency depends @ectrical efficiency and light
extraction efficiency.

Wall-plug power efficiency may be expressed as shiowiollowing equation:
Poptical

Mwp =T e 1.5

Pelectrical

This efficiency can be significantly improved bymmizing Riectricas Which is controlled

by n-layer and p-layer series access resistancetelt respectively, Kand R

d
Rsn = pn 7” .............. 1.6
where, the resistivity of the n-layergg the thickness is dn and contact area is A.

d
Rep=pp—- e 17

where, the resistivity of the p-layergs, the thickness is dp and contact area is A [3].
The resistivity of both n- and p- type of layersidae improved by effective doping of
these layers. Hence, doping plays a crucial rolenjproving efficiency of light emitting

diodes (LEDs).

1.4.2 Visible Light Emitting Diodes
The past decade has seen an explosion in the o$agéd-state lighting, vastly

enhancing the quality of our life.
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Figure 1.8: A dress consisting of 2000 LED lighispthys live tweets during Britain’s
4G mobile network launch

The single color LEDs has been commercialized wiginificant improvement in
its lifetime. The simplified structure of typicai®aN based LED is shown in the Figure

1.9.

Figure 1.9: Simplified structure of a typical InGabised LED
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Currently, wide verity of LEDs and Laser Diodes arged for various applications.
Figure 1.8 shows one of the advanced applicatibnssible LED being used as a unique
display platform. The real revolution in lightingchnology willoccur if we are able to
replace our conventionalhite light source with LEDSs.

The most straightforward way to generate white tligh to simply combine
monochromatic light of the three primary colorsd,rgreen, and blue (RGB). This will
produce a white source matching the RGB sensotseohuman eye [6]. However, the
growth of InGaN with higher In content is intringlty difficult. The dissociation
temperature of InN (~600C) is lower than the general growth temperaturegeafor
nitrides (~1000C) and thus the growth temperature of InGaN shbeldower. On the
other hand, the decomposition efficiency of NH3rdases drastically around 60D.
Because of the difficulties faced with the growthred- emitting InGaN, Philipat €
considered other potential white light sourcestipalarly ones in which only require
emission wavelengths <600 nm.

This approach of combining different colors to proe white light is shown in
Figure 1.10. One such example is the two-colorcttre shown in Figure 1.11. This
device structure features two independently-poweaetive regions which emit at
approximately 400 nm and 560 nnthese two wavelengths are known to be
complementary and they can be mixed to yield aratvemission which gives the

perception of white light.
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RGB (Red, Green, Blue) Blue + Yellow Phosphor

|memii

Figure 1.10: Two ways to produce white lite with&[10]

Figure 1.11: White LED structure using violet ardlgw emission
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Figure 1.12: Enhanced version of the CIE Chromigtidiagram

This is often demonstrated by the enhanced vexsidne 1931 CIEchromaticity
diagram shown in Figure 1.12 [7]. Pure or saturatetbrs are located around the
perimeter of the parabolic and white light is lechtat its center. A key aspect of
colorimetry is that color perception is essentiaty additive function of the color space.
Human color perception can be such two light somnegle up of different wavelengths
may appear to be the same color.

Thus two light sources will have the same appaceldr to an observer when
they have the same tristimulus values, no matteat\spectral distribution of light were
used to produce them. Two sources that have the sazhromatic values will also have

the same resulting chromaticity point in the capace.
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1.4.3 Ultra Violet Light Emitting Diodes (UVLEDS)

p-Contact
p-GaN

n-Contact

n-AlGaN

AIN Buffer Layer
Sapphire Substrate

Figure 1.13: Schematic of UVLED on sapphire

The UVLED layer structure is shown in Figure 1.18].[ The growth of
epitaxial structure is done over basal plane sapmubstrate by MOCVD process. The
UVLED typically consists of MQW active region sandived between n-AlGaN and p-
GaN layers. Both the Al compositions of AlGaN barrilayers, n-AlGaN and p-
AlGaN cladding layers are also adjusted to pres#reecarrier confinement in quantum
wells and proper injection conditions and the adtitansparency of cladding layers.
Superlattices between AIN and n-AlGaN layer miniesizracking by modifying strain
properties of the epilayer structure and thus &gamtly improves the electrical
properties of n-AlGaN. There are still several esuin achieving moreaeliable
UVLEDs with higher efficiency, which is ~ 10 % asngpared to the efficiencies of
visible LEDs ~ 70%. Novel ways of improving and opizing layer structure of UVLED

would possibly boost its performance and efficiency
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1.5 SCOPE OFSTUDY

As discussed earlier in this chapter, AlGaN is seeniconductor materials of
choice for optoelectronic devices in the UV spdctange and high power, high
frequency electronic devices. Significant advarttage been made in AlGaN based UV
light emitting diodes high electron mobility tras&irs during the last decade.
Performance and reliability of these devices stipdgpend on the electronic properties
of epitaxial layers which are critically affecteq¢ btructural defects and unintentional
doped impurities. As the bandgap of AlGaN increasdh its Al composition, the
ionization energies for silicon (n-type dopant) andgnesium (p-type dopant) increase
too, resulting in a lower ionization efficiency. diefore, both n-type and p-type doping
of AlGaN layers is much more difficult than GaN.ryéiigh Si doping concentration is
needed to achieve low resistivity AlGaN layers.

Effective doping without compromising material gbalis the key to high
efficiency of AlGaN based devices. This thesisasused on optimization of AlGaN
epitaxial growth and the effects of n-type doping AlGaN epilayer quality. First,
growth optimization of AlGaN layer was carried ouh. Chapter 2, optimization of
AlGaN layer and importance of nucleation layer iscdssed. AlGaN films were grown
on c-plane sapphire substrates using metal orgdn@mical vapor deposition. Chapter 3
covers a systematic study of a series of Si-dogg@a N layers with three different x =
50%, 65% and 72%. This chapter also includes nahtehiaracterization including x-ray
diffractometry, atomic force microscopy, hall-effemeasurement, sheet resistance
mapping, and transmission line measurement. Effe€tsloping on AlGa.N with

change in x value and doping concentration are &&an The comprehensive results

18



from these characterizations including carrier emi@ation and doping efficiencies are

reported. Relevant conclusions and future treneslmcussed in Chapter 4 and 5.
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CHAPTER 2:0PTIMIZATION OF ALGAN EPITAXIAL GROWTH

To fabricate nitride-based ultraviolet optoelectcotlevices, a deposition process
for high-Al-composition AlGaN (Al content > 50%)IMs with reduced dislocation
densities must be developed. This chapter desdfileegrowth of AIN and AlGaN film on
(0001) sapphire via LT AIN nucleation layer using metal organic cheahivapor
deposition (MOCVD). The influence of the low temgteire AINbuffer layer thickness
on the AIN epilayer is investigated by triple-axiX-ray diffraction, optical
microscope and optical transmission. The resutts fsample characterization have been
discussed later in this chapter. An appropriatefdsuthickness results in the best

structural properties and surface morphology [9] [1

2.1 Two STEPEPITAXIAL GROWTHPROCESS

Until 1985, hexagonal GaN grown by MOCVD was detaukidirectly on
sapphire substrates. The fabricated epitaxial Glaté fhad rough surfaces mainly caused
by the three-dimensional growth mode, which resuitethe surface morphology shown
in the Figure 2.1. In 1986, Amano et al succeedekmarkably improving the surface
morphology as well as the electrical and opticalpprties, by deposition of a 50 nm
thick AIN film on c- plane sapphire as a nucleatiager, before GaN film growth by

MOCVD [11].
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Figure 2.1: Surface micrograph of GaN
The growth process is shown schematically in Figuife The essential role of a

low-temperature buffer layer is both to supply meation centers having the same
orientation as the substrate and to promote lagm@ith of the GaN film due to the
decrease in interfacial free energy between time &hd the substrate. Prior to the first
step, the sapphire substrate is heated to highaemne (1000 — 110%C) in hydrogen
environment. The substrate may also be annealédH# gas to nitridate the growth
surface. The temperature is then reduced (600 —@P@or the first step growth and a
low temperature AIN or GaN nucleation layer (LT-NW)th a thickness in the range of
200 — 500 A is deposited. The microstructure of LT-AIN is camspd of fine crystallites
with diameters of 30 — 50°AAfter the growth of nucleation layer, the subitia heated
to the normal growth temperature of ~10@for GaN growth. During the heat up, LT-
AIN layer rearranges from fine crystallites intdwmons with diameters of 100 — 500 nm.
In the second growth step, GaN islands nucleateTeAIN and then grow laterally. The

threading dislocations are generated as a resatialéscence of adjacent islands.
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(Ts = 950-1050 °C)
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island growth of GaN

lateral growth
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Dislocation 2D-growth
(d(GaN) > 300 nm)

Al,0,

Figure 2.2: Schematic diagram of the growth propesposed by Amanet al

2.2 NUCLEATION LAYER

Samples for optimization of nucleation layer ar@vgrn on c-plane sapphire
substrate via a low temperature nucleation layeM®CVD. Hydrogen is employed as a
carrier gas. A growth pressure of 50 Torr is udedgwith 1106C growth temperature.
Microscopic images, AFM scans and X-ray rockingvesrtechnigques have been used to
characterize these samples. For this thesis foNr sdmples A, B, C and D are grown
and results have been discussed. Keeping growthlitcmms constant only buffer

thickness have been varied by changing buffer drdinie as shown in Table 2.1.
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Table 2.1: Sample details for buffer optimization

AIN Samples Sample A SampleB Sample C Sample D
Buffer thickness [A] 200 245 253 271

X-ray, Omega scan 30.2 9.1 12.7 14.4

FWHM J[arcsec]

Surface roughness Root | 54 1.27 0.9 1.09

mean square [A]

2.3 RESULTS ANDDISCUSSION

The results show that the buffer thickness is agaameter that affects the

quality of the AIN epilayer. As shown in Figure 2dptical spectrum of Sample A shows

poor optical properties from the slope. Howevem§gie B shows no optical degradation.
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Figure 2.3: Optical transmission for sample A and B
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Figure 2.4: X-ray omega scan

Full width half maximum (FWHM) of the x-ray diffréion scan shows the crystal
quality. From Table 2.1 it is clear that sample WIHM is almost double than sample B,
C, and D. Surface roughness scan of Atomic Foragddcopy (AFM) shows very rough
surface of sample A, 54 angstrom. We can clea#ymsach lower RMS roughness for
optimized samples B and C.

Sample D with buffer thickness has equally good Rid&ghness of its surface,

but microscopic images shows heavy edge crackihgs B the effect of higher than

optimized buffer layer thickness.
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Figure 2.5: Microscope Images &mple - A AIN thin film with 200 angstrom thick
nucleation layer

415 mm
AN -Snmple &_cenlor AMS Roughnoss 54 &

0
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Figure 2.6 AFM scan of AIN thin film with thinnewleation layer
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Figure 2.7: Microscope Images (a) and (b) and Alelhgc) of AIN thin film with
optimized nucleation layer of 245 angstrom.

AIN -Sample C_center / AIN -Sample C_edge

Figure 2.8: Microscope Images (a) and (b) and Alelhgc) of AIN thin film with
optimized nucleation layer of 253 angstrom.
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Figure 2.9: Microscope Images (a) and (b) and AlE&hgc) of AIN thin film with 271
angstrom thick nucleation layer
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CHAPTER 3:EFFECTS OF N-TYPE DOPING ON ALGAN MATERIAL
QUALITY

When electron—hole pairs are generated in a sewhugbor, or when carriers are
excited in to higher impurity levels from which th&ll to their equilibrium states, light
can be given off by the material. Compound semiactat with direct band gaps are
more suitable for light emission. The general propef light emission is called
luminescence. This overall category can be subed/idccording to the excitation
mechanism: If carriers are excited by photon alismrpthe radiation resulting from the
recombination of the excited carriers is calledtphoninescence; if the excited carriers
are created by high-energy electron bombardmenhefmaterial, the mechanism is
called cathodoluminescence; if the excitation ogdwy introduction of current in to the
sample, the resulting luminescence is called akctinescence. Other types of
excitation are possible, but these three are thet mgportant for device applications.

Nitride-based device structures for electronic apdoelectronic applications
usually incorporate layers of &a,_N, andn- and p-type doping of these alloys is
typically required. Challenges involved in dopingAdGaN films are briefly reviewed
by Khanet al. [8]. As the bandgap of AlGaN increases with itk cAmposition, the
ionization energies for silicon (n-type dopant) andgnesium (p-type dopant) increase
too, resulting in a lower ionization efficiency. 8iiefore both n-type and p-type doping of
AlGaN films is much more difficult than GaN. Sapghisubstrates are electrically

insulating, requiring fabrication of laterally cantting LEDs with both contacts on the
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same side of the wafer. Higher resistivity of theomtact AlGaN layer results in non-
uniform current injection in the diode active arkapwn as ‘current crowding’. Current

crowding leads to increased injection currents @lthre perimeter of the LED mesa [11]

[12].
Direct
conduction
band
) /
il by
T \ ,
A ‘ ‘Indircct
i ] ,*  conduction
Direct ¥ o S
bandgap i deenls 2
Indirect
bandgap
f|3 |
Yl 1 .
Valence I Heavy Hole Band
band II Light Hole Band
111
I Split-Off Band
A= Split-Off Energy
k=0
e

Figure 3.1: Schematic of the valence band direstiap and indirect bandgap
conduction band

The ionization energy for Mg dopants in p-type GaMilready relatively high at
250 meV and it increases for AlGaN such that dificult to achieve conduction in p-
type AlGaN with an Al composition greater than abh®b—30%. It is also very difficult to
make ohmic contacts to p-AlGaN films. [13] [14] Tefre, a thin p-GaN film is
deposited on the top surface to serve as a cdatgat, with this film absorbing some of
the UV emission. Even if holes can be effectivaljgcted from the metal into the p-GaN
material, such holes are then faced with a poteln&iaier before they can be transported

across subsequent AlGaN barrier layers down tdQ¥és. Holes that are trapped at the
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first interface set up an electric field, which caftract electrons to avoid the QWs and
hence recombine non-radiative in the p-GaN layed, this has a major impact on the
guantum efficiency.

The schematic of the valence band direct bandgap iadirect bandgap
conduction band is shown in Figure 3.1 [16]. Th&doo of the conduction band occurs
at k=0 for direct bandgap semiconductors. GaAs, InBaAs, AIN, GaN and InN are all
direct bandgap semiconductor; the bandgap enemgglfd is 6.2 eV, for GaN it is 3.4
eV and for InN it is 0.6. Unlike the lll-phosphigemiconductor materials the IlI-nitride
system enables LEDs that emit green, blue, vialdteven ultraviolet wavelengths. Near
the top of the valence band, there are three irapbdurves as shown in Figure 1, the
heavier mass band is called tmeavy hole band, the second lighter band is calleght
hole band, and the third band separated by an en&rgg calledthe split-off band. The
masses of the valence band electrons are usualbh rheavier than those in the

conduction band and are also negative.

3.1 P-AND N-TYPE SEMICONDUCTORS

As reviewed in previous chapters, we can see thatad the important factors
affecting the LED efficiency is injection efficiencThe injection efficiency depends on
an effective injection of electrons and holes irdo active layer for radiative
recombination. Electrons and holes in claddingriaye the active layer are generated by
an intentional addition of impurities. The procedsintroducing dopant atoms into a
lattice of a host semiconductor is called dopinige TDoping is classified into two basic
types; negative (electrons) and positive (holeggtylepending on the type of dopants to

produce free carriers in the semiconductor. Theadb@toms that give or donate an

30



electron are called donors and called acceptorcreating a hole. After the dopants
accommodate in the semiconductor, they will fornergg states within the bandgap of

the semiconductor as a donor state and an accspter

Ng — Nd+ +e 3.1

When a donor state is ionized by donating an eactit will be positive and it
is neutral when occupied. In the other case, aizéohacceptor state is negative by

accepting an electron and it will be neutral whenpgy.

Na—N.+h 3.2
p-type n-type
E E Conduction
band
Ec Ec
(lonization energy
————— of a donor)
Donor level
Acceptor level
_____ $ Ea (lonization energy
Ev F of an acceptor) Ev
% Valance % Valance
/ band / band
2 %,
Above : Isclated p and n type of material and the energy bands
Below : A schematic of p - n junction and the energy bands
P -type
Ec
Ec
_Afep_tor_lefl e |:_erm|' lEVF‘i ________ E d (lonization energy
E (lonization energy Bianior vl of 2 done)
Ev of an acceptor)
Ev

Figure 3.2: Energy bands for p - and n- type sendoctors
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Mostly the ionization energy or activation energydmpant states is analyzed
by use of the simplest calculation based on thedggh-atom model. Using this model
the electron mass is simply the effective masshatliandage. This approximation is
called the effective mass approximation for impesit The ionization energy of a
hydrogen atom is 13.6 eV, and can be determined)wasfollowing equation:

m, e*

EH = Mot
n 2(4 e, h)Z n2

............. 3.3

The ionization energy of the donory(E Ec - Ep) in a semiconductor lattice can
be obtained by replacingJw free electron mass by the conductivity effectivass of
electrons oMccand replacing, by the permittivity of the semiconductor bys. So, the
ionization energy of the donor is given by thedualing equation:

Eg= (D)? ’:l— Ey 3.4

The acceptor ionization energy,{E Ean— By), can also be calculated by using

the conductivity effective mass of holes.

So far, n- type and p-type group lll nitrides amcamplished commonly by
Si and Mg doping. Their donor and acceptor actoratenergies in GaN are reported
about 8-28 meV [16] and 150-250 meV [13], respe&tyivand the donor and acceptor
activation energies in AIN of 86 or 250-320 meV ahéd acceptor activation energies
of 510 , 630 and 465 to 758 meV have been reporésgectively [16] [13]. These
values show that the ionization energies of acespio both GaN and AIN are much
larger than those of donors. Also shows that thezaiion energies of donors and

acceptors in GaN are smaller than in AIN explainingt donors and acceptors in GaN
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are activated much more effective than in AIN. Alilgh AIN is naturally insulating,
making it a difficult material to dope n- or p-type type AIN doped with Si can have

3 and p-type AIN with Mg-doping can

electron concentration ~ 10to 7.4x10" cm”
have hole concentration ~ {bcm=[17].

For Si- and Mg-doping in AGa.xN, both ionization energies of Si and Mg
increase with a higher Al content from 8 to 86 nfeY Si in Al,Ga N with 0<x <1
and from 150 to 320 meV for Mg in Aba N with 0< x < 0.7 as presented in Figure 3.4

and Figure 3.3 [17] [14].
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Figure 3.3: Activation energy of Mg acceptors in-bligped p-type AlGa.xN as a
function of Al content x.
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Figure 3.4: lonization energies of Si iGN

3.2 DOPING EFFICIENCY OFAL,GA, N

As known well, it is not difficult to achieve n-tgpgroup Il nitrides due to
unintentional impurity acting as donors in undopegers. However, it is more difficult
to obtain high n-type conductivity in Aba,,N layers with a high Al composition up to
AIN layers respecting to larger activation energijne bandgap of GaN = 3.42 eV and
of AIN = 6.2 eV, with increasing Al composition thmndgap of AlGa.xN increases
depending on x value from as low as 3.42 eV (Al 8®.2eV (Al 100%), the ionization
energies for silicon and magnesium increase tosultiag in a lower ionization
efficiency. Therefore both n-type and p-type dopwfigAlGaN films is much more
difficult than GaN.

For undoped semiconductor,



EF: E. ............... 3.6
This, leads to the following equations for n and p:

Total free electrons in conduction band,

(Ef—Ei)
n=ne“keT’ .. 3.7
Similarly, total free holes in valence band,
(Ei—Ef)
p=ne kBT’ L 3.8

Because of the doping electrons and holes arequatl @anymore, i.e.

n-p=An#0 ... 3.9

For a semiconductor in a thermal equilibrium,

n.p =" =N.N, exp(;%f) ............... 3.10

At finite temperature, the electrons will be redisited, but their numbers will be
conserved and will satisfy the following equaligsulting from charge neutrality:
This gives,

N =Ng +p—n=0 ..., 3.11

where, n = total free electrons in conduction bamd(=Ny" ) = number of electrons
bound to the donors, p = total free holes in vadpand and (= N, ) = number of holes
bound to the acceptors.

In order to find out what fractions of the donocdeptor) atoms are ionized one
need to know the distribution function for the imipy atoms. We can use a similar

approach like Fermi-Dirac statistics function tdcodate the probability function for
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donor level which has an energy fBeasured from the conduction bandage. The ratio of

ionized donor atoms to total available donor at@vgven by the following equation:

n 1

NG T R TR 3.12
ZNdc p kBT

where, B-E; can be found using following equation

E,=E.-13.6 eV (@)2 T 3.13

Es my

Table 3.1: Electron effective masses of variousdltent AlGaN

Effective electron masses
AlGaN composition m.* [my] ** E.-Eq4 [eV]
Algo GaN 0.186 0.0145
Alg25Gag 75N 0.223 0.0174
Al 50Gag.soN 0.267 0.0208
Aly75Gag 5N 0.268 0.0209
AlGagoN 0.305 0.0238

** JR. Letiteet al
where, N = donor density, E£= donor level energy measured from conduction palad
= acceptor density, = acceptor level energy measured from valence ,band Fermi
level energy, KT/e = 0.026 V. The plot of the carrier concentnati@rsus temperature is
shown in Figure 3.5. The plot was constructed assyira phosphorous — doped, ¥
10" /em?® Si sample #Np versus T (dashed line) has been included for casga

purpose.

36



2.0 1
1.5 | Freeze out ==
_IJ...1 Al | Extrinsic T-region .
N .
Intrinsic .
0.5 T-region oMo —
| | | | 1 |
0 100 200 300 400 500 600

T(K)

Figure 3.5: Typical temperature dependence of thmty — carrier
concentration in a doped semiconductor.

n=ND n=n
{ r $ 4

g L ((
LowT Modaratﬂ High T
0o

Figure 3.6: Qualitative explanation of the concatidn — versus — temperature
dependence displayed in Figure 3.5

There are three regions as shown in the above éig&, Freeze out, Extrinsic
and Intrinsic regions and the carrier concentraiind Fermi energy level can be derived
for each region. At a very low temperature (freeatregion) close to zero Kelvin, all the
donor atoms retain their electrons which do notehewough energy to be excited to the
conduction band. All the states in the valence bamedoccupied by electrons which do

not have enough energy to be excited across tiaéivedly large bandgap. At slightly
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higher but still low temperature the donor atomH start to be excited to the conduction
band according to the equation 3.12 and 3.13.
From Figure 3.3: Activation energy of Mg acceptiord/ig-doped p-type AlGa.-

xN as a function of Al content x. Figure 3.3 andUf@3.4 we can see that the activation
energy of Si (n-type dopant) is much lower thanvation energy for Mg (p type dopant)

for similar x value in AlGaN. This will consequently results in a lower doping
efficiency of Mg as compared to Si doping. From idgpefficiency equations 3.12 and

3.13 we can see that as activation energy incredspsg efficiency decreases. As
discussed earlier in this chapter it is also cdeststhat with increase in the x value of
Al Ga N, the material bandgap increases and activati@nggnincreases thus increase
in x-value adversely affect the doping efficiendry.addition to ionization energy, the

solubility limit of substitutional dopants in theo$t semiconductor also governs the
achievable range of carrier concentration by inoeral doping. With higher physical size

and chemical similarity between the dopants andhibe atoms, the solubility will be

higher and it will be easier for the dopants tdaee the host atoms.

3.3 GROWTH OFALGAN SAMPLES AND CHARACTERIZATION

For doping study, first templates were grown on -plane sapphire using
MOCVD system. The optimized nucleation layer thieks was adopted from the
previous experiment described in Chapter 2. It &l wstablished that insertion of SLs
between high-quality AIN and n-AlGaN avoids cragkimy modifying the strain
properties of the epilayer structure and thus Smamtly improves the electrical
properties of n-AlGaN [8] [19]These research groups have also shown results which

concludes that SL may play a crucial role in a prorced reduction of screw-type
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dislocations and/or other defects (such as poifgécti® and thus significantly improve
overall quality of n-cladding AlGaN layers. To grasack-free AlGaN layer with 1 um
thickness compositionally graded transition laystgerlattices were employed.

For three different AlIGaN compositions three typéstemplates were used as
shown in Figure 3.7. The samples were characterfseccomposition using optical

transmission and 2theta scans from X-ray diffractio

n-AlGaN 50% n-AlGaN 65%

sL2 sL2
SL1 SL1 n-AlGaN 72%
AIN AIN P
AlIN Buffer AIN Buffer AIN Buffer
50 % Al (272 nm) 65 % Al (248 nm) 72 % Al (238 nm)

Figure 3.7: Epilayer structures for three differaftaN compositions

The growth pressure was 50 Torr and temperature 1290°C -1100 °C.
Trimethylaluminium (TMA), trimethylgallium (TMG), r@d NH3 were used as precursors.
10 ppm SiH4 was used as the n-type dopant.

AlGaN compositions have been determined using 2ardenega scans from X-
ray diffraction. X-ray 2Theta scans for three typé#l,Ga,xN compositions, x = 50, 65,
and 72 % is shown in a combined graph as FigureTh8 structure of sample E, x =
50% and sample K, x = 65% have two sets of supiedabetween AIN and AlGaN for
strain compensating mechanism and crack-free thivs:f Superlattice one and two peaks
can be seen between AIN peak and AlGaN zero peaks.
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3.3.1 X-ray diffraction

X-ray diffraction (XRD) is a widely-used technique materials science, as a
highly sensitive tool for detailed structural sesli

X-ray diffraction can be explained in simple teriog the "reflection” of an
incident X-ray beam from a stack of parallel egstiait atomic planes. The electrons that
surround the atoms, rather than the atomic nubleinselves, are the entities which
physically interact with the incoming X-ray photonst each atomic plane a small
portion of the beam is reflected. If those refldcteeams do not cancel each other by
interference, a diffracted beam can be observed.cbndition where the reflected beams
interfere positively (add up in phase) to giveramsg diffracted beam is given by Bragg's

law. The Bragg law may be written as:

ni = Zdhleine ............. 3.14

Where, n is an integral number describing the order ofefbn, A is the
wavelength of the X-raysly is the spacing between the lattice planes @mithe Bragg
angle where a maximum in the diffracted intensitgws. At other angles there is little or
no diffracted intensity, because of negative imtienhce. Since we know and we can
measured, we can calculate the interplanar spacings. Tharadheristic set ofiyy
spacings generated in a typical X-ray scan provédesique "fingerprint” of the material.
Using adequate incidence angles, various informatout the crystal structure,
composition or imperfections can be obtained. P&ilPanayltical X’Pert Pro MRD

system was used in this work.
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Figure 3.8: X-ray Diffraction 2Theta scan ofy8la; N, X = 50 %, 65% and 72%

Table 3.2: x-value of AlGa N, from X-ray 2Theta angle

Sample 2Theta d x-value %
[degree] [angstrom]
e 35.25 5.0861 48.71
35.45 5.0583 62.4
q 35.58 5.0404 71.2

Table 3.2 shows the x-values calculated from 2Thatde of X-ray diffraction of

each sample type using the Vegard’s law: c(AlIGaNJAIN)x + c(GaN)(1-x).
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3.3.2 Optical Transmission of Samples
The thickness measurement of the samples was dsng aptical transmission
spectrum and equation shown here. The composifidtheoAlGaN was also calculated

using Vegards’ Law.

1Du v T v T T T v T T T T v T
BO L -
= L
5 eof ]
w
o L
S
4 40 = -
E B — Sample E: 274nm
a0 L — Sample_K: 251nm ||
— Sample_Q: 238nm

0
200 225 250 275 300 325 350 375 400
Wavelength [nm]

Figure 3.9: Optical transmission spectrum of vasiélGaN compositions

1 1

X 1 1
ey

Where d is film thickness, n is refractive indexafer,; is wavelength maxima,

andi; is wavelength minima.

AlGaN Compostion using Vegards' Law

o 20 40 60 80 100
Al Content [%]

Figure 3.10: Al content and wavelength chart udfegards’ Law
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3.3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) provides three-dimemal surface topography
at nanometer lateral and sub-angstrom verticalluBsn on semiconductors and other
materials. A sharp tip on the end of a flexibletdawer scans a sample surface, while
maintaining a constant force. The surface is sahmyea piezoelectric tube that moves
the tip in a raster pattern with respect to the gamThe tip-sample interaction is
monitored by reflecting a laser off the back of ttentilever into a split photodiode
detector. By detecting the difference in the phetedtor output voltages, changes in the
cantilever deflection or oscillation amplitude determined.

The two most commonly used modes of operation antact modeand tapping
mode. In this work the samples were investigatadgushe tapping mode. Here the
cantilever is oscillating close to its resonaneg|frency (typically> 300 kHz) and lightly
tapping on the surface during the scan. The laseaion method is used to detect the
root-mean-square (rms) amplitude of the cantileescillation. A feedback loop
maintains a constant oscillation amplitude by mguine scanner vertically at every x,y
data point. Recording this movement forms the togpigical image.

For investigation of atomically smooth surfaceg AFM is very suitable, since
the AFM possesses a very good vertical resolutiocan resolve monoatomic steps on
the sample surface as well as calculate an rmshreaggy of the surface. Surface
morphology investigations for the grown AIN and Al layers were performed by
Dimension Edge atomic force microscopy (AFM) opieatin tapping mode. The rms

roughness of the surface was calculated using Eid goftware.
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Figure 3.11: Types of defects in epitaxial layers

From Figure 3.12, we can see that with 50 % x-valual,Ga N and increasing silane
doping the surface morphology deteriorates. Thiduis to increase in point defects and

increased edge dislocation.

Al Content 50% / Silane 1 Al Content 50% / Silane 2 Al Content 50% / Silane 3
RMS roughness 28.3 A RMS roughness 32.8 A RMS roughness 36 A

[T e68nm
8.0
5.0
2.0
5.0
0.0
3.0
0.0
.0

[ 200
150
18.0

50
_-00

| AFM Scan of n-AlGaN samples 20 x 20 pm? (above)and surface profile (below) ‘

[T 24 0m

sample ¢ B sample [ L [rample_2 |

Figure 3.12 AFM scans and surface profile of 50% &\
with change in silane for all three samples
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3.3.4 Electronic Characterization of samples

Electronic characterization of materials evolvedhree levels of understanding.
In the early 1800s, the resistance R and conduet&owvere treated as measurable
physical quantities obtainable from two-terminatreat (I) — Voltage (V) measurements
.The resistance alone was not comprehensive engingé different sample shapes gave
different resistance values. This led to the undeding of a second level
characterization of a material. The focus turnedamointrinsic material property like
resistivity or conductivity, which is not influendeby the particular geometry of the
sample. For the first time, this allowed scientists quantify the current-carrying
capability of the material and carry out meaningf@mparisons between different
materials. By the early 1900s, it was realized tlestistivity was not a fundamental
material parameter, since different materials cavelthe same resistivity. Also, a given
material might exhibit different values of resigtyy depending upon how it was
synthesized. This is especially true for semicotahs¢ where resistivity alone could not
explain all observations. Theories of electricahaaction were constructed with varying
degrees of success, but until the advent of quamh@thanics, no generally acceptable
solution to the problem of electrical transport wasveloped. The third level of
understanding includes the definitions of carrienglty (n) and mobility (1) which are
capable of dealing with even the most complex gtadtmeasurements today.

For this study doping of the AlIGaN samples havenbd®aracterized using Hall

measurement, Transmission line measurement antrelsetance mapping.
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3.3.5 Sheet resistance mapping

Setup for sheet resistance mapping is shown infdlt@wing Figure 3.13. LEI
1510 is a quick and noninvasive measurement teabnid@he LEI custom software
generates the graphical image of scanned poirdesethan two minutes to scan through
the entire wafer. Since this technique does natlirerany physical contact with epitaxial

layers and contact quality is irrelevant. The sanggian is shown in the Figure 3.14.

Figure 3.13: Sheet resistance maping setup LEI 1510
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3.3.6 Transmission Line Measurement (TLM)

Transmission Line Measurement have been used terndigie the contact

resistance between metal and semiconductor as asllsheet resistance of the

semiconductor layer. For TLM measurements ohmidamis g to G were deposited as

shown in the Figure 3.15: TLM measurement. The tlkerigand width Z and spacing

between contact pads are shown in the Table 3.8.aféa between contact pad is the

isolation mesa of the semiconductor layer. Curterind voltage V were measured to

determine the resistance between tow metal padsgidph of contact separation versus

resistance for sample -e is shown in Figure 3.16M Tesults for all other samples are

included in final results as shown in the Table 3.3
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Table 3.3: TLM measurements of Sample - e

Contact
separation
Sample- e [um] Rd [Q] Vb @ 20mA
1 4.00 27.42 0.03870
2 6.00 31.84 0.03754
3 8.00 39.84 0.03388
4 10.00 40.47 0.03517

Resistance]

45.00
40.00
35.00
30.00
25.00
20.00
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10.00
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0.00

0.00
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6.00
Contact Seperation di [um]

Transmission Line Measurement

RN
et
oo
Tee®

y = 2.3587x + 18.381

R?=10.9206

8.00 10.00 12.00

Figure 3.16: Resistance versus Contact separatom TLM

Table 3.4: Results from TLM measurement for sample

Ro Q 18.38
z um 200
Sheet resistance Rsh Q/o slope x Z 471.7
Transfer Resistance Q-mm Rox Z 3.676
oteronad | oo
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3.3.7 Hall measurement

The key feature of hall measurements is the abtbtydetermine the carrier

density, the carrier type, and the mobility withetatively simple method.

gnene

4 Pk

2

Figure 3.17: The Hall Effect and the Lorentz Force
The basic physical principle underlying the Halfleef is the Lorentz force, which is a
combination of two separate forces: the electricdoand the magnetic force. When an
electron moves along the electric field directiogrgendicular to an applied magnetic

field, it experiences a magnetic foregv x B acting normal to both directions.

Figure 3.18: Hall and Van der Pauw setup
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3.4 RESULTS ANDDISCUSSION

O r ~ — IO Tm Samples

X s < cC

Characterization
~2 3

58 WL £
£22 0% o
T2 <L <
n O O g ©
= ®

[(hm]  [pum]  **
274 1.10 1
275 1.14 2
273 1.04 3
273 1.15 4
271 1.07 6
251 0.84 1
248 0.78 2
249 0.90 3
248 0.80 4
238 0.96 1
238 0.98 2
239 0.99 3
238 0.98 4

X
Y]
W)

AlGaN
FWHM

[arcsec]

97
103
78
178
91

59
48
53
75

59
72
55
61

Table 3.5: Comprehensive results from various ataraations
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From comprehensive characterization results shownTable 3.5, doping
efficiency on AlGaxN, for x = 50, has been found 32 % for silane Fdr. the similar
silane doping efficiency reduced to 10 % for x =%5and 12 % for x = 72%. With the
higher silane doping = 4, the efficiencies havenbfind to be 29, 8 and 4 % for x-
values 50, 65, and 72%. These results are consisitmdoping efficiency equation 3.12
and we can conclude that doping efficiency foxG¥ 4N reduces with increase in x-

value.

Sheet Resistance versus Al content in AIGaN
900

200 Silane_1
700

600 :

500 Silane_2
400 ./'——_. Silane_3
300

200 ._—/—*——__. Silane_4

100

Sheet ResistanceRsh [Q/0]

45 50 55 60 65 70 75 80
AlL,Ga N Composition, x = Al %

Figure 3.19: Sheet Resistance versus Al conteAtGaN

We can clearly see the similar trend in Figure 3.49 x-value increases the sheet
resistance increases even when the silane floange dor various AlIGaN composition.
This is true for all samples having various silao@ing. This results are also consistent
with doping efficiency equation. As x-value incress doping efficiency reduces and
sheet resistance increases. Carrier density andglefficiency versus Al content results
are shown in the following charts Figure 3.20 andufe 3.21. Carrier density

significantly reduces with the increase in Al carite

51



3.00E+19

E. 2.00E+19 Silane 3
*? 1.50E+19
&
8 1.00E+19 Silane 2
o 5.00E+18 Silane 1
3 0.00E+00
& 40 45 50 55 60 65 70 75
Al,Ga_,N Composition, x =Al %
Figure 3.20: Carrier Density versus Al content IGAN

35
3 Silane_4
S 20
2 . Silane_
E :
u;) 0 Silane_6 ~—*
c
o
e 0

40 45 50 55 60 65 70 75 80
Al,Ga_,N Composition, x [%]

Figure 3.21: Doping Effici

ency versus Al contentAlGaN alloy

3.00E+19

2.50E+19

2.00E+19

1.50E+19

1.00E+19

Carrier Density [cm -3]

5.00E+18

0.00E+00

1 2

v/\

X =50 %

X=65%
X=72%

3 4

Silane

Figure 3.22: Silan

e Flow versus Carrier Density

52




Sheet resistance results from two measurementitpeds) sheet resistance mapping, and
hall measurement are shown in Figure 3.23 and €igu24. Both results are consistent

with doping efficiency equation.
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Figure 3.23: Sheet Resistance from Hall Measuremensus Silane Flow
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Figure 3.24: Silane Flow versus Sheet Resistan@suned using Rsh _Mapping
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CHAPTER 4:CONCLUSIONS

The comprehensive results, and all relevant chsintsw that as the doping
concentration increased, carrier concentration ¥easd to monotonically increase
whereas doping efficiency reduced. Carrier conegioins were found to reduce with
increased Al concentration, as expected due teeasad ionization energy. Calculated
doping efficiency was found to be consistent witipig efficiency equation. However,
optimization of AlGaN quality strongly seems depemdthe nucleation layer thickness.
It is a crucial act of balancing, thinner buffeyeda leads to poor quality of epitaxial layer
and thicker ends up being highly cracked, thusnotn buffer thickness may help us
achieving higher yield and efficiency of devicesorid comprehensive results we can also
conclude that optimized doping concentration iseg to higher efficiency and higher
yield for semiconductor devices.

Table 4.1: 121 Point Sheet Resistance Mapping GlAl with 72% Al content

?rlllsgte Rsh - average Rsh - min Standard Deviation
o [ Q/O] [Q/o] [%0]
1 884 818 5.4
2 568 489 9
3 771 391 37
4 569 290 41
** proprietary information removed for silane, silpstandard flow rate
multiplier is used

54



45.0
40.0
35.0
30.0
25.0 X=72%
20.0
15.0
10.0
5.0

Sheet Resistance Standard
Deviation [%]

0 1 2 3 4 5
Silane Flow

Figure 4.1 : Sheet Resistance Standard DeviatisuseSilane flow over 2" wafer

We can summarize conclusions as per following:

v Increase in standard deviation of sheet resistamdadicative of material
guality degradation.

v' Overall doping efficiency and carrier density reglsi¢or AIGaN with higher
Al content.

v' Sheet resistance increases for higher Al conté@aN

v Increase in standard deviation of sheet resistamdadicative of material
guality degradation.

v Sheet resistance reduces with increase in Si doping

v" For similar Al content AlGaN, increase in silanepthg increases the RMS

roughness.
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CHAPTER 5:FUTURE WORK

Impurity doping as name suggests will modify thelomed crystal structure to
make it n- or p- type of semiconductor. Howeverapiaation doping is a non-traditional
way to get doping. Polarized doping may be emplaledg with substitutional doping.
Instead of single composition of n-type layer, suptice type n-layer may be employed.
Balanced doping, proportional to Al Content in sugtéice type structures may help

maintain better quality of material along with tlegjuired carrier concentration
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