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ABSTRACT

ATOMIC LAYER DEPOSITION OF Il -NITRIDES AND METAL
OXIDES; THEIR APPLICATION IN AREA SELECTIVE ALD

ALI HAIDER
PhD in Materials Science and Nanotechnology
SupervisorAykutlu Dana
Co-supervisor: Necmi Biyikli
July 2017

[l -nitride compound semiconductor materi@®aN, AIN, and InN) and their
alloys have generated significant interest in both basic research and commercial
applications mainly in the field of photonics, energy storage,-8ansors, and
nanoe(opto)electronicsWurtzite type llknitrides exhibit direcband gaps, which
extend from the ultraiolet (UV) to the midIR spectrum with values of 6.2, 3.4
and 0.64 eV for AIN, GaN, and InN, respectively. This feature allows the band
gap of llknitride alloys to be conveniently tuned by precisely controlling th
compositon for a particular application Metalorganic chemical vapor
deposition (MOCVD) and molecular beam epitaxy (MBE) are the most common
successful techniques for achieving higlality epitaxial Ilknitride layers with

low impurity concentrationsral decent electrical properties. However, both of
these methods employ high growth temperatures, which is neither compatible
with the existing CMOS technology nor suitable for temperaseresitive
device layers (e.g. inch InGaxN) and substrates (e.glass, flexible
polymers, etc.). These limitations are the main driving source for a continuous
exploration of alternative low temperature processes for the growthmfritle

layers and their alloys. High aspect ratierlifride nanostructures inéhform of
nanowires and nanorods have been synthesized using different techniques
including vapotliquid-solid crystal growth, electrospinning, template based
synthesis, and etching. Critical breakthroughs in fabrication ehitlides
nanostructures havieeen achieved by above mentioned techniques but suffer
from limited control over properties of nanostructures (shape, orientation, and
size) and in some cases high growgmperature requirement. A recent flurry of
interest in developing high qualityD) 1l -nitride nanostructures derives from



the desire to obtain flexible optoelectronic devices having wider applications.
Templateassisted growth technique is one of the most promising approach to
fabricate Ilknitride nanostructures with precise controleovshape, size,
position, and distribution.

In the first part of thesis, we have deposited InN anditfide alloys using
hollow-cathode plasma assisted atomic layer deposition (HEER) at low
growth temperatures. The aim was to deposHnililide mderials at lowest
growth temperatures with decent crystalline quality and minimum impurity
content. Depositions were carried out using group Il organometallic precursors
along with N/H> or N> plasma as metal and nitrogen source, respectively
Process pameters including precurspulse time, plasma flow duration, purge
time, and deposition temperature are investigated and correlations were
developed between process parameters and material properties. Refractive index
of the InN film deposited at 20 was found to be 2.66 at 650 nm. 48-tintk
InN films exhibited relatively smooth surfaces with RMS surface roughness
values of 0.98 nm, while the film density was extracted as 6.3C gltra effect
of In content on structural, optical, and morphologicaperties of IRGa.xN
thin films was investigated. Grazing incidenceray diffraction (GIXRD) and
transmission electron microscope (TEM) showed that InNN ax@aliN thin
films were polycrystalline with hexagonal wurtzite structure. Spectral absorption
measurements exhibited an optical band edge of InN around 1.9 €A% X
photoelectron spectroscopy (XPS) confirmed the deposition of InN and alloy
thin films and revealed the presence of low impurity contents. Higher In
concentrations resulted in an incseaof refractive indices of IGa.xN ternary
alloys from 2.28 to 2.42 at a wavelength of 650 nm. Optical band edge of
InxGawxN films redshifted with increasing In content, confirming the tunability
of the band edge with alloy composition. Photolumineseemeasurements of
InxGawxN exhibited broad spectral features with an In concentration dependent
wavelength shift. We have also studied the compositional dependence of
structural, optical, and morphological properties giG&xN and BlnixN
ternary thin film alloys grown using sequential pulsed CVGIXRD
measurements showed that boron incorporation in wurtzite lattice of GaN and
INN diminishes the crystallinity oBxGa.xN and BInixN sample.Refractive
index decreased from 2.24 to 1.65the B concentration ofxBa.xN increased
from 35 to 88 %. Similarly, refractive index oklB:xN changed from 1.98 to
1.74 for increase in B concentration value from 32 to 87 %, respectively. Optical



transmission band edge values of th&&xN and BInixN films shifted to

lower wavelengths with increasing boron content, indicating the tunability of
energy band gap with alloy composition. Atomic force microscopy
measurements revealed an increase in surface roughness with boron
concentration of B5a.xN, while an opposite trend was observed fomBxN

thin films.

Moreover, we demonstrate vertical GaN, AIN, and InN hollow rano
cylindrical arrays (HNCs) integrated to Si(100) substrates using anodized
aluminum oxide (AAO) membrane templateéd-ALD. Our fabrication and Si
integration strategy consists of the following process steps: (i) reactive ion
etching (RIE) of Si using AAO membrane as hard mask material to achieve
nanoporous Si substrate, (ii) conformal growth of-nittide films on
nanoporous Si @& lowtemperature PAALD, (iii) removal of PAALD coated
[l -nitride material from top surface of Si via plasma etching, and (iv) isotropic
dry etching of surrounding Si to attain lerenge ordered vertical Hiitride
HNCs. The material properties of metructured IHnitride materials have been
compared with the th#film counterparts which were also grown using {ow
temperature PAALD. SEM images revealed that lomgnge ordered arrays of
[l nitride HNCs were successfully integrated in Si(100) substraTEM,
GIXRD, and selected area electron diffraction (SAED) cumulatively confirmed
that lll-nitride HNCs possess hexagonal wurtzite crystalline structure. XPS
survey and highiesolution scans detected presence of different elements and
peaks at specifibinding energies which confirmed the formation ofritride
HNCs.

The second part of the thesis deals with-akfned thin film patterning of
metal oxides using area selective atomic layer depositiorAlAY. Nanoscale
process integration demands nlowancpatterning techniques in compliance
with the requirements of next generation devices. Conventionallyddon
subtractive (etch) or additive (deposition/ifif) processes in conjunction with
various lithography techniques is employed to achiéwe patterning, which
become increasingly challenging due to the @hemking misalignment
requirements. To reduce the complexity burden of lithographic alignment in
critical fabrication steps, se#fligned processes such as selective deposition and
selective etching might provide attractive solutions.

We demonstrate a methodology to achieveAA® by using inductively
couple plasma (ICP) grown fluorocarbon polymer film as growth inhibition
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layer. The fluorocarbon layer was grown usingrgeed gas in a&onventional
ICP-etch reactor. Our approach has been tested for4matiés including ZnO,
Al203, TiOz, and HfQ. Additionally, we investigate thepoly(methyl
methacrylatefPMMA) and polyvinylpyrrolidone (PVP) as growth inhibition
layersfor AS-ALD of TiO.. Contact angle, XPS, spectroscopic ellipsometer,
energy dispersive Xay spectroscopy (EDX), and scanning electron microscopy
(SEM) measurements were performed to investigate the blocking ability of
polymer layers against ALfgrown films. Characterizeons carried out revealed

that effective blocking on fluorocarbon layer is achieved for ZnO film upto 136
growth cycles. On the other hand, a rather slow nucleation has been observed for
HfO2 growth on fluorocarbon coated surfaces, while ;T#dd AbO3z growth
showed almost no delay with a growth rate equal to the ones on conventional
substrate surfaces. For HIAPMMA revealed successful growth inhibition upto
the maximum inspected growth cycles while PVP was able to block TiO
growth upto 300 growth cycde By exploiting this inhibition feature, thin film
patterning has been demonstrated by growing ZnO films on photo
lithographically patterned fluorocarbon/Si samples. We also demonstrate
nanoscaleatterned deposition of Tkusing a PMMA masking layer th&as

been patterned usingbeam lithography.

Keywords: PlasmaEnhanced Atomic Layer Depositior}l-Nitrides, Area
Selective Atomic Layer Deposition, Metal Oxides, Thin Films, N@ybnders,
Thin-Film Patterning
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IM-NKTRATLARMBTXE OKSKTLERKN ATOMKK KATNMN

KAPLAMI SI ; BUNLARI N ALAN SE¢CKCK ALD
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Yar e illingrit keénl exki kl er i ( GaN, Alrdem and | n
t emel arakterma alanlaréenda hem de tic
enerji d e p esénsdriea ¥y narpow @ h o ) el ektroni kl er

°neml i i | g i Witz aiph 1t -@itrittare K t & reAlNa Gadl ywe Ird

icin 6,2, 34e 0,64 eV dejerl eri -IR bpektrumadr °t esi
uzanand oj r hamn ar al ékl aréna sahiptir. Bu ©°

HM-ni trit al akeml ar énén band aral ejene
ayarlamaya izin veriyorMetalorganik kmyasal buhar birikimi (MOCVD) ve

Mol ek ¢l er kK i(rMBKE ) e pidt¢xk ki ssafséezl ek k ons
el ektriksel °©zel | eptalisiyedlld-hi pr iytg ks abkalkall art
et menin en yaygen vV e b kuruala ®itlike, by ° nt e ml
yontemlerin her ikisi de, mevcut CMOS teknolojisi ile uyumlu olmayan ya da
sécakl eja duyarl é& ayegeéengn [kxgadxNapvelatr éna (
t abakal @aican, esriek polengrler, vb.ygun olmayan yiiksek blyie

seécakl ekl ardéé Bk ulkl éasnemdl katinstad iatr , v e al akeén
tabakal aréné b¢yegtmenin alternatif d¢ K¢
ana iticiNakhmayred] eeckérnano-ubblbykeklanhdeéelk:il
ni trit n almaesyedy@eé € a r kigylime ts a |, Bl ektrospinni

esasl e skeancear wmae y°ntemlerini kapsayan
M-ni trit nanoyapeéel ar én cretiminde Krit|
y°ntemlerle elde edilmiktir ancak nano)
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°©zelli kl erde keéseétdak lkeoknt g eorl e kvsei nbianzlée ryi¢n
Yiuksek kalitede-D lll-nititn anoyapél ar én geliktiril mesi
daha geni K uygul amal ar a sahip esnek (o]
i stejinden kakahkobdnan naekthadkdtrie k- migily i¢ , 1
nanoyapél,aogunén, Kk é&h ulmarindesha&ssasd lkofjtréll odam é
en umut vericiiretim yéntemlerinden bir tanesidir

Tezin il k b°l¢im¢gnde, d¢kKek begyéeme séc
yardéml e at omi k k aAlLD) &kualanargk kndl Ive lingrir ( HC P A
al akeml ar & t e vndrir mataryalleria,. uygdnnkestal, kalitedi Ve

mi ni mum safséezléek i-erifiji il e en d¢kek
Depozisyonlar NHve Nep | azmas é il e bi r llikokdileri gr up |
kull anél ar ak ger -eklexktirildi. Preke¢r s
bokal t ma s¢resi ve -°kel me sécakleje gi
proses parametrel er.i il e mal z e me °cze
gel i kKt i rOiCdenbiriken inN filmirinOrefraktif indeksi 650 nm'de 2.66

bul undu. 48 nm kaleéenléejénda I nN fil mle
dejerl erine sahip nispeten p¢rézséz Yéz
/cmol arak - é&kar &l dleoptk veninGaxNeince filmlerih n  y ap é
morfolojik ©°zelliklerine et#kiéniée &rawkmner
(GIXRD) ve transmisyon elektron mikroskobu (TEM). InN veG@aw.xN ince

filmlerin altégen w¢rzit y a piéSpektrals a hi p
absorpsiyon °l - ¢ml eri, 1.9 eV civarénd
sergiledi. Xée k éné fotoelektron spektroskopisi
biri ki mini dojrul adé ve d¢k¢ k Dadcfasez |l ék

anodiz edi |l mi k aliminyum ok sALD ku(laAafa® ) me mb
Si (100) alttak ¢zerine di-dliedy dizzmil , Al N
etegrasyonu gosterildi. Bizim fabrikasonumuz veetgigrasyonu takip eden

i Kl eml er i Fptriézll iSiralth k @i )s aMamo ol mak i -1 n, ,
sert maske malzemesi olarkku | | anar ak Si rekatif i yon
s é c ak |-AR lleenan®plirizlii Si Gzerinde HNitrat filmlerin konformal

olarak buyutulmesi, (ii) PAAL D k a p | -aitrah mazemielénl Silikon
yézeyinden plazma oyma kuednlmesafelrdzik kal deé

dikey llIl-ni t r at HNCG6Il ere sahip ol mak i -in Si
oy ul ma s-e k| eNredWitoat madlzémelerin malzeme 06zellikleri, benzer
Kekil desedakdBkDéddePAb¢,y ¢t ¢l m¢K i nce fi

karkél akt ér él deé. SEM r-Mistirmdter HNC udiuni ssié

vii



bir kKkekilde Si(100) alttaka entegre edi.l

secili alan electron difraksiyon (SAE) sonuNliarat | HNCOGI er
hegzagonal wurtzite kristal yapéya sahi
XPS analizi ve yiksek c¢ozanarlukli taramalar -NIi t r at HNCOI er
farmasyonunun dojrulayan spesifik bajl e
tespt etti.

Tezin ikinci bolimu,alan se¢meli atomik katman birikimini kullanarak
met al oksitlerin i nce fil mde - kendi
ALD) . Nano®°l -¢m s¢ér e- entegrasyonu yeni
uygun ol ar ak nantoal ep | eden .e®en &ll leirk Ine
tekni kl er i Il e birlikte yukar edan aKk .
maddesi (biriktirme/ kal dér ma) prosesl eri
i -1in kull anél ér, bu, s¢rekl i kdgniyle | e n y a
gittik-e zorlakeér.Kritik ¢retim akamal a
yékeneg azaltmak i -1 n, se-ici biri ktirme
hizalé i klemler cazip -°9z¢mler sajlayabi

Artéml é inhibisyon-itfatbapbazmal ar@R) in
florokarbon polimer filmi kullanarak AAA\L D' vy i ger-ekl ektir me
metodol oji g°steriyoruz. Fl-aichedktérindeon t ab e
CiFebesl eme gazé kull anél ar ak20pTiOsvet ¢ 1 d ¢ .
Hf O2 gi bi met al oksitler i - I-ALD itire s t edi

biyime Onleyici tabakalar olarak poli (metil metakrilat) (PMMA) ve
polivinilpirolidonu (PVP) arakterdek. AL

kat manl ar éneén kllerkieni edarcakt®z enlalki i - i n
spektroskopi k el i pseeéemetnrée,s perkarrjoiskadaij 8i
taramal é el ektron mi kr oskobu ( SEM)
karakterizasyonlar, ZnO filmi 136 blyume c¢evrimine kadar florokarbon

tabakaé n d a et ki | i bir bl okaj én ger - ekl e
yandan,TiQ ve AlOz biylimesi, geleneksel substrat yuzeylerindeki buyime
hézéna eKit bir b¢ye¢ me orane il e

g°®stermezken, fl or ok aspslinigimesikda pldué ay yaewnlker
bir c¢ekirdeklenme gozlemlendi. TiOigin, PMMA maksimum incelenen
b¢e¢yegme doPngegse¢gne kadar bakarél e b¢ye¢ me
,TiI02 buyumesini 300 bliyume dongisune kadar bloke edebildi. Bu inhibisyon

°©zel liJinden vyiadrmarkleakniélll aerraikelarakdesinibft o | 1 t
florokarbonSi  numuneleri  Uzerinde ZnO filmlerinin  baydutulmesi ile
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gosterildiee k énl & | i tografi kull anél arak dese
kat mané Kk udnih aama dlcekk deJenliirikiminiyar é ca kanét | ar
olduk.

Anahtar kelimelerP| azma Artt ér él mé k A-Niminer,k Kat man
Al an Se-ici At omi k Kat manl & Kad é&éném, Me f
Silindirler, Knce Fil m Desenlendir me
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Chapter 1

Introduction

1.1 Historical Backgroundof the Technique Used

Atomic layer deposition ALD) is a lowtemperature vapor phase growth
technique, in which ultrghin film growth is carried out by exposing the
substrate to alternate pulsing of two precursors featuring surface chemisorption
and ligand exchange reactiorddajor advantages of ALD inctlie large area
uniformity, excellent threglimensional (3D) conformality, and yparalleled
subangstrom level thickness contidl, [2]

Origin of ALD dates back to 1970s wleecredit of realizing the principles
of ALD for the first time is given to two different research grougs ane
Finnish and other Sovietnion. First patent of ALD wasublished in 1970s by a
Finnish Rofessor Tuomo Suntola with the demonstration of following
processesgrowth of Sn@ by Sn/Q precursors growth of ZnS byZn/S
precursors,and growth of GaP by Ga/P precursofhe first commercial
application of ALD has beerrealized in manufacturing of thin film
electrolumnescent displays in 1980%|, [2]

Less acknowledged pioneer of ALD is a research group in Soviet Union
headed by mfessor Aleskovskii. Shevjakov whéirst demonstratedthe
TiCl4/H20 process to deposiayers of TiQ and GeC{/H20 process to grow
films of GeQ in the proceedings of a conference, organized in 1965, and
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published in 1967. The Soviet Union researchagscribedthis technique as
"molecularlayering”

Partly because of its history, and partly because dfi#Snct properties,
this technique has been referred with many different names. The current most
commonly used name is ALDwhich dates back to early 199(Blasma
enhanced atomic layempigaxy (ALE) was first demonstrated in 1991 by De
Keijser and Van Opdorp from Philips research lalmsres in Eindhoven,
Netherlandsin their work remote microwawenduced plasma was utilized to
generate hydrogen radicals which wérenused for thedeposition of gallium
arsenide. A major driving force foALD is in the prospectiveobservedin
continuous scaling down of microelectronic devices by using ALD. Taldle
represents the alternative names and abbremngiof ALD which have been
utilized in history instead of ALOJ1], [2]

Tablel.1: Alternative names of ALD
Name Abbreviation

Atomic layer chemical vapor depositic ALCVD

Atomic layer deposition ALD
Atomic layerepitaxy ALE
Atomic layer evaporation ALE
Atomic layer growth ALG

Chemical assembly

Digital layer epitaxy DLE
Molecular deposition

Molecular lamination

Molecular layer epitaxy MLE

Molecular layering ML




1.2 Motivation

This thesis mainly consists of three sectionstnN and IIFNitride alloy thin
films deposition using hollow cathode plasma assisted atomic lagposition
(HCPA-ALD), 2. Template asisted fabrication of llknitride hollow
nanocylinders via HCPALD, and 3. Area ®lective ALD of metal oxides
using polymer growth inhibitionalyers The motivation for this thesis work is
described in three separate following subsections.

1.2.1InN and III -Nitride Alloy Thin Film s Deposition Using
HCPA-ALD

Among the IlIknitride compound semiconductor materials family, indium nitride
(InN) has attracted much attention due to its largest electron saturation velocity,
highest mobility, smallest direct band gap, and smallest electron effective mass.
InN has a riatively low decomposition temperature and possesses high nitrogen
equilibrium vapor pressuff8] The challenge of low dissociation temperature
and high nitrogen vapor pressurecessitates lower temperature growth
techniques and recipes for InN. Moreover, growth techniques which operate at
high temperatures pose incompatibilities with temperatarsitive substrates
(e.g. glass, flexible polymers). Experimental efforts for dimap low
temperature growth of InN are imperative to widen its perspective for
applications in flexible (opto)electronics as well.

Small band gap value of InN has widened the spectral range covered by
nitrides, from the ultraviolet for AIN to the near iafed for InN. With the last
decade discovery of the lower band gap of JAN[5] InxGa.xN can potentially
cover the whole spectral range from ultraviolet to ae&ared. This provides a
significant advantage to thitride famly for the optoelectronic device
applications such as fudlolor lightemitting diodes and highly efficient multi

junction solar cell$6], [7] Commonly used epitaxy growtimethods employ



high deposition temperatureshich is a critical limitation in growing indium
rich InGawxN thin films. In addition, growth techniques which require high
temperatures pose incompatibilities with temperature sensitive substajes (
glass, flexible polymers). These limitations are the main driving source for a
continuous exploration of alternative low temperature processes for the growth
of InxGa.xN alloys. Furthermore, an alternative growth method in which indium
content can be pcesely controlled with relative ease for tunable band gap
engineering is highly imperativaVith the same rational, a low temperature
growth method is necessary to control boron concentrationy@aBN and
BxIn1xN alloys.

Unlike otherchemical vapor degsition CVD) methods, ALD is based on
the saturative surface reactions, which results in a-lisgting growth
mechanismThe growthtemperatures can also kept low, which make#&LD
attractive and applicable for a wide range of substrates includimgpeent and
flexible polymers. Alloy thin films can be deposited via-RAD either by
regulating the vapor pressures of simultaneously exposed precursors or by
composing a growth cycle that consists of subcycles of the constituent materials.
The latteris er med as dAdigital all oyingo which

method of accurately controlling the composition of thin film alloys.

1.2.2Template Assisted~abrication of Il -nitride Hollow
Nanocylinders via HCPAALD

By virtue of significant material properties and wilgread device applications,
nanostructures of Hhitride materials have been thoroughly explof&f [14]
via either templatassisted oremplatefree fabrication methodologies.

A major limitation associated with templdree synthesis strategy is the
lower degree of control over the properties of resulting structures. There may
either exist additional unwanted morphologies or impuritiethée final product

which result in poor optical and electronic properties. It is of great significance



to fabricate ordered nanostructures with superior regularity and-daege
uniformity for tailoring semiconductor characteristics in a way to enhdnee t
performance of nanostructured materials. Temgased methods are
advantageous in the sense that a-wefined and longange ordered sacrificial
template can be used to guide the morphology of the nanostructures which lead
to their synthesis with cdrolled properties and larggea uniformity.
Moreover, commonly used methofisetal organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBHYr the fabrication of IHnitride
nanostructures employ high growth temperatures which canlowered
considerably by alternative letemperature growth techniques.

Variety of sacrificial templates can be employed as growth temperature
decreases. Polymeric materials are famous sacrificial templates due to their
design flexibility, availability, snple synthesis, and low cost. In one prominent
strategy, polymeric electrospun nanofibers have been utilized as templates for
subsequent ALD growth to fabricate long and uniform rmexade and nitrides
nanofibers with conformal and precise wall thicknesstrol[15]i [18]

The main drawback of electrospun nanofibrteraplates is the randomness
in the nanotemplate pattern: nanofibers are randomly oriented without any
alignment. On the other hand, AAO membranes are anothekmen class of
templates that can be used to synthesize -tange ordered/aligned
nanostrutures with high degree of regularity and unifornjit@]i [25] AAO
membranes are advantageous since they can be utilized to produst@arfidiag
nanostructures as well as nanostructures attached/integrated to the host substrate.
AAO membranes have been used as templatpsottuce GaN nanodot arrays,
nanotubular materials, and porous GaN films where GaN growth is carried out
via MOCVD 2'5218sing such a notithographic approach to fabricate arrays of
nanostructures provides an attractive solution for larga nangpatierning
with relative process simplicity, high throughput, and low cost. Nevertheless,
reliability of nanostructures obtained using high aspect ratio templates are
determined by the conformability of the thin film deposition process. On that

note, ALD stand out as an ideal process that can be utilized to build



nanostructures with very high aspect ratio templates owing to its superior

conformality, uniformity, and atomiscale thickness control.

1.2.3Area Selective Atomic Layer Deposition of Metal Oxides

Using Polymer Growth Inhibition Layers

Controlling the lateral dimensions of thin films by patterning is pivotal in
microelectronics industry due to ewvecreasing trend towards further
miniaturization of device feature sizes. Conventionally, thin film patterning is
achieved by photolithograghwhich includes several processing steps such as
resist spinning, UV exposure, resist development, and film etching. ALD
processes, in which film nucleation is critically dependent on the surface
chemistry betweengaseous precursors and the solid surfgm®vide an
attractive opportunity for performing arsalective deposition by chemically
modifying the substrate surface. Local modification of substrate surface opens
up possibilities to achieve lateral control over film growth in addition to robust
thickness control during ALD proceslreaselective ALD (ASALD) might
pave the way for loviemperature sefiligned nanoscale device fabrication by
reducing or eliminating lithography/etch process steps and minimizing
hazardous reagent use. Taking theseifsigmt advantages into consideration,
the efforts of developing reliable and effective-AED recipes have attracted
considerable interest in recent years. Akiabled nanatterning has been
classified under two broad categories, one with -a&vatedagents and the
other with arealeactivated blocking/inhibition layers. So far, majority of the
AS-ALD studies have been performed using ateactivated approach where
mostly selfassembled monolayers (SAMs) are utilized as the grblaitking
layers by overing the chemically reactive sites on the substrate and exposing
nonreactive groupf26]i [30]

Nevertheless, several constraints are associated with tfd.B$roceses
relying on SAMs It is essential to have largeea defeefree coverage of SAMs

for effective deactivation. Formation of a highality SAM with almost no
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defects is challenging and usually takes more than 24 hours to obtain relatively
densely packed hydrophobic SAM @&age without microscopic pin
holes[26]i [30] Samples are immersed in a SAM solution for such a long time to
enhance the packing density. Additionally, head groups must be chemically
bonded to the surface of the substrate and it introduces a limitation for selection
of substrates for which such bondiwill occur. Controlling the dimensions of
patterning is yet another issue for ARD processes involving SAMs. As a
typical SAM is only ~2 nm thick, it is quite challenging to fabricate thicker
features more than a few nanomef@®. Once the film thickness increases
above the height of SAM, lateral film ovgrowth might start. On the other
hand, polymefilms are usually deposited using spin coating, which is a rather
in-efficient and low throughput coating technique. Moreover, both SAMs and
polymers are soluticbased processes which implies that their applicability with
patterning on 3D nanostructuresll not be straightforward. Finally, solutien
based processes also limit integrability of SAMs and polymers with the thin film
processes carried out in vacuum reactors.

These restrictions pose serious limitations for successful integration ef area
selecive ALD processes for nanoscale device fabrication. Overcoming these
issues require alternate approaches featuring significantly less process
complexity. Only then ASALD might attain as serious process alternative for
high-volume manufacturing.

Overcomiry the limitations associated with SAMased mask layers require
the production of easily patterned, a@active, and defedtee blocking layer
materials. Polymer films present an alternative way to prepare defect free
masking layers which physically sere the active sites on the substrate and
enable ASALD process. Indeed, polymer films with several critical advantages
including quick and easy coating, defect free film quality, and ease of patterning
have been implemented in majority of the lithogragatterning processes.

We demonstrat@ new strategy to achieve selective deposition by using
inductively coupled plasma (ICP) polymerized xGfeactivation layer against

metaloxide ALD processes. Plasma polymerizedy Gfyer was grown in an



ICP reactor usig CFs feed gas. The relatively fast and conformal deposition of
the Ck layer (~30-35 nm/min) provides a strong advantage against SAMs and
spincoated polymer blocking layers. This strategy provides another distinct
advantage; as the growth of CBbBlocking layer is performed in a vacuum
reactor, it allows for easy integration with ALD reactors. A relatively easy
thickness control of GFlayer would possibly solve the issue of lateral
broadening. An additional merit of such an approach would bechde\se
topographical selectivity due to relatively conformal growth of @fer which
might enable patterning on 3D structures. All these advantages combined with
the efficient gaseous precursorsfg) usage in vapor phase deposition process
make this apmach attractive to exploreMoreover, we also investigate
poly(methyl methacrylatefPMMA) and polyvinylpyrrolidone (PVP) polymer

films as growth inhibition layers to demonstrate-ABD process of TiQ.
1.3 Objectives

The first part of the thesis focusen growth recipe development and material
characterizationof InN and llknitride alloy thin films via HCPAALD.
Following arethe main objectives of this section.

1 Selflimiting, low-temperature (200 °C) growth of crystalline InN films
exhibiting crystalline wurtzite structure and low impurity concentrations
via HCPAALD.

1 Detailed optimization of critical growth parameters including both
indium and nitrogen precursor exposure dose and deposition
temperature.

Impact of HCPAALD process parametersdnN film quality.
Evaluation of the structural, chemical, surface, and optical properties of
the HCPAALD-grown InN samples.



1 Selflimiting, low-temperature (200C) growth of crystallindnxGa..xN
films exhibiting crystalline wurtzite structure and lowmpurity
concentrations via HCRALD

1 InxGaxN bandgap engineering studies via digital alloying and
successful tuning of the bandgap towards Hn&faared regime

1 Low-temperature sequential pulsed chemical vapor deposition of ternary
BxGawxN and BInixN thin film alloys

1 Successful band gap engineering @GB.xN and BlIni.xN demonstrated
via digital alloying, resulting in continuous tunability from BN to
GaN/InN.

1 Compositional dependentstructural, optical, and morphological

properties of BGa..xN and BInixN ternary thin film alloys.

The second part focuses on demonstratimgtrolled fabrication of vertical
GaN, AIN, and hN hollow nanecylinders (HNCs) integrated to Si(100)
substrates via template assisted HE®RAD. Towards this goal, we have
utilized anodizedalumina (AAO) membranes which function as the the three
dimensional nanotemplate folPA-ALD materials growth. Using the
conformality of ALD in conjunction with subsequent processing steps; long
range ordered vacal lll-nitride nanostructures with atorascale precision
control have been obtained on Si substrdteshis regard, following were the

main objectives.

A Fabrication of longange ordered Hhitride nanecylinders integrated
inside Si(100) via combation of AAO templates and RALD

A An in-depth materials characterization of AD grown llI-nitride
hollow nanecylinders using scanning electron microscopy (SEM),
energy dispersive Xay analysis (EDX), transmission electron
microscopy (TEM), selected ea electron diffraction (SAED), grazing
incidence Xray diffraction (GIXRD), Xray photoelectron spectroscopy
(XPS), and photoluminescence (PL).



A

A

Comparative analysis of material properties between nanostructured Il
nitride materials and their thiiilm counterparts both grown using lew

temperature PAALD.

Conformality analysis and comparison between differentnitiide

nanocylinders.

Another goabf this thesisvas to demonstrate teS-ALD of metal oxides

and metals using polymers as growth inhibitiagers To achieve this goal,

fluorocarbons, PMMA, and PVP were utilized as inert growth inhibition layers.

After demonstrating the effectiveness of-A&D process, these polymers were

patterned via either photolithography oitbeam lithography for subsegjot

patterning of metal oxide&ollowing were the major objectives of this section.

A

Using ICRpolymerized fluorocarbon coating as hydrophobic
blocking/inhibition layers for areselective deposition

Investigation of ASALD of metaloxide materials includig ZnO,
Al203, TiO2, and HfQ using plasma polymerized flourocarkesgrowth
inhibition layer.

An in-depth materials characterization using contact anlEs,
spectroscopic ellipsometer, arlBEM measurements to determine the
extent of growth selectivity for the set of metal oxide materials.
Patterning of metabxide using ASALD on lithographically defined
patterns of Cklayer.

A comparative study of different polymeric materials including PMMA,
PVP, and Ckfor demonstrating AS\LD of TiO2. An in-depth materials
characterization to determine the extent of growth selectivity ot TiO
using these polymer layers.

Self-aligned growth of nangcale TiQ using a PMMA masking layer
that has been patterd using ebeam lithography. Also, the successful
facile removal of PMMA after selective deposition has beewbjective

of this work.
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1.4 Thesis Qverview

In this part, a brief outline of the thesis is given. Chapter 2 presents a review of
ALD and literature overview for thevork presented in this thesi€hapter 3
explains the experimental procedure together with the characterization
techniquesused.Chapter 4 presentbe experimental results ogrowth of InN

and llknitride alloy thin films depositio using HCPAALD. Details regarding
thetemplate assisted fabrication of-Hitride hollow nanocylinders via HCRA

ALD are summarized in chapter 5. Chapter 6 presentexperimental results

on ASALD of metal oxides using polymer growth inhibition layeFnally,

chapter 7 concludes the thesis.
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Chapter 2

Theoretical Background and

Literature Overview

In this chapter, a brief overview @D process will be presented first, which
will include basic characteristics ALD and thin-film growth mechanism
Moreover,advantages and disadvantages of ALD and comparison of ALD with
other thin film deposition methods will be presented. After that, a brief literature
overview onInN and IIFNitride dloy thin film deposition,templae assisted
fabrication of Ilknitride ranocylindersandareaselective ALD of netal oxides

will be presented
2.1 An Overview on Atomic Layer Deposition

Atomic layer deposition (ALD) is a special type of vapor phase material
deposition scheme that enables the conformal coating of thin films with sub
nanometer thickness control and excellent lang= uniformity. A unit ALD

cycle consists of four steps:) (exposure of metatontaining precursor, (ii)
purge or evacuation, (iii) exposure of second precursor, and (iv) purge or
evacuation. During the introduction of each precursor, surface reactions take

place only at the available reactive sites, -Beifting the film growth to a

12



certain submonolayer thickness within a single ALD cycle. Evacuation/purging
of excess precursor molecules and reactiofproglucts eliminates gas phase
reactions and thus C\VDrowth mode. Besides being ligapdeserving low
temperéure growth technique, itselflimiting characteristic offers precision
thickness control at sudnsgtrom level with superior conformality and
uniformity over arbitrary topography, large areas, and complex stuctartss
regard, ALD becomes an attraet low-temperature material growth method to
be used for templatassisted fabrication of various nanostructured matdfigls.

2]

2.1.1 Mechanism

Figure 2.1 shows achematic representation of a typical ALD cycle. Layer by
layer material growth consists of following four steps:

(1) First precursor exposure, precursor chemisorbs on reactive sites with
formation of reaction products.

(2) Unreacted excess precursord reaction byproductemoval by purging the
reactor with an inert gas.

(3) Secondprecursor exposure, precursencts with the Stprecursor which was
chemisorbed on reactive sitegth formation of reaction products.

(4) Unreacted excess precursoid reaction byproduct&moval by purging the

reactor with an inert gas.

13
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Figure 2.1: Schematic representation of an ALD cycle consisting of four steps.

2.1.2 Factors Causing Saturation and Growth of Less than

Monolayer per Cycle

With the completiorof one ALD cycle, amount of material deposited is called
growth per cycle (GPC). There is a common misconception that ALD deposits
one monolayer of material per cycle, however, reality is differenamount of

material grown per cycle of ALD is less thammonolayer due to a effect known

as fAsteric hindranceo. When a | imited
the reactants, a part of the surface is sheilded by the bulky ligands of precursor
molecules making some of the reactives unavalaile to reactant molecules

and resultng in less then monolayer GP@nother possiblereason of sub
monolayerGPCis thelimited number of reactive sites in which the number of

bonding sites is less than required to achieve a full ligand covéidge]

2.1.3ALD Window

ALD window is the temperature range in which datfiting growth occurs. In

this temperature range, deposition has an ideal constant growth rate with

14



deposition of one monolayger cycle. Center line (Fig. 2.;hdicates the ALD
window on the growth rate vs. temperaturapp. Deviation from ideal self
limiting ALD line corresponds to different mechanisms which prevent ALD to
attain the requirement self-limiting reactions.

There are two possible mechanisms below ALD window which correspond
to nonselfterminating reactions. There can be condensation of precursor
molecules at low temperatures resulting in high deposition rate. Incomplete
reactions alow temperature will lead to low GP], [2]

On the other hand, at high temperatures, thermal decomposition causes a
CVD-like growth mechanism in which gas phase decompositf precursor
molecules occurln additon, deposition rate may be less at higher temperatures
owingto desorption osubmonolayer'sieposited by ALOQ1], [2]

n
Condensation Limited Decomposition Limited
Growth _
rate Saturation level
(Afcycle) :
ALD Window
Activation Energy Limited Desorption Limited
Temperature

Figure2.2 Effect of deposition temperature on the ALD growth rate.
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2.1.4Merits and Demerits of ALD and Comparison with Other

Deposition Techniques

Table 2.1 Merits and demerits of ALD

Merits Demerits

Simple and accurate thickness control by changingntieber of Slow growth rate

reaction cycles

Excellent conformality and uniformity Low precursor utilization
efficiency

Atomic level control of material composition

High quality material deposition at low processing temperatures

No need of reactarflux homogeneity, which enables large area :

batch capability

Good reproducibility and straigfarward scaleup

No gas phase reactions occur, favoring the usage of precursol

are highly reactive towards each other

Capability to preparenultilayer structures in a continuous process

Table 2.2 Comparison of ALD with othethin film deposition techniques.

Method ALD CVvD MBE Sputter. Evapor. PLD

Thickness Uniformity = Good Good  Fair Good Fair Fair
Film Density Good Good Good Good Good  Good
Step Coverage Good Varies Poor Poor Poor Poor
Interface Quality Good Varies Good Poor Fair Varies

Low Temp. Deposition Good Varies Good  Good Good Good
Deposition Rate Poor Good Fair Good Good Good
Lack of Pinholes Good Good Good Fair Fair Fair

Automated Multilayers Good Fair Good  Good Fair Fair

Industrial Applicability = Varies Good Varies Good Good Poor

MBE= Molecular beam epitaxy, CVD= Chemical vapour deposition, and-FRulsed laser

deposition
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2.1.5Plasma vs. Thermal ALD

Exchangereactions between reactamblecules andhemisorb specgcan be
sufficiently enhancedby using an external source of actikan energy.
Conventional mode of ALD (Thermal ALD) uses thermal energy to heat the
entire reactor chamber of the substradme aternative of thermal ALD is
plasmaenhanced ALD (PEALD) (also called as plasassisted ALD, PA
ALD), in which energetic radicals are generated to accelerate the self
terminating ALD reactions.

PA-ALD offers several merits over thermal ALD such as improvederial
propertied31][32] reduced growth temperatur&s], [34] and increased choice
of precursors and materid35] Mainly, these superior properties are the result
of high reactivity provided by energetic radicals. Moreover, better control of
stoichiometry, increased growth rate, mimged/eliminated nucleation delay,
and increased process versatility have been reported due to higher degree of
freedom in processing conditions (operating pressure, plasma power, plasma
exposure time, etc.) of RALD.[35] The majodimitation of PEALD process is
reduced conformality on high aspect ratio structures, whibklisved to be due
to recombinatiorof radicals in deep trenches of high aspect ratio nanostructures.

2.2 InN and Il -Nitride Alloy Thin Film
Deposition UsingHCPA-ALD reactor

Among the Ilknitride compound semiconductor materials familgN has
attracted much attentiodue to its largest electron saturation velocity, highest
mobility, smallest direct band gap, and smallest electron effective mass.
Electronic transport properties of InN reveal exceptionally high peak drift
velocity at room temperature which makes it hyghdttractive potential
candidate for high speed electroni8k. [36], [37] Most thermodynatcally
favourable and stable phase of InN is hexagonal with wurtzite structure. Small
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band gap value of InN has widened the spectral range covered by nitrides, from
the ultraviolet for AIN to the near infrared for InN.

Significant progress has been madethe growth of hexagonal InN by
different growth methods and among them, the most prominentodeetire
MBE[38], metal organic vapor phase epitaxy (MOVPER], sputtering@0], and
pulsed laser depositipfil].

Hexagonal wurtzite InN and GaN exhibit direct band gaps of 0.7 and 3.4
eV, respectively. Hence, ternaryx@e.xN alloys provide band gap values
which can be tuned from near ultraviolet to infrared rgAgé¢.InxGawxN is a
material of prime importance with its applications inGa.xN/GaN based
double heterostructure light emitting diodes (LEDs) and potential use in high
efficiency multijunction thin film solar cell$43] InxGaixN alloys are also
considered as potential candids for green LEDs with target wavelength of 525
nm. Green LEDs and deep UV LEDs are conceived as an important challenge in
LED technology. Green LEDs with emission wavelength of 525 nm exhibit low
efficiency compared to red and blue LEDs and this olistscknown as the
A Gr e e n44]Havweer, due to the considerable latticesmmatch between
GaN and InN, there exists a solid phase miscibility gap ¥®anN alloy
system which is a significant hurdle in growing particularlyrigh InxGayxN
films with decent crystalline qualif5] Moreover, difference in formation
enthalpies and vapor pressures of I@Nd GaN can lead to either low
solubilities or surface segregation of indium irGa-xN alloys[46], [47]

A number of techniques have been utilized for the growth gbanN
films which include pulsed laser depositiqd8] MOCVD,[49] MBE,[50]
sputtering51], and hydride vapor phase epitd%2] Among them, MOCVD
and MBE are the leading epitaxial growth techniques to grow high quality
singlecrystalline InGawxN thin films with very low impurity contents.

Hexagonal boron nitridehBN) thin films have dtacted special attention
due to their useful properties such as wide band gap, high thermal conductivity,
high oxidation resistance, and low surface engbs@i.[55] On the other hand,

GaN has been considered as one of the most important member ofrtiedil
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compound semiconductor material family, due to its supe&tarctrical
properties in addition to its robustng¢S8] Therefore, a hybrid of these superior
properties might potentially be achieved vigGB..xN ternary alloys. BGaxN
can provide more degrees of freedom fabricating optoelectronic device
structures operating at shorter wavelengf1$, [58] BxIn1.xN, a ternary nitride
semconductor alloy that consists dfBN and hinN can be employed in
optoelectronic devices whiobperates in a quite broad spectrum ranging from
deep ultraviolet to infrared (2001800 nm)[65]

There are few reports on growthBfGaixN andBxInixN which have been
grown using higitemperaturdMlBE and MOVPE[65], [66]

2.3Template Assisted Fabrication of Il-Nitride

Nanocylinders

By virtue of significant materigtropertieof IIl nitrides and widespread device
applications, nanostructures of -flitride materials have been thoroughly
explored[8]1[14] As a general classification, either templassiséd or
templatefree strategies have been used for the fabrication oehitlile
nanostructures. Templateee methods can be further classified into mainly two
types: catalysassisted and catalyBee methods. In templasessisted strategy,
material grevth is carried out on nanostructured templates such as carbon
nanotubes, polymers, or anodAAO.[17], [67], [68] Subsequent to growth,
template material might be removed via higmperature treatment
(calcination) or physical/chemical etching to obtain various kinds of
nanostructures. On the other hand, catadgsisted growth typically oacs via
vapor liquid solid growth where nanostructures are fabricated along a
supersaturated catalytic liquid metal such as Ni of6X{.Catalyst free methods
geneally utilize selective area growth of preferential growing crystallographic
planes over non preferential planes by altering the processing conditions in order

to favor growth of material in one dimensif&®g], [70]
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GaN nanostructures have been prepared in the variety of forms including
nanorodf/1][72]i[80], nanowiref81], [82], [82]i[103], nanotubgd04],
nanoparticled 05], nanopillar§106], [107]108]i [112][113]i [115][111], [113],

[114], [116][118][8], [107], [119]120]i[125][126]i[128][129], [130]103],
[131]i[138], nanceflowerd139], [140] hollow spherdd41], [142] nanowall
crystal$8], and nanoplat¢s43].The common methods utilized for preparing
these nanostructures are arc discharge, laser ablsiogVD, MOVPE, and
pyrolysis[104], [140], [142]83], [94], [95], [99] Nanowires and nanorods are
obtained via catalysdssisted MOCVD67] The distinction between nanorods
and nanowires lies in their @&ct ratio; nanowires possess significantly larger
aspect ratio. Strong cathodeluminscence and/or photoluminescence from GaN
nanopillars has been observed as compared to single crystalline GaN thin films
which is attributed to high crystal quality, straiméss reduction, and improved
anti reflection properties of GaN nanopill§t€.7], [111], [117], [127], [134],

[136] InGaN/GaN mulfple quantum well LEDs in the form of nanopillars
showed enhanced light extraction efficiencies as compare to their thin film
counterpart$l21] Catalyst assisted techniques are preferably used to produce
GaN nanowires since catalysts such as Au and Ni praxadeiderably high
growth rates. Au is a preferred catalyst of choice among others, mainly due to
two reasons; Au has a high defect formation energy (~ 4eV) in GaN, and the
synthesized final product exhibits lower levels of impurifgg. Utilizing Fe

and Ni materials for catalystssisted growth resulted in GaN nanowires with
higher impurity concentrations which brings unwanted harms particularly to
optical and eldcical properties. AIN nanostructures have been fabricated in the
form of nanofibergl8][144]i [147], nanorodgl44][148]i [155],
nanowirefl56]i [171], nanoparticldd72]i [174], and nanowhiskef&75][176]
mainly using electrospinning, CVD, andBE methods. InN nanostructures
have been synthesized in the form of nanoyl&g]i[204],
nanoparticle05]i [212], nanorodR213]i[231] using CVD and MBE

techniques.
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2.4 Area-Selective ALD of MetalOxidesUsing

Polymer Growth Inhibition Layers

Micro and nanoscale film patterning is an essential part of modern
microelectronics industry, being the essential ingredients -tfas&¢d CMOS
transistor technology. As device scaling proceeds toward4Guin era where
process tolerances become atostale, the adoption of alternative nanoscale
process integration schemes become crit.i
device dowrscaling) and beyond Moore (novel device concepts). Nanoscale
process inte@tion demands novel napatterning techniques in compliance
with the requirements of feature generation devices. Conventionaltgotop
subtractive (etch) or additive (deposition/iftf) processes in conjunction with
various lithography techniques @nployed to achieve film patterning, which
become increasingly challenging due to the lginking alignment
requirement$232]i [234] To reduce the complexity burden of lithographic
alignment in future technology nodes, salifjned processes such as selective
deposition and selective etching might provide vital solutions.

Since ALD relies heavily on surface chemistry, it is possiblehtemically
modify the surface to achieve AS.D. Such ALD-enabled nangatterning
approaches have been classified into two categories; (Paateated ASALD
and (ii) areadeactivated ASALD. So far, most of the AR\LD studies have
been performed witharea deactivation, where part of the substrate is
blocked/deactivated by certain coatings allowing film to grow only on the
uncovered areas. Surface deactivation has been typically achieved by selectively
attading SAMson the substrate surface. SAMs arenolayer films which are
comprised of relatively long organic chains with reactive groups at both ends.
The head group, alkane chain, and a tail group are the main constituents of
SAMs. Head group facilitates the adsorption of the molecule on to theaabst
surface while tail group terminates the surface and exposes itself directly for

ALD reaction. An ordered SAM is formed due to Van der Waals interactions
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between the alkane chains. The tail group determines the property of the surface
termination eitheas hydrophilic or hydrophobic which in turn either enhances
or blocks the nucleation and growth of ALD grown films.

Certain polymers such as PMMA and PVP have also been used as area
deactivating agent® block ALD growth processg235]i [237] If ALD grown
films start nucleating on these patterned polymer layers, conventionaff lift

process is utilized tachieve the desired patternif&R7]i [239][240]
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Chapter 3

Experimental Details

This chapter provides experimentitailsof InN and llFnitride alloy thin film
deposition, &brication of Ilknitride nanocylindersand selective area ALD of
metal oxidesas well as the materials characterization techniques. All of the
deposition and fabrication processes were perforaedJNAM Cleanroom
Facility (UCF)except AAO (template for Hhitride nanecylinders fabrication)

foil preparation which were prepared in TOBB University of Economics and
Technology UNAM characterization tools were used for materials property

evaluationof thin film and nanostructurddl -nitride, andmetal oxidematerials.

3.1 Hollow Cathode Plasma Assisted Atomic

Layer Deposition of InN

InN thin films were deposited in a modified Fiji F20Q remoteplasma ALD
reactor (Ultratech/CambridgeNanoTech )navhich is backed by an adixen
ACP 120G dry scroll vacuum pumphe Fiji is a modular higivacuum ALD
system which is capable of carrying out thermal as well as plasimanced

depositions. The details of the system are presented in Fig. 3.1.
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Figure3.1: Details regarding specific parts and their features of RLIDsystem

Original system was revamped by replacing the guzatedICP source
with a stainless ste¢lCP source (Meaglow Ltd., Thunder Bay, ON, Canada).
The original RF power supply (SerelPS Inc., R301), matching network
controller (Seren IPS Inc., MC2), and automatic matching network (Seren IPS
Inc., AT-3) units were used to activate the HCP discharge. Si (100) and double
side polished quartz substrates were cleaned by sequentiabniltragitation in
2-propanol, acetone, and methanol, followed by rinsing with DI water and
drying with No. Native oxide layer on Si was removed by submerging the
samples into dilute hydrofluoric acid solution for 2 min, followed by rinsing
with DI water aml drying with N. Substrates were kept at deposition
temperature for at least 20 min before the growth process was started. The
rotation speed of the Adixen ATH 400 M turbo pump was adjusted in order to
keep the reactor pressure fixed at ~150 mTorr dughogvth sessions, whereas
the base pressure of the system was lower tha ag.

Trimethylindium (TMIT 99.999%, Dockweiler GmbH.) and:Nblasma
have been used as indium and nitrogen precursors, respectively. Organometallic
precursors and Nplasma were carried from separate lines using 30 and 100

sccm Ar, respectively. Nplasma gas flow rates and plasma power were
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constant in all experiments as 50 sccm and 300 W, respectively. BattndMr
gases were of 99.998% purity which were furtherifigd through Microtorr
(MCL-702F) gas purifier units.

3.2 Hollow Cathode Plasma Asistal Atomic
Layer Deposition of IniGa;-xN Thin Films

GaN, InN, and IgGaxN thin films were deposited at 20 in the same
modified Fiji F200LL remoteplasma ALD reactor
(Ultratech/CambridgeNanoTech Incdescribed in section 3.Bilicon (Si) and
doubleside polished quartz substrates were cleaned by sequential ultrasonic
agitation in 2propanol, acetone, and methanol, followed by rinsing with DI
water and dryingvith N2. Native oxide layer on Si was removed by submerging
into dilute hydrofluoric acid solution for 2 min, followed by rinsing with DI
water and drying with Bl Substrates were kept at deposition temperature for at
least 20 min before the growth prosesas started. Triethylgallium (TEG) and
TMI were used as gallium and indium metal precursors; whergbis ahd N
plasma were used as nitrogen precursors for growth of GaN and InN films,
respectively. Same nitrogen source was used for respective sihoydBaN

and InN in the main cycle of iGaxN thin film growth. Organometallic
precursors and MH> (or N2) were carried from separate lines using 30 and 100
sccm Ar, respectively. MH. (or N2) gas flow rates and plasma power were
constant in all expements as 50/50 (50) sccm and 300 W, respectively. The
system was purged for 10 s afteack precursor exposure. Figure 3l2ows
growth process sequence ok@a.xN thin film. A super cycle of kGa.xN is
depicted which comprise of a single GaN and Inidcycle. Steps 1 to 11 are
repeated in sequence to complete one supercyclex@&lixN thin film. The
recipe starts with 10 sJNH> plasma exposure followed by 10 s purging time.
Carrier gas for the precursors andHi plasma is Ar which is also used for

purging to remove excess reactant and byproducts. Step 3 is TEG pulse followed
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by 10 s of purge time. After that,.M> plasma is introduced as a second
reactant followed by purging. Step 7 is 10 s exposurexgfi&déma followed by
purging. The reactor #hen subsequently exposed to TMI pulse followed by 10
s of purge time. TMI pulse is marked by a line and is not visible due to low
vapour pressure of TMI. The last two steps are 40 gl&dma exposure and 10

sec of purging time.

1.1

1 1.10 sec N,/H, plasma 7.10 sec N, plasma
1.0 1  exposure exposure
0.9 - 2. 10 sec purge time 8. 10 sec purge time

4 3. TEG pulse (0.5 sec) 9. TMI pulse (0.03 sec)
0.8 4 4. 10 sec purge time 10. 10 sec purge time
0.7 ] 5. 40 sec N,/H, plasma 11. 40 sec N, plasma

exposure exposure

—_——
S
S
o]

o
Q
5 0.6 6.10sec purge time
» ]

7))
[+}]
T
o

Time (s)

Figure 3.2:A schematic showing growth process sequence&anN thin film with
single sub cycle of InN and GaN

3.3 Sequential Pulsed Chemical Vapor Deposition
of Ternary BxGai-xN and BxIn1xN Thin Film
Alloys

BN, GaN, InN, BIni.xN, and BGaxN thin films were @posited at 450C in a
modified Fiji F200LL remoteplasma ALD reactor
(Ultratech/CambridgeNanoTech Inc.polvent cleaning of silicon (Si) and
doubleside polished quartz substrates was performed by sequential ultrasonic
agitation in 2propanol, acetoneand methanol, followed by rinsing with DI
water and drying with Bl Si was submerged into dilute hydrofluoric acid

solution for 2 min in order to remove the native oxide layer, followed by rinsing
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with DI water and drying with B Substrates were kept ateposition
temperature for at least 20 min before the growth process was started.
Triethylboron (TEB), TEG, and TMIwere used as boron, gallium and
indium metal precursors.2NH2 and N plasma were used as nitrogen precursors
for growth of GaN and InN fihs, respectively. Same nitrogen source was used
for respective suoycles of GaN and InN in the main cycle ofGu.xN and
BxIn1xN thin film growth. BN growth with TEB and #H> plasma as boron and
nitrogen precursors, respectively at 480D has beemeported elsewhel@41]
For BGaxN growth, N/H> plasma has been used as nitrogen source for
subcycle of BN. However, as InN subcycle ixirB.xN thin film uses N plasma
as nitrogen source, we have useg plasma as nitrogen prersor for BN
subcycle in BInixN thin film growth in order to match the plasmas in the same
growth run. Also, a separate growth run of BN was carried out usimiaSma
as nitrogen source to compare the material properties of BN wiith.8! thin
film alloys. Organometallic precursors and/Mb (or N2) were carried from
separate lines using 30 and 100 sccm Ar, respectively. TEG and TMI precursors
were 99.999 % pure, while TgkB:plasma 095 %
gases and carrier gas, Ar wad. 39 % and these gases were further purified
using MicroTorr gas purifiers. #/Hz (or N2) gas flow rates and plasma power
were kept constant in all experiments as 50/50 (50) sccm and 300 W,

respectively. The system was purged for 10 s after each preexpisure.

3.4 Template Assisted Rbrication of Il -Nitride
Nano-Cylinder Arrays via PlasmaAssisted
Atomic Layer Deposition

3.4.1 AAO Foils Preparation

The free standing AAO molds were fabricated by using voltage reduction
method[242] Firstly nanoporous AAO molds were synthesized on both sides of
the high purity Al foil by a twestep anodization methq@43] Briefly, Al foll
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(99.998%, Alfa Aesar, Gerany) was polished with sand paper and cleaned by

using a standard electrochemical process. During this process, Al foil was
electropolished in a chemical mixture of 95 wt%Piay (Sigma, USA), 5 wt%

H2SOQy (Sigma, USA) and 20 g/l of Ce3dProlabo, Belgiumat 15 V. The first

anodization step was then carried out at 50 V at 7 °C in 0.3 M oxalic acid
solution for 18 h. A thick and neaniform AAO layer was removed from Al

foil by using 0.2 M chromic acid (Prolabo, Belgium) solution at 75 °C and

second anodizein step was completed under the same conditions for 20 min.

At the end of these steps, anodization voltage was gradually reduced to 14 V by

a 5% voltage reduction every 2 min. To obtained free standing AAO mold, this
material was immersed in viv %10sPy s ol uti on unt i | bubbl
formed on AAO mol ds? wer€ then cdlestedrfrommd foild s  ( g5

using a thin parafilm backing paper.

3.4.2 Vertical Il -nitride Hollow Nano-cylinder Array

Fabrication

AAO membrane was attached to the Si(18@)face using triton liquid solution

which helped to achieve better adhesion of AAO membrane to the substrate
surface and prevent possible membrane detachments during the subsequent
fabrication steps. Triton was then removed from the surface using aeetdne

the surface was dried at conventional air ambient and room temperature.

Si(100) was etched through AAO membrane hard masks in an RIE reactor
using Ar (100 sccm)/CHH5 scem) etch gas mixture for a total etch time of 70
min. During Si etching, coil ahplaten power were maintained as 450 and 100
W, respectively. IHnitride materials including GaN, AIN, and InN were
deposited in a modified Fiji F200L remoteplasma ALD reactor
(Ultratech/CambridgeNanoTech IncWhile the unit growth cycle for GaN
corsisted ofTEG pulse (0.5 s), Ar purge (10 s)2Ml> plasma exposure (60 s),
and Ar purge (10 s), one AIN ALD cycle was formed by trimethylaluminum

(TMA) pulse (0.06 s), Ar purge (10 s).2M2 plasma exposure (40 s), and Ar
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purge (10 s). For InN on the othieand, unit growth cycle containdd/l pulse
(0.07 s), Ar purge (10 s), Nplasma exposure (100 s), and Ar purge (10 s).
N2/H2 or N2 plasma gas flow rates and plasma power were constant in all
experiments aS0/50 sccm and 300 W, respectively. BothaldAr gases were
of 99.998% purity which were furthgurified through Microtorr (MCL702F)
gas purifier units. All Ilinitride growth experiments were performed at a
substrate temperature of 200 °C.

[l -nitrides deposited on the top of pores were remov@&iknreactor using
Ar (100 sccm) etching followed by selective etching of surrounding Si usigig SF
(60 sccm) etch recipe to obtain-Hitride HNCs. During both these etch steps,
coil and platen power were maintained as 450 and 100 W, respectively. The
schematic stegby-step fabrication of vertically aligned dHitride HNCs are

shown in Fig. 3.3

Figure 3.3:The schematic showing stéy-step fabrication of vertically aligned 4ll
nitride HNCs: (a) AAO membrane placement on Si(100), (b and c) Si patjeniih
Ar/CHF; based reactive ion etching (RIE) using AAO membrane as hard mask material
to achieve nanoporous Si substrate, (d) conformal coatingwitdile materials, (e) Ar
based RIE of PAALD coated IIFnitride material from top surface of Si, @ based
selective etching of Si to obatain-Hitride HNCs.
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3.5Area Selective Atomic Layer Deposition of
Metal Oxides Using Polymer Growth Inhibition

Layers

As a proof of concept hydrophobic inhibition layer to demonstrateARS,

CF was coated by plasma polymerization using ICP etching reactor vk C
gas line, normally used to execute deep reactive ion etching (DRIE) recipes for
Si etch processes. Deposition ofxGfas performed for 70 sec usingFggas

flow rate of 70 sccm. A plsma power of 400 W was employed and growth was
performed at room temperature. For preparation of reference control samples,
Si(100) samples were solvent cleaned and exposed pda@ma for 2 minutes
before metabxide ALD growth in order to increase thmoncentration of
hydroxyl groups on the substrate. ZnO, kf@nd AbOs layers were deposited

by ALD using EtZn, Hf(NMey)s, AI(CHz);, and HO as zinc, hafnium,
aluminum, and oxygen precursors, respectively. All depositions were carried out
at 200 °C in Saannah S100 ALD reactor, (Ultratech/CambridgeNanotech Inc.)
using N as the carrier and purge gas. One growth cycle of ZnO consisted of
EtzZn pulse (0.015 s), Nourge (10 s), BED pulse (0.015 s), andzgurge (10 s).

One growth cycle of Hf@consisted oHf(NMe2)4 pulse (0.2 s), Blpurge (15 s),

H20O pulse (0.015 s), and2Nburge (10 s). Hf(NMg4 was preheated to 75 °C
and stabilized at this temperature prior to depositions. One growth cycle of
Al 205 consisted of Al(CH)s pulse (0.015 s), Npurge (8 s), KO pulse (0.015

s), and N purge (8 s).

PMMA and PVP polymers films were utilized as growth inhibition layers to
demonstrate AALD of TiO2. PMMA solution was prepared using 2 % PMMA
(SigmaAldrich, average Mw 350000) in toluene while P¥®tution was
prepared using 1 wt % PVP (Sigmddrich, average Mw 1,300,000) in ethanol.
PMMA and PVP films were coated on Si(100) substrate using spin goitiim
a revolution per minute (RPM) value of 4000 and acceleration of 2000 for 40
sec followed by a heat treatment on hot plate for 20 minutes at 110 °C to ensure

the complete removal of solvent content. PMMA and PVP film thicknesses were

30



measured as ~48d 60 nm, respectively utilizing spectroscopic ellipsometer.
As reference control samples, Si(100) samples were sedlearied and
exposed to @plasma for 2 minutes before Ti@Qrowth in order to increase the
concentration of hydroxyl groups on the swate surface. Ti@was deposited
using tetrakis(dimethylamido)titaniun(TDMAT) and HO as titanium and
oxygen precursors, respectively with &k carrier gas. ALD experiments were
carried out at 150 °C in Savannah S100 ALD reactor (Cambridge Nanotech Inc.
One unit growth cycle of Tigconsisted of TDMAT pulse (0.03 s).Hurge (20

s), O pulse (0.015 s), andxgurge (20 s).

3.6 Characterization Methods

Grazingincidence Xray diffraction (GIXRD) patterns were recorded in an

X'Pert PRO MRD diffractmeter (PANalytical B.V., Almelo, Netherlands)

using Cu KU radiation. Qbamdeaf1@@ bydheobt ai n
summation of ten scans, which were performed using 0.1° step size and 15 s
counting time. Interplanar spacinghg) values were calculated from peak

positions usingthe wek nown Br aggo6s | awand/drawerei ce p al
calculated by substituting. values in Eqn.3.1), which relates the interplanar

spacing @n«), miller indices kikl), and lattice paramate (@ andc) for hexagonal

crystals.
- - —_— - (3.1)

Elemental composition, valence band spectra, and chemical bonding states
of the thin filmsand nanostructuresere determined byXPS using Thermo
Scientific KAl pha spectrometer (Ther mo Fisher
a monochr oma-day soerak. Sputter depth profiling was performed
with a beam of Ar ions having an acceleration voltage and spot size of 1 kV and
400 pum, repectively. Surface morphologies of ttien films and nanostructures
were revealed using SEM (FEI, Hillsboro, OR NNL 600i) and an atomic force
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microscope (AFM) (XELOOE, PSIA, Suwon, Korea) which was operated in the
non-contact mode.

Tecnai G2 F30TEM (FEIl, Hillsboro, OR) was utilized for the high
resolution (HR) imaging and obtaining SAE[attern of the thin filmand
nanostructuredgampls. TEM samplefor thin films wereprepared by a Nova
600i Nanolab focused ion beam (FIB) system (FEI, Hillsboro, OR) wan
acceleration voltage of 30 kV using various beam currents ranging frgpaA 50
to 21nA. Damage layer was removed by FIB milling at a beam voltage of 5 kV.
Elemental mapping was performed in TEMjng an EDX

Spectral transmission measurements wer€fopaed with a UWVIS
spectrophotometeHR4000CGUV-NIR, Ocean Optics Ingin the wavelength
range of 2001000 nm relative to air, and the optical constants of the films were
determined using a variable angle spectroscopic ellipsomet®ASE, J.A.
Woollam Co. Inc., Lincoln, NE) which is coupled with rotating analyzer and
xenon light source. The ellipsometric spectra were collected at three angles of
incidence (6% 7C, and 75) to yield adequate sensitivity over the full spectral
range. Optical constéand film thickness values were extracted by fitting the
spectroscopic ellipsometry data. The numerical iteration was performed to
minimize the measquare error function using WVASE32 software (J.A.
Woollam Co. Inc., Lincoln, NE). The homogeneous Faocentz (TL) function

was used as an oscillator. The absorption coefficient,

2 (32)

was calculated from th&( avplues determined from the ellipsometry data.

Optical band gapHg) is expressed by the following equation for dideahd gap
materials, which can be analytically extracted via extrapolation of the lingar pa
of the absorptd&mn spectrum to (UE)
| O 60 O 7 (33)
PL spectra of the GaNHNCs and thin films was measuredat room
temperature and at a constacitation laser intensity of 64 W/émThe
samples were excited by HeCd laser at 325 nm and the PL spectra was recorded

by Exemplar Plus BWTek spectrometer.
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Chapter 4

InNN and I1l -Nitride Alloy Thin Films
Deposition UsingHCPA-ALD

This chapter presents the experimental resultdHGPA-ALD grown InN,
InxGawxN, BxGaixN, and BxInixN thin films. Growth recipe optimization as
well as optical, morphological, structural, and compositional characterization

resultsarediscussed in detail.

4.1 Hollow Cathode Plasma Assisted Atomic

Layer Deposition d InN Thin Films

HCPA-ALD InN thin films were grown using TMI and Nplasma as indium

and nitrogen precursors, respectivebgveral parameters including llasma
exposure time, TMI pulse, purge time, and growth temperature were studied and
optimized inorder to develop the séthiting ALD growth recipe for InN.
During optimization experiments,-.Nlasma flow rate and plasma power were

kept constant as 5@am and 300W, respectively.
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4.1.1 Optimization of Growth Parameters

Figure 4.1 shows the effect of indium and nitrogen precursor doses on the
growth rate of InN. Initially, TMI pulse length, purge time, and growth
temperature were kept constant as 0.07 s, 10 s, andQ@0&spectively. N
plasma exposure time was varied to ingge the effect on growth rate. After
each growth run using different 2Nplasma exposure time, spectroscopic
ellipsometer measurement was carried out subsequently to extract the thickness
of the grown film. Growth rate was then evaluated by dividing thasomed

film thickness with the total number of growth cycles. Growth rate decreases
progressively with increase in2lplasma exposure time from 40 s to 100 s. It
was found as 1.60 A/cycle with 40 s of plasma exposure time which decreases to
0.64 A/cycle uder 100 s of exposure time. In order to explore the main cause of
growth rate decrease, all the samples were examined by XPS and the data is
presented as inset of Figutel. Films were etched using Aions before taking

XPS data to obtain elemental contations from the bulk of the films. XPS
measurements revealed a decrease in carbon content of the films with increase in
N2 plasma exposure time. With 40 s plasma exposure time, 19 at. % carbon
was found in the bulk of the film. Carbon content de@sds ~3 at. % with the
increase in Aplasma exposure time to 100 s. Previously, we have demonstrated
HCPA-ALD of AIN, BN, and GaN films using the trimethylaluminum,
triethylboron, and trimethylgallium, respectively together witho/HY
plasmd32], [241], [244] Thesemetal precursors belong to the organometallic
precursor family which contains methyl/ethyl groups bonded to metal atoms.
Purpose of using Hplasma in addition to Nplasma was to effectively remove

the carbon ligands during the film growth. However,ha tase of InN, we had
found that addition of FHplasma with N plasma as second precursor resulted in
InN films with poor crystalline quality showing high level of impurities with
significant voids in the films, resulting in ledensity films[245] This profound

effect of B plasma was attributed to plasiredated deterioration during the

growth. Inthat context, present results illustrate thatoNly plasma exposure
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time is critical in removing the carbon containing ligands of TMI and results
indicate that higher Nplasma exposure time is necessary to obtain InN films
with minimum amount of carbomcorporation. For the TMI saturation curve
(Fig. 4.1), No plasma dose, purge time, and growth temperature were kept
constant at 100 s, 10 s, and 2@) respectively. Deposition rate increased with
increasing TMI dose until 0.07 s, where growth rate becaaturated at ~0.67
Alcycle. Increasing the TMI pulse length above 0.07 s does not affect the
amount of species adsorbed. Hence, reaction becometersaifiating with
sufficiently long TMI exposure an@PCshows a decent saturation behaviour.

Nitrogen plasma dose (s)

40 60 80 100 120
- T v T v T v T Y T
16 - i 211

Ll . 184 o\
Q | * k- 2
0 144 3 ..
A §
< 124 S N
:” i ~
‘a 1.0 4 4 50 60 70 80 90 100
e Nitrogen plasma dose
'§ 0.8 -
o ] \_l=l
S ]
0 0.6 - /

04

I | I y | ' | ;- I N 1
0.03 0.04 0.05 0.06 0.07 0.08 0.09
TMI pulse length (s)

Figure4.1 Effect of precursor doses on growth rate at 200 TMI pulse length was
kept constant at 0.7 s for the; Nlasmasaturation curve, Nplasma dose was kept
constant at 100 s for the TMI saturation curve. (Insetpllsma dose vs. carban. %
presemin the bulk of the film.
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Film thickness vs. number of deposition cycles is given in &@. The
growth can be considered in steady regime where film thickness increases
linearly with increasing number of cycles. Linear growth behaviour is an
importart hall mark of seHlimiting ALD due to several reasons: number of
cycles does not alter the number of surface reactive sites and steric hindrance of
the ligands of the adsorbed species causes saturation. Steric hindrance4s a well
known term in ALD whereadsorbed ligands in one half reaction can
shield/shadow part of the surface from being accessible to the second reactant
and surface | s c on[246]dAeditiondlly, fihEse Irebufts s at ur
show that growth of InN begins immediately on the substrate without any
incubation period. Indeed, it seems that InN growth exhibits at Sigbstrate
enhanced behaviour taking into account the-peno extrapolation of the linear
fitting line. Substrate enhanced growth refers to a growth type in which number
of reactive sites on the substrate is higher than on the-gtblyn material,
which results in higher GPC in the beginning of the growth than at the steady
regime[246]
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Figure 4.2 InN film thickness vs. number of deposition cycles. (Inset) Deposition rate
as a finction of purge time: TMI dosand N plasma exposure time were constant at
0.7 and 100 s, respectively.
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The purge cycles between the TMI anglglfasma egosure steps must also
be sufficiently long. If not long enough purged, the GPC increases due to
overlapping of metal and nitrogen precursors in gas phase, leading-selhon
limiting chemical vapor deposition (CVBype of growth. On the other hand,
purge cycles should be short enough so that possible desorption of chemisorbed
precursor molecules from the substrate surface can be aya#gdlhe effect
of purge time on deposition rate (Inset of FgR) was studied at 200C by
keeping the TMI pulse length (0.07 s) anggdasma exposure time (100 s) at its
optimized conditions. Growth rate remained constant as 0.6¢cl&/éor purge
times within 520 s range, indicating that the studied range of purge time
satisfies the necessary conditions for -$iatiting ideal ALD. Based on this
result, purging time for InN growth cycle was set to 10 s.

Deposition rates of InN thin films and In/N ratio has been obtained at
substrate temperatures ranging from 150 to 360(Fig. 4.3). Growth rate
decreases sharply from 1.36 to 0.64 Aleywith the increase in growth
temperature from 150 to 20, respectively. With further increase in substrate
temperature, GPC further decreases to ~0.52 A/cycle and remains saturated
around this value within the temperature range of -Z5D C. XPS
meaurements from bulk of InN sample grown at 1&0reveal 25 at. % carbon
which suggest the ineffective removal of carbon containing ligands (methyl
groups) of TMI in the growing film possibly due to insufficient thermal energy
for the completion of TMIN2 plasma reaction. These unreacted carbon
containing ligands are the main reason for the high growth rate alC15\PS
measurements were conducted on InN samples grown at different temperatures
in which data was collected from the surface of the thin film&\ ratio was
computed from the composition of InN thin films and plotted against substrate
temperature (Figd.3). At 150 C, film is found to be N rich with In/N ratio of
0.62 while films are In rich (In/N>1) at temperatures above Z0At 200 C,
film was nearly stoichiometric with In/N ratio of 1.03. A similar trend has been
reported for ALEgrown InN films by Nepalet al. where they found N rich
films for substrate temperatures below 1I80and In rich films above
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180 C.[247] Additionally, they reported that N rich InN films were insulating
while In rich InN films exhibited lower resistivity. Less resistive In rich films
were correlated with nitrogen vacanciesy(MWvhich is the major contributing
source of electrons in InN films. These Were believed to form with sufficient
thermal energy only at growth temperatures above 20J@47] A summary of
the studied growth parameters for HGRAD grown InN thin films and

established values are provided in Tahle
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Figure 4.3 Growth rate and In/N ratio (evaluated by XPS) of InN deposited at different

substrate temperatures.

Table 4.1: Summary of studied growth parameters range and established value.

Parameters TMI pulse N2 plasma exposure  Purge Growth
length (s) time (s) time temperature(C)
Studied range 0.03-0.09 40-100 5-20 150350
Established 0.07 100 10 200
value

4.1.2Material Characterization of InN Thin Films
After optimization of the main growth parameters, a-¢@€le growth of InN

was carried out at 200C on Si (100) and doubkide polished quartz for
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detailed material characterization at optimized conditions listed in Hable
Spectroscopic ellipsometer revealed the thickness of the film as ~48 nm while
XRR extracted the thickness of the film as ~43 nm. XRR further reveals film
density as 6.30 g/cin

XPS measurement was usedtmlysehe elemental composition, chemical
bonding states, and impurity contents of the InN film. Survey spectrum from the
surface of the film shows the presence of In 3d, N 1s, C 1s, and O 1s elements.
Table 4.2 shows the chmical composition of InN film deposited on Si (100)
surface, both on the as deposited surface and in the bulk. Zablustrates
that In/N ratio is closer to ~1; which indicates that InN deposited at 200
possesses nedteal stoichiometry. Surfacd the film showed a highly oxidized
and contaminated (21% oxygen and 31% carbon) character. High concentration
of adventitious carbon and oxygen found on the surface of the film originates
from post deposition atmospheric exposure. InN thin film was etblgedr”
ions for 60 s in order to obtain XPS survey scan from the bulk of the films.
Analysis of the bulk InN reveals that In/N ratio is greater than unity and
indicates nitrogen deficient films. Similar behaviour has been observed in case
of ion beam depmited and reactively sputtered InN filrf18], [249] This
observed difference in stoichiometry from surface and bulk of the films have
been explained by preferential sputtering of N atoms Byolis used to sputter
and depth profile the film of interest. Although*Aon etching of INN does not
provide information about stoichiometry from the bulk of the film due to
limitation of preferential etching, it is a suitable method to estimate impurity
concentration within the bulk of the film. ~2 at. % oxygen and ~3 atadaoo
was observed in the bulk of INN sample. Although minimized by the legrg N
plasma exposure cycles, C 1s signals originating from the bulk of the film
indicates that carbonaceous ligands from indium precursor have not been
removed completely during theaction of TMI and N plasma. At this point,
we are not sure about exact source of oxygen. However, oxygen might come
from possible sources such as impurities in plasma gases and -angtailic

precursors as well as from trapped oxygen/water vapor nwitie relatively
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thick, multilayer coatings on the inner walls of the ALD reactor. Moreover, as
films are relatively thin, molecular oxygen and water vapor from atmospheric
ambient might diffuse into the InN thin film after the deposition which depends
on film characteristics such as grain growth, grain boundaries, stability, defects
etc. Either of the above can contribute to the oxygen incorporation in InN thin

films.

Table 4.2: Summary of studied growth parameters range and established value.

Elemental composition (at.%)

Position d measurement ;
n N o C In/N ratio
Surface 24.75 23.96 20.66 30.63 1.03
Bulk 65.02 29.83 2.1 3.05 2.17

Figure4.4 represents the compositional depth profile of InN film deposited
on Si (100) substrate, which reveals the variation in atomic ratios of indium,
nitrogen, carbon, oxygen, and silicon along the etching direction from the
air/InN interface towards the InN/$100) interface. Film stoichiometry was
disturbed after the first etching step due to the reason mentioned above. This
data reveals that elemental concentration of In and N remains constant in the
film along the etching direction. Both oxygen and carbtamic concentration
decays rapidly after the first etching step and becomes nearly constant after
second etching step. The higdsolution scans of In3d and N1s are given in
Figs.4.5(a) and (b), respectively, both which refer to the bulk fikant 60 s).

The In3d spectrum is known to contain the 3ahd In3d> spin-orbit doublet
(separation of 7.6 eV) and an intensity ratio of [220] FWHM and asymmetry

of the peaks suggest more than one type of bonding scheme for indium and
nitrogen. In3d HR spectrai@i 4.5a) shows In3¢k and In3d,2spin orbit doublet

and both of these peaks have been deconvoluted in to two Gaussiags. In3d
subpeak originating at 443.5 eV corresponds 1N Imond while second subpeak

at 444.42 eV is associated with-@ bondg4250], [251] In3ds2 peak was
deconvoluted into two subpeaks located at 451.49 and 451.88 eV, respectively.

Former corresponds to-Id bond while later indicates again the presence -of In
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O specie$252] The difference between the binding energies of the twddin

spin orbit doublet peaks is 7.63 eV which is in agreement with previously
reported valuef250] N1s spectra is deconvoluted with two Gaussians as shown
in the Fig.4.5b. Literature reports show that-IN bond in nitrogen spectra
shows feature at 396.4 §¥50] Therefore, first subpeak in N1s spectra detected

at 396.8 eV can be attributed to thelrN Bello et al. showed that the most
probable formations in InN other than indiumtride are oxynitride§249] Any

form of N-O bonding will appear in the spectra at higher bigdemergy with
respect to the main peak (396.4 eV), i.e., the shoulder peak can be attributed to
the presence of @ bond[250], [251]
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oFci:gure 4.4 Compositional depth profile of InN thin film deposited on Si(100) at 200
XPSmeasured valence band spectrum of HORA grown sample was
obtained inorder to extract information about electronic structure of the InN
sample (Fig4.6). The position of the valence band maxima has been determined

from linear extrapolation of leadinedge and base line (inset of Fg6). It

turns out that VBM lies at ~1.7 eV below Fermi level for InN sample. It shows

that In4d peaks are by 16.1 eV from VBM of InN. Similar values of VBM has
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been reported in literature for INN films grown using dife techniquef251],

[253] In our case, we have determined the band gap of InN as ~1.9 eV by the

help of optical characterization of our sample, which will be discussed later in

this sectionVBM position reveals that Fermi level is located fairly close to the

conduction band and this in turn indicates that the grown InN layers should have
n-type conductivity.
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Figure 4.5 High resolution XPS scans of (a) In3d and (b) N1s obtained from InN thin
film deposited on Si(100) at 20C.
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Figure 4.6 Valence band spectra of InN sample deposited on Si(100) &tC00set
shows the psition of spectra near valenilsand maximumegion.

Figure4.7(a) shows plane view SEM images of InN thin film deposited on
Si (100) substrate using optimized parameters. Highly uniform grainy structure
is apparent. Spread of grain size is relatively high as some grains grew larger
than the othersAverage grain size was estimated using Image J image analysis
software where grains were marked using the grain boundaries as edges of the
grains. Average area of grains was estimated as 3“8 while average
diameter was calculated as ~22 nm. Surfacephology of the InN thin films
was also examined by AFM. Figude/(b) shows the surface scan of InN thin
film. Root mean square (Rms) surface roughness of the ~48 nm thick InN film
was measured as 0.98 nm fromnarik1mm scan area.

The structural properties of InN films were studied by GIXRD (Bi§).
Measurement was performed on ~48 nm thick InN grown on Si (100) substrate.
The polycrystalline wurtzite structure of InN is clearly visible in the recorded
GIXRD spectrum. The exhilat pattern was indexed by hexagonal crystal
system(ICDD reference code: 0050-1239) The lattice parameters a and ¢

were calculated usinggzpositions of (002) and (100) reflections. Interplanar
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spacing (&) values of (002) and (100) planes werecaldule d f r om Br aggao
and it was inserted into Ed3.1) to obtain the ¢ and a axis lattice parameters. c

axis lattice parameter was deduced as 5.71 A which is close to the value of 5.70

A reported for fully relaxed InN filmf254], [255] a-axis lattice parameter was

calculated to be 3.53 A which matches well with the strain free InN films

reported in the literatur@54], [255] We have reported a and c axis lattice
parameters of a ~20 nm InN grown using HGRED as 3.50 and 5.61 A,
respectivel)(j256] For a thickIinN film (~48 nm) reported in the present case,

shift of lattice parameters towards the ideal values of stain free InN indicates the
relaxation of the film. Strain reduction with the increase in thickness of the

polycrystalline InN thin films has been @ped in the literature as wg257]

Figure 4.7 (a) SEM images of InN thin film deposited on Si(100) substrate af@Q0
(b) Suface morphology of same sampévealed by AFM.
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Figure 4.8 GIXRD pattern of InN film deposited on Si(100) substrate at°Z00

TEM experiments were carried out on InN sample grown at 200 °C on Si
(100) inorder to further explore the crystal structure in detail. The sample to be
examined was capped with an AIN layempt@vent any possible crystal damage
of InN by high energy Ga ions of the FIB system, which is used to prepare the
samples to be analysethe average thickness of InN was measured as ~43 nm
from crosssectional TEM measurements, which is in close agreemigmithe
thickness data obtained from XRR measurments. £8a shows the cross
sectional TEM image of InN sample which depicts the interface of InN with
SiO./Si. Polycrystalline structure showing several individual crystalline domains
of InN with different crystallographic orientations is visibl&. ~3 nm thick
amorphous Si®layer was observed at the InN/Si interface, which could either
form during TEM sample preparation using FIB or it was present as native oxide
on the surface of Si before the InN wtb. Figure 4.9(b) shows the high
resolution crossectional TEM image from bulk of InN thin film. It shows
several crystalline subsections of InN and in each crystalline subsection, lattice
fringes of InN are organized in different orientations whichply the

polycrystalline structure of InN.
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Inset of Fig4.9(a) shows EDX elemental maps of In, N, Al and Si obtained
from the AIN-capped InN thin film sample deposited on Si (100) at ZD0A
cross sectionaportion of the film is selecteédnd elementaHistribution is
clarified by exposing the electron beam point by point over the selected portion
of interest. Si, In, N, and Al show strong contrast in the colorized maps and they
are represented by different colours which show their presence within the
sanned area. Presence of Al originates from AIN which was used as capped
layer for TEM sample preparation. Interface of AIN and InN is distinct and
distribution of In and N is fairly uniform in the scanned InN region. Figure
4.9(c) shows SAED pattern of tlemme InN sample. Polycrystalline diffraction
rings of InN can be seen from this pattern. The interplanar spacingvaues
were calculated from the diffraction rings which have been shown in #igble
The diffraction rings are indexed as (100), (1q1p2), and (104) reflections of
hexagonal structure of polycrystalline InN, which are supported by GIXRD
results(ICDD reference code: 6050-1239.

Refractive index and extinction coefficient of InN film deposited at 200 °C
are shown in Fig4.10(a). Refractive index, which is 2.66 at 650 nm, decreases
to 2.09 at 1500 nm. These values are in good agreement with the reported values
for polycrystalline hexagonal InN thin filnf258] Previously, we had reported
refractive index value of 2.55 at 650 nm for a ~20 nm InN thin film grown by
HCPA-ALD at the same substrate temperature bon-optimized growth
conditions[245] This shows that, with the increase in thickness of InN f&@m
to 48 nm, refractive index increased from 2.55 to 2.66 at 650 nm. This
improvement might be attributed to film densification with the increase in
thickness of the film. Extinction coefficient (k) of InN film, which is ~0.51 at
600 nm, decreases rapidlyithin the wavelength range of GO800 nm. At
longer wavelengths, k value further decreases and reaches rather insignificant

level.
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Figure 4.9 (a) Crosssectional TEM image of AIN capped InN film showing the
interface of InN and SigSi deposited at ZD°C on Si (100) substrate. Inset Colorized
elemental map of same sample. (b) Cesstional TEM image of same InN sample.

(c) SAED pattern of the same sample
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Table 4.3 SAED pattern analysis of InN thin film deposited on Si(100) substrate
at 200°C: comparison between measuesgd! theoretical values of interplanar spacing
(dnt) with corresponding crystallographic planes.

Diameter Interplanar spacing,nd Corresponding Corresponding
(nn1?) Calculated Theoretical material plane(hkl)
6.1910 3.2304 3.0647 INN 100
7.7380 2.5846 2.6998 InN 101
9.751 2.0510 2.0877 InN 102
16.136 1.2394 1.2926 InN 104
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Figure 4.10 (a) Optical constants (refractive index and extinction coefficient) of InN
thin film deposited on Si (100) at 20CQ, (b) Absorption spectrum of same InN sample
deposited on Si (100). (Inset) Optical transmission spectrum of the InN film deposited
on doubleside polished quartz.
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Figure 4.10(b) shows { h)3 vs. h 3plot, which is obtained from
spectroscopic ellipsometer measurement and related data analysis as explained
in experimental section. Straight line segment of the plot was extrapolated to
abscissa which reveals the optical band gap of the material as V. Irset of
Fig. 4.10(b) shows optical transmission spectra of INN sample grown on double
side polished quartz substrate. Transmission values did not saturate for InN
sample, probably due to the high defect density present within the[&#8k.

InN thin film exhibits 4050% transmission in the visible regime, which
approaches up to 600% in the NIR egime. There is a huge controversy in
literature for experimental InN thin film band gap values and origin of the
observed InN band gap variations between 0.6 and 2.3 eV is not very well
understood. This significant discrepancy has been ascribed to seasahs

and among them the most prominent ones are the Bubldtesa shift, defect
levels, stoichiometry, and impurity levels. 0.7 eV has been dominantly reported
as the optical band gap for MBffown singlecrystalline InN which became
most popular and dely accepted, however there are some doubts as well that
this value might originate from a 0.7 eV trapping level. Energy band gap less
than 1 eV is mostly obtained from single crystalline InN films, while larger band
gap values are reported mostly fotymoystalline InN thin films. From the view
point of narrow band gap, larger band gap (1.9 eV) might be due to formation of
oxynitrides which have considerable larger band gap than InN. Polycrystalline
films can contain a significant level of oxygen incamr@tion at their grain
boundaries which might be the cause of higher band gap in polycrystalline films.
There is a growing evidence of 1115 eV band gap for InN films in the
literature as well. In view of numerous different reports, further investigation
will be helpful to reach conclusive evidence for establishing a unanimous InN
band gag3][37], [259]
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4.2 Hollow Cathode Plasma Assisted\tomic

Layer Deposition of IniGa;.xN Thin Films

InxGa.xN layers with different compositions were deposited at ZD®n pre
cleaned Si (100) and doukd&le polished quartz substrates. Prior to that, binary
GaN and InN thin films were deposited with 5€ftle recipes at 200C on Si

and quartz substrates, which were used as reference/calibration samples inorder
to compare their material properties with ternaryGlaxN counterparts.
Thicknesses of GaN and InN thin films were measured using a spectmscopi
ellipsometer and were found to be 21.5 and 20.0 nm, respectively. These
thickness values correspond to growth rates of 0.43 and 0.40 A/cycle for GaN
and InN thin films, respectively. In order to adjust the alloy composition,
different numbers of GaN arldN subcycles were used in the main cycle;,
GaN:InN = 1:1, 1:3, and 1:5. Ratio of subcycles (RS) was calculated by dividing
the number of subcycles of InN to total number of subcycles for GaN and InN;
i.e., ns nV(Ns nn + Ns cay. The term RS will b used throughout the text to
specify different InGaxN thin films.

Recently, we reported that InN growth using/H} plasma as nitrogen
source results in a thin film composed lBeinN andt-InN phases with high
percentage of impurities, whereas thenfilleposited using Nolasma is single
phaseh-InN with low impurity concentrationg60] Therefore, as mentioned in
the experimental section,>¥> plasma and Blplasma were used as nitrogen
sources for the growth of GaN and InN films, respectively. Keeping in mind the
separate nitrogen precursors used for GaN and InN, 10 s of additiprmal N
N2/H2 plasma treatment step (step 1 and 7 Rig. 3.9 is used to
modify/condition the film surface with suitable plasma species in order to make
the substrate compatible for the next INN or GaN subcycl&algN thin films
with RS of 0.5, 0.75, and 0.85 waveepared by the deposition of 500, 300, and
200 supercycles, respectively. Thickness values were theoretically estimated

usingfollowing Eqn. 4.1
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3 Oi € WOMdOo ¢ (4.1)
where sansub) Ninngsub), and Ruperare the number of subcycles of GaN, number
of subcycles of InN, and total number of super cycles, respectively.
Thickness valuewere determined as 41.5, 48.9, and 60.7 nm f@dN
thin films having RS of 0.5, 0.75, and 0.83, respectively. Thickness values
experimentally measured using spectroscopic ellipsometry were found to be
31.0, 33.0, and 45.0 nm for the same sequence@idaN samples. Deposition
rate of GaN on InN and/or depasit rate of INN on GaN might be different
than those of GaN on GaN and InN on InN. So, discrepancy between
experimental and theoretical thickness values gg#nxN thin films might be

attributed to the resulting uncertainty in GPC values.
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Figure 4.11 GIXRD patterns of GaN, InN, and J@a.xN thin films deposited on
Si(100) substrates.
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Table44 Lattice parameters and all oy composit
for GaN, InGa.xN, and InN films.

Rg 2 (A) c(A) Xved'

0 (GaN) 3.2071 5.2271 0
0.5 3.2895 - 0.28
0.75 3.3508 - 0.49
0.83 3.4089 5.5130 0.70

1 (InN) 3.4915 5.6106 1

3RS is the ratio of subcyclese., ns nv/(Ns v+ Ns can). PCalculated using the (110) reflectidiCalculated
using the (002) reflectiofxvegis the alloy composition calculated framv a| ues using Vegardsos

GIXRD patterns of GaN, kGa.xN, and InN thin films are shown in Fig.
4.11 GaN and InN thin films were shown to be singlease as their GIXRD

patterns solely exhibited reflectionshexagonal wurtzite GaN (ICDD reference
code: 00050-0792) and hexagonal wurtzite InN (ICDD reference coded &

7515) phases, respectively. The peaks shifted towards layweal@es with the

increase in INN subcycles. Reflections appeared in the GlxR@erns of

InxGawxN thin films were indexed according to their shift with respect to those

of InN and GaN. The shift in peak positions is attributed to In incorporation into

wurtzite GaN lattice. The alloy compositierfor each IRGa.xN film has been

cal cul at ed

u s {Egng 4.2Vwehigla statk$ that theaewis a linear

relationship between the lattice parameters of an alloy and concentration of

constituent elements.

&

P W (4.2

The interplanar spacingi{) values are indicated in Fig.11which were

cal cul at ed

from

Braggos | aw, using t h

reflections. Lattice parameteesand/orc were calculated by substituting the

interplanar spacingdgu) values in Eqn.3.1, which prwides a relationship

between interplanar spacinghg), miller indices, and lattice parameters for

hexagonal crystals.

For IniGawxN thin films having different RS values;axis lattice parameter

was cal

cul

at ed

and

furtherrcacuutea aloyt i t ut ed

compositions. Table 4.4hows alloy compositions and lattice parameters (

and/orc) for InkGawxN thin films having different RS values. The calculaked
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values are 0.28, 0.49, and 0.70 fofG@a.xN thin films having RS of 0.5, 0.75,
and0.83, respectively. Fromgositions of (002) and (110) reflectiorssandc
lattice parameters of GaN and InN were calculaseahdc values are found to
be 3.21 and 5.23 A for GaN, respectivedyandc values were also determined
for InN, which came out as 3.50 and 5.61 A. The valua lattice parameters
for InN and GaN are in close agreement with the values reported in the literature
for strainfree GaN and InN thin films. However, there is a minariation inc-
axis lattice parameters for InN (0.01% lower) and GaN (0.07% higher) layers
with respect to the reported values for their nominally stir@ie
counterpart$254] The deviation ofc lattice parameters from the ideal case
indicates that Vegar eédghdpgraximationgnhtte n o't
present case due to presence of strain in the films.

Crystallite sizes (Table 4)5vere roughly estimated from corresponding
dominant reflections using the wddhown DebyeScherrer formula (Eqn. 4.3
assuming that observed bdesing is only due to the size effects thus neglecting

instrumental broadening effed61]

8

Q (4.3

The relatively sharp diffraction peaks obtained frorGla-xN thin films of
higher Incontent suggest that they are composed of larger crystallites. This is
evident from decreasing FWHM values of@a.-xN thin films with increase in
In concentration. The crystallite size for GaNxyGa.xN (RS=0.5), InGa.xN
(RS=0.75), InGar.xN (RS=0.83) and InN were found to be 5.5, 7.4, 9.8, 11.3,
and 8.1 nm, respectively.

Table4.5: Crystallite size values estimated using Scherrer formula for GaBaulkN,
and InN films.

RS (hK) K >AX  FWHM B d)( tmm
0(GaN) (002) 0.94 1.5418 1.56 17.1 5.5
0.5 (100) 0.94 1.5418 1.16 15.7 7.4
0.75 (100) 0.94 1.5418 0.86 15.4 9.8
0.83 (100) 0.94 1.5418 0.76 15.1 11.3
1(InN) (100) 0.94 1.5418 1.05 14.8 8.1

3RS is the ratio of subcycleise., ns inv/(Ns Inn+ Ns Gan).
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InxGa.xN samples having various contents were analyzed for elemental
compositions, chemical bonding states, and impurity contents of the films using
XPS. All spectra have been chaigmrected by referencing the C 1s peak at
284.8 eV. Survey scans from the surface oiGmxN films indicated the
presence of gallium, indium, nitrogen, carbon, and oxygen with Ga 3d, In 3d, N
1s, C 1s, and O 1s peaks, respectivelyGéxN thin flms were etched with
Ar*ions in order to obtain XPS survey scamirthe bulk of the films. Table 4.6
provides a comparison of the elemental compositions of tk@anrN films
measured from the surface and the bulk. It is apparent that the very surface of all
InxGawxN films were contaminated with oxygen (up to 8 at.%) and carbon (up to
23 at.%). XPS elemeat quantification analysis from the bulk of the films
revealed no oxygen and carbon in the casex@aixN thin film with RS of 0.5.
InxGawxN thin films with RS of 0.75 and 0.83 showed low oxygen
concentrations of 2.53 and 1.57 at.%, respectively. @mi@a.xN thin film
with RS of 0.83 showed bulk carbon contamination of 2.86 atBtch might
be due to partially unreacted methyl and ethyl ligands of TMI and TEG,
respectively.

Table 4.6:Elemental composition, Ga/N ratio, and In fractionslfigGa.«N films
having different RS values.

RS Elemental composition (at.%)
Ga n N o C can N fractior?

0.5 (surface) 28.42 3.78 4655 8.67 1258 0.61 0.11
0.5 (bulk) 36.51 293 60.56 - - 0.60 0.07
0.75 (surface) 30.92 6.17 4246 852 1193 0.72 0.17
0.75 (bulk) 34.83 3.62 59.02 2.53 - 0.59 0.09
(nga?;:e) 31.08 7.48 29.61 894 2290 1.04 0.19
0.83 (bulk) 3899 6.05 5083 1.27 2.86 0.76 0.13

3RS is the ratio of subcyclég., ns nv/(ns inv+ Ns can. PIn fraction is obtained using the formula: (at.%)/
(In (at.%) +Ga(at.%)).
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Those reactive groups might not have reacted sufficiently with thd, Mr
N2 plasma, and therefore their carboontaining ligands possibly remained
within the growing film. IRGaxN thin films with RS 0.5, 0.75, an0.83
exhibited Ga/N ratios of 0.60, 0.59, and 0.76 from the bulk of the films,
respectively. Although kGa.xN films exhibit higher N at.% as compared to Ga
at.% in the bulk of the films, it is worth mentioning that the N at.% is
overestimated due to th&gnificant contribution of Ga Auger peak, which
overlaps with the N 1s pe#§B2], [262] In concentrations obtained from the
surface for InGaxN thin films with RS of 0.5, 0.75, and 0.83 are calculated to
be 0.11, 0.17, and 0.19, respectively, which are significantly lower than the
val ues obtained using Ve g distabdtien of I w . Pos
and Ga atoms in the vicinity of the surface af@a.xN samples might explain
the lower In surface concentratif262], [263]In addition, overestimation of the
nitrogen surface antents as explained previously can implicate lowering of In
concentration. lkGa.xN thin films with RS of 0.5, 0.75, and 0.83 exhibited In
concentrations of 0.07, 0.09, and 0.13 from the bulk of the films, respectively.
The In content obtained from theulk of InkGawxN thin films are further
reduced in comparison with those obtained from the surface of the films. It
indicates the preferential loss of indium with respect to gallium during Ar
sputtering, which has been reported in the literature and iegdldy much
lower bond energy of InN (7.7 eV/atom) than GaN (8.9 eV/a{@64], [265]
To clarify the discrepacy in In content of the films obtained via XPS and
GIXRD measurements, EDX analysis has been carried out. In concentrations
obtained from EDX measurements were found as 0.25, 0.33, and 0.64 for
InxGawxN films with RS of 0.5, 0.75, and 0.85, respectivéie resulting In
concentratiorvalues obtained from EDX, XPS, and GIXRD are plotted against
RS for InGawxN films (Fig. 4.12. EDX analyses reveal closer but still lower In
concentration values as compared to the
Thisdi screpancy might be attributed to coc
law assuming the films to be fully relaxg2b66] The difference in In content

obtained from XRD and EDX is relatively more reasonable with the downshift
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in InxGaxN film with RS of 0.75, which can be attributed to the presence of
higher strain in IxGa.xN film with RS of 0.75.
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Figure 4.12 Indium concentration values obtained from EDX, XPS, and GIXRD for
InxGaxN films having different RS values.

As a result, EDXappears to be a more appropriate tool for In fraction estimation
of InxGawxN thin films due to shortcomings of GIXRD (presence of strain) and
XPS (selective etching) for this specific case as explained in detail above.
InxGawxN thin films will be specifed according to their compositions evaluated
from EDX in the following text. In order to check the elemental distribution
along the film crossection, XPS depth profiling was employed ogziBa.6N
sample. Figure 4.18hows the relative atomic conceations of oxygen, carbon,
gallium, indium, and nitrogen through the depth of sample as a function of
sputter time. Carbon and oxygen content decreases progressively along the
etching direction. Sample was found to be carbon free, while ~2.5 at.% oxygen
wasfound in the bulk of the sample. The results further reveal thaiGa s\

can be considered homogeneous in terms of elemental (Ga, N, and In)

composition within the bulk of the sample.

57



100

| ——Gallium —e— Indium
—a— Nitrogen —s— Oxygen
—v— Carbon —e— Silicon

Atomic percent (%)

| T
150 200

0 50 100
Etch time (s)

Figure 4.13 Compositional depth profile of ~38n thick InssGaeMN thin film
deposited on a Si(100) substrate.

Chemical bonding states from the bulk ofGau.xN films were studied by
the evaluation of their HHIXPS scans and presented in Fig. 4.Different
subpeaks used to fit HRPS scans were assignedviarious chemical states of
InxGawxN thin films. Ga 3d HRXPS (Fig. 4.14) scan obtained from the bulk of
Ino2sGan.7sN has been deconvoluted into two subpeaks located at 19.82 and
18.67 eV, corresponding to @{267]i [269] and GaGd267], [269] bonds,
respectively. Chang et E70] reported that Ar etching has led to
rearrangement of ¥&axN elemental composition accompanied by presence of
metallic Ga. In another study, it has been reported that observ&h Gand in
bulk of the GaN films might form during Arion etching owing to the
accumulation of metallic Ga on the surface of GaN tin.f271] In 3d HR
XPS scan (Fig. 4.1) obtained from bulk of krsGay.79N thin film exhibits In
N[272], [273] bond by showing doubledf indium 3d core levels which are
spini orbit split to the 3d5/2 peak at 444.5 eV and 3d3/2 peak at 452.The N
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1s HRXPS scan (Fig. 4.1} obtained from the bulk of ¢RsGay.7sN thin film

was fitted using three subpeaks, which were assigned toitBa{267], [274]
bond (397.0 eV), Nn[272] bond (397.6eV), and Auger (2] peak (395.3
eV). Ga 3d HRXPS scans (Fig. 4.14d and 4g)4obtained from the bulk of
Ino.3sGa.6N and In.esGan.3dN thin films followed the trend of Ga 3d HRPS
scan of 1B.25Ga.7sN. Both In.3iGaeN and In.e4Gan.3dN thin films manifested

two subpeaks for Ga 3d HRPS scan, which have been correlated to presence
of GaN[267]I[269] (19.5 and 19.3 eV for kpGaeMN and InsGa.36\,
respectively) and G&d267], [269]bonds (17.5 and 17.7 fordgGa.eAN and
Ino.s4sGanadN thin films, respectigly). In 3d HRXPS scans (Fig. 4.14e and
4.14) obtained from bulk of bssGa.sMN and In.esGav.3dN thin films followed

the footprints of In 3d HR scan ofdmGan.7s\ thin film, and have been fitted
with two peaks each which correspond teNf272], [273]bond. The N 1s HR
XPS scan (Fig. 4.2 obtained from the bulk of byGaysMN thin film was
identical to N1s HRXPS spectra of brsGa.7d\ thin film. On the otler hand,

N1s HRXPS scan (Fig. 4.1ytobtained from the bulk of bx4Ga.3eN thin film

was fitted using four subpeaks. The first three peaks belongGa{R67], [274]
bond (397.0 eV), Nn[272] bond (397.7eV), and Auger (32] peaks (395.1
eV), while the additional fourth broad subpeak at 398.3 eV shows the presence
of nitrogen suboxideg275].
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Figure 4.14 Ga 3d, In 3d, and N 1s HRPS scans of bpsGa.7sN (a, b and c),
INo.sdGaneN (d, e and f), and brGavsdN (g, h and i) thin films depositesh Si(100).

Fig. 4.1% shows optical transmission speadfaGaN, InN, and IxGa.-xN
thin films deposited on doubkdde polishedjuartz wafers. For GaN samples, a
significant decrease in the UV transmission was observed at wavelengths <400
nm, which is believed to be caused by the main hetithnd absorption.
Transmission values for GaN andx®@axN thin films were saturated at
wavelengths above their transmission band edge. On the other hand,
transmission values did not saturate for InN sample, probably due to the high
defect density present within the filf&7] InN thin film exhibits 4650%
transmission in the visible regime, which approaches up {6060 in the NIR
regime. Optical band edge values of thgSa xN layers shifted towards higher
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wavelengths with increasing In content as expected, which indicates the
tunability of energy band gap by varying In amount.

The optical band gagE() values of InGa.xN films were determined from
spectroscopic ellipsometrymeasurements and related data analysis. The
absorption coef fi wclateduging Equ3.2). m Rig. 4.Hs wer e
( Usp)ots are presented as a function of energy for GaN, InN, a@ulgN
thin films. The fundamental absorption edge in phesent thin films is formed
by the direct allowed transitions. The optical band gap was determined by
extrapolating the | i fe Bvalupa GaNithindilmof t he
was found to be ~3.45 eV, which is relatively close to the widelg@ed value
of 3.43 eV for GaN thin film$276] Eg value of InN was extracted as 1.87 eV.
MBE grown epitaxial InN films have showBg of 0.7 eV[259] but earlier
accepted valuearound 1.9 eV are still being reporfgd7] Optical band gap
values of IRGa.xN thin films decreased with In content akd values were
found to be 2.71, 2.45, and 2.18 fos.46Gay. 79N, Ino.33Ga.eAN, and In.e4Gao.3d\
thin films, respectively. A similar dependency &f values of IRGaxN thin
films onIn content has been reported in the literafA6&]

The refractive index dispersion curves ofxGa.xN thin films were
determined using spectroscopic ellipsometry measurements aridlltveing
data analysis. Figure 4.3hows comparison of refractive index values of GaN,
InN, and InGaxN layers deposited on Si (100). The wavelength range for
spectroscopic ellipsometry measurements was selected on the basis of optical
band edge values of GaN, InN, andGa.xN samplesRefractive index value
of GaN film was measured as 2.10 at 650 nm, which is slightly less than the
reported values for polycrystalline GaN thin fili32] Refractive index value of
InN layer was determined as 2.55 at 650 nm, which closely matches with the
reported values for polycrystalline InN thin filf&58] As anticipated,
refractive index increased from 2.28 to 2.42 as In fractionx@dxN samples
increased from 0.25 to 0.64. Refractive index @hiBa 73N, Ino.3Ga e, and
Ino.ssGan.3dN samples is measured to be 2.28, 2.31, and 2.42, respectively, at 650

nm. The value determined for the #iGay 3N was found close to that of InN (n
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= 2.55). The results presented here depict that the refractive index values of
InxGawxN thin films change according to alloy composition. XRR measurements
revealead mass density of InN, GalNo.2sGa.79N, and In.eGanzdN as 5.64,
5.41, 6.23, and 6.57 gh’®, respectively. Fitting of XRR data for dasGap.s/N
was not good enough to obtain accurate results for that particular film.
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Figure 4.15 (a) Optical transmission spectra of GaN, InN, an@&xN thin films
deposited on doublside polished quartz u b s t r a t %evs E plotshindicating the
optical band gaps of GaN, InN, and@a-xN thin films.
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Figure 4.16 Spectral refractive indices of GaN, InN, andGa.xN thin films with

different Infractions.

TEM experiments were performed on the::Ga e sample. Prior to

TEM imaging studies, ~20 nm AIN was deposited on top efdBavsN layer

inorder to provide a shelter to protect its crystal structure from a possible

damageof high energy Ga ions of the FIB system, which is used toapeeipe

samples to be analyzed. Figure 4lig the crossectional TEM image of

Ino3GaeMN thin film, where one can observe distinct layers of Pt, AIN,

Ino.3sGaeN, and Si. The thickness of olgsGan.sN was measured as ~32 nm
from crosssectionalTEM measurements, which is in close agreement with the

data obtained from spectroscopic ellipsometery. A ~3 nm thick amorphogs SiO

layer was observed at they 513Ga 6/N/Si interface, which is generally named as

the fidamage | ayer 0 samploprepaeaton dsing H[B78}

Figure 4.1D shows the HRFEM image where lattice fringes ofdgsGansN are

organized in different orientations implying the polycrystalline structure of

Ino.33Ga.67/N film.

Figure 4.18shows EDX elemental maps of Pt, Al, In, Ga, and Si obtained
from the AIN-capped Ip3GasN thin film deposited on Si (100). A cress

sectional portion from specimen was selected and elemental distributions
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Ino33Gaoe7N

Figure 4.17 (a) Crosssectional TEM image of thAIN-capped laszGa.sN thin film
deposited on the Si(100) sulzt. (b) Crossectional HRTEM image of the same
sample.

were analyzed by rastering the electron beam point by point over the selected
area. The colorized maps show strong contrast algng, In, Ga, and Si, and
they reveal the elemental distribution along the scanned area.

The characteristic PL emission spectra af248a 73N, Ino3sGaysN, and
Ino.ssGa3dN thin films are given in Fig. 4.5 b, and c, respectively. The
excitationwavelength for GaN and dasGay.7aN thin films was 320 and 450 nm,
respectively and it was 550 nm fop l3Ga.6N and
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Figure 4.18 (a) Elemental map of the Aldapped Ips;Ga N thin film deposited on
Si(100) substrate

Ino.6sGap 3N thin films. The GaN spectrum (not shown here) exhibited a broad
spectral feature centered at ~360 nm, which results from the main band gap
emission in the GaN thin filf260] However, PL measurement from InN
samples did not exhibit considerable emission. In addition to defect bands at
lower wavelength, broad spectral features are visible with peaks centered at 508,
618, and 671 nnfor Ing2sGan. 79N, Ino3sGaneAN, and IneGavseN thin films,
respectively. These broad spectral features arise from band gap emission of
InkGa.xN thin films and variation of peak position to higher wavelength
indicates the lowering of energy band gdgnxGa..xN thin films with increase
in In fraction. The broad band emission also points out radiative recombination,
which involves structural defects within the films.

Surface morphologies of thexGaxN thin films were further examined by
AFM. Fig. 4.20a, b, and c show threurface scansf Ing 2sGap.79N, 1No.33Ga.67N,
and In.s:Gan3éN thin films, respectively. All InGa.xN samples revealed island

like granules. Roemeansquare (Rms) surface roughness of the
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Figure 4.19 Room temperaturBL spectra of (a) bpsGav.79N, (b) Inp3sGaneMN, and (c)
INg.64Gan 3N thin films deposited on Si(100) substrates.

InkGa..xN layers showed an increasing trend with In concentration: 0.28, 0.42,
and 0.65 nm for lsGa.7sN, InosGapeMN, and InelapsdN thin films,
respectively. Similar trend has also been reported in literature wh& e N
films grown with plasmaassisted MBE showed increase in surface roughness

with In concentratiofi279]

66



259nm
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Figure 4.20 Surface morphologies of (a) dpGa.7sN, (b) InbaGaeN, and ()
INg.64Gan 3N thin films deposited on Si(100) substrates.
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4.3 Low-temperature Sequential Pulsed Chemical
Vapor Deposition of Ternary BxGai-xN and Bxln -
xN Thin Film A lloys

BxGaixN and BlInixN thin films with different boron compositions were
deposited at 450C on precleaned Si (100) and doubdede polished quartz
substrates. In our previous work, we have reported growtiBifthin film on
silicon and quartz substratestiwviow impurities using TEB and 22 plasma

as boron and nitrogen precursors, respectively iH@®PA-ALD reactor[31]

We were able to grow BN with appreciablePC values at substrate
temperatures of 35(C and 450 C. GPC values at 35 and 450 C were0.15

and 0.47 Alcycle, respectively. BN thin films deposited in CVD regime at 350
°C and 450 °C were polycrystalline with hexagonal structure as determined by
GIXRD and HRTEM. Films exhibited an optical band edge at ~5.25 eV and
high transparency (>90 % the visible region of the spectrum. 450 was
chosen for the growth of Ba.xN and BInixN alloys as growth per cycle of

BN was substantially higher than the growth rates at lower temperature (<350
°C). However, higher growth temperatures of BN ©2F) resulted in thermal
decomposition of boron precursor (TEB). Thermal decomposition of precursor
leads to CVD type growth at growth temperatures above a possible ALD growth
temperature window. Keeping in mind the CVD growth of BN at 450 °C, we
have usd the term sequential pulsed CVD in present case for growth&d B

xN and BiInixN. Prior to growth of boron alloys, GaN and InN thin films were
deposited at 450C on Si (100) and double side polished quartz. GaN and InN
thin films were used as referensamples to compare their material properties
with BxGa..xN and BlInixN alloys. Recently, we have reported that InN growth
at 200 C using N/H2 plasma as nitrogen source results in a nphfise thin

film composed oh-InN andt-InN phases withielatively high impurity (21 at.%
oxygen) incorporation, whereas the film deposited usingpldsma reveals

single phasé&-InN with substantially low impurity (<2 % oxygen) cont¢245]
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In this work, we have carried out growth of InN at 4&Dwith No/H> plasma as
nitrogen source and no film growth was observed. Thereforgldéma was
used as nitrogen source for the growth of InN film whilHN plasma was used
as nitrogen source for the growth of GaN film at 460

For BdnixN growth, as explainedhiexperimental section, in order to keep
the nitrogen source fixed as>Nblasma, nitrogen plasma was used as N
precursor for BN sufeycle. Additionally, a separate growth of BN thin film was
carried out using TEB and >Nplasma as boron and nitrogen preouss
respectively. Material properties of BN grown withy [dlasma as nitrogen
source were compared withiBixN thin film. Thickness values of GaN and
InN thin films deposited at 450C were measured using spectroscopic
ellipsometer and were found to be&5- (GPC=0.70 A/cycle) and ~38 nm
(GPC=0.76 A/cycle), respectively. GPC of BN deposited usisigiiplasma at
4507C was 0.47 A/cyclg241] On the other hand, thickness of BN deposited at
4507C using N plasma was 80 nm, which corresponds to GPC of 1.6 A/cycle.
Having growth recipes of BN, InN, and GaN in hand, total humber of super
cycles were theoretically calculated for depositing ~40 nm ,&aBN and
BxIn1.xN with different compositions of boron.n@ supeicycle consisted of
several suizycles of BN and GaN or InN, while the number of sybles of
binary films depends upon the desired concentration of alloy. The number of
subcycles for a specific desired concentration of alloy was calculated thgng

following formula.

@ 44
- — 449

Where, X% is concentration of boron,sf is number of BN sulzycles,
Nean/inn IS Nnumber of GaN or InN subycles, and GPC is growth per cycle.
Three diferent concentrations (Table. 4ard 4.8 of boron were selected and
number of sukrycles of BN and GaN or InN eve calculated. The thickness
values of RGaxN thin films with 10, 30, and 50 % boron extracted from
spectroscopic ellipsometer measurements were 30, 37, and 43 nm, respectively.
On the other hand, the thickness valuesdfiBN
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Table 4.7:Calculationof number of sulcycles of BN and GaN to deposit ~ 40 nm of

B,Ga.xN
XB = XB = XB =
0.1 0.3 0.5
Number of BN sukcycles 1 2 3
Number of GaN swycles 6 3 2
Thickness of one super cycle (A) 4.67 3.04 2.81
Number of supercycles required to achievetaaget 86 132 143

thickness of ~ 40 nm

Table 4.8 Calculation of number of sutycles of BN and InN to deposit ~ 40 nm of

BxInixN
XB = XB = XB =
0.1 0.3 0.5
Number of BN sukcycles 1 1 1
Number of InN sukcycles 18 4 2
Thickness of one super cyd&) 15.28 4.64 3.12
Number of supercycles required to achieve a ta 26 86 128

thickness of ~ 40 nm

thin films extracted from spectroscopic ellipsometer measurements with 10, 30,
and 50% boron were 29, 32, and 42 nm, respectively. Thickness vedues

close to the targeted value of 40 nm that was selected to compute the number of
subcycles and supecycles by eqn (4.4)However, it is worth mentioning that

the targeted calculation of alloy thickness and composition is not straightforward
since thedeposition rate of constituents of alloys (BN, GaN or InN) might vary

on different materials, i.e., GPC of BN on Si, BN, and GaN or InN might result

in different values.

Table 49 shows the composition of the-lB-N alloy contents which were
revealed byXPS measurementsyIB1xN alloys show boron concentration up to
87% while the minimum concentration of boron iRIMB.xN alloys was 32 %.
BxGaxN alloys also show increase in boron concentration from 35 to 88 %.
Based on XPS evaluation of alloy concetitra values, RBlni.xN alloys will be
mentioned as &s2no.eA\, Bo.7dno.28N, and B.gdno.1dN. While, B«GaxN alloys
will be mentioned as &sGaedN, Bo.7eGav2aN, and B.ssGapaN. There is a
variation between targeted and evaluated composition by XR& resulting
alloy composition might indicate two possible scenarios:(1) BN growth rate

might be faster on GaN and InN layers when compared on Si orBN layer (2)
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GaN and InN deposition on BN proceeds slower when compared to their growth

on Si or GaN ornN layers.

Table 49: BxIn1.xN and BGa.xN alloy compositions calculated from XPS

measurements.

Sample B concentration In concentration Ga concentration
BxInixN (10 %) 0.32 0.68

BxInixN (30 %) 0.75 0.25

BxInixN (50 %) 0.87 0.13

BxGa.xN (10 %) 0.35 0.65

BxGa.xN (30 %) 0.76 0.24

BxGa.xN (50 %) 0.88 0.12

Thecrystalline structure of &a.xN and BInixN films were characterized
by GIXRD (Fig. 4.21). Figure 4.Z&) shows the GIXRD patterns of®a.-xN
thin films deposited on Si (100) substrates with different compositions. For
GaN GIXRD pattern
polycrystalline with hexagonal structure (ICDD reference codeQ5mp0792).

comparison, iIs also given. GaN thin film was
There is one dominant reflection of hexagonal j0f¢stallographic orientation

and two weakly pronounced reflections (101) and (100) appear as shoulders of
the main peak. As soon as boron is incorporated in the films, crystallinity of
sample is diminished as revealed by a weak shoulder in the casesGi&:sN

thin film, whereas B76Ga.24N, and BsGa.1dN films showed amorphous
character without ray crystalline feature. Figure 4.@0 shows the GIXRD
patterns of BInixN thin films deposited on Si (100) substrates with different
compositions. TheGIXRD pattern of InN was indexed to reflections from
INN (ICDD reference code: -®%-7515).

incorporation in wurtzite InN lattice destroyed the crystallinity ofhBxN films

hexagonal wurtzite Boron
as GIXRD measurements ofo BlnosdN, Bo7dno2dN, and Bsdno.1dN reveal
broad and less intense peaks. Keeping in view the structural dissimilarities of
BN and GaN or InN, the results presented here depict that it is quite challenging
to grow crystalline BGa.xN and BInixN alloys especially at highdooron

concentrations.
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Figure4.21: GIXRD pattern of (a) GaN and.Ba.xN with different compositions, (b)
InN and BIni.xN with different compositions.

Figure 4.22a) shows the spectral refractive index curves of BN, GaN, and
BxGaxN films deposited or5i(100). Refractive index value of BN grown at
450 C using TEB and bH> plasma was 1.61 at 550 nm; while for GaN grown
at 450 C, it was measured to be 2.24 at 550 nm. Refractive index values of 1.6
1.7 has been reported in literature for BN thin filgown using plasma
enhanced CVB%? wheras 2.2.4
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Figure 4.22: Refractive indices of (a) BN, GaN, and:@axN with different
compositions, (b) BN, InN andxB1.xN with different compositions.

has been reported for GaN deposited using MOC¥Refractive index
decreased from 2.24 to 1.65 as the B concentration®&RN increased from

35 to 88 %. Refractive index values ofod8GaedN, Bo.76Gan24N, and
Bo.s7/Ga.13d\ samples were recorded as 2.069, and 1.65, respectivefigure
4.22b) shows a comparison of refractive index values of BN, InN, asah BN

thin films deposited on Si(100). BN film deposited at 4680using TEB and W
plasma shows a refractive index value of 1.77 at 550 nm. On the other hand,

Refractive index value was messd as 2.01 at 550 nm for InN film deposited
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at 450 C using TMI and N plasma as indium and nitrogen precursors,
respectively. Refractive index value of 2% has been reported in literature for
InN thin films grown using magnetron sputterfigAs antcipated, refractive
index decreased from 1.98 to 1.74 as boron concentration was increased from 32
to 87 %. The results presented here shows that the refractive index values of
BxGaxN and BInixN alloy thin films vary according to alloy composition.

Figure 4.23shows optical transmission spectra of BN, GaN, InfRG@xN,
and BiInixN thin films in UV-Vis and NIR regions deposited on doublde
polished quartz substrates. The average transmittance for BN was measured to
be 9193% range within the viBle spectrum which is close to bare quartz
transmission value. This indicates that BN film is almost fully transparent in
visible wavelength region. Decrease in transmission of BN thin film observed at
UV wavelengths less than 280 nm was believed to bsechiy the main band
gap absorptiof41] For GaN thin film (Fig. 4.28), a significant decrease in the
UV transmission was observed at wavelengths < 400 nm, which is most
probably due to the main baotband &sorption. InN thinfilm (Fig. 4.23)
exhibits 4050% transmission in the visible regime, which approaches up-to 60
70% in the NIR regime. Transmission values did not saturate for InN sample,
possibly due to the relatively high impurity content and defect density present
within the films® Transmission band edge values of th&&.xN and BiInixN
thin films shifted to lower wavelengths with increasing boron content,
demonstrating the successful tunability of optical band gap by changing alloy

composition.
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Fig. 4.23: Transnission spectra of (a) BN, GaN, and@u.xN with different
compositions, (b) BN, InN andxB1.xN with different compositions.

Surface morphologies &xGaxN and BInixN samples were examined by
AFM. Figures 424(a), (b), and (c) show theurface scanef the B 3:Ga.es,
Bo.76Ga.24N, and BgsGap.12N thin films, respectively. Roaneansquare (Rms)

roughness of BssGapedN, Bo7eGan2aN, and B.gsdGan.1dN samples measured

from

Previously, we have reported newniform,

1

eml

1

€Em scan ar ea

rough, compact,

was 0.

and three

75,

dimensional (3D) curly surface morphology of BN. Rough morphology of BN

might be the cause of increased roughnessx&aBN thin film alloys with

increase in boron concentratidrigures 424(d), (), and (f) show theurface
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scans of the 8sdno.eN, Bo.7dno2sN, and B.eAno.1N thin films, respectively.
RMS roughness of BsdnoeMN, Bo7dno2sN, and BsAnoidN samples was
extracted as 58 4.2, and 2.8 nm, respectively. These results imply a totally
reverse trend in film surface roughness when compared wia BN samples.
The main difference in the growth chemistry betweemBN and BGaxN

lies in the choice of nitrogen precursorz dlasma venss N/Hz plasma.
Therefore, it can be deduced that this plasma source difference shows
significant impact on the surface roughness of the resulting alloy films.

(@) RMS = 0.75 nm (d) RMS = 5.84 nm

00 00

(b) RMS =3.52 nm (e) RMS =4.52 nm

RMS=2.83nm -

Fig. 424: AFM images of (a) BssGaedN, (b) Bo7eGan2aN, (€) BosgGaniN, (d)
Bo.32No.sMN, (€) Bo.7sno.2sN, and (f) B.gAno.adN.
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Chapter 5

Template Assisted Atomic Layer
Deposition of [l -nitride

Nanostructures

This chapter presents the experimental result&aif, AIN, and INNHNCs
integrated to Si(100) substrates usiAdO membrane template@®A-ALD.
GaN, AIN, and InN HNCs have been characterized uSkyl, EDX, TEM,
SAED, GIXRD, XPS, and PL measuremeni&e material properties of
nanostructured Hhitride materials have been compared with the -titim
counterparts which are also grown using lotemperature PAALD. At first,
RIE of Si using AAO membrane as hard mask matenak performedto
achieve nanoporous Si substra&eibsequently, PEALD of IIl nitride materials
was performed on nanoporous Si substrate.

Prior to the attachment of AAO harthask to the Si substrate, SEM
inspection of a free standing AAO membrane revealed that two sides of the
membrane have different morphology; one with symmetrical open pores, other
with partially open asymmetrical pores with higherface roughness. Teyiew
SEM image of the aggn pores side is shown in Fig. B.which clearly indicates

the high density arrays of uniform and aligned nanopores in a honeyt@mb
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geometry. Average pore diameter of thegedwvn AAO membrane was about
70-80 nm while the average interpore distance was measureti3@g 35 nm.
Angledview SEM image of thédAO membrane (Fig. 5c) depicted the height

of AAO membrane to be ~2.85 um, out of which top ~350 nm portion consists
of rough and partially blocked poreRest of the membrane is composed of
relatively uniform pore diameter which extend throughout the entire AAO
membrane thickness. AAO membrane is attached to Si with the side having
open pores facing Si. In this strategy, RIE etch gases will initially #teh
exposed serrblocked pores of the membrane and hence the rest of etching will
proceed smoothly through the open pores. €&l Ar were used to transfer

the AAO honeycomb nanporous pattern to Si substrate. Ar acts as the physical
sputtering agent responsible for vertical anisotropic etch pdfej, [281]

With the exposure of CHFplasma to exposed Si surface, polymer forming
radicals get deposited on the sidewalls forming a barrier layer which prevents

undercutting.

'y .“1 S
Ws} <500 nm
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Figure 5.1 SEM image of (a) top side of AAO membrane with partially blocked pores,
(b) bottom &e of AAO membrane with dominantly open nanopores, (c) €eston

of AAO membrane after substrate attachment showing the total height of AAO
membrane and the rough top portion, (d) porous Si surface with AAO membrane on
top, (e) nanoporous Si revealipgrewidening effect and uniformly aligned hexagonal
pores, and (f) angledew image of hanoporous Si indicating the depth of etched pores.
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Porous Si nanmetworkwasformed by plasma etching through AAO hard
mask. A thickness decreasetire AAO membrane (Fig. 5d) is observed from
~2.85 pm to ~1.67 pm after 70 minutes of RIE process, which implies that AAO
membrane itself is also being etched simultaneously withfaheaation of
nanopores. Figure ZXeveals the highly ordered hexagonal arrbmanopores
formed on Si surface, confirming the successful pattern transfer. The resulting
average diameter of Si nanopores has increased td0®0m due to the nen
ideal anisotropic etch which results in a paidening effect, while the average
poreto-pore distance remains arourd40-145 nm. The density and size of
nanopores are rather close to the original AAO membrane template, which
implies both the success of pattéransfer process and the ability of tuning
simplicity of the pore size and mombgy by modifying the initial anodization
conditions.An angledview image of Si nan@oraus structure is shown in Fig.
5.1f which shows the depth of pores to be around 500 nm.

Il -nitride material growth was carried out on nanoporous Si substrate in a
PA-ALD reactor featuring customized hollegathode plasma souf{@2], [147],

[282]i [285]. A critical factor in choosing ALD to grow on high aspect ratio
porous Si is the superior conformality made possible by itsliseting
characteristic, Wich allows the surface to get saturated with no more than one
layer of chemisorbed precursor molecules. Precursor molecules disperse into
deep trench structures with sufficient precursor pulse/exposure time allowing
molecules to react with the entire egpd surface. In the subsequent sections of
this article, fabrication steps and material characterization details of GaN, AIN,
and InN HNCs are provided.

5.1 GaN Hollow Nanocylinder Arays

1500 cycles of GaN was grown on nanoporous Si substrate vial PAusing
TEG and N/H> plasma as gallium and nitrogerepursors, respectively. Figure
5.2a and bshows the togview and angledview SEM imags after GaN growth

on nanoporous Si substrateespectively Grainy structure of GaN is visde
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from topview image(Fig. 5.22) which was also observed in previously reported
~32 nm thick GaN thin films on Si substrafg86] Porous morphology is still
visible after GaN growth on Si naipmres, however, pofgze is reduced to ~35

nm. Ability of PA-ALD to uniformly coat GaN (thickness ~37.5 nm) on nano
porous Si in a conformal fashion évident from the anglediew SEM image

(Fig. 5.). The thickness of GaN observed from inner walls of nanoporous Si
substrate is less than the GaN film thickness grown on a planar Si substrate
(=37.5 nm vs. 50 nm) in the same growth experiment. The thickness variation of
GaN along the Si poreeghth is +2425 %. ALD with its inherent seHimiting

growth mechanism is expected to provide highly conformatlimenof sight
deposition even on 3D complex nanostructures. However, ideal conformal
coating results for ALBgrowth on nanostructured tempmat can only be
achieved by carefully optimizing the process parameters sugbre@sirsor
doses, exposure time, and purging time at a given reaction temperature. A
substrate must be exposed to a right amount of precursor as insufficient
precursor dose willeave some unreacted surface sites behind resulting in a
limited conformality. The most critical parameter in performing ALD on
substrates with higher aspect ratio structures is the precursor exposure time.
With sufficient precursor exposure time, precurswlecules should be able to
reach all the active sites on the 3D substrate surface. Generally, long precursor
exposures are relatively less beneficial in plasssisted ALD due to the
relatively fast plasma radical recombination procéssthe presentvork, we

have utilized the PAALD growth recipe previously optimized for planar Si
surfaceg286]
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Figure 5.2 (a) Top view SEM image obtained from P4.D (1500 cycle) grown GaN
on nanoporous Si substrate, (b) Angléelw SEM image of the same sample showing
the rather conformal filling of GaN into the Si nanopores, (c)-View SEM image of
GaN HNCs revealing tlie morphology and dimensions, and (d) Anglédw SEM
image of GaN HNCs showing the total height of naglinders.

As GaN film grows on the horizontal top surface of Si npares as well,
those parts must be removed before Si etching can be carritw ahttin free
standing GaN nanroylindrical arrays on Si surface. Ar plasma was employed to
etch GaN from horizontal Si surface followed %M imaging. SEM image
(Fig. 5.3 showed that 2 minutes of Ar plasma exposure successfully removed

GaN from top ohanepores.
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Figure 5.3 (a) Top view and (b) crossectional view SEM images obtained after 2
minutes of Ar plasma exposure successfully removed GaN from top ofpoaes
leaving GaN integrated inside Si(100).

The last step in fabrication was selectively etch Si via SFplasma to
obtain GaN HNCs. Figurg.2c and dshows the tofview and anglediiew SEM
images of GaN HNCs after 6 sec ofedfased Si etchingespectivelyWidth of
GaN nanecylinders is ~110 nm, while the pore size within the nanocylinders is
about 30 nm. The wall diameter of individual nasylinder and intecylinders
distance were measured as ~40 and ~125 nm, respectively. Changing the etching
time of 8, height of freestanding individual GaN nanocylinders can be varied
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as well. After 6 sec of Si etching, the height of GaN HNCs ranged w330
360 nm.

TEM characterization was carried out on GaN HNCs to examine their
internal morphology and crystaie structure. In order to prepare TEM sample,
nanocylinders were scratched by a needle and a TEM grid was gently touched to
the top surface of GaMNNCs/nanoporouSi samples followed by TEM
imaging. Bright field TEM images of GaN HNCs are provided in gL
Finely dispersed hollow nartylinders can & seen in Fig. 5.4&igure 5.4
confirms the total length of GaN HNCs arour875 nm and shows that their
interior is indeed hollowlt is observed that the outer wall BINCs is highly
uniform along the dynder axis. However, wall thickness of GaN HNCs along
the long axes of individual cylinders shows a degree ofumsiormity. The part
where GaN wall is thicker corresponds to the top portion of HNC close-to air
HNC interface.This image reveals that GaWall thickness tend to become
thinner along the depth of Si pore. As explained earlier, it might either be due to
insufficient precursor exposure and/og/Ne plasma radicals recombination
during HCPAALD of GaN. Figure 5.4 shows the higinesolution TEM HR-

TEM) image of HNCs revealing lattice fringes of GaN which are organized in
various crystallographic orientations confirming its polycrystalline structure.
SAED measurements were performed to further investigate the crystal structure
of the GaNHNCs. TheSAED pattern (Fig. 5d) consists of polycrystalline
diffraction rings corresponding to the hexagonal wurtzite Gal&4N) crystal
structure.The analysis of SAED patterhas been summarized in Table,5.1
which shows measured ring diameters, the calalii@bel theoretical intgolanar
spacing values, and corresponding crystallographic planes. The first ring from
the center is considerably thick and theoretical ring diameters of (101), (100),
and (002) crystallographic planes either merge or lie very ¢totee first thick
diffraction ring. Indeed, inner and central diameter of this ring were measured
and found to be 7.509 and 8.501 hneorresponding to (100) and (101) planes
with a calculated inteplanar spacing (@) values of 2.663 and 2.395 A,
respectively. Other than (100) and (101) crystallographic planes, (102), (101),
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(103), and (112) planes corresponding to GaN hexagonal wurtzitéalcrys

structure are also found.

@

Scanned
area

Gallium

map

—(103)
= {112)

Nitrogen
map

Figure5.4: (a) TEM image of several indivitchl and bundled GaN HNCs, (b) TEM
image of GaN HNCs revealing their wall thickness and total length, (€ EHlR image
of a GaN HNC displaying the polycrystalline structure of-®2D grown GaN, (d)
SAED pattern of GaN HNCs, and (e) EDX elemental mappinfp@same GaN HNC
sample.

Table 5.1:SAED Results, Theoretical Values, and Corresponding Crystallographic

Planes
Interplanar spacingnd(A)
Diameter (nrm) Calculated Theoraticat Corresponding plaighkl
7.509 2.663 2.7620 100
8.501 2.395 2.4370 101
10.588 1.888 1.8910 102
12.059 1.658 1.5945 110
13.526 1.478 1.4649 103
14.864 1.345 1.3582 112

#Hexagonal GaN, ICDD reference code:@#51133

Figure 5.4 shows EDX elemental mapping of gallium and nitrogen from a
part of individual GaN HNCThis measurement reveals the uniform distribution
of gallium and nitrogen which confirms the presence of GaN compound

structure in the scanned area.
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GIXRD patterns ofGaN HNCs and GaN thin film deposit on Si are
provided in Fig. 5.8 and b, respectively. Patterns obtained from both GaN
HNCs and corresponding thin film reveal singlease polycrystalline hexagonal
wurtzite structure. The reflections (100), (002), (1@1p1), (103), and (112) of
the hGaN phase appeared in the GIXRD patterdsx@gonal GaN, ICDD
reference code: 0025-1133) These results are in good agreement wihith t
SAED results gien in Fig. 5.4d and Table 5.A distinct (002) reflection was
not doserved in SAED diffraction pattern, however, we believe that it is not
distinguishable in SAED pattern due to the merging of three individual
diffraction rings in one big thick ring closest from the center. Such a merging of
three diffraction rings in onéas also been observed previously in a SAED

pattern obtained from GaN flexible nanofib§tg]
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Figure 5.5 GIXRD pattern obtained from (a) GaN HNCs grown on nanoporous Si
substrates, (b) ~50 nm thick GaN deposited on planar Si via HXLPA

Chemical composition and bonding state of GaN HNCs were studied using
XPS. XPS survey scan collected from top of ~375 nm long GaN HNCs revealed
the presence of gallium, nitrogen, carbon, fluorine, and oxygen elements.
Atomic percentages of elements detdck®m GaN HNCs were as following:
33.21 at. % Ga, 45.08 at. % N, 5.74 at. % C, 5.64 at. % F, and 10.33 at. % O.
Although these results suggestish elemental distribution from GaN HNCs, it
should be noted that the atomic concentration of N is overdstinthue to the
significant contribution of Ga Auger peaks, which overlap with the N 1s
peak[17], [32] Previously, we have reported the impurity content from bulk of
GaN thin film deposited using the exact same-AA growth recipe
parameters utilized for fabrication of GaN HNCs. No carbon was found in the
bulk of the film, while oxygenmpurities (23 at. %) in the bulk of GaN films
was detectef86] Presence of oxygen in the bulk of film was attributed to
oxygen and water vapor impurities present in either plasma gases or
organonetallic precursors and trapped oxygen/water vapor inside the multilayer
coatings on the inner walls of the ALD vacuum reactor. XPS gathered data from
bulk of the film by insitu etching first few layers of GaN via Arons. The
same technique however, wduiot be accurate to determine GaN bulk impurity
content from GaN HNCs due to possible oxidation of GaN HNCs all along the
top surface. Therefore, bulk elemental quantification from the GaN thin film
sample can be used as an estimate for the impurityrdaft&aN HNCs.

The highresolution XPS (HRXPS) scans of Ga 3d and N 1s green in
Figs. 5.& and b, respectively, which were collected from the surface of GaN
HNCs. Asymmetry and FWHM of the peaks indicate more than one type of
bonding scheme for bothallium and nitrogen. Ga 3d HRPS spectrum was
fitted using three subpeaks located at 20.30 eV (subpeak#3), 19.38 eV
(subpeak#1) and 17.68 eV (subpeak#2). Subpeaks number 1 and 3 were
attributed to the G& and GaO bonds, respectively, whereas subpeak#2
originates from N2s core level contributifitv], [32] N 1s HRXPS spectrum
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(Fig. 5.6b) was fitted by three subpeaks located at 397.37 eV (subpeak#1),
395.18 eV (subpeak#2) and 393.08 eV (subpeak#3). Subpeak#1 was assigned to
the N-Ga bond, whereas subpeaks#2 and #3 correspond to the Ga Auger
peakd17], [32]

(a) —— data points
. — — subpeak #1

Ga 3d - - - -subpeak #2
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Binding energy (eV)

(b) data points
— — subpeak #1

N 1s - - - -subpeak #2
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Figure 5.6 HR-XPS scans of (a) Ga 3d and (b) N 1s obtained from GaN HNCs
revealing presence of various bonding schemes.

The PL spectra of polycrystalline GaN HNCs and their thin film counterpart
was measured in the wavelength range ofi 850 nm at room temperature and
is presented in Fig.B.A br oad peak at 448 nm i2.

GaN HNCs, which represents a defect
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(BL) o. On the other hand, a weak and no
thick GaN thin films which exhibited two relatively weaker peaks at 371.3 nm
A3.34 eVOo and 5dtprobably ofigihatidg&luedo\aded shified
bandedger el at ed emi ssion and structur al de
( GL) o, r E87H 288 Tivee |l pr esence of t he AGLO
explained by the combination of gallium vacancy clusters and oxygen (or

carbon) impuritie$289]i [291] GaN HNCs exhibit a stronger PL signal than

their thinfilm counterparts possibly due to their higher surface to volume ratio.
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Figure 57: PL spectra of GaN NCs and ~60 nm thick GaN thin film gathered at room
temperature.

5.2 AIN Hollow Nanocylinder Arrays

For AIN samples, actal of 500 ALD cycles were usedn nanoporous Si
substrates. A detailed growdptimization study of AIN on planar Si template
hasbeen reported elsewhd@®2] At 200 °C, growth rate of ~1.0 A/cyelhas
been reported for AIN deposited with an optimized growth recipe which
corresponds to ~50 nm thick film for 500 AL&ycle growth on planar Si.

Figure 5.& and b showop and anglediew SEM images of the AIN
coated nanoporous Si templatespectively AIN covered Si reveals hollow

morphology, though the pore size has been reduced to ~30 nm from an initial
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pore diameter of ~100 nm after nanopore formation-view image also shows
nanometer sized grains of AIN observed from the area aonagspAngleeview

SEM image of AIN covered porous Si reveals uniform and conformal growth of
AIN inside the nanopores. From the inner cylinder wall, the average wall
thickness of AIN was measured as ~37 nm. The variation in AIN thickness from

b S AR el B
Ve i g . 1

Figure 5.8 (a) Top view SEM image obtained from HCPAD (500-cycle) grown
AIN on nanoporous Si substrates, (b) Angléelv SEM image of the same sample, (c)
Top-view SEM image of AIN HNCs revealing their morphology and dishems, (d)
angledview SEM image of AIN HNCs depicting the total height of nanocylinders.

AIN grown on top horizontal surface of nanoporous Si has been etched
usingAr plasma.SEM images (Fig. 5)%btained after 3 minutes of Ar etching
indicates that AIN has been completely removed from top surface.
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Figure 5.9:(a) Top view and (b) crossectional view SEM images obtained after 3
minutes of Ar plasma exposure successfully removed AIN from fopaocpores
leaving AIN integrated inside Si(100).

As a last step in AIN HNCs fabrication, Si was selectively etched y SF
gas to obtain frestanding AIN HNCs on Si surface. 5 sec of Si etching yeelde
~110 nm long AIN HNCs (Fig. 5.)0with a diameteand internal pore size of
~116 and ~30 nm, respectively. A significant portion of AIN is still embedded

inside Si after 5 sec of etching.
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Figure 5.10(a) Top view SEM image of AIN HNCs obtained after 5 sec of SF6 based
Si(100) etching revealing theirarphology and dimensions, (b) cressctional image
of same AIN HNCs showing the total height of nanytinders.
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In order to further increase the height of AIN HNCs, a total of 7 sec Si
etching was employed on a separsaenple. Figure 58andd shows the top
view and angledriew SEM images of AIN HNCs, respectively after 7 sec of
SFes based Si etchingrespectively Longrange ordered AIN HNCs in well
organized arrays can be observed from top and cross sectional views.
Nanocylinder diameter andternal pore size of AIN HNCs is determined to be
~115 nm and ~25 nm, respectively. The AIN wall thickness of individual
nanocylinders and intggore distance were measured as ~45 and ~130 nm,
respectively. The height of AIN HNG§&ig. 5.8d)) increased te-170 nm after 7
sec ofSi etching.

Internal morphology and crystalline structure of AIN HNCs are observed
with TEM analysis as shown ifrig. 5.11 AIN HNCs exhibited hollow
morphology and rather smooth outer wgHsg. 5.1D). Similar to GaN HNCs,
the unformity degree of AIN HNCs wall thickness is limited. Thickness of AIN
measured from two ends of AIN HNF is ~44 nm and ~31 nm which corresponds
to a + 13 % overall thickness neamiformity. The total length of an individual
AIN HNF was measured to be ~1T#n which agrees very well with SEM
measurements. Several crystalline compartments of AIN can be observed from
HR-TEM image of AIN HNC Fig. 5.1k), implying polycrystalline structure of
AIN, similar to the observations for GaN and InN HNC samples.

EDX elemental maps (Fig. 5.11d anjlwere obtained to map the presence
of aluminum and nitrogen from AIN HNCs. This colored EDX mapping shows
that aluminum and nitrogen are uniformly present only at the place of AIN HNC
in the scanned area. SAED pattéfig. 511f) was extracted from ~172 nm long
AIN HNCs which shows multiple diffraction rings confirming the
polycrystalline structure of AIN. Diameter of rings and calculdtesbretical
interplanar spacingalues are tabulated in table 5&/ealing the presencs
(100), (002), (101), (102), (110), (102), and (112) reflections of hexagonal AIN.
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Table 5.2 SAED pattern analysis of AIN HNCs: comparison between measured
and theoretical values of interplanar spacing)(dith corresponding crystallographic

planes.
Interplanar spacingnd(A)
Diameter (nmt) Calculated Theoraticdt Corresponding plane
hkl
7.504 2.665 2.6950 100
8.154 2.452 2.490 002
8.625 2.318 2.371 101
11.108 1.800 1.829 102
12.984 1.540 1.555 110
14.242 1.404 1.413 103
15.467 1.293 1.319 112

#Hexagonal AIN, ICDD reference code:-025-1133

(e) Nitrogen scan

(103)—
(112)—
(100)—
(002)— c
(101)=

(102)—
(110)—

20 nm 20 nm

2171m

Figure 5.11(a) TEM image of AIN HNCs, (b) TEM image of an individual AIN HNC
revealing thickness and total length, (c) FIRM image of AIN HNC displaying
internal crystal structure oAIN, (d) EDX elemental map of aluminum, (e) EDX
elemental map of nitrogen, and §AED pattern of AIN HNC samples.

The structural and chemical propertiesAN HNCs were studied using
GIXRD and XPS.The structural properties of AIN HNCs were abscamined
by GIXRD (Fig. 5.12  Measurement was performed on ~173 nm long AIN
HNCs inegrated in Si substrate. For comparison, the GIXRD data was also
gathered from ~50 nm thick AIN thin film deposited ona®d shown in Fig.
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5.12h Various reflections were observed from GIXRD spectrum of both thin
film and HNCs which correspond to polyctgine wurtzite structure of AIN.

The exhibited patterns were indexed by hexagonal crystal system (ICDD
reference code: 6025-1133). The reflections detected from hexagonal wurtzite
crystal system in both these spectrum are well supported by SAED tiliffrac
patterngevealed in Fig. 5.11f and table 5.2
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Figure 5.12:GIXRD pattern obtained from (a) ~173 nm long AIN HNCs, (b) ~50 nm
thick AIN deposited on Si via HCRALD.

XPS was used to examine the chemical composition and bonding states of
AIN HNCs. XPS survey scan collected from top of ~172 nm long AIN HNCs
revealed the presence of aluminum, nitrogen, carbon, fluorine, and oxygen

elements. Atomic percentages of elemelatected were as follows: 19.45 at. %
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Al, 14.05 at. % N, 24.42 at. % C, 24.97 at. % F, and 17.12 at. % O. AIN thin
film deposited with the same recipe had zero carbon content and 2 at. % O in
bulk of the films.

The highresolution XPS (HRXPS) scans of ARp and N 1s are collected
to investigate the bonding schemes of AINE8\Nand are presented in Figs. 5.13
(a) and (b), respectively. Based on asymmetry and FWHM of peaks, more than
one type of bonding scheme was observed for both Al and N. Al 2XPR
spet¢rum was fitted using two subpeaks located at 73.15 eV (subpeak#1) and
74.72 eV (subpeak#2) which were attributed to theNAand AFO bonds,
respectivelyf32], [292], [293]
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Figure 5.13HR-XPS scans of (a) Al 2p and (b) N 1s obtained from ~173 nm long AIN
HNCs revealing presence of different bonding schemes.
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N 1s HRXPS spectrum (Fig. 5.13 (b)) was fitted by two subpeaks located at
396.28 eV (subpeak#1) and 398.54 eV (subpeak#2) which were assigned to
presence of M\ and oxynitrides bonding speci§&2], [292], [29B]

5.3InN Hollow Nanocylinder Arrays

700-cycle PAALD growth of InN was carried out on nanoporous Si template
using an optimized recipe with TMI and:lasma as indium and nitrogen
sources, respectively. INnN PALD growth recipe that is utilized ithis study
was optimized for planar Si substrates and is reporteewdieee[284] It was
found that InN grown using Nplasma only as nitrogen precursor had decent
crystalline quality with low impurity content. INnN grown with other plasma
combinations such as;M> plasma as nitrogen precursor resulted in low density

films with significant voids and weak surface adherence

- Apote size =27 nm).;

Figure 5.14 (a) Top view SEM image obtained from BA.D (700-cycle) grown InN
on nanoporous Si substrate, (b) Angléelw SEM image of the same sample, (c) Top
view SEM image of InN HNCs revealing their morphology and dimensions, and (d)
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Angledview SEM image of InN HNCs showing the fretanding height of InN
nanocylinders.

Figure 5.14 and bshowtop and anglediew SEM images of Inhtoated
nanoporous Si templatesespectively Highly uniform grainy structure of InN
(Fig. 5.14a) is visible with relatively smooth surface morphology. The
nanopores are still apparent, however pore size is significantly reduced (~25 nm)
from original pore size in SAngledview SEM image (Fig. 5.1) reveals that
InN is coated with high conform#i along the wall depth of the pores. One can
also observe that some of the initially narrower nanopores are indeed completely
filled with InN, transforming these structures from hollow nanocylinders to
nanopillars/nanorods. Wall thickness of InN nanodgdirs was measured to be
~43 nm which is very close to the measured InN film thickness (~47 nm) on
planar Si substrate grown during the same ALD experiment. This indicates that
conformality of InN deposited on porous Si with a growth recipe optimized for
planar Si substrate is substantially better when compared to the conformality
performance of GaN.

InN grown on the horizontal Si surface of the nanoporous Si substrate has
been etched away using Ar ion millin§ubsequent SEM imaging (Fig. 5)15
revealed cmplete removal of top InN layer after 3 minutes of Ar plasma

exposure.
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Figure 5.15:(a) Top view and (b) crossectional view SEM images obtained after 3
minutes of Ar plasma exposure successfully removed InN from top of-paes
leaving InN integrated inside Si(100).
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Similar to GaN HNCs fabrication strategy, eSkas utilized to selctively
etch Si to obtain Sintegrated freestanding individual InN HNCs. Figa 5.14¢
andd showthe topview and angledview SEM images of InN HNCs after 7 sec
of Sk etching in RIE reactorespectivelyBoth SEM images reveal lofrgnge
ordered and efl-aligned InN HNC arrays. The wall thickness and pore diameter
of individual InN nanocylinder are measured as ~50 and ~15 nm, respectively,
while the poreto-pore distance was found as ~115 nm. After 7 seconds of Si
etching, the height of InN HNC@-ig. 5.14d) was measured as ~220 nm. InN
HNCs were also fabricated with 6 sec of Si etching usingf@lBwed by SEM
imaging(Fig. 5.19. Nanocylinder diameter, pore size, wall thickness, and-pore
to-pore distancéFig. 5.1 of this set of HNCs were found to be similar with
InNN HNCs fabricated using 7 sec of Si etching. However, as expected, the height
of InN HNCs fabricated using 6 sec of Si etching is reduced to ~170 nm. This
result confirms that the final freganding hgght of HNCs fabricated using this
technique can be varied as desired by adjusting the etch time of Si in the final

fabrication step.
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Figure 5.16:(a) Top view SEM image of INnN HNCs obtained after 6 sec of SF6 based
Si(100) etching revealing themorphology and dimensions, (b) cressctional image
of same InN HNCs showing the total height of nagtinders.

Internal morphology of InN HNCs can be observed in TEM images
provided in Fig.5.17. Figure 5.1 shows togview of several INnN HNCs with
hollow internal morphology. The dimensions of HNCs such as cylinder
diameter, pore size, wall thickness, and Hptere distance seen in this TEM

image are similar to observed dimensions in SEMges shown in Fig. 5.17
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