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ABSTRACT

SILICON NANOSTRUCTURES FOR ELECTRO -OPTICAL AND
PHOTOVOLTAIC APPLICATIONS

KULAKCI, Mustafa
Doctor of Philosophy, Department of Physics
SupervisorPr o f . Dr . Rakit TURAN

February 2012, 22ftages

Recently extensive efforts have been spent in order to achieve all silicon based
photonic devices exploiting the efficient light emission from nanostructured silicon
systems. In this thesis, silicon based nanostructures have been investigated for
electreoptical and photovoltaic applications. The thdsisusedon three application

areas of silicon nanostructures: Light emitting diode (LED), light modulation using
quantum confined Stark effect (QCSE) and photovoltaic applications.

In the context of LED agjgations, ZnO nanocrystal/silicon heterojunctions were
investigated. Contrary to observatiah pure ultraviolet photoluminescence (PL)

from ZnO nanocrystals that were synthesized through vapor liquid solidification
(VLS) method, visible emissions weresaved in the electroluminescence (EL) due

to defect states of ZnO. The discrepancy between these emissions could be ascribed
to both change in excitation mechanisms and the defect formation on ZnO
nanocrystals surface during device fabrication steps. Elpepties of silicon
nanocrystals embedded in Si@atrix were also systematically studied with and
without Tb doping. Turron voltage of the Tb doped LED structureas reduced

below 10V for thefirst time.

Clear observation of QCSE has been demonstrébe the first time in Si

nanocrystals embedded in Sibrough systematic PL measurements under external



electric field. Temperature and size dependence of QCSE measurements were
consistently supported by our theoretical calculations using linear camobirct

bulk Bloch bands (LCBB) as the expansion basis. We have ntt@ageodulate the
exciton energy as high as 80 meith field strengthbelow MV/cm Our study could

be a starting point fofabrication ofelectreoptical modulators in futuretor all

silicon based photonic applications.

In the last part of the thesis, formation kinetics of silicon nanowires arrays using a
solution based novel technique called as metal assisted etching (MAE) has been
systematically studied over large area silicon wafémsparametric studies good
control over nanowire formation was provided. Silicon nanowires were tested as an
antireflective layer for industrial size solar cell applications. It was shown that with
further improvements in surface passivation and cofvactation, silicon nanowires

could be utilized in very efficient silicon solar cells.

Keywords Silicon nanocrystal, silicon nanowire, LED, QCSE, solar cell
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SKLKSYUM NANOY AGPTA-RAIRE NT RONKK VE FXI OVOLT
UYGULAMALARI

KULAKCI, Mustafa
Doktor a, Fi zi k B°1l ¢mg
Tez Y°%°neticisi: Prof . Dr . Raki t

k u b2812, 221sayfa

Son zamanl arda, nanoyapéel é& ,gdialmasngumsunn i ety
tabanl é fotonik ayget gel i ktirmakez i -in
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LED uygul amal ar & kapsaménda: ZnO nano
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nokristallerin katkéséez ve Tb katkél é
celenmi ktir. | KA ma nbea kgl®amgd ¢lgrdartk défeamik €9 ié

1 vol tun alténa indirilebilmiktir.
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Bu tez kapsaméndaiayndeap!|l 8kOurul muk si l

def a KKSE bari z bir Kekil de fatol ¢mi nes
edi | "THXSE ret ki si sécakl ék ve nanokristal
deneysel bul gul ar teori k hesajl &eotka bi r e
hesapl arda Kristal Bl och bandl arénén do]j
Yapél an Cekzitop mregisi élektrla | an al t énda 80 meV

edil ebi |l miktir. Bizim bu -al ékmaméz gel e
i -in ger-eplikemeditratorl er.i i -1 n °neml. f

Tezin son b°t ¢meghdek gkan metal yardémlé

silisyum nanotell erin ol ukum Kkinetiij]i k
sistemati k bir kekilde -aleéekél méxkteéer. De
czerine -ok iyi cilemstligyuml nanstall¢elnadrny,msé w ti &re.l |°rl
gének glzesi uygulamalreé i-in test edi | |
g°zelerinde etkin bir Kekilde kull anél al
pasifize edil mesi ekt i°ri Ikmendia kg eggragketsiéjnié na
Anahtar kelimeler: Si | i syum nanokristal, silisyum
g°zesi
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CHAPTER 1

INTRODUCTION

ANanostructured Silicon opens a

optical and photovoltaic deviceso

A Wh o d esmmiaterials dominates technagtog

Dr. Sekimoto

1.1. Silicon; Technology andCurrent Status

Since the invention of the first semiconductor transistor in 1947 at Bell Labs, the
semiconductorndustry has grown incredibly. Even though the first semiconductor
transistowasmade from germanium (Ge), silicon (Si) became the mater@iate

due tothe low melting point of Ge that limits high temperature processes and the
lack of a natural occurring germanium oxide for the formatioa bfghly isolating
dielectric for complementary large area planar circuitry.

Silicon is the primar material in t o d amidogkctronic and photovoltaic
technology.The current level of knowledge of Si properties and the sophistication of
Si technologyare impressive.Ultrapure #ngle crystal Si can be growim mass
productionalmost dislocation free up to sevetahs of centimetearin diameter, no
other semiconductor material casupport these featuregurthemore, it is the
second most abundant element in the eartlst after oxygen nonpolluting and
economically feasibleand retains its semiconducting properties a wide
temperaturgange In the last 60 years,uo modern life and changing cultureave
directly been shaped byinnumerable products of Si integrated circuits whose
performancedramatically increasaith exponential decrease ithe manufacturing

cost.
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There is an almost exponential progress in the complexity of Si integrated circuits,
which directly imply the increasing number of transistors per unit area with scaling
down of individual transistorScalingis the engine of progress micro-electronic
technology generating more powerful chips with reasonable pndsustainednly

by theintense researcénd developmerjtl]. However, there is an expectationtio¢
problem finterconnect bottleneckin the horizon as the number of transistor
integrated circuityIC) increases, more and momeetallic interconnect lireeare
required to link each componetat the network of other componerftee ICstoday

are made of several tens of kilometers of metallic wiring alred@y) Signaling
along these complex wiring consumes significant poageresistive heating and
causegnajordel ay in todayds modern Si ,RQi ps.
charging diays in the wires will dminate the performance of tle®eming future
microelectronic circuitry In the past, the problems ofinmg that threaten the chip
performancewere overcome by replacingnly the interconnect material. The
replacement othe resistive aluminum wiringwith more conductivecopper lins
would be a solution to this problemHowever, since the copper isvary diffusive
materialin Si matrix, it is hardo prevent shortingvith further scalingdown of the
integrated elements. Ormd the big efforts of thenicroelectronicndustryin recent
years has beento find a reliable barrier layer to prevent copper diffusiand

adaptatiorof these layergto the existing production line an effective manner

To sustainongoingprogressn micreoelectronic industryandfind an ultimatesolution

to the interconnect problemoptical interconnect schemésve beerproposedto
replace coppewirings both in and interchip signal processin{B,4] . Althoughthe
introduction and integratiorof photonics elements intohé very matureand
sophisticatecelectronic technologies wilbring out new challengng problemsit is
worth facing them as the opal interconnection offervery attractivepotential
benefitslike the elimination of RC delaysind cross talks betweeimter-connecting
lines, reducingpower dissipation during signal processetg For the realization of
optical interconnectionsstablelight sources (especially lasers), photo detectors, low

loss planar optical wave guides and electro optical modulatonsaitgh contrast



ratio will be necessar}8]. In addition, the additional cost of the integration should

be at aracceptabldevel.

In a macroscopic scalelata transfer rates of optical fiber networks have been
improved dramatically over the last few decadesraadhed a quality which much
superior than the metallic counterparts. The optical networks stretch between
continent, cities and down to compigeand in some special cases chip to chip.
However, the connected photonic components are still typically packaged separately.
The establishment and integion of photonic components tn the Si
complementarynetal oxide semiconductor (68IMOS) electroniglatform of future

chips requires not only the compact miniaturization of photonic elements but also
integration to the currenSi platform without drastic change#n the existing
electronic fabrication processes. If optical interconnects bedeasthlefor scaling
progression in micro/nano electronics, an enormam@lopmenwvill be seen in the
integrated photonielectronic circuit technologyAs a result new devicedor the

high density optical systemill open a roador quantum computatiowhich wil be

a new era in computer sciencé&sonsideringthe historical development of the
electronic industry from vacuum tubes to present technolbgy dreamseems not

far from the horizon.

Nowadays there are two distinct routdgat have been followed semately to
develop, improveand utilize Si photonickr therealization of reliable cost effective
devices of the future. The first one is the hybrid incorporation of the IlI/V
semiconducting materials i the Si-CMOS platform [5, €. The reliability, speed
and high efficiency of 1lI/V compound semiconductors have been provedein
optoelectronic area and large number of practical devices based on these materials
has already been ed in either domestic, space military applicatiors. However,
until now, the reliability and compatibility otybrid integration of optical
interconnect systems are quite far from realization in practical applicafites.
difficulties mainly come from fabrication of Ill/V optical devices on Si substate

to high lattice mismatch between host andegt materialwhere the optical active
devices are very sensitive to ttiefects generated by lattice misma8h The other

difficulty is that theSi chip production requires several high temperature tesgtm



cycles under which [lI/V materials facseriousdeteriorationdeading tofunctioral
losees Moreover,as theSi-CMOS and II/'V materialsrequiredifferent production

techniqus, the cost of théabrication becomes very expensive.

With these difficulies in the hybrid technology solutionsthat arebased orfi based
materials, where thphotonic components are made of Si devices, have become very
attractive To achieve monolithically integrated all Si based photonics, several
optoelectronic devicesuch as light emitting diodes (LED), lasers or modulators
have alreadybeen demonstrated However they are far from realistic practical
applicationgdue to the inefficientandor unreliableoperationsOver the years, huge
efforts has been dedicated tivercome these problems faractical Si based
photonic deviceapplicationsand to understandheoretical backgrounaf these
structure Along with the research efforts on the development of basic Si based
componentstherehave been diversely branchedaash interesti integrate them

to the CMOS environment One of theapproache$o obtain photonic componerits
basedon the band gap and band structure engineering through SiGe strained
materials or SGe quantum wells ansuper latticeg7-9]. Using Si itself is another
approach to build light emitting devicedn these attempts, although it is not
sufficiently efficient, theband gap recombination $ibeen demonstrated in botknp
junction and in asimpler form of MOS like hetergunctiors with trangparent
conductive oxidesl10-12]. The most astonishing achievement in purb&i beerhe

laser emission through the Ramé&iffect [13, 14. In this lasertype the light
emissiondoesnot depend orthe recombination of electron hole psirThe laser
operdion directly depends on Raman scattering of sub wave |lgngtiplaser light

with Si phonons andhe requiredpopulation inversion occurs iexcited virtual
phonon statedHowever, the requirement ahintense optical pump for lasirlgads

to significant number oftwo photon absorptiorand carrier excitation to the
conduction band and the laser performarsceeduced by free carrier absorption.
Therefore Raman laser is faioi practical applications in Si optical interconnect
technologywhich strongly requirgelectrical pumpmg for population inversiorand
modulation Recently, dispersioof Rare Earth (RE) elementstanSi environment

has becomanotherroutein the Si based photonic researfdb-17]. In this approach,

instead of Silight emissiororiginatesdirectly from RE elemeris atomic transitions



Depending on the type dhe addedRE (Tb, Er, Gd, Ybetc.) the wavelength of
emitted light can span a rangetweenultraviolet to infraed. RE elementsan be
either directly dispexed in Si substrate or dispersed stochiometridun
stachiometric SiQ, SkN4 etc. on the SisubstratesThe strategy of inclusion of RE
into Si environments compatible with th€€MOS production line and could find a
place in a practical applications. Efficient Si based LED devices exploiting RE
atomic emission have alreablgendemonstrated in several studies and it is expected
that numerous domestic applications like full coltisplays/micro displays, lab on
chip diagnostic devices arelenelectrically driven Si based lasessll flourish in

near future

However, over théasttwenty yearslight emission from Si nanocrystalafibeen the
most remarkablepotential candidatefor Si photonic applications Quantum
mechanical effects bring outew phenomena leading to efficient and tunable light
emission from nanostructured $i. this thesis, a new approacbupling RE to Si

nanocrystals haseenstudied extasively.

1.2.Silicon nanocrystals

Contrary to its superior electronic prop
Si is a very poor material in optical properties especially in light emission. The main
limitation of Si as dight emitter is directly riated to s energy band structure. to

the indirect band gap structure of &ither light absorption oemission requires
higher order processes i.e. optical transitithrag take plac&vith at least one phonon
involvement to satisfy energy and momentum coreems which is seriously
hampering light emission/absorptioAs seen in Figure 1.1the bottom of the
conduction bands displacedin k (momentum) spaceelative to the top of the
valence bandAs the indirectransitions requirsimultaneous phonon albyption or
emission to compensate momentum difference betweeextnemumof the bands,

the probability of radiative recombinations is much less than that of thead@tive
recombinations. The necessity of phonon coupling resuli very long spontarais
radiative life time (around ms) compdrt fast ron-radiative channels (ns or less),

I.e. this huge difference results in very low internal quantum efficiandyprevents



the Sifrom being a light emitting materialThe internal quantum efficiency of

radiative recombination is around4for Si.
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This fundamental physicabbstacle, that preventSi from being a luminescent

material was overcome at the beginning of nineties with the observation of intense
photo luminescencéPL) from electrochemically etched Sioneby Canham[20].

Thenew structuresverecalled porous Si andpeneda new era in photonic research

and a new terminology has been adttediterature asSi photonics or Si microand
nanephotonicsThe pi oneering work of Canhamdos he
and engineers over the world for the realizatiothefbigutopia of sciencej S i Il i ght

e mi t .t With gshis excitement more than 10000 scientific papers have been
publishedon both poros SiandSi nanostructureburiedin a dielectric matrix that

try to understandight emission mechanisms awaploit them for practical device

applications.

Following thepioneering work of Canham gorous nanostructured Si, the synthesis
of Si nanocystals within a different insulating matrix has been accomplished. It was
later recognized that, porous Si @t stable in time due tds active unpassivated
surfacethe high energetic surface makes nanostructured porous Si susceptible to the
environmentresulting in either partial or total oxidation of nanocrystals/@nd
adsorptionof water molecule®n the surfaceMoreover porous nanostructures are
very brittle to handle anthis causedifficulties in further processes like device
fabricaton and characterizatio®n the other handsi nanocrysta produced inan
insulating matrix by phase separation of excess Si inclusion through high
temperature annealing procesfers more stable and roBumaterial systems for
applications Several types of matrices have been chose for nanocrystal
encapsulation: Si§) SkN,4, SIiC, AbO; etc [21-24]. Among theseSiO, hasbeen
foundthe most suitable matrix for nanocrystal formati@i.nanocrystals distributed

in Si0, synthesized via annealing of Si rich Siébove 900C has been produced by
these methods: ion implantation, sputtering, plasma enhanced chemical vapor
deposition, laser ablation, thermal evaporation d&5-29]. The excess Si
concentration, duration an@mperature of annealing treatment deternihmesize

and crystallinity of the nanocrystal Both electrical and optical properties of
nanocrystals are directly determined by those production paraméeesof the
curial concerns ishe uniformity of the size of nanocrystals thare scattered irthe

matrix.
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Figure 1.2. Simple illustation of increasing band gap of Si nanocrystals due to
qguantum confinement effect on charged carriers. Si nanocrystal is assumed to be
embedded im SiQ matrix. Nanocrystal sizes chosare below exciton 8hr radius

of the Si. The potential depth seen by the carrier due to band alignment witis SiO
decreasing with increasing carrier energy.

The change in physical proped of Si from bulkio nm sizescan bedescribed by
thequantum confinement effedtree carrier motionarequantized in a quantum dot
or in nanocrystal when the dot/nanocrystal size besaomparable to the exciton
Bohr radius of a given materidThe Bohr radius of excitoraa be thoughof asthe
average separation of electron and hole wave functions in spaeground state
exciton Bohr radius of Si is around a bit less than 5 Tinerefore we can expect
that, to observe the quantum confinement effect in Si nanocrystals, the radius of the
nanocrystal should be at least around 5 fiilme confinement by the boundaries
raises the ground state of the carrifffggure 1.2.)and createsisicrete density of
states. For an ideal systemh nanocrystalstheseenergy levels are well separated
from each othe(like an atomic energy level€specially for the states with lower
energiesHowever, in reality due to thater dot coupling, and ineractions between

nanocystals and host matrix causémadening in those energy levels.

As a result of Heisenberg uncertainty principle, the carrier localizatiothen

nanocrystal volume carbr i n g uncertainty t o t he

cal



momentum isiot a good quantum number to describe electron/hole as in the case of
bulk form of the material. Theelaxation in momentum conservation rule converts
inefficient light emitter Si to technologically importargfficient luminescent
material. Also undertlec ont e xt @GdidenkFuter anthé aectrdle pairs

are localized in a dot volume spatially, their wave functions overlap more in position
space and allow increase in oscillator strengthnimre geminate recombinatios
Despite the efficient radii@e transition observed from Si nanocrystal, the transition
is assumed to bequasi direct transition, and the transition rate of this system could
not compete with any direct gap 11l/V semiconductors switching speetunately it

is observed that thugh the couplingwith field of plasmonsnear metal
nanoparticles the radiative rate could be increasby several orders with an

optimum design criterif30].
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Figure 1.3. PL spectra of Si nanocrystdtsmed in SiQ dielectric. The average size

of nanocrystals increased through increasing Si implantation dose. The peak position
of the emission shifted from around 725 nm to 875 nm following average size of
nanocrystals. This dataere obtained throughwsties carried out at METU

The emission/absorption of light can be manipulated through engineering the average
size of the formed nanocrystals, following the size dependence of the quantum
confinement effect. As the nanocrystal sigereduced, the eneygof emitted or

absorbed photon increaseéue to the increase in band gafhe typical photo



luminescence spectrurmshown in Figure 1.3. for th#ustration of size dependence
of light emission from Si nanocryss#mbedded in &0, matrix.

Typical light emission from Si nanocrystal formed in $N&arying between 700 nm

to 1000 nm depending on nanocrystal sem@]in generalthe peak position of the
emission and structure of the spectrum is almost independent from the production
methods.The light emission mechanism from nanocrystal in an oxide matrix has
actually notbeenunderstood totallyAlthougha consensus on the light generation by
the electrornhole pair recombination due teansitions betweenanocrystal energy
levels has been achievedhe effect of surface states involvementald not be
entirely disregarded As the nanocrystal sizes reduced, the increased surface to
volume ratiomakesthe nanocrystal surfaces chemically more active. It is suggested
that the trap states formed by oain of nanocrystalcould trap (locake) excitons

and recombinations occorer those trapped excitons. This model can be convincing
for the smaller nascrystals (less than 3 nm) with enhanced coupling between
excited carriers and surrounding matrix thin shell region around nanocrystals
composed of subtoichiometric oxide regionThis suboxide region can either
produce exciton trap levels on the surface like multiple Silouble bands, or
directly creates energy levels inside nanocryst&dsavoid surface states due tbe
oxidation, there is a controversial suggestion of producing nanocrystalshitra®e
instead of SiQ The controversysithat, Si has a large solubility limit in nitrate
which prevents the phase separation for nanocrystal formation. The achieved and
scaled light emissiawould be due to band tail recombinatan Si rich nitrate and

the energy of the emissions directly difeed by concetration of excess Si inclusion.

1.3. Applications of Si nanocrystals for photonics

The mat astonishing achievemeimt Si nanocrysta has been the observation of
gainby L. Pavesi and later other groypghich can be considereds tte first small
step for future Shanocrystabased lasai{31,33. However the stimulated emissions
were observeanly under intense pulsed laser pump that caadtiieve population

inversion. Under strong excitation, the concentrataf excitons in nanogrstal

10



increases henceconsequenthboth Auger recomipiation and population inversion
enhancewith the excited states. Therefore, theoeurs avital competition between
Auger recombination and stimulated emission, which m&kenanocrystals very
difficult mediafor reliable and repeatable lasiigoreover, forpractical applications

in optical interconnect technologyasing should be observed under electrical
injection of carriers into the nanocrystalhich still remairs adreamfor thefuture

Following the PL observation from porous Si, both porous Si and nanocrystals
embedded in dielectric matrichave been tested for practical LED applicatidhse

to the stability problem of porous nanostructured Si as disdussoe, most of the
attention has been focused 8nh nanocrystals in SiDmatrix. Many groups have
demonstratedvorking devicesperatng eitherby chargenjection orby field effect
[33-37]. Although successfully operating LED structures from Si nanocrystale
demonstrated t he efficiency and l umi nosi ty
conventonal devices in the market. Thmain limitation of Si nanocrystal based
devices is the surrounding dielectric layavkich prevent carrier injectio into
nanocrystal@nd cause amcreaseof turn on voltageThe LED operations generally
stand on impact excitation of nanocrystals by hot electron injection under high field
regime near breakdown, which prevents stable depegation Moreover emission

from nanocrsytalarelimited tored andnear infrared region of the spectramd it is

very broad cannot be easily tuned to covehe visibleregion effectively andhe

infrared region window othe waveguidedevices

Nowadays toadapt the light emission from tt& nanocrystalbasedLEDs to the
regions ofinterest;intensive efforts have been speant doping of Si nanocrystal
system with RE elementk reality, although theLED structures operating with RE
incorporation danot require the involvement @i nanocrystals, it is believed tHait
nanocrystals improveéED efficiencies by behaving as energy transfer host for RE
atoms. The lon Beam Research Center Dresden, Germanyhosts a leading
research groupn RE doped Si based LED fabrication by ionplantation. They
announced efficient devicgbat can compete with conventional onesefficiency.
However the turron voltage is extremely high fqoractical applications. Recently,

we have managed to reduce turn on voltage below 10 volts with Tb dopmth S
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oxide structuresThe advantage and the flekity of using RE elements akght
emitting centers in Si platform is th#tey have very sharp emission lines due to the
atomic nature of emissions, and by changing type of incorporated elementsone ca
scan full range from ultraviolet (by using Gd) to infrared region of low loss fiber

transmission window (by Er).

Besides the applications discussed aboesy physical phenomenthat have been
observed in Si nanocrystals may find place for practical applications in the. future
These includeoptical memory effect, nonlinear optical properties, multi exciton
generation, Quantum Confined Stark Effect (QCSE)[8&41]. QCSE is one oftte
major research topics of this thesis study. It can form the physical basis for the
fabrication of the light modulators using tlight emissionfrom Si nanocrystal
(including porous Si)Although thistopic has been studied by seveathergroups,

first clear and systematiobservation of QCSE in Si nanostgls has been
demonstratedn our studiesThe theoreticahspects of QCSE havmeen studied in
collaboration with DrCey hun Bul t a Bilkent Ugiversity[@2]. Signal m
modulation isthe heart of thet o d aoptiGak data transferring lines, practical self
electreoptic modulators using QCSBased on 1lI/V semiconductors have been
already usedni practical applicationsln the future forall Si based optical
interconnect systesy Si based modulator devices ameded for processing optical
signak. In that context QCSE in Si nanocrystal would be exploited for either in self

electreoptic modulates or in modulatoref Mach-Zendertype structure.

1.4.Si nancstructures for photovoltaic applications

One of themeasuresof development is considered te the degree of energy
consumption Thedemand for energlias beenncreasingto sustain healthy groth

in economiesand tosustainmodern life style. Today main energy sources &ossil
fuelslike coal, oil,andnatural gasThe energy is obtained by burning these products,
which creates unsolvable and extremely harnefavironmentaproblems like global
warming and air pollutionMoreover the sources of fossil fuels aaeailable onlyin

a few countries This causes both uncertainties in the supply and price st the

products, andpolitical conflicts between supplyingnd demanding countries.
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Nowadays, thes@roblemshave directed most countries to invest on renewable
energy sources either itasurethe supplystability or fulfill the increasing energy gap
that cannot be easisompensateth a short termAmong the alteative renewable
energy sourcedirect cawersion of the solar energytinthe electrical energy by
solar cell technologies stand as the nadBtactiveonedue to the availability of huge

amount of cleanergythatwe are receiving from the s@very @y.

In recent years, any different typs of solar cells have beeteveloped. Among
themall Si based solar #e dominate the market with percentage of over 90 %
whose main slices occupied bythe crystallineSi. There are several advantages of Si
over other competitorsn photovoltaic industry Si is abundant in earth crust,
production of high volume defect free crystdth anaffordable pricdas possible, it
has asuitable band gap wittunable physical properties, is nonpollutingand Si
solar cell technologyis based orthe huge knowledge that has been gathered by Si
micro-electronicsindustry in the last50 years Nowadays researchetsgve been
intensivelyfocusingon both increasef the efficiencies of conventional solar cetis

a cost effective way with novel design strategesd more affordabl@ew solar
materialsor new leterostructuresvith superior performancander the flourishing

availability and flexibility of nanotechnologylatform

Nanotechnology hasapidly establishedtself asaninterdisciplinary field of our age

It deabk with the new physical and chemical properties of nanometer sized materials
for novel applicationsAccording totheir geometries athe limitation in free carrier
motion, nanostructured aterials can be categorizad quantum dots or nanocrystals
(zero dimensional), nanowires (one dimensional), and quantum wells or some thin
films (two dimensional)In this thesiswe worked withthe one dimensional system

defined bySi nanowiresa briefdescription of this system is given below.

Due to the technological success and the intensive knowledge accumulation on Si in

the bulkform, Si nanowires havattracted a lot of attentiom nancetechnological
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research studiesn particular, enploymentof Si nanowires in solar cell technologies
may be the most promising one that can be commercializéue near future Si
nanowires can be produced in horizontal networks, vertically standing aarays,
stacked arrays with extremely high aspect ratdoaong the production techniques,
nanowire formation bynetal @sistedelectroless etchinQVIAE) of Si substrates is
very promising for industrial size solar cell applications. The method is very simple
and can be easily adaptrthecrystal Si solar celproductionline. The superiority

of the MAE techniqueover the other methodsan be listed ast does not require
costy processequipmentsijt is suitable for large area applicatioprend it offers
flexibility in the temperatureangebetween 0 to 60C. Moreover, as the nanowires
areproduced from bulk Si, they have same crystal quality and same uniform doping
characteristics with pristine substradertically aligned Si nanowiresvere first
demonstated by Peng in a solution containing Hf/AgN@3]. It was later
demonstrated thattleer metad like Au, Fe, Pt, Cu, Ncan be also used foMAE
etching. The etchingprocess takes placitrough galvanic replacement between

metal and Si substrate.

Si nanowires that can be produced by galvanic replacement can be used as either
active or passive layers in solar cell applicatioAs. an active componenSi
nanowires could be utilized in both homo junction and heterojunction device
fabrications. It was predicted that the three dimensional or radial homo/hetero
junctions provided by Si nanowires would offer better performance over the planar
counterparts.One of the most important features of vertically aligned silicon
nanowires fabcated by MAEis the emarkable antireflectivity. As the black and

dull appearance of the surface containing silicon nanowires suggests, the optical
reflectivity of the silicon substrate dramatically decrsaf#lowing the etching
procedureThis is due to the fadhat both he optical path that incoming photons
have to travel and the number of scattering events are increased substantially. In this
study, the optical reflectivity measurements were carried out and it was found that
the samples had as low as 1% reflectividpwever, as an antireflective layer on top

of the solar cell, Si nanowiregere mostly employed asa passive componentt is

crucial that,good passivation of nanowirds required to decrease the surface
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recombinationwhich is enhancedby the large defective surface areaf the

nanowires.

This thesis is organized &chapters. After the introduction in Chapter 1, Chapter 2
presents results on ZnO nanocry&aheterojunction devices for LED applications.
In Chapter 3, Electroluminescence propertiesSofnanocrystal based MOED
structures are given. Chapters4devoted to the experimental observations of QCSE
in Si nanocrystals along with theoretical findings. In Chapter 5, Si nanowire
production by a novel methagb called MAE has been presentedonfy with large
area solar cell applicatisnAnd the last dapter is devoted to the general conclusion

of the thesis.
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CHAPTER 2

Si BASED LIGHT EMITTIN G DIODES WITH AND WITHOUT
ZnO NANOSTRUCTURES: EFFECTS OF SiO, BUFFER LAYER

2.1.Introduction
2.1.1. ZnO and its properties

Zinc oxide(ZnO)is an inorganic compournd a white powdeform that is insoluble

in water.As a semiconductpZnO has gained much interest duetsolarge exciton
binding energy (60 meV) that could alloasing action based on exciton
recombination and possibly polariton/exciton interaction even above room
temperaturg¢44,49. It is a member of 1I/Vbinary compoungemiconductors with a
direct gap and haksandgap energyof 3.37 eV which makes it transparent in the
visible part of thespectrum With the high energy gap value, ZnO can be useful for
device operation fathe UV to blue wavelength&igure 2.1.) Band gap of ZnO can

be tuned between 3 to 4 eV by alloying w@dO and Mg(46]. Moreover, a broad
defect related peak extending from ~1.9 to ~2.8 eV is also a common optical feature
of ZnO. The origin of this luminescencé&nown as green bands still not well

understood and has been attributed to variety of different impurities and defects.

ZnO has intrinsically fiype conduction The cause of this inherent dopingssll not
very well understood so far. The background carrier concentration waribsthe
type of theproduction techniques amndth the quality of the grown layerslowever,

in most casethis isaround 18° cm®. Intentional ntype dopingof ZnOis relatively
easy to accomplish with elements suab Al, Ga or In, wheras reliable ptype
doping is very difficult to achiev@l7]. Usually group | and group V elements are
used as acceptan ZnO. So far the mos common acceptaatomhas been nitrogen
because it readilgubstitutesoxygen anddoesnot distort the lattice significantly.

Actually lackng complematary doping is a problem fonost of the wide band gap

16



semiconductors i.e. conductivity type limited to either ntype or ptype and
generally limited to ftype.

Elev)

Zn0(hex) f

N

AR LUM X TAA S HPK T T

Figure 2.1. Calculated energy bandtructure of ZnO. Both the valee and
conduction bands extremes occur at the
band gap semiconduct8].

At ambient pressure and temperateQ crystallizes in the Wurtzite structuras
illustrated in Figure 2.2.This hexagonal latticestructure ischaracterized by two
interconnecting sub lattices of Zrand &, such that each Zn ion is surrounded by a
tetrahedral of O ions, and vice ver3ais tetrahedral coordinatiamsults ina polar
symmetry along the hexagonal axis. This polarity is resiptenfor a numbeof the
properties of ZnO, including its piezoelectricity and spontaneous polarizatidns

also a key factor in crystgrowth, etching and defect generation.
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Figure 2.2. Hexagonal Wurtzite structure of Zn@n atoms are shown as large
sphere, O atoms are smaller of¥.

2.1.2. Applications of ZnO

The use of AO datesback to the ancient timesvhen it was usedor medical
treatmentsand for the production of first brass metahas been used for almost 150
years in the industry as a white paint pigment and processing cheffical.
application as aemiconductomaterial was seen in the fabrication ofietectorin
1920s during theearly times ofthe electronic industry. Today, ZnO is a very
versatilecompoundfor variety of applicationsApplication areas of ZnO includes
rubber industry (50 % of tal), concrete industry, corrosion prevention in nuclear
industry for coatings of various metals, lubricants, paints, ointments, pigments,
foods batteries, various medicdteatments, root improver in agriculture, etc.

[50,51] Moreover, due to its uniquelectrical, mehanical and optical properties;
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ZnO is suitable for utilization innumerous device applications iglectronic
photovoltaicand optoelectronic technologies.

Recently ZnO has been considerad one of the importanimaterials for the
fabrication of UV LEDs, laers andphoto detecta [44]. It is assumed to ba
competitorof GaNdue toits superiorproperties likehigh exciton binding energy (60
meV for ZnO and 25 meV for GaN}ingle crystal substrate producibilitygnd
durability to environmental and radiation effe¢&2]. It is alsoa good substrate for
epitaxial growth of GaNZnO has very high piezoelectric coefént and strong
spontaneous polarizability, whicthas lead to the developments of various
piezoelectric transducers and surface acoustic wave d¢sRjesoreover ZnO can
be utilized adransparent conductiviayer window for several types of solar cells,
transparent thin film transis®r electrode for flat panalisplay and transparent
display applications biological and chemical sensor4-56]. And finally ZnO can
be agoodcandidate for spintroniapplicationg57]. The number of applicatioarea
for ZnO has being groiwg with the new emergingproperties of ZnCat nanoscale,

which are biefly described below

2.1.3. ZnO nanostructures

Under specific growth conditions, ZnO probably has the richest family of
nanostructures among all materibtsth interms ofstructureand physicatchemical
properties Nanostructured ZnO materials haveei®ed broad attention due to their
distinguishedperformancegwhich are lagely believed to be the resuf surface

and quantum confinement effects) atfiey could have novel applications in
optoelectronicsphotovoltaics,sensors, transducer, and Horedical science$58].

ZnO nanostructureshave beenidentified and classified according to their
morphologies nanocrystals, nanowires, nanocagesanocombs, nanorings,
nanohelixes, nanosprings, nano tetrapods, nanoneedles, nanosaws, nanoflowers,
seanless nanorings, and nanodumbbells Figure 2.3 below, several types of
nanostructures made from ZnO ashown The morphology of the grown
nanostruatres is determined by physical parameters of growth techniques. There are

several growth methods adapted for ZnO nanostructure synthesis:-Mgpal-
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Solid or Vapor Transport (VLS), Metal Organic Chemical Vapor Deposition
(MOCVD) andMolecularBeamEpitaxy (MBE). Thesethree gas phase approaches
are emplogd atrelatively high temperatuseand require expensivequipment
Fortunately cost effective, low temperature wet chemical synthesis metwadsas
electrodeposition, sajel aqueous chemical or hytlnermal methods have been
either developed or adapted for ZnO nanostructurEsyever, the control of
morphology and the positioning of nanostructures using wet chemical techniques are
challenging. In all of the techniqudsted above VLS appears to be thenost
versatile technique for morphology engineering.

Figure 2.3.Zn0O nanostructures different morphologiesypes using VLS methods
[49].
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2.1.4. ZnO based light emitting ebdes

ZnO has ben considered as a promigimgterial for LED applications inthe UV-blue
region for a long timeThe first ZnO based LED structure was introduced by Drapak
in 1967, the fabricated device was heterojiom of n-ZnO with pCuwO [59].
Lacking ptype ZnO forced scientistto searcha substitution for the p-ZnO to
facilitate the fabricaton of heterojunctionLED structures. Later Tsurkaat al.
succeeded tgrow p-ZnTe on RZnO, and later Ohta et al. fabricated-grCuO/n-
ZnO heterojunctions fothe realization of electroluminescen¢EL) [60,61]. After
these pioneering works, there has berichinterest inZnO based LED applications
using ZnOwith a suitable ptype conjugate materiaDue tothe similarity in their
lattice constantq1.8 % mismatch), GaN has been consider®dgood alternative
for the p-type layer in heterojunction and many working devices have been
demonstratedso far [62,63] Besides GaN AlGaN, SiC, NiO, GaA, organic
materials and Shave been extensively studied fetype substitution of ZnO6Y4-

69]. Although, not reliable and convincing yet, a few groums/e announced

electroluminescence emission frahe homojunction of ZnQ70,71].

Recently ZnO bask nanostructures (especialhanowires) have been extensively
studied for LED application8Beyondthe ease of growth of ZnO in nanostructure
form, the main advantagatroduced by nanostructures is thmatching the lattice
constant is10 longer requiredThe stresslevelopedht the interfaceue to the lattice
mismatchcan beeasily relievedby the large surface area of the nanostructures.
However, this advantage of nanostructusadiminishedby increased defect states in
ZnO as a rault of increase in surface to volume ratithich alsocausea decrease in
the ratio of UV to visible light emitted from the device. By using nanostructured ZnO
(mostly nanowires), both homo amdimerous type of hatestructures have been
fabricated for LED applications[72-76]. As a substrate and-tgpe layer for
nanostructured ZnO, Ss an attractive materialor cost effective and reliable
UV/visible hybrid device forfuture lightining [77-79].

In this part ofthe thesis,we report on the fabrication @O nanocrystal/Si based

heterojunctionLEDs and on their electroluminescence propertiegnO nanocrystals

were synthesized by using VLS technique using Au as a catalyst metal.
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Electroluminescence behaviour of ZnO nanocitgsgaown on both pand ntype Si
substrates was observed at room temperature under both forward and reverse bias

conditions

2.2. Experimental Details

2.2.1. ZnO nanocrystal synthesis through VLS method on Si substrates

2 nm Au layerwasdepo#ted on both pand ntype Si as a catalyst metal ugithe
thermal evaporation technique. Four different kinds of samples were processed: two
of them were on jpype Si substrate (one of them had 3 nm SiO2 buffer layer
between ZnO and Si), other two wene ntype Si substrate (one of them had 3 nm
SiO2 buffer layer between ZnO and Si). Au coated sampka® placed in a
horizontal quartz tube furnace for nanocrystal dlowver them. As a source
material, an alumina crucible filled with 2 grams mixtufeZoO-C in 1:1 ratiowas
placedat the center of the furnaceeated toa temperature of 908C while the
samples were located 10 cm awegnfi the source and kept at 88Din the direction

of carrier gas flow. As a carrier gaargonwas usedwith a flow rate of 100 sccm

The duration ofthe growth was about 10 s for the nanocrytals. Further growth

resuledin the nanowire formation.

2.2.2. Catalytic vaporliquid -solid (VLS) method

The VLS crystal growth mechanism was first proposed by Wagner and Ellis in 1964
for Si whisker growtH80]. This method has been adapted for nanostructure growth

of many types of semicondiars suchas ZnO. This technique allow$or a great

control over the resultant structure and as a consequence, it has been the most widely
preferred techniquéo produce very high qualitynO nanostructuresThe VLS
processes are usually carried out in a horizontal tubadaras illustrated inigure

2.5. It is simply the transport of carrier reactant vapors by carrier gas (Ag)asrN

to the specified substrate where they react to form desired strudtorethe ZnO

growth, the reactant sourge a mixture of generally Zn€C (graphite) powders

where C lowers the ZnO decomposition temperature significamtly.high

temperatures C reacts with ZnO to form Zn,,@Ad CQ vapors whicharecarried
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by Ar on tothe substrate. The spatial distribution of the catalyst metal particles
determines the pattern of the grown nanostructuescontinuais metal Au layer
turns into alayer of small dropletson the surface. Reactant metal Zn form liquid
alloy with Au and 20 growth begins in the presence of oxygen after the alloy liquid
becomes supersaturatedth reactant materials and continuesas long asthe
catalyst alloy remamin the liquid state and the reactants are availgbiece the
liquid droplet catalyzeghe incorporation of material from the gas source to the
growing crystal, the deposit grows anisotropically as a whisker whose diameter is
dictated by the diameter of the liquid alloy droplet. The nanovarethus obtained
with a high purity, except fothe end containing the solidified catalyst as an alloy
particle. As a source material for VLS growth of ZnO nanostructusesnetimes
ZnO and Znhavealso been used. However thdecomposition of ZnO to reactant
vaporsrequiresextremely high temperatur¢s1975°C) in the absence df. When
Znis used ashe starting material, a partial@as shald be mixed to the carrier gas

Theuse of Zn significantly reduces the vaporization tempera(u#20°C).

uartz tube furnace:
Gas inlet end Q

Pump out end

—>
, Ar

w -

Substrate

Zn0O+C powder Au Nanoparticles on a substrate

Substrate + Substrate +
Au particles hanowires

Figure 2.4. A typical growth oven set up used fibie catalytic growth of ZnO nano
wires Whenthe growth timeis limited to few seconds nanocrystals are formed. The
inset shows a transmission electron microscope image of a single Zn@Qvinano
with Au dot on the top of the wii&1].
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2.2.3. Light emitting device fabrication

Following the growth process of ZnO nanorystal for different types of Si
substrate by VLS method, further processes haaendone forthe fabrication of
LED structures. In addition tthese samples, devices with pristine Si substrates and
Si substrates having 3 nm of thermally grown Suere also fabricateds test
devicesto understandhe ELpropertiesof nanocrystalline ZnO

About 100 nm of indiuntin-oxide (ITO) layemwasgrownusng sputtering technique
through coppeshadowmaskhavingmany circular aperturesith aradiusof 1.2 mm
thatallow circular electrodesn thesurface of thesamplesThe deposited ITQayer
servesas transparent optical window fdight extraction aswell as a current
spreading layer for deviceAluminum (Al) and goldantimony (AuSb) alloy were
evaporatednto the back side of devices as ammic contact to pand ntype Si
substratesrespectivelyThe concentric Au top contact with a radiu260 Om wa s
deposited on the ITO layer again using thermal evaporation techniquerder b
decrease the resistivity ofie ITO window and back contact layers, samples were
annealed at 458C under nitrogen ambient for 20 minutésllowing the annealing
devicesweremountdon a handmade chip carrier using silver paste and each device
waswi red to respective copper padignatof car

cross sectioal viewsof fabricated dferent devices are shown thegkre 2.5.

EL measuremntswere conduded at room temperature under D@sing condition
of both polarities (reverse and forwardMS-257 type monochromator of Oriel
Instrument Company armlHamamatsu CCD camera were usedtl@detection of
the emission.The data collected from the measurements were corrected the
sensitivity of the CCD camera and grating in the monochromator.
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Figure 2.5. Representativerosssectional schematic of the fabricated devices, (a)
and (b) represent the devices with ZnO nanocrystalan active layer on bare Si
surface and on buffer 3 nm oxide layer, (c) and (d) represents the test devices without
ZnO nanocrystals on pristine Si and on Si with buffer oxide layer.

2.3. Results and discussions

2.3.1. SEM and photoluminescenceesults

Scanning electron microscop8EM) images of the VLS grown ZnO nanocrystals
from the top view are shown inidure 2.6. Almosthe same spatial distributions of
nanocrystals were observed in both samplBEse shape and the size of the
nanocrystalsare notentirely homagenous We seesome elongated nanocrystals as
well as spherical ones. The size of the ataystalsare distributed between 5 to 40
nm, while afew of them aresbit largerthan 50 nmThe droplet formation of catalyst
Au is spontaneous agglomerationThe shape and the size of the nanocryistied

the morphological structure of catalyst droplets.
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Figure 2.6. SEM images of the ZnO naacrystal sythesiz#through VLS technique
at 850 °C. ZnO nanocrystals orfa) pristne Si, and (b)on oxide covered Si
substrates.
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Photoluminescence (PL) of the samples were measured at room temperature with
same set up that was used for EL studié® only chang&vas theexcitation source.
A He-Cd ion lasergenerating a light beam at 325 nmas uged as an excitation

source for the PL emission.
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Figure 2.7.Room temperature PL spectrum of ZnO nanocrystals on Si subttate
spectrum of defective nanostructure is given for comparision in the inset.

PL spectrum of the synthesized nanocrystasgiven in Hgure 2.7. The band edge
emission from ZnO is clearly seen at around 478 nm accompanying weak and broad
light emission covering the visible region from 425 to 800 nm due to the defect
related energy states in the band gap of ZnO. The meclaoisemissions from
defect states are not well understood. However, several types of tefeation

such as Zn, O terstitials and vacancies or AZD anticites could be identified
Moreover, external impurities may also create band gap states whiclatgensible
emission. The increasing role of surface over the volume in nanostructures inevitably
results in low energy broad tail emissions which are generally more intense than

narrow UV band edge emission. Looking at PL spectra, we can conclude éhat, th
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samples studd here can be accepted to be a good quality with small intensity of
defect emissions in the band gdlfustration of more defective emission from ZnO
nanostructure is given as an ingefFigure 2.7.A combination of these two emission
bands can be exploited for white LED applications in domestic area without

requiring any phosphorus layers.

2.3.2 Current voltage (I-V) chararteristics of fabricated LEDs
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Figure 2.8. CurrentVoltage characteristics of LEDs, (a) LEDs with ZnO
nanocrysals built on ptype Si,and(b) test LEDs built on fpype Si
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Figure 2.9. lllustrative schematicshowings band alignment of different layers
constituting LED stuctures having nacontact with each other with respect to
vacuum level.

Figure 2.8shows rectifying diodébehaviorfor different LEDs fabricated in this
study. We have built LEDs ontype substrate$or the sake of convenience. Similar
diode behavior can also be observed from the devicestgmenSi. Introductionof

thin SiG, buffer layer greatly enhances diode behavior at the expense of injected
current level. For theomparisorof the test devices, an insertion of extra ZnO layer
(active layer of our LED) significantly reduces injection current léugher at the
same bias voltagess one can expect. Approximate band alignment of the laers
given in the contackessmode inFigure 2.9 Exceptfor the SiQ buffer layer, all
materials are aligned in type Il or staggeredtetojunction scheme. This
representative schematic will halpderstandinghe EL mechanismas discusseuh

following sections.
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2.3.3. Electroluminescence of test devices
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Figure 2.10. EL results of the test device with various voltage valuederthe
forward bias. This test device has oxide barrier betweelTO and Si.

In order tounderstandhe light emissiorfrom theZnO nanocrystal/Si heterojation
LED structures and excludke interference of thpossible parasitic contributions in
the emitted light; test devicesere fabricated on gype Si substrate with the same
conditions and structuresithout any ZnO layer. Two types of test devicesre
fabricated: witlout and withan oxide layer between ITOand Si substratelheir EL

results are given ini§ure 2.10 and 2.1 %espectively.

Device without barrier layer ia simple staggered hetero junction of ITO and Si
where ITO constitutesn-side and Si fside. Band edge discontinuities at valence
band and conduction band edges of jbixtion are aound 0.65 eVand2.41 eV,
respectively This means that electrons from ITO side to Si and holes from Si side to
ITO see thesome potential barrier under forward bias. Therefore one can expect

electron accumulation dhe ITO side and hole accumulation the Si side of the
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interfaceas a result of band bending under forward biass Tharge accumulation is
more pronounced in the case of the dewiaeing oxidebarrier.Details of this aspect

aregiven in the discussiobelow.
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Figure 2.11EL results of the test device with 3 roxide layer under forwadrbias

Room temperature EL emission frdhe electron hole recombination throutie Si

band gapwasobserved undethe forward bias as presented Figure 210. Due to
phonon involvement, the peak energy of the emitted lighttspa is abit lower

than the Si band edge. The tian(emission thresholdjoltageof the EL emissionis

around 1.5 V irthe measured samplaad the reliable device operation window was
found between 1.5 to maximum 10 W.the case of the device witratvier oxide

layer, the situation is different, there is a broad high energy tail band whose peak
position is located around 675 nm and due to the presence of much higher potential
barriers seen by the carriers, ttuen on voltage leveblso increased copareal to

other device. Moreover the infrared part of the spectrum (not shown here) is

hundred times lower than the emission intensity of ITO/Si junction. The visible
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emission could be attributed to the luminescence centers (defects, impurities or self
trapped excitons) being in the oxide layAlthoughnot provenconclusively thereis

a general acceptance thrad luminescence from oxide is due to the-badging
oxygenrthole-centers (NBOHC)[82]. Either the cecarrier tunneling into hese
centers (especially itow fields or voltagesdr excitationof these centers biynpact
ionization due to hot electroran be the mechanisgenerating the observed EL
emission The latter mechanism is more likely very high electric fields which
providethe electronsvith sufficientenergyto surmounthe oxide conduction band.
Besides,injected hot electron hole recomhtion in the Si may also causasible
emission from the Si substraf83]. The emission intensity of both devices increases
as the gateurrent br bias voltage)ncreasesin the case of reverse biasing, the
infrared emisgin vanishe the ITO/Si structurewvhile for the sample with an oxide
barrier, the visible emissioris observed at the same peak energy with reduced
intensity and increased turn on voltage. Tldservation of visible emission under
reverse bias excludegbe hot electrohole recombinatioomechanisms at least for

our device.

Now we should addreskow it could be possiblgo havesuch a high EL emission
from indirect band Swhile we have not observeshy detectable PL signal at room
temperature. The answ&r this questioncan be found by considerinte energy
band alignment and the formation of quantum well structurehe surface of Si
which leadgto carrierconfinement The valence bandliscontinuitybetween ITO/Si
and SiO,/Si are around 2.5 and 4.5 eMZfespectively. Under a forward bias i.e.
negative potential applied to the ITO with respect to shibstrate holes are
accumulatedat the ITO/Si and Si@Si junction interfacewherea potential well is
createdfor holes due to the bending upwards# Si band Therefore, holes are
accumulatedind lo@lizedat theinterface in a narrow trigular potential well in the

Si side As one canpredict the potential well at the SiO,/Si interfaceis more
populated because it is deepleart that at the ITO/Snterface. The localizatioof

the holesto a narrow region at the interfacuseghe spreading of momentum of
holes inthe reciprocal space along the growth direction. Then the momentum of
holesdoesnot have discrete valugsstead they have distributed momentum values,

which results in involvermd of more phonon states tocompensatemomentum
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difference in the radiative emission of indirect Si. Since the radiative recombination
takes place itheinterfacial region, holelectron scattering due to surface roughness
could also satisfy the momentumconservation inthe radiative transition84]. In
addition to scatterindrom the surface roughness and momentum spreading due to
localization, the scattering between majority carriers (between holes) in the
accumulabn layer can enhance EL property of the Si. Electrons injected from ITO
window into thke conduction band of Si couldhdiatively recombine with holes

confined at the interface.

We have observed that devices without barrier oxide are much more effici&it fo
band edge emission. Although, \Wwave not been able to identify tegact plysical
mechanismthis can be attributed to several effe¢y Surface roughness scattering
would be more significant than that of growth directional localization for mament
compensation in radiative recombinatialue to the fact thasputtered ITO/Si
interface is roughecompare to thermally oxidized SiglSi interface: As the
surface roughness could causéwo dimensional localization of carriers over the
whole surfacein the interface plane. This results in widemg of the momentum
distribution with the aid okcattering. (2) Strong hole accumulation formed at the
interface can easily initiates Auge recombination processes ftiie device with
barrier oxide. (3) Los®f some carriergeneratingvisible emission in the barrier
defect states.

2.3.4 Electroluminescence results of ZnO nanocrystals#®i heterojunction
devices.

In this section,the room temperature EL observations of VLS grown ZnO
nanocrgtalSi heterajinction LED structures ha been presented and discussed.
Two typesof devices hae been fabricated on-type and ptype Sisubstratesvith
and without SiQ barrier layer between ZnO and Si. The EL measuremeete

carried out under forward and revelsasing of devices.
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Figure 2.12.EL spectra of device on-fype Si substrate without Si®uffer layer
betweerSi and ZnO nanostructure layer observed under forward bias.

In Figures 2.12 an®.13, EL spectraneasuredrom devices having Zn@anocrystal
active layer on gtype Silicon substrates with and without SiQuffer layer under
forward bas condition (substrate was heldpaisitive potential with respect to top
contact (or ITO optical window)) are given. It was observed that for bethetethe
detectable EL threshold voltage is below 3An emission withorangered color can

be seen by naked eye whére bias voltage is above this value. Fath devices it is
seen from Fures 2.12 and 2.13 that, there is an asymmetric EL emissakqu at
around 600 nm. For the devices without buffer oxkle emission peals located at
620 nm, whereas emission fraime device having buffer layer is a bit blue shifted
with respect to other devisand located at 595 nm. EL spectrum exhibitsroad

visible emission covéng the whole visible region from 46000 nm andeven

extends taheinfrared region.
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Figure 2.13.EL spectra of device on-fype Si substrate with a 3 nm Si®uffer
layer between Si substrate and ZnO nano structured film under forward bias.

EL intensity increases with increased bias volt&tyavever, it was observed that the
intensity reaches a maximurand then tends to decrease after some voltage.value
The wltage value fothe maximunmEL emissionis higher for thedevice with buffer
layerthanother device. Upper limit of applied voltage values for reliable operation
of the devices also depenaon the buffer layer The forward bias voltage window for
the device without Si@layer was between 2.5 to 8 ¥t voltages higher than 8 V
the devices tended to degrade with a sudden increase of current passing through
them accompanying with a decrease in tileintensity Forthedevicewith aSiO,
layer, upper limit of operation voltage couittrease up to 30 volts or mongthout

any degredatiant was observed th#ite presencef aSiO, layer could als@nhance

the EL intensity of the device. In the reverse bias (top contact hold positiveiglote
with respect to Si substrate) both devices were inefficient cowhparthe forward

bias casgespecially for the device without Si@uffer layer EL intensity was very
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low and easily satuted (it is not shown here). Indure 2.14 EL results of @vice
having a SiQlayer is seen under reverse bithile the detectable Ethreshold was
around 1214 V in these samples, thel spectra under reverse bi@®almost same
as theforward bias caseexceptthat anadditional emissiofbandemerged aaround

450 nmfor thebias voltage values of 28 and 26V.
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Figure 2.14.EL results of device build on-fype substrate with Silbuffer layer
between Si substrate and ZnO nanocrystalline layer, under reverse bias

Devices fabricated on-type silicon show almost same behavior with the devices
built on ptype Si, only the biasoltage polarity waseversedIn the forward bias,

EL spectra othe device wthout buffer layer is shown inigure 2.15; it is seen that
theband edge emission from ZnO nanostructure is observed at around 365 nm which
is aslightly lower thanthat generated bigulk ZnO (for bulk it is around 37880

nm). This smalldifferencemay be due to the quantum confinement eféexurring

in smaller naocrystals. Thisobservationis the exceptional casm which UV
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emission was observed fine EL spectrum, but it is too low in intensitWe also see
afew otheremission peaks at low energy side of the spectra vdriehelated to the

defect levels prese in the band gap aheZnO layer.
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Figure 2.15.EL results of device fabricated ortype substrate without Siuffer
layer under forward bias

In Fgures 2.16 and 2.17, EL results measured fromthe devices on #ype Si
substrate withand without buffer SiQ layer under reverse bias are given. When
theseEL spectraare compared, there are some differertibascan be easily seem
agreementwith the results presented abowgvices without buffer layer hava
lower threshold voltage forlEemission than other deviedavingan oxide buffer
layer. Howeverthe upper operation voltage limit for tluffered device is very low
and its EL intensityfirst reaches a maximumt somevoltage value and then
decreasewith increagng bias voltage. Loking at the results from device with buffer
layer (Figure 2.17)we seethat the emission threslabis higher (around Q2 V)
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than unbuffered one and the EL spectra is complicated due to the combination of

few defect relate@mission levelsvhosepeaksarelocatedin between 55700 nm.
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Figure 2.16.EL results of devicéabricatedon ntype substrate without Siuffer
layer under reverse bias
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Figure 2.17.EL results of devicdéabricatedon ntype Si substrate with buffer SjO
layer between substrate and ZnO nanocrytalline active layer, under reverse bias

2.3.5. Discussions on EL results of ZnO nanocrystals/Si heterojunctions

Except forone device (Figure 2.15) with very low UV EL emission, we could not
observe any UV emsson generated by thédand edge transitiofrom the ZnO
nanocrystals. Contrary to clear observation of UV emission due to ZnO band edge
emissionfrom PL the measurement which indicates good crystallinity of starting
nanostructured active layer for successidevice operation, EL measurements
exhibitedtotally different behaviour All EL emissions are broad in spectrum and
cover whole visible region from 400 nm to near infrared due to radiative
recombination of carriers in band gap states of ZnO. The visihlssion from ZnO

is directly related to the native point defects such as vacancgean¥ \z,), self
interstitials (Znand Q) and also incorporation of impurity states migatise visible
emissions 85,89. In Figure 2.18, several native point defects that have been

considered for origin of visible light emissions from ZnO sttewn
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Figure 2.18. Various native point defects within the ZnO band gap that cause to
visible emissions from ZnCBf.

From the datashown in this figure, me can easily expect that, dependingtioa
growth conditionand the type of the defects generatéwt color of the visible
emissions can be varietWoreover for the same defect structures the peak position
can be either red or U shifted. In the presence of those defect levels direct band
gap transition patbaneasilybe blocked.With this pediction, we suggest that either

the nature of the excitation mechanisms for EL emission, or the defect formation in
the fabrication proses thatmake large surface regiorof nanocrystals very
defective, whichprevent the successful device operation in UV region of the
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spectrum. One particular process is theindow deposition bythe sputtering
techniquethat wouldcreatehigh density ofdefects through the collision of energetic
deposition materials with ZnO nanocrystal. Furthermore, annealing step for contact
enhancement could change the compositional ratio in the nanocrystal layer and
during ths annealing reaction with ITO layers mighproduce large defective
surfaces.These processes should be systematically studied to understand their

specific effects on the EL operation.

The presented EL observations showt thidband edge emission that was seen in the
test devices are no longersanvedn the devices that contain ZnO nanocrystahas
active emiting layer. Thisis most probably due to tunneling of holes in to the ZnO
nanocrystals more easitjue to the fact thahe valance band offset between ZnO
and Si is smalle(see Figure2.9) which resultsm easy tunneling of holes @ther
valancethe band or to the respective defect states direatlthe ZnO/Si interface
Alternativaly, holes cam€move to the same energy levels by direct or tunneling
mediatedtransferby the defect sateslocatedin the oxidelayer. The presence &
thin barrier oxide layer between ZnO and Si regulates the tunneling (injection) of
holes into the ZnO nanocrystals wiah enhanced bias windowhich ismuchwider
than that of the sample without an oxidayer at the expense of slight increase in
turn on (threshold) bias value. Moreovdre specta of devices with oxide barrier
layer include few emission centers imposed on main band certisgiedut 600 nm
(related with insterstial oxygen, sometimesihttted to oxygen vacancje@-igure
2.13 and 2.17). Ttee bands arat about 550 nnwhich originate from thexygen
insterstitials and bandat about 706750 nm are from the oxygen vacancies
However, we couldhot identify whether or nothe barrierlayer contributesto lower
energy tails seen ithe spectrum. In addition the oxygen related visible emission
bands, a blue emission band psakn aaround 440 nnis related to thensterstitial

Zn point defectThis peakemerged at specific values thie applied voltageKigure
2.14) undetthereverse bias dhe devicefabricatedwith anoxide barrieron ptype

Si. Howevey the origin of this voltage dependent color switching could not be
understood It can be suggested thdahe appearance of these newaksin EL
spectrum could be due to two effects: First one isttit@nature of the nanocrystals

changes with the type of thenderlyingsubstrate or with the process to fabricate
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them. Use of amorphous SiCor crystalline may lead to differences in the
nanocrystals properties. Another possibigechanismis that different charge
injection mechanism and excitatidgnamicsare dictated by two different interfaces.
This point needs to betudied in a more detailed and systematic way to understand

the mechanism underlying the multicolor emission from the ZnO nanocrystals.

We have already proposed several charge injection mechanisms incosigadin

the electrically driven light emissiondim ZnO structuresNe have mainlgiscussed

the modelsbased orthe bipolar carrier injection and impact excitation by unipolar
injection of hot carriersmostly the electrons For the bipolar generation of EL
model, electrons and holes are simultaneowgécted into the active ZnO layer, and
then the EL emission occurs via radiative recombination of these carriers within the
emitting material. In the impact excitation model, electrons tunneling through the
barrier that have sufficient energy could exo#lectrorhole pairs within the ZnO
nanocrystal through inelastic scatterilmgpending on the quality of the crysttdie
created carriers relaw the valence baneitherby a bandto-band transition oby a
transition through theenergy levels located in the band gap. Besides, both
mechanisms can work simultaneously depending on structuriheofabricated

device and the strength of the applied voltage.

The EL resultgpresented in this chapter sugg#st under the condition in which
holes could be fplied bythe Si substrate i@ the ZnO nanocrystal layer, the
efficiency of the devices significantly higher than thelectron injection caséloles

could be supplied under forward bias otbe accumulation layer of the-fype
substrate and suppliethder reverse bias over inversion layer of tigpe substrate.

This suggests that the dominant EL emission mechanism should be bipolar injection
of carriers from their respective terminals into the ZnO nanocrystal layer, namely
electrons from ITO side ankoles from Si side into the ZnO layer. Ase three
materialsused to fabricate the LE@orm a staggered (typd) hetero junction,
insertion ofa barrier oxide layedeads to the formation of blocking layer for
electrons andhe ITO/ZnO interface behassas blocking layer fothe holes This
means thathe oxide layeractsasa carrier confinement barrier for carriers in ZnO

nanocrystal region. Furthermoras the barrier increaséowards Si for electrons it
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can also balance the carrier injections in favothefholes. These two advantages of
barrier layer enhance EL efficiencies significantly comgdoethe devices without
barrier oxide. However, the contribution of impact ionization could la¢savolved

at higher voltages.

In the case, when electroaszsupplied fromthe Si substrate under reverse bias of p
type and forward bias of-type devices,the impact ionizationis expected to
dominatethe EL emission. In this bias scheme, as the IT@dgenerately 4ype,

hole injection from ITO to ZnO layer is very difficult and leaves the impact
ionization asthe dominantmechanism for EL emission with high turn on voltage
values. For the impact ionizatiptihhe energy of electrons gained under higtdfiis
important, but sufficient energy can be supplied through available length space
beforeaninelastic scattering. Therefqrde barrier oxide could supphigher energy

path forthe electrons travelling from Si side, and makes devices more effigreht

reliablecompared tahe devices without barrier layer.

2.4. Conclusions

In conclusion ZnO nanocrystalgeresynthesized by VLS method or and n type

Si substrate with and without thin Si@yer. Using these sampldsED structures
were fbricated and EL measurementere carried out at room temperature. In
addition to ZnO/Si heterojunction devices, control devigghout any nanocrystals
were also fabricated and testedutuderstandhe EL mechanisms of LED structures.
Throughoutthe EL study presented above, some conclusive results have been

obtained

Contrary tothe clear observation of UV emissidrom theband edge of Zn@n PL
measuremest almost all EL emissions were the visible region which are related

to the native defect levels (vacancies and insterstitiatgtedin the band gap of
ZnO. The dominance of these visible EL emissions was attributed to either to the
structural changes duririge device fabrication processes or to tlifedent nature of

the excitation mechanisms of electron hole pauler theapplied voltage.
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Devices havingn oxide buffer layer seeto have more tolerance to higher voltage
applicationsand more reliableompared tdhe deviceshaving noSiO, buffer layer.
Therefore Si@ buffer layer acts as a controller and regulatortfieccharge transport
which results iramore eliable and efficient EL devidey preventing ovemjection
and breakdown. Fanefficient device operation; hole injection fraime substrate is
required (forward bias condition for the devices etyge and reverse bias condition
for the devices #iype Si substrate respectively) ovibe hole accumulation layer in
the p-type substrate anflom theinversion layer in ftype substrate.nl this biasing
scheme the dominant mechanisiior the EL emissionis the bipolar injection of
carriers in to the ZnO crystal layer. the case ofelectron injection from the Si
substratethe light emissionmechanisnmshouldbe impact ionizationbecause fothe
difficulties of hole injection from ITO layer. In this caset electronsshould be
supplied bythe Si substrate.

Finally, ZnO nanocrystal/Si heterostructures can be exploited for fabrication of light
emitting devices with optimized growth condit and device design. Because
ZnO/Si heterostructuresombinethe advantages of the large band gap axciten
binding energy of ZnO withmaturity of Si technology with cheap and large size
substratethey have a great potential for future silicon based LED applicatiBys
controlling defect to band edge emissions ratibh process control and nen
defective encapsulation of ZnO nanocrystaith some delicate new approaches
efficient white LEDswhich do not require extra phosphor light converting layem

be produced
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CHAPTER 3

LIGHT GENERATION BY Si NANOCRYSTALS AND
APPLICATIONS TO MOS TYPE LED DEVICES

3.1. Introduction

Although Si is the leading material imicroelectronics technologys a photonic
elementt is rarelyused in few photon absorbing devices and in the-ogdircuitry

of optoelectronicsystems. Beingan indirect gap material, the absorption and
emission of light requiresmivolvement ofatleast one phonon in bulk SEompetitive
nonradiative recombination rates are much higher than radiative ones and most of
the excited pairs recombine nonradiativelfis conditionmakesSi aninefficient

light emitter with very low internal quantum efficiencior this reasonmore
complexand expensiveemiconductors, such as GaAs, InP, GaN, ZnSe and etc. are

usedto make light emitting and higbpeed telecommunication devices.

In 1990, Canham achieved thei@#nt lumnescence from porous silico@( and

this study attractedhuch interesttowards the silicon nanocrystals. Howevieom

the application point of viewdifficulties arise from the instability problem of porous

Si thatconsists of a network of nacrystalliteswhich are not isolated from each
other Thisis a very complex system that depends on a variety of its fabrication and
storage conditions. Because porous silicon suffer from poor stability due to the
fragile hydrogen surface passivation, whexidation of nanostructures easily takes
place even at room temperatuiteis not suitable for existing technology and mass
production. To overcome these drawbacks of porous siliamy research groups
around the worlchave been searching new techrdg and appexhesto produce

efficient structures containing luminest silicon nanocrystal87-91].

The mostpromisingapproachhas been théormation of nanocrystal inside silicon
dioxide (SiQ), that have the superior properties compat@gorous gicon in
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mechanical strength and good passivation of grown strucflinese properties lead
to a good resistanc® ambient conditions angrevent nonradiative escape of
excited carries in the dots. Additionally, Si@allows the fabrication of desired
advanced devices in both electronic and optoelectronic area andadieggble tool

of playing with theoptical property of nanostructures by just changihg growth
parameters easily. Todaye know thatmanynanocrystalline structures different
mateials can bdabricated in the SiPmatrix Si, Ge, SiGe, SiC, some metals and
some other kinds of compound semiconductor such as CdS and[&d32-94].
From these materigl§i nanocrystals are the mastidied structures due to the good
interface contdions with SiQ. Silicon nanocrystals are produced from the super
saturated Si@with Si atoms introduced either by ion implantation or during the
growth of the oxide such as by sputtering, chemical vapor deposition (CVD) or

electron beam deposition of Sifdm.

Besides the light emissidinom Si nanocrystals in various matrix, imporation of

Rare Earth (RE) eleemts in to the Si platfornactive luminescent centers has
recently been subject of intensive studies. Actually, RE ions in Si based structures do
not require Sinanocrystal for light emissiorSi, SiQ, Sknitrate could bea host
matrix for those ions. However for ions dispersed in Si itself mostly suffer from back
energy transfer to the host substrate (Si). It has been recognized that, doping the Si
nanocrystal/Si@systems increases the luminescence efficiencies of REdigns$o

the energy sensitization role of nanocrystals for the RE atoms. Incorporation of RE
elements in to the Si nanocrytal environment gives a tool for wavelength engineering
from UV to IR with narrow spectral distribution through atomic transitions of
different types of RE elements. With this methadde and near infrared emission
(mostly nonuseful for various photonic applications) of nanocrystals can be

converted to efficient atomic transitions for numerous practical applications.

This chapter is deted to electroluminescent properties different types of Tb
dopedSiO;, either containing Si nanocrystal or in stochiometric form. We have also
investigated the light emitting behaviors of the same system without Tb inclusion.
EL results obtainedn the MOS-LEDs based on Si nanocrystals only are given. As

being the host matrix for Si nanocrystals, the basic properties of &i@ the
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formation mechanisms of nanocrystals in this matrix are presented for the sake of
completeness. Moreover, general progsrtof RE elements and their interactions

with each other and Si nanocrystal/oxide systems are also discussed.

3.2. SIQ and its properties

The general name callesilica comprisesall compounds of silicon and oxygen with

the composition Si@with a large mmber of polymorphic forms. These forrase
determined by thermodynamic stability ranges; pressure, temperature, reaction
dynamics etc.But all of these solids share a common compositrgommon
chemistry, and evem common structural element: staorgtidly covalent [SiQ]
tetrahedral unit; but they arstructurally very different{95]. Amorphous SiQ
preserves much of the ordering present in the crystalline forms on a short or
intermediate length scal&he origin of this surprising structural multiplicity lies in a
parameter known as rigidity thetrelated to the structural topology.ithe ways of

atoms or grouf atoms connected togetHe6].

The basic bonding unit for all theserms of silica is the SiQ tetrahedronFour

oxygen atoms surround each silicon atom with th® $Slistance ranging from 0.152

nm to 0.169 nm; the tedrahedralSO angl e is 109. 18e¢. Each
two silicon atoms, with the SD-Si angle varyingfronL 20e to 180e depe
the form of the SiQ. All forms are constructed from the cornsharing tetrahedra as

the SiQ building block, tetrahedral unitare connected together at the tetrahedron

vertices through a common oxygen atom, but there are many ways to do so, in both
regularand irregular arrangements. In crystalline forms, the tetrahedral arrangements

are regular and exhibit long range orientational and translational order. For the
amorphous structures orientational and translational invariances are relaxed slightly

or totdly with short order arrangemer&7].

Silicon dioxide (with a band gap of 9 eWas been one of the most extensively
studied materials in material science armhdensed matter physicSiO, plays a
centr al role in many of todayds technol o

bus applications, as the gate and fieldidex in 95 % of allmetaloxide-
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semiconducto(MOS) devices, as windows, photo masks, and tranmissive optics for
ultravioletlaser chip lithography, and as thin films for highly reflective ( or highly
transmissive) coatings for laser optics. Moreover,,3i@ beeran important host
matrix for the femation of nanocrystal structures of many elemental and compound
materials. Despite the technological importance of, &t the amount of studies

done on defects, color centers, kinetics etc. many puzzles still remain.

Today most of the studies on Si@re about defects and their properties. Defects in
SiO, can manifest their presence as e.g., by exhibiting luminescence and/or optical
absorption bands or they may show themselves as charge trappiags d@efects

can be introduced in the manufacturiprgcess or induced by ionizing radiation- (X

ray, ultraviolet photons etc.) or particle irradiations e.g. ion implantation. If we
consider the important applications above, it is easy to understand the control and the
identifications of these defects coulelsult in billions of dollars in cost savings to

both photonics and semiconductor industries now and over the next decade.

There are lots of types of defects in silicon dioxiseme of them are luminescent
centers at arious colors from red to ulivalet in the SiQ band gap.In the
framework of this studysome of theabsorbing and radiatinigonradiating (or
luminescence bleaching) centeesulting fromoxygen excess and deficiency in

SiO, will be given briefly.

The oxygen excess centene formed in Si@either as excess number of oxygen or

as displacement of oxygen by external excitations and radiations, such as ion
implantation. The well known centef this type igheoxygen dangling bond or nen
bridging oxygen hole centers (NBOH®yBOHC (I Si 1 OA) is the
intrinsic defect in Si@ This center has two absorption baatl 1.97 eV and 4.8 eV

and a luimescence band at 1.91 e¥98[99. Oxygen deficiencycenters can be
generated by the excess silicon in the oxide ortdube lack of the homogeneous
oxidation of silicon atm on the substrate surfackctually many defects can be
describedusing a model bagdeonthe oxygen vacancy depending on the coordination

nurrber of silicon and paramagneticity the centerAmongthem, P,c e n't eSri A)Si I

is the well known type which is created by ttree dangling Si bond at Si/SiO
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interface and the dangling bond towards the oXid¥®]. This defectis generally
assumedto play a major role in the luminescence quenching of the silicon
nanocrystals. The other two impd a n t oXxygen vacancy gene
(Ol Si AY( @Insli TBSi [ O) centers having known
5.00eV and luminescercbands at 3.1 and 2.7 el0[L,103.

3.3. Formation of Si nanocrystals with Si rich SiQ

At the beginningof the twentieth century a biologist W. Ostwald discovered the
ripening proces in biosystems. After hinthe theory has been elaborated and
adapted to the formation dynamics of the almost all systems including the formation
kinetics of the nanocrystalsicluding S nanocrystals in various mates [104].
Ostwald ripening simplyclarifies the increases in average&ze of slands or
nanocrystalsThe growth occurs as the exchanging of atoms between small and big
neighbor islands by detachment of atoms from smalles ane attachment to bigger
ones. The decrease in surface energy is usually assumed as the drideddothe
Ostwald ripening, so that when two microparticles interact with each other by
exchanging mass, the larger one grows at the expdnse emaller onelLarger
clusters or droplets are energetically more favorable due to their smaller interface
curvature or smaller surface area to volume ratio. Thus they grow at the expense of
smaller clusters which resolve again and finally disappear. This collective behavior
leads to increase in average island size and simultaneously to dear¢lsdatal

nunber of nanocrystallites.

For the formation of the Si nanocrystals in Si@e first requirement is the super
saturation of the oxide by thdison atomsjt can be done in two ways; either during
the growth of Si rich oxidéke in the cesputteringor by high dose Si implantation
into the thermally grown oxide. Ineans that Si incorporationt@ stochiometric
oxide must be much higher than the saldubility of Si in the SiQ to initiate phase
separation of Si from the oxide for the nanocrystal@ion. When the dose of Si in
SiO, exceeds 18 cm® (~ 2%), the average distance between Si excess at®ms
around 1 nnf105]. For such doses or more, tlistance between the mootosely

spaced Si atoms become o mpar abl e with the Si T Si
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theni n i nteraction with each other. Even wi
can be formed resulting with small clusters oergolation ches. For the
concentrationless than at %, small cluster formation requires temperature
enhancement. Subsequent annealing is needed in phase separation of the Si from Si
rich oxide. Since, thermal treatments can stimulate an onward growth of the induced
precipitates up to the state of coalescence, where closed buried layers or
nanocrystalline structures can be formed. In general, phase separation process is
expected to be aorsequence of few physical mechanisms; nucleatioowth and

Ostwald ripening ofSi precipitats. All these mechanisms aresult of some

randomly occurred elementary events like bond breaking, bond forming, diffusional

jumps ofatoms, chemical reaction €t6].

There areseveraparameters that effect the formatiof nanocrystalline Si structures

in Si0,: annealing temperature, annealing time, initial exe@ssuntof Si atoms etc.
Having a small diffusion constardf Si in SiG, the formation of Si nanocrystal in

the oxide requires very high temperature treatmavith long annealing time. Si
nanocrystallites do not form below 900
period of time is needed between ta00 UC
the threshold temperature farwell seperate&i nanocrystal irSi0; is at least 1000

U 107,108

For a fixed super saturation and temperature, the mean radius increases only very
slowly when increasing the annealing time up to 16 hours. When annealing time and
Si excess are fixed, the mean radius increasth the increase itemperature by
decreasing nanocryst al densi ty. At very
the mean radius will be stable for some period of time of annealing because at this
temperature there is a competition between the Ostwaldimgpgmocess and the
dissohing proces®f nanocrysta with migration of Si atoms to the substrate Si/SiO
interface. This Si loss to the interface decreases the density of nanocrystal, but
Ostwald ripening is more effective than Si loss to the interfaxat the endhesize

of the nanocrystal increasevith decreasing number in the oxide. In the case of
varying degree of supersaturation, as other fixed parameters (annealing temperature

and time), both size and the density of nanocrystal increaseheittoncentration of
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excess Si. This situation can be easily seen for ion implantation method due to the
Gaussian concentration distribution of the Si atoms. The highest concentration is
seen at the peak of distribution and it decreases toward the thid$hasides, then

one can expect that the larger nanocrystals will be formed at the middle of the
implantation rangeand they reduce in size and density toward the tails in
accordance with the concentration profile.

3.4. Optical properties of Si nanociystals

Before discussing the general predictions of the quantum confinement effect on the
basic light emission/absorption behavior of Si nanocrystal in the oxide, it will be
meaningful to give general apal properties of bulk Si. Simplified energy loan

structure of Si was given inigure 1.1.The top of the valance band is located at the

0 point (k=0) at the center of Brill oui i
minima in the symmetriesafi r ect i ons, cent erpdadooirdst t he
wherea is the lattice constant of Si. Therefore direct absorption and emission of light

are impossible and require the emission or absorption of phonon to supply the
discrepancy in the momentum between these extreme pdinés.only possible

scenario for the optical transitions is the following: a photon causes a vertical virtual
transition at k =0 (ptaowpth sablsequertt election ghanonn t ) (
scattering process. So with these secongapgesses the probability of absorption

and especially the emission of photons in the Si stay very low compared with any
direct band material. Since the radiative time of indirect transitions are very long,
excitons can travel very long distances in tiiegrmalization process and the chance

of finding nonradiative recombination channels become very high. The only possible
direct tranlsidhbsonr ptsi otnwilo &fid endrgy offBA eM o n s

between valance band maxima anddigtion band mimha

However, in the case of nanocrystalline structure of the silicon ip, 8@ spatial
confinement cause to spreading of exciton wave function in momentum space that
resultin the breakdown of kconservation rule in Si nanocrystals. Therefore, no
phoron (NP) optical transitions become possible with increased oscillator strength
which is directly proportional to the reciprocal space overlap i.e size of the
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nanocrystal. It isreportedthat for the same confinement energypimnon (NP)
transitions are ajut three times stronger in Si nanocrystals in,SiChaving a SiQ

shell [L09,110. Two effects of opposite nature can be accounted for the observed
tendency depending on the quality of theSED, interface. First one is the carrier
scattering at the Sianocrystal oxide heterointerface, responsible for the suppression
of the kconservation rule and it is assumed to be strongly dependent on the interface
abruptness. Second one is the confining potential (for a fixed size) is lower for a Si
nanocrystal suiounded by SiQ compound (x<2) than SKDTo achieve the same
confinement energy, smaller size nanocrystals are required, giving rise to a relative
increase of NP transitions. The lower confinement potentiatk@adto the smaller

size apendent varian of the phottuminescence (PLinaximum[88]. To obtain

good confinement effects, Si nanocrystals must be well separated from eagh other
where there is a low limit of distanceéo avoid crosgalk between neighbor

nanocrystals to produce efficient emission.

Although Si nanocrystals have high PL vyield, they behave as indirect
semiconductors, keeping some properties of bulk Si with long radiative lifetime. In
the photon absorptieamission cycle both NP and phonemediatel processes take
place simultaneously. Therefore optical propertssSi nanocrystals have to be
considered on the basis of competition between indirect and q@easid
recombination channelgl11]. As nanocrystal size decreasé can be pedicted

from the confinement theory that the probability of NP transitions should increase
with respect tothe phononassisted (PA) transitions which imply the radiative
oscillator strength and absorption cross section per nanocrystal are much larger for
smaller size Shanocrystal than larger ongkl2]. However, it is rther complicated

to find accurately the exact ratio of NP/PA transitions because the exactasithpe
size distribution of the nanocrystals and the energy dependence of the
absorption/emissiomprocessin Si nanocrystal are not known. The major scaling
paraneter in all these effects is the sizetbé nanocrystaR [113,114 and NP
transitions which are expected to be proportional tbe volume of crystallite
inversely (1/R). With this expectation NP transitions begin to dominate at the
confinement energgeof the order of 0.660.7 eV.
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In addition to the enhancement in the optical transitions in Si nanocrystal relative to
the bulk case, the important feature related with the quantum confinement is the
increasing of band gap energy as a function of tmoergstal size. The band gap
variation as a function of size can be simply written ftbeconfinement theory for

athree dimensionally confined Si nanocrystal as;

C
E(eV) =B, + R (3.1

Where Eyi is the bulk silicon band gap is the dot radius, an@ is the confinement
parametef115]. Therefore the expected result from the theory is that, aszhefs

the nanocrystal decrease there is a blue shift in both absorption and emission of the
photons.Theoretically calculated optical energy gap dependence of Si nanocrystal

size is given below wiit several groupg.16].
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Figure 3.1. Theoretical calculated results of size dependence of optical gap of Si
nanocrystals by several groups [116].
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3.5. Si nanocrystal/SiQ based light emitting devices (LED)

So far, different types ddi based electrically driven devices have been demonstrated
using different approaches: Sinpjunction, MOS structure using thin layer of $i0
tunneling layer, introduction of dislocation loops, Refrecipitation in Si, rare earth
incorporation, nanocrystalline porous Si, Si rich Si€c [117-12§. As a
pioneering material of intense Si based light emitter researches, porous Si was tested
for wavelength engineered Si LED applications, but thegdsty obstacle of
mechanical robustness and stability of structures has been preventing the application
of porous Si to commercial industrial products such as LEDs. On the other hand,
light emitting devices (LED) using the system of Si nanocrystals dis&gbin SiQ
systems has been considered as a viable option that is compatible with the Si CMOS
based technologies for variety of photonic applications. Si nanostructures embedded
in SiO; are superior over porous Si due to fairly strong and stable ligksem with

easy modification of emission from visible to infrared. In the two decades, many
different Si nanocrystal/SKOLED structures have been reported using a variety of
different production techniqueb the device operation, it is reported thgblagation

of AC/pulsed voltage could be more advantageous than DC biasing, especially for
the stability of the devices for long term operatifirz9].

EL emission from Si rich Si@can be classified depending on the spectral regions
where the EL emission depends on the type of emission centers: it is either related to
the matrix defects or to the excess Si, Si nanocrystals or defect atathe
nanocrystal surface. Generally, emission bands at green, blue and even UV are
attributed to the point defects in the oxide bgagp. Whereas red and near infc

EL from Si rich SiQ are mostly ascribed to the electroole pair recombination in

Si nanocrystals 130,13]1. However, there is no exact demarcation line for the red
emission which is either from nanocrystal or from well known oxide defects of
NBOHC due to excess oxygen mentioned before. The only clue for discrimination
might be that thgpeak position of the emission generated by the matrix defects is
almost independent of the fabrication conditions. The intensity of different EL bands
strongly depends on the fabrication details such as excess Si concentration, annealing

conditions and arealing time.
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Usually, LED structures of Si nanocrystal/oxide systems are in the form of standard
Si-MOS device. The EL active Si rich oxide layer(s) is sandwiched between Si
substrate and transparent optical window (ITO, semitransparent metal eBipoly
and the device is driven by injection of carriers into the active layer under either DC
or AC bias. Generally, the excitation mechanism works through impact ionization by
hot carriers under high field conditiofis32]. However, a few research groups have
reported devices working on field effect phenomghg8], where electron and holes
sequentially tunnel into the nanocrystals through thin oxide layer from underlying Si

substrate under AC bias, and recombine there radiatively.

3.6. Excitation and charge injection mechanisms in Si NC/Sp MOS-LEDs

In traditional pn junction LEDs, EL occurs in depletion (or sandwiched active
region) region through recombination of electrons and holes diffused from n and p
side of the junction under forward bias. In a M@&Vice, the leakage of electrans
valence band or holes does not exist, so light must be produced by other means. In Si
nanocrystaMOS LED, this may be the case, since hole injection from Si valence
band to the Si@valence band is difficult because of the larger energydyainan

for electrons from window laydp the conduction bana@sillustrated in Figire 3.2.

As the injected current strongtlepends on the barrier heighgeen by carriershe

electron hole recombinatiaa muchmoreimprobablein MOS based LEDs

Electroluminescence is explained by mechanisms that include field ionization of the
luminescent centers, charge trapping and impact excitation by hot carrier and
radiative recombination. Ithese descriptionglifferentconduction mechanisnean

be considered as shown Figure 3.2. However, two of them, nameljirect
tunneling and FowleNordheim (FN) tunnelinghave beerwidely usel to explain

the experimental observationdaving high threshold voltage of Elthe dominant
mechanism is likely to be the tunneling adtkcarriers (FN) from a nanocrystal to
another one through insulating matrix. A way to reduce the high voltage requirement,
is to narrow the oxide thickness. In this case, good quality oxide layers are needed to
minimize theleakage current near the brealsh operating conditions dhe oxide

layer, and to produce enough hot carri@ms.the other handigh concentration of Si
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precipitates (or nanocrystal) iseededto generateenough number of efficient
luminescence centers inside thed=xi Another disadvantage e$ingthe thin oxide

layer is the reduced possibility of carriers to recombine radiatively.
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Figure 3.2. Transport mechanisenin SiNC/SiO, MOS structure: (1) Direct
tunneling (2) FowleNordheim tunneling, (Btrapping atcluster(NC) and tunneling
from cluster (NC) to another, (4 quasi free movement of electrons within the
conduction band of Si)(5) hopping conduction, J&ooleFrenkel tunneling.

Because the oxid@ctive layer containing nanocrystais)thinner, he numbepof Si
nanocrystals in the direction of current flow is reduced. If the current injection occurs
via percolation paths, it could be assumed that impurities near the-sitkde
barrier may lower the voltages needed to inject holes to the oayee. lIn this
situation, the trade off with higher doping of Si would be made at least with lower
breakdown voltage. Howevergducing the excess Si at the favor of threshold
voltage will cause the reduction in the number of emitted photdesce, the
narocrystal/oxide structure represents a complicated material system whose

optimization requires extensive and careful studies.
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The direct tunneling is typical characteristicof very thin oxide layers (< 4 nm)
[134]. The analytical equation that presents the current density passiugthan

oxide layer with thicknesgx under an applied voltage V can be written as:

il (3.2
t

2
WhereA:q— and B=—— (3.3
2ph

f is the effective barrier heightn” effective electron mass in SiCE is the electric

field andq, h are the elementary electron charge and Planck constaet direct
tunneling is possible between Si nanocrystals thedsubstrate if the separation is
less than 4 nm. For this case, electrons see a higher barrier theoltéfge drop
acrossthe SiQ layer and the potential barrier appears as trapezoidah.fdrhe
electrons, withthe presence othis trapezoidal barrier can travel between a

nanocrystal to another one and so move through thera@ix.

FowlerNordheim tunneling in Si MOS structures has been studied extenkigélly
It is assumed that, this is the dominant current injection mechanism in to the SiO
matrix, especially for the thick oxide. The tunneling of highly energetic particles can

occur by FN injection. Thanalytic equation for FN conduction mechanism is:

A a 2Bf,"”
Jow =——FE%e £
FN Xpé% 3E

Wherethe constantsA and B are same given in the Eg. (3.11). The electrons pass

g (3.4

through the barrier, due to thégh electric field, which is the triangular barrier of
oxide band under high voltage.
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As the dominant excitation mechanism for EL emissimder high field levels,
impact ionization may involve othéransportmechanismoupled to the FN: trap
assisted unneling, Poold-renkel contribution. In high current injection limits,
strong contribution from space charge limiteatrent (SCLC)might be expected.
Thereforethe total resultant curreand recombination channels caot be predictd

easily Requirement of hot carrier injection into the Si NC/S#0tive layer results in
vulnerable devices. Long term operations lead to breakdown of the device which is
an important problem to be overcome along with high turn on voltage limits.
Moreover excitabn mechanism require extra dead zone that does not contribute to
EL of about 1015 nm to supply sufficient energy for injected carriers to generate

impact ionization, pushing the operation voltage to higher values.

3.6. Incorporation of Rare Earth (RE) elements in to Si environment for LED
applications

3.6.1. Rare Earths (RE) and properties

RE elements are the metals whose ores are found often together with oxides of the
alkaline earths (Ca, Mg) and usually compromise about 15 elements (Eu, Gd, Yb,
Nd, Th, Er, Ce, Tm, Sm etc.). In general, the electronic structure of neutral RE atoms
is composed of a Xe electronic configuration, the electronic configuration 8f RE
ions can be written as [XeJ4fvith n being the numbers of electrons in the 4f shell
[136]. These f shell electrons are well screened from the local chemical environment
by outer 5S and 5P electrons. As a result, their characteristic atomic emissions
resulting from the intra f shell trangitis are narrow and almost fixed in the optical
spectrum. In reality, this intra 4f transitions are parity forbidden, but in host matrices
like SiO, their interactions with ligand field make RE elements unique light emitters
with well defined characterisgd137]. The energy transfgrocesses are often used

in practical phosphors in order to enhance the emission efficiency of REs. Therefore,
the band positioning of RE atoms and host are crucially important for effective

energy transfer from host (energy donor) to RE (energy acceptor)
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RE elements have been intensively used as an active phosphor for visible and
infrared applications that are technologically very important over the last 50 years
[138]. Nowadays they are one tife hot topics in electrically driven light emitting
structures in optoelectronic and sensor fields by dispersing them in numerous host
matrices. Those host mediums include variety of glasses and oxides, organic
materials, and semiconduct¢is,139144].

3.6.2. RE doping of Si environment for optoelectronic applications

Dispersion of RE elements into Si environment as an active phosphobéavene

of the routes for Si photonics. Er is the main RE ion of interest, as allowing suitable
IR emission whib is very suitable for existing telecommunication window. Huge
efforts have been devoted to doping Si
Although some promising results from kulSi have been obtained @bom
temperature the efficiency of thenhinescence is limited due to energy back transfer
and other nomadiative coupling with host Si substrdfiel5]. Besides, the solubility

of Er atoms in Si is very low for creating sufficient numbgphosphor centers.

Recently, instead of bulk Si, SIOSi rich SiQ and Si rich SN4 grown on Si
substrate have been proposed as a host medium for light harvesting from RE ions
[146,147. It has been demonstedl that, Si nanocrystlbehaving asensitizer
enhances the RE luminescence compared to the stochiometric b4&j&49. The
energy transfer is evidenced by the increase of the RE related PL tintettki
increasing density of nanocrystahnd simultaneously decrease in thedphission
originating from Si nanocrystdll50,15]. It could be due to higleexcitation cross
section of nanocrystamuch more than the RE elements. Using this aggrplight
generation from Si nanocrystalO, systems could be converted to more useful

structure hrough RE ions.

Fortunately, non optical method¢luding energy transfer from nanocrysjafor
excitation of RE ions where the optical selection rules do not apply, and for this
reasonthe electrically driven luminescence has the potential to reacih righer

efficiencies than that of PL. This is mainly due to the fact that EL emission is
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generatedgenerally by the impact excitation viaot electrons whose energy

distribution is very broad compared to PL excitation sources.

Theinterest in RE emissns goes beyoniglecommunication applications. They find
applications in LEDs, displays, lasers, radiation detection, data storagaebical

lab on chip and diagnostics, in which RE light emission plays an increasingly
important role. Besides the Erplog, other RE elements are gaining importance in
Si based photonic applications. In this context, various kind of RE elements have
been incorporated into Si environmerit5§-155. Among them, Tb doping has
attracted special interest as it is having theouws emission lines in the UV and

visible parts of the light spectrum.

3.6.3. Th related emissions and concentration quenching
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Figure 3.3.Emission lines due to 4f intra shell transitions of Tion
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Tb with 8 electrons in its 4f shell has severaitidct emission lines due to intrd f
transitions that can be controlled through distributed concentration of Th in a host
matrix. Tb energy level system offers two excited sta&@sand°Ds from which a
couple of transitions to the statﬁ'sp are possible. The main luminescence by
Y ’Fsaround 545 nm constitute more than 50% of overall emission spectrum. The

emissions line of Thb from intra 4f transitions is represented in figure 3.3.

If the concentration of a RE (or general manner atdivphosphor) ion is higher

than a threshold value (usually few wt %), the emission intensity is usually very low.
This effect is called concentration quenching of the emission. The origin of this
effect is based on the interaction between the phosptir ibns through different
interaction mechanisms that are technologically important depending on the practical
applications. Although several other energy migration phenomena have been
considered for a complete understanding the system, we discuss @eneosh
favorable quenching mechanisms based on the cross relaxation as shown in Figure
3.4.
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Figure 3.4. lllustration of cross relaxation phenomena between two terbium ions
[156].

61



When the concentration quenching due to cross relaxation (relaxation due to resonant
energy transfer between the same RE elements ions) occurs between several emitting
energy levels, the emission color oétRE changes with the RE ion concentration in
host media. For instance, while the emission color &t & is blue white, due to

mixing of the blueUV emission fronTDs excited level and green emission from the
°D,level at concentration below 00L3 %[157], the color changes to green at higher

RE concentrations. The change is caused by the cetexation between th®,and

°D; emitting levels, thereby diminishing the population ofTion in °Ds excited

state and increasing the one in tf®, state. The onset of this concentration
qguenching could be varying depending on the type of hostialaggstem.

3.7. Experimental details

3.7.1. MOSLED fabrication using Si implanted SiO; layers

lon implantation is the introduction of controlled amount of energetic, charged
particles into the solid substrate with ions energg tdwKeV to a fewMeV energy

range. By introducing such impurities, mechanical, electrical, optical, magnetic and
superconducting properties of the host material can be changed in a desirable way
The main advantage tifieion implantationis precise controbf the tdal number of
impurity atoms with good reproducibilitylon implantation is one of the major

doping techniques of the microelectronic circuit production.

In this work,?®Si ions were implanted into the thermally grown 100 amd 40 nm

thick SiG on ntype and ptype Si substrate Implanted ion dose was 5Xf&m?

with implant energy of 40 keYor n-type and 15 keV for jype sampleThe depth

of peak positios of implanted ions distributions weestimated to be at 60 nand

23 nmfrom SiG, surfaceby usng SRIM code SRIM code is actuallg Monte Carlo
simulation of 99999 ions inserted into target one by one considering the stopping
mechanism at the end gives the desired statistical distribution of the implanted
atoms.The simulated distributions of implanted Si atoms into,3&yers are given

in Figure 3.5
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Figure 3.5.Implanted Si distributions in th®iO, layers d the samples simulated by
using SRIM. The zero point indicates Si@r interface.

Table 3.1. Tabulated annealing properties of Si implanted samples.

Sample energy| ion Anneal | Anneal | Oxide Substrate

name KeV |dose | Temp | Time | thickness type
% cm? |(UC | (h) (hm)
5
n
M2 AS 40 5x10° | _ B 100
2NM2900 | 40 5x10°[ 900 |2 100
M2 | 2NM21050] 40 5x10° | 1050 |2 100
4NM21050| 40 5x10° | 1050 |4 100

M4 AS 15 5x10° 40

o|o|o|©| 2|3 3|3

2NM4900 | 15 5x10° | 900 2 40
M4 | 2NM41100] 15 5x10° | 1100 |2 40
4NM41100] 15 5x10° 11100 [4 40
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Following implantation processes, samplesre annealed at 90T for 2 h and at
1050(1100)°C for 2 and 4 h under Natmosphere in conventional quartz furnaze
induce phase separation and NC formatidhe temperature value indicated in
parenthesis is for the-fype sample with 40 nm thick me layer. The annealing
processes of the samples are tabulated in Tablé>B.&xperiments were conducted
prior to MOS device fabrication at room tparature by using 532 nm line bid-
YAG laser as an excitation source. Emission was measured with O8&5V]
monochromator and Hamamatsu CCD camaral correctedor the measurement

systembbs errors

hv AUAI top
'XX\‘? _4contact ITO optical
_ _ Window
Si nanocrystal-oxide ~ 150 nm .
layer 100/40 nm“N—5——— 006000 0PL BTG
000 50007000,95 99 ©00%0, 000

n-/p-type
Si
substrate i

Au-Sh/Al back
contact

Figure 3.6.Crosssectional illustration of fabricated M@QED structures

Prior to device fabrication, samples were cleaned and back oxide layer removed. EL
devices were fabricated using standard MOS fabrication technique. As shown in
Figure 3.6, backside ofthe devices was covered with Au/Sb and Al for ohmic
contact using elemn beam and thermal evaporator system systems &orchptype
substrates respectivelMetal evaporated samplesere annealed in the quartz
furnace around 20 minutes, in order to diffuse the metal atoms into the substrate for
good Ohmic contact. Annealg temperaturgfor Al and for AuSbwere~ 400 UC
and5 0 0, rddp@ctivelyIndium Tin Oxide(ITO) layerwith a thickness of 150 nm
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were sputtered througshadow maskcontaining circular apertures witA mm
diameter for optical windowFollowing sputteng of optical windowsamples were
annealedunder nitrogen ambienat a temperature of 350C for 30 minutes to
increase the condtieity of the ITO layer Au and Altop contacts were evaporated

on the ITO window cented through another shadow maskntaning circular
apertures agaiwith a diameter of 0.5nm. Fabricatedlevices were mounted an
handmade chip holder using printed circuit bod?€®) and bonded using 5 Om
diametergold wire to the copper padiefined on the chip holdeFabricated MOS

LED device is schematically illustrated in Figure 3.6. EL measurements on
fabricated devices were conducted at room temperature with the same set up that was

used in PL measurements in a DC bias voltage rang&57\Q

3.7.2. Production of MOSLED structures doped with Tb

Magnetron cesputtering technique was used to fabricate Tb doped I18y@r with

or without excess Si. Siayers with about 40 nm in thickness were deposited on
both n and ptype, 210 ohmcm Si wafers. For each substrate type, twad&iof

film with or without excess Si were deposited. Thespattering process was carried
out with independently controlled 3 targets: Si target with Th pieces, Si target
without Tb pieces, Sigxarget with Tb pieces and 75 nm i€vered Si target with

Tb pieces (four Th pieces with 5 mm diameter were placed on respective targets).
For the samples with excess Si we have applied 50@¢&tpowerto theSi target,

175 wattRF powerfor SiO, target and 20 watbC powerfor Si targetwith Tb
piecesIn the sample with excess Si, the atomic Si concentratiorfouaslto be25-

27 % using Xray photoelectron spectroscopy (XPS) measurenkemtthe sample
without excess Si, 190 waRF powerapplied to the Si@target and 20 watbC
power to the SiQ covered Si target with Tb pieces. After the film deposition,
samples were anaked at the temperatures of 9@dd 1050°C under nitrogen
ambient for an hour. Followmin the annealing processes phomoinescence
measuremestwere conducted at @m temperature using 325 nm line of-Bd ion

laser as an excitation source and the signal was detected by a CCD camera installed
on a monochromator. For the ohmic contact formation on the backside of the LED,

Al (p-type) or AuSb (ntype) were evaporatednd annealed at 508C under
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nitrogen ambient foa half hour. 100 nm thick tin doped indiwsride (ITO) optical

window serving also as a current spreading layer was depasited the front
surfaceby an electron beam evaporator through a shadow maskg 8 00 Om
diameter circular apertures. The resistivity of ITO film was measured to be 15 ohm

cm after annealing at 40 for 15 minutes The fabricated MOS devices were
mounted on @CB chip holder and wired usingZa5 Om ddold wieeto ¢he
respetive pads The top view photograph of one of the fabricated device is shown in

the Figure 3.7The electroluminescence measurements were carried out at the room
temperature using constant current source and detected by the same set up used in the

PL measuErments.

Figure 3.7.Top view photograph of the MQOISED device mounted on a hand made
chip holder.
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3.8. Results and discussions

3.8.1 PL results and discussions on ion implanted Si rich Si©

PL spectroscopy is one of the simplest and-desiructive method used for the
charactezation of Si nanocrystalén the oxide matrix. By illuminatingusing a
suitable light source, electrdrole pairs are created in the nanocrystghen these
electron lole pairs recombine radiatively, photons with energy equal to the
difference between two energy levale created. By measuring the spectrum of the
released photonshe life time of excited carriers, type of recombination, etc. can be

depicted
—m— As Implanted '
—%—900°C,2h
o 300
S F-®-1050°C, 2h
® 1050 °C, 4h
4
S
s 200
2 3
(/)]
S
= 2
= 100
1

400 500 600 700
Wavelength (nm)

Figure 3.8. PL spectra of the sample (M2)efore device fabrication at room
temperature with varying annealing time and duration undenthhosphere (as
implanted, 90FC 2h, 1050°C 2 h and 1050GC 4 h). All samples were implanted
with 5x10° cm? Si ions at arenergy of 40 keV
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A broad light emission is usually observed fronn&8nocrystalsin the SiQ matrix

in thewavelength range of 460000 nm. The emission band between-Z00 nm is
usually attributed to the defects in the oxide matrix as a result of deformation in the
oxide structure[158]. The other band seen in 72000 nm is a result of the
recombination of excited carriers in/on1&nocrystad and the peak position of this
band can be varied dependi on the size ofnanocrystalsthrough quantum
confinement effect: as theanocrystalsize increasesvavelength of emission also

increasespproachind 000 nmmeaninga redshift in the emission spectrum.

Figure 3.8.shows PL results of amplanted andannealed samplesith 100 nm

oxide layer on ftype Si In the agmplanted reference sample, very broad emission
band is observed with the main peak at around 650 nm. This peak is commonly
attributed to nofbridging oxygen hole centers (NBOH(82] formed as a result of

Si implantation into the oxide. Upon annealing the sample af®@0the peak at 650

nm disappars and a new peak emerges at around nM&0in the PL spectrum
showing that annealing process reduces the amount of optically active NBOHC and
initiates the formation of Si nanoclusters. The new peak seen at around 780 nm can
be attributed to the presenckthe small amorphous crystallitesrsounded with Si

rich oxide[159]. The bw intensity of this emission might indicate the presence of
luminescence quenching center formation around clustepecially B centers
whose dangling bonds directed into the Si reach oxide matrix from the cluster surface
to the SiQ. When the annealing temperature is increased to 4051 is expected

that Si nanocrystalare formed in the oxide. Increasing theealing temperature
causes coalescence of clusters into larger well shapedcrysta, repais the
destroyed oxide matrif160] and decreases the number of é&nters on the
nanocrystakurface. From 906C to 1050°C, the PL peak position red shifted to 810

nm accompanied with narrowed spectrum due to the eliminafiatefect related
emission at around 650 nm. An increase in the duration of the annealing from 2
hours to 4 hours at 105 has not altered thpeak position of emission We
however see an enhancement in the emission intensity with longer annealing time.
The intensity enhancemeistlikely to result from the further reduction in the number

of P, centers (i.e. reduction in,enters on theanocrystaturface may be promoted
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by mild oxidation due to any trace amount of oxygen present in the nitrogeseghs

duringtheannealing proceduygvhich saturate dangling Si bonds).
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Figure 3.9.PL spectra of sample (M4efore device fabricatioat room temperature
with varying annealing time and duration under dtimosphere (asnplanted, un-
implanted reference oxide, 1ATC 2 h and 110 °C 4 h). All samples were
implanted with 5x1& cm® Si ions at an energyf 15keV.

In Figure 3.9 PL spectra obtained at room temperatén@m p-type Sisampleswith

a 40 nm oxide layeat different temperatures for different duration are given. It is
seen that, the virgin oxide has an emission band at around 570 nneniibgon
band is less studietbr the Si nanocrystdbxide system due to lack of reliable
information on the possible sourcaeisthe emissionAs evidenced by Barthou al.

and Sakurai et a[99,103, uponcomparing with the energy of the known defects
types we find it coincidng with the peroxyradical defects due to high oxygen

content in oxideLike other samples, NBOHC emission is also clearly seen from the
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asimplanted one. As pointed out above, defect emission is almost fixed in
wavelength position and independent from the sutestsgoe and the implantation
dose. The intensity of this emission band can vary depending on the number of

NBOHC created during the implantation.

FromFigures 3.8 and 3.9vhen we compare thepecta of these two typesample,

we see thathere is a redhift in peak position of themission in M4 series with
respecto M2, due to both higher Si content and higher annealing temperature, which
induce largemanocrystain M4 accompanying witlan emissionat around 850 nm
Figure 3.9shows ~ 25 nm blue hin the4 h annealed sample with respect to 2 h
annealed one. There are two possible explanation ofbibes shift that is not
pronounced in the sample with low excess Si content of sample ih2irst reason
might be thatfurther oxidation ofnanocystal surface results ira size reduabn
because of the highannealing temperaturdhe second possible reasos the
exciton migration effect which is expected for the case of M4 havigiger excess

Si content[161]. In the 2 h annealedat 1100°C) sampleof M4 seriesexcitons
created in small nanocrystals can migrate to largetgraetunnelingmecahism due

to higher Si excess and nanocrystal concentratlen recombine there radiatively

by emitting a longer wavelength photons. Therefore, as the number of photon
emission at higlenergy side bleachethe PL spectrumexhibits a red shift When
annealing timehasrisento 4 h the oxide matrix becomemore resistive tahe
exciton tunneling between dots artus created excitons recombine at their
nanocrystalsand total spectrum shows blue shift with increasing intensitthef
emission. Exciton migration or energy transport effect can be alsoiseather
samples,but it is much more effective in series M4 due to higher density of
nanocrystalswhich enhances tunneling between dotsweler, both mechanisms
can takeplace at the same timandto analyze exciton transport effect in this
situation careful analysis has to beone over temperature dependent PL
experimentsBesides the two effects discussed above, dissociation of nanocrytstals
(inverse Ostwald ripening) is another possible mechanism which leads to the
lowering the nanocrystal size with diffusing of some exceisback to the Si®

matrix. The EL results could shed a light on the evidences for this suggestion.
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The PL resultddemonstrateclearly that very broad emission bantaving a band

width of ~375400nm originatesfrom the Sinanocrystal$ormed in the oxde matrix

by means of ion implantation method. The broadness of the peak might be attributed
to two phenomena: first one is the Gaussian distribution profile of implanted ions,
which creates nonuniformity in the size and distribution of theagystals. 8rincan

et al,[158] supported tis dependence on the nanocrystal size distribultipetching

the oxide including Sinanocrystalsin a sequentialway. Another broadening
mechanism is inevitably peculiar to 8anocrystaland oxide matrix relationships.
Except for very small nanocrystalthe dominant recombination of excited excitons
occurs at thesurface or strained suboxide shell region through coupling with

| ocalized Si 1T O vibrations at the inter

further broadening in emission spectrum.

3.8.2 Current-voltage (I-V) characteristics of implanted asmples

Understanding the carrier transport mechanismsusiarfor engineering improved
devices (memory, light emitting diees etc.) thaarebased on Si nanocrystslOS
structures. There are many transport mechanisms adapted to MOS structures without

nanocrystal inclusions; some of them were given in Figure 3.2.

The most frequently discussedechanisms in SnanocrystaMOS structures are
single step tunneling processeghich include the direct tunneling through
trapezoidal barrier between anode armthode and the Fowldtordheim (FN)
tunneling througha triangular barrier othe oxide (also rarely two step tunneling
process are considered; field assisted, trap assisted etc.). Howenssljtin these
mechanismgannot givean acarate descriptiorof the transport processes in Si
nanocrystal/Si@ The main problems wit the models based on these haasms
can be summarized as followArst, FN tunneling is developed for smooth barriers
without any local field variation in oxide matrix. Secotitk classical FN transport
treas the carrier tunneling between Si substrate and top contact directly. Third, both
direct and FN tunneling exclude size variation in rfainocrystalsand Coulomb
blockade effectlue tocharge trapping in/on Sianocrystakurface. Thereforewith

such structural and electronic variatiomesonant tunneling effects via quantized
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energylevels between neighboring Si nanocrystedsy be expectedAs a result
transport properties of Sianocrystalbecome very complex when all gedifferent

effects are takemto the account

In this work, we have analyzed ourM curves using FowleNordheim, Poole
Frenkel[162], analytical twestep trap assisted tunnelif§AT) [163,164, Ohmic
conduction an@pace Charge Limited Currer8GLC) mechanism$§165]. Since the
I-V curves were taken only at room temperature, hopping conduction mechanisms
were excluded in the analysig/e will not give every detail or all the plotr
conduction analyses butgsentrepresentativeexample to show which proedure

we followed during our-V analysis.

Table 3.2. Different kinds of current mechanisms studied to understand the injection

and transport properties in the ion implanted Si nanocrystal&ygdem.

Mechanism PlottedCurve Physical Parametq
extracted

FowlerNordheim JIE vs. 1/E Barrier height

PooleFrenkel J/ E vs. &E | Oxide permittivity

TAT - Wang Jvs. 1/E Trap energy

TAT - Fleischer J*E vs. 1/E Trap energy

Space charge limite| LogJvs. LogV -

current

Ohmic conduction Log Jvs. Log V -

FN analysis (for all samples except for the unimplanted ones) revealed that although
some field dependence can be attributed tonk@¢hanism, it does not dominate the
total measured current. FN curves did not exhibit the ¢egdeld dependence and
yieldsunacceptable barrier heights between 0.02 to 0.1 eV depending on the devices.
These barrier values are far from any realistituea@-4 eV) for the Si/SIQ
interface. Poold-renkel (PF) analysis also gives unrealistic permittivity in the range
of 31-186 depending on the bias scheme of the devices. The expected permittivity for

SiO, is around 3.9. The inclusion of excess Si coulwt nhange the system
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permittivity beyond the Si permittivity which is around 11V8e followed similar
procedures for the othh modelsTAT models gve agood linearity in the curves and
the trap energies are found as 611 eV (Fleischer) and 0.1-D.08 eV (Wang)
depending on the bias configuration of the devicHsere aresome differences
between two models due to their assumptions on the definitions of traps, their
locations and depthdVe will not makeany discrimination between these models
since, frstly, they produce close trap energies, and secondly,-dagth numerical
analysis oftthetraps is out of scope of this thesihese valuefor the trap energies
can be acceptabBmehowfor an implanted and deformed oxjdmit other models
should a$o be tested before drawing a conclusibms is especially important in our
samples because exceforr the FowlerNordheim current all other mechanisms

include traps and use themp@athways forcarriers one way or another.
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Figure 40. Measuredl-V results from Series M4 for different annealing time and
duration.The substratas p-type, oxide thickness is 40 niie implant energys 15
keV andthedose is 5x1 cm’.
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In Figure 3.10]-V resultsmeasured fronthe sampleseries M4(40 nm oxide on P

type substratejs givenalong with the results dhe un-implantedoxide under both
forward and reverse bias conditionBhe maximum allowed current throughthe
deviceswaslimited by the measuring sep to the 10 mA.Sincethe substrate is-p
type, intheforward bias casesubstrate voltage is positive with respect to top contact
and negativefor the reverse bias. Therefore, itme forward bias, electrons are
injected from ITO window and holes are injected from the Si substratee taverse

bias case, injection of electrons occurs frdime inversion regionpopulated by
minority carriers(electron$ accumulated at the Si/SiOGnterface of the gype Si
substrate. From theV curves displayed in Figure 3.1@ is seen that there is a
systematic change itine I-V specta with the annealing temperature and tinlhe
conductivityis highest for the agnplanted sampland decreases thitheannealing
treatment.The doservedvariationsin the current through the oxide layer amgore
pronouncedor thereverse bias. The conduction mechanism for as implanted sample
could bea percolation type conductance through resistive network createds the
implanted oxide layer, in which the current follow the least resistive pakies}V

curve for agmplanted sample is just like a current passing through a regular resistor
with an Ohmic conduction (3 m=1). The mplantation proceseduceghe oxide

band gapand thus the barrier height for charge injectionelkgess Si The carrier
injection can also benhanced via created traps at interfaces and in the dXoba
annealingat atemperatureof 900 UC, both formatandn of
reconstruction of destructed oxide matrix are expected. Therefore, resistance of oxide
increaseswith the reduction of jumping states, resulting in a decrease in the
measured current. We observe in the sample annealed 3 908t there is a jump

in the currentat thevoltage value of 4 V in the forward bias, which indicate
chang in the transport mechanism, probabilgom the trap assistedunhneling to
SCLC (J~V", m=2 found) at high current levels the sample annealed Ht00°C,

the size ofnanocrysta increases through the Ostwalgening process at the
expense of dissolved Si atoms and small crystallites in the masixfing in a more
stoichiometricoxide with even higher electrical resistanc€his decreasen the
conductivityis dueto theincreased tunneling barrier both at interface and between

neighboringnanocrysta. However, comparing to kgin oxide, nanocrystals insert
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large number of inherent quantum states for charge transport over them (we can
Imagine each nanocrystal asnacro defect in Si@matrix with broad distribution of
energy states)t is seen that, there is a distinct transport behavior between samples
annealedor 2 and 4 h at 110%C, both at forward and reverse bisige can conclude

that different mechanismgé TAT, PF, Ohmic and NF tunneling contribute to the
total measured current, however, for largest current values, the transport is
dominated bythe SCLC Difference inthereverse bias case can h&ihuted to the
Coulomb blockad effect due to the trapy of the electrorbolesin Sinanocrystad

in SIO, especiallyat or near substrdf®O, interface, and can be concluded that, in
the 4 h casenanocrysta are well passivated. Differersce the forward bias case

can also be governed bthe degree of pssivation through which tunneling
(transportimechanismwary. Therefore, it is xpected that direct tunneling should be
more dominanbver thetrap assisted one and starts at low voltage values for 4 h
annealing sample compared2d annealed sample famhich the situation seems to

be opposite
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Figure 3.11. MeasuredI-V spectra of the sample series M2 both forward and
reverse bias range of 7 V. Substrate-type, oxide thickness 100 nm, implanted Si
dose 5x1& cm? with an implant energy of 40 keV.
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[-V spectrum of serie§I2 is given in Figure 3.11n this case theubstrate is 4ype
with an oxide thickness of 100 nm, so in forward bias,dase/oltageappliedto the
top contact is positive with respect to thébstmate In the forward bias electron
injection occurs from substrate intor&nocrystabxide layerwhereasn thereverse
biascase, theslectron injectiortakes placérom thetop contact tdhe oxidelayer. In
the reverse bias, the hole injectioorfr theinversion region othe Si substrate into
oxide layer is hardly possible. This is the main obstacle for efficient device
operationsl-V spectia show that, for samples of M#he change irthe current level
with changing annealing temperature anthetiis lower than p-type sampls,
especially in reverse bias regindeie to the much thicker oxide and reduction in
applied field Rectifying property of gype sampleds enhancedfor an applied

voltage range aheannealing time anthetemperature increa

In both n and gype samplesthe majority of the curreris expected fromelectron
transport and thehole current gives small contribution due to the higher barrier at
SiO./ Si substrate interface for holes. Barrier height between oxide and I&iléois

4.6 eV, for the case of electron it is 3.2 eV. In addition, mobility of hole is much
smaller in the oxide compared with electron mobility; mobility of electron and hole
is 20 cnf/Vs, 4x10° cn?/Vs respectivelyHowever, it is expected that introdng

large amount of energy states by excess Si could significantly enhance hole mobility
throughout the active layeAlthough implanted samples (both n andype) show
enhanced current transpedmpared to umplanted oxidethis is not enough to alter

theasymmetry between electron and hole injectiaa $i nanocrystal oxide.
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3.8.3 Electroluminescence properties of Si rich/SiQ produced using ion
implantation technique

3.8.3.1. MOSLEDswith lower excess Si on-type substrate

EL devices wee fabricated on the same samples used for PL measurements and all
measurements were conducted at room temperature as in the case of PL. We
observed that devices emittekght when the substrate waslthet positive potential

with respect to ITO transparemptical window (the MOS is in the inversion
conditionfor n-type Si or in accumulation for-fype S). Therefore, devices were

light emitting when holes are accumulated under the oxide film. Figur&(e3

shows the EL results of the device made on thenplanted samplef M2 under
varying voltage bias up to 35 vasltlt is seen that peak locat®of EL and PL
spectra(Figure 3.8)are almost the same, indicating the same origin for both PL and
EL emission at 650 nm. However, EL peaks are broader thaigRals and the EL

peak position is a bit red shifted with respect to the PL peak. This might be due to
two reasons: first, the energy of the -MAG laser operated at 532 nm is not
sufficient to excite the luminescent centers with high energies, wieileddn easily

be excited by the electrical signal; the high energy tail in the emission peak is then
observable in the EL measurements only. Broadening at the low energy side can be
attributed to the substrate emission raesglfrom the electron hole reaabination in

the inversion region. Peak position of this substrate emission is af@fdnm

which is coinciding withthe Si substrate band gap enemgyd discussed inHapter

2. However, it was speculated th#his emission nght partly result from Si

nanocrystad whose band gap energy is close to Si bulk band gap ié&j]y

For the sample annealed at $results are given in Figure 3.12 (lhere the peak
position of EL emission almost coincides with PL peak position with a slight blue
shift for low voltage values. Increasing voltage causes EL peak to shift slightly
towards the PL peak positioned at 780 nm. The intensity of the EL ban@® atri/8

and the substrate emission increase with the increasing applied voltage. The emission
peak seen at around 780 nm was attributed to emission generated by small
nanocrystalsdr chain like Si structurgd.67]) which are usually in amorphous phase

of Si nanoclustersurrounded byhe Si rich oxice.
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Figure 3.12.EL results of (a) agnplantedand (b) ofsamplethat was annealed at
900 °C for 2h under reverse bias condition with varying voeiagalues at room
temperature Sampls wereimplanted withdose of5x10® cm? Si ions at an energy
of 40 keVinto 100nm thick SiQ on ntype Si substrate.
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Figure 3.13.EL results of samples M2 (a) annealed at 1%5@or 2h and (b) for 4h
under reverse biasingith varying voltag values at room temperatureésampls
wereimplanted withdose of5x10'® cm Si ions at an energy of 40 keékto 100nm
thick SiG; on ntype Si substrate.

79



When the annealing temperature is increased to 40500th 2 h and 4 hnnealed
samples exhibit recognizable distinct behaviors compared-itm@anted and 900

°C annealed samples. Peak positions of the EL signadigbftemperature annealed
samples stay at higher energy than PL peak, namely EL spectra are blue shifted with
respect to PL sighaThe sample annealed for Zhows an EL peak (see Figure 3.13

(@) a around 750 nm at lower voltage values and it gradually shifts to red with
increasing voltage, and at voltage value of 35 volts it reaches 795 nm that is closer to
the PL peak position at 810 nm. On the other hand, the sample annealed for 4 hours
starts enission at around 755 nm for the lowest voltage value and redshif&® nm

for 35 V as shown in Figure 3.13 (b} is clearly seen that the intensity thfe
emission increases almost linearly witte applied voltage in the sample annealed

for 2 h However, inthe sample annealed for 4the intensity of the signahé¢reases
linearly up to 20 Vafter which the rate of increase becomes low aneathes
highest value at 30 \and then falls down to lower values.

As mentioned above, two maimechanisms might be responsible for the light
emission in MOS.EDs containing nanocrystals: impact ionization of nanocrystals
by hot electrons under high field, and-twmneling of electrons and holes into
nanocrystabxide system from top contact and frahe Si substrate. In some recent
reports, EL was observed under both forward andreevbias conditiond $8170.
However we observed emission only under the reverse bias conditiontype n
substratgor forward bias for gype as in M4 below)i.e. toles are supplied by Si
substrate which is in the inversion condition and electrons are supplied by the top

contact.

In the impact ionization model, EL should be observable for both reverse and
forward bias conditions, because electrons can be supphed can excite
nanocrystals for both voltage polarities. However, in the case-tfnc@ling model,
hole injection is possible only for one bias condition. Having ITO as the top contact,
holes can only be supplied from the substrate; therefore our resigtest the
recombination of electrons and bBslby means of tunneling into nanocrystaia
holes from substrate and electrons from the optical window. Another important

evidence for this conclusion is that an increase in applied voltage causes EL peak
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shifts to larger wavelenghts. In the impact ionization model, excitation starts with
larger nanocrystals having lower band gap relative to smaller ones, then with
increasing voltage bias, blue shift would be observed in the emission spectrum due to

the contibution of smaller nanocrystaig larger voltage valud&71].
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Figure 3.14.EL spectra of thin oxide layer with a thickness of 100 nm -type Si
under reverse bias. Same behavior also was seen from the virgin oxide with a
thickness of 40 nron ptype Siunder forward bias.

In order to test whether the virgin oxide and substrate have any contribution to the
observed spectra we conducted measurements on the unprocessed control sample. As
canbe seen in Figure 3.1¥irgin samples exhibits light emission above 900with

a pe& at about 1050 nmander the same bias condition as the other samples. This
emission is a resutif the electrorhole recombination in the inversion region formed
beneath the oxide layeFhis emission from t Si substrate is discussed in Chapter 2

for a thinner oxide.We believe that, this kind of substrate emission reduces the
efficiency of nanocrystal related emission in these devices due to the decrease in the
number of holes at the inversion/accumulation region through both radiative and

nonradiativeelectrorhole recombination. Facing with a higher oxide barrier and
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having much lower mobility in the oxidd 72], numberof holes injected intdhe
nanocrystalline oxide layer is very low with respect to the number of injected
electrons. Thereforea small fraction of injected electrons supplied by the optical
window recombines with hole in Sianocrysta, most of them reh hole rich

inversion layer and destroy holes via radiative/naxhative recombinatiothere

Concentration of implanted ions in the host maten#dbivs a Gaussian distribution
[173] that results inthe formation of nanocrysta with varying size. Larger
nanocrystad are expected to be formed at a position closer to the center of the
distribution while smaller ones are formed in the region where the tailshef
distribution is located158]. When devices are biasedanocrysta near the oxide/
substrate interface are much more populated by holes than those located closer to the
optical window. An increase in the applied voltage results in an increase in the hole
population innanocrysta in thecentral region and therefore, the contribution of
largernanocrysta becomesnoreimportant, and hence a red shift is seen in the EL
spectrum. The amount of red shift depends on the resistivityeamplanted oxide

via especially change inthe injected hole distribution and number in
nanocrystadbxide matrix between substrate and ITO window. We observed from the
I-V measurements that the resistivity of the implanted oxide increases with annealing
temperature and duration due ttee recovery ofdamaged xide matrix. Sample
annealed at 908C hasa lower resistivity compared tthe sample annealed H050

°C andthe EL emission from this sample hasery small blue shift at lower voltage
values and reaches PL peak position at higher applied valfBlgis is lecausehe
emission in this sample results from small nanoclusters surroundéte Si rich

oxide which has lower resistivity and potential barrier for carriers. Therefore holes
can easily populate nanoclusters at moderate voltage values. Howavehef
annealing temperature of 105C, the resistivity ofthe implanted oxide layer
increases due to coalescence of Si atoms dissolved in matrixxen&erysta and
recovery of the oxide bonds. In this case, charge injection and transport in the oxide
become more difficult and most of the injected hale=in the nanocrystalthat are

close to oxide/substrate interface and a blue shift is seen with respect to PL peak
position at 810 nm. As voltage value appraecB5 V, the EL peak position red
shifted to PL peak position up to 795 nm, therefore it is inspected that at this voltage
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value the substrate side of NC distribution is dominantly populated by holes. Increase
in annealing duration from 2 h to 4ah 1050°C results in the further enhancement in

the resistivity onanocrystdbxide system, therefore hole injection into the oxide and
transport through it becoraenore difficult than the sapte annealed for 2.ANhen
Figures 3.14 (a) and (l@re compar@ we see that the amount of sédt in the EL

peak with incresing bias is more in the 2 h annealed sample thaoehAnother
important observation is that EL emission start to saturate and then drops after 30 V
in the sample annealed for 4 This may be due the Auger relaxation that takes place

as a result of over population of holesnanocrysta located closer to the substrate.

Although the present explanation of the observed red shifts in EL is based on the size
distribution of the nanocrystals and variations in the charge transport in the oxide

matrix with annealing, contribution of other possibfeechanisms coulahot be

totally excluded. These effects are energy barrier lowering betnaeocrystabnd

oxide matrix due to potential drop on oxide which causes reduction in confinement

effect and results in &d shift in EL spectra.

3.8.3.2. MOSLEDswith higher excess Sin ptype substrate

When the concentration of excess Si is incréase brings out some new
observations in the EL results. Figure 3.15 belowEL results of M4 samples
annealed at 90fC and asmplanted one arshown For all samples of M4eries EL
was observed only under forward bias condition efype Si witha 40 nm oxide.
Like the other sample (M2), the emission from NBOHC with the same peak position
wasobserved under PL measurements. For the devicestlfimsamples annealed at
9 00 (OrCthis sample there is no PL result to compar®L measurement
accidentally forgotten before device fabricajiorecognizable changes has occurred
in the EL specta compared tathe asimplanted ones. Width of the spectrum is
narrowed by ~ 100 nm from high energjge, indicated that, annealing eliminated or
decreasedhe concentration of defects which have thmission band at higher
energy At up to 22 V of bias,peak position shows red shifts from 725 to 740 nm
andintensity increaserelatively, with bias volage of 22 \the peak shifs suddenly

to 595 nm. Further, increase in voltage first caube EL peako blueshift to 535
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nm, andthen redsift to 570 nm and is stakikere. It is seen from Figure 3.15 (b) that
the width of the spectrum followshe increase inthe voltage Contrary to this,
relative intensity of lower energy side tail decresa®the peak start to shifi high

energy side.
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Figure 3.15.EL results observed from the samples of M4 under forward bias,-(a) as
implanted and (b) anneal at 900°C for 2h. The samples with 40 nm oxide on p
type Si substrate were implanted with Si having dose of 5xho?.
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The mainreason of this emission is tharger content of Si in the oxidand we

discuss brieflywithout any details hereAs the Si content increaselefect related
yellow-blue emission increases, oppositely the emission at red decr@djes

During the Si implantation and the following annealprgcessespxygen deficieny
relatedc ent er s and EE centers ar e fsatesate d. It
theS i T Si bond of o(keyegve nan shy freacurssteas)are cent e
broken and c hessjlgs. ThereforeE & themdied bias voltage
increasestunneling of holes from the substrates to th@®eursorcenters increase

then at the expense of luminescenpeak around 740 nmfrom the amorphous

clusters the yellowgreenemission increaseto much higher leveAt moderate bias

voltages, this process is thought to be the precurddhe breakdown initiation of the

device. It is ale seenfrom Figure 3.15 (b) that thetensity of the emission
decreased from 33 V to 35. Whis resuls from the leakage current patlofmation

that would either saturate or decrease the emission intedgy, formation or

increase inthe number of non radiative defects by hoarries could cause

degradation of the eission fromthe device

For the samples M4 &mthesadimost shew thelsan@0 UC
tendency asvas observed in M2 seri@s can be seen froRigure 3.16 (a). The EL

peaks increased following the increase in voltage and exhibits a blue shift of about
45 nm with respect to the PL dakdowever some differensdrom M2 series can be

seen at high voltages. In this regime, a new emission band emerged at around 500 nm
due to oxygen deficient centefor the samplannealedor 4 h,this behavior starts

at lowe threshold voltages (see Figurd@ (b)). We also se thatthe emissiorfrom

the substrate is suppressed when this defect related emission is triggeved.
emissionbandsseen at high voltagesr e r el ated with .EE and
hard to figure out the exact structural reason for this defect related EL emission
without supportive diagnostic measurements. However, we can suggest that during
the ripaning process of nanocrystals, there could be an inverse Ostwald ripening
proces under which the nanocrystals release some of their Si atoms back tothe SiO
matrix where these atofiorms weak SiSi bonds which is more pertinent for the
sample annealed for 4h. Under the hole injection from the substrate these weak

bonds trap holes drareeasily broken anthenconverted to light emissiveé r B2
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defects. The new emission bands seen at high voltages are associated with the
formation of these defects.
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Figure 3.16. EL results of samples of series M4 at higher annealing temperature,
under forward bias at room temperature. (a) Annealed at 4ador 2h and (b)
annealed at 110 for 4h. Underlying Si substrate isype with 40 nm oxide layer.
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3.8.4 PL results and discussions on Tb doped Si rich SO
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Figure 3.17.Room temperature PL spectrum of the samples-typ& Si substrates
annealed at 90%C.

Photoluminescence (PL) spectra of Tb doped,3#@ers annealed at 90C and

1050 °C are presented in Figwe3.17 and3.18 respectively. No PL signal was
detected for the adeposited samples. Upon annealing at or above °@)0the
characteristics emission bands of Tb3+ ions emeargall samples. As shown in
Figures 3.17 and3.18 four emission bands originating from the *Thatomic
transitions can be idenid easily. These bands semmound 622 nm, 588 nm, 545

nm and 490 nm are corresponding to the atomic transitDp&F; "Ds-'Fs, °Da-"Fs,

and °D4-'Fe. In the case of low temperature annealing at 9D0these emission
bands are superimposed on a broad background signal which is usually attributed to
high density of oxygen deficiency and/or Aondged chemical bonds in the-Si
system. This broad matrix related emission is even stronger in the Si rich sample and
often dsappears when the stoichiometry of the system is improved with further heat

treatments at high temperatures.
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Figure 3.18. Room temperature PL spectrum of the samples -typ@ substrate
annealed at 105(C.

In the present case, as seen friéigure 3.18 the annealing at 105 reduces the
intensity of this broad peak. The high temperature annealing process eliminates most
of the matrix related defects and brings the matrix to a more stoichiometric form. For
the case of Tb doped Si rich sampl&@ @n expect a phase separation resulting in

formation of Si nanocrystals and/or ThSiO clusters in the matrix.

We have generally observed that light emission from tH& i6h is very sensitive to
its chemical configuration in the oxide matrix. A speciainposition of ThSi-O is
likely to create the necessary route for light emission, charge transfef'tmfand
finally atomic transition. Therefore absolute positioning of Ténergy levels with
respect to host media is very crucial in the performan€eluminescence,

luminescence quenching and charge trapping phenomena. Contrary to the sensitivity
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of the signal intensity on the chemical environment, the peak position of the PL
signal is not very sensitive to the chemical formation due to the atonuieraftthe

transitions.

However, depending on the matrix type, slight shifts in the peak positions can be
observed. As being outer levels, the D states could interact with the surrounding
matrix through secalled ligand field[157] and this interaction or any additional
charges around Fbions could cause small shifts in the host sensitive [ stagrgy
levels. On the other hand, F energy levels are being inner, more strongly localized
and shielded by outer energy levels and thus unaffected by external effects like the
ligand field of the matrix. In this studpp °Ds related emission was obsedvin the
luminescence results. It is known that when the concentration f iffmatrix
exceeds 0-D.3 % limit, the emission fromDs level is quenched by a cross
relaxation (concentration quenching) process due to resonant energy transfer between
Tb** ions that populate th®, level. In this study, the Tb concentration is estimated

to be around %3 which is far more than the concentration limit for the onset of the

cross relaxation process.

3.8.5 Electroluminescencefrom Th doped MOS-LED devices withand without

excess Si.

EL measurements were conducted on all samples at both forward and reverse bias
conditions. For the devices fabricated ofiype Si we could not measure any
detectable TH atomic emission. In agreement with the observed PL spectra reported
above a weak signal related to the matrix effect was the only detectable signal in the
p-type samples. For-type samples, EL signal was systematically obtained under the
reverse bias catition.

Figure 3.19 4, (b) and €) show the EL spectra of thetywpe samples before
annealing, without and with excess Si, respectively. All processed samples have the
same amount of Tb doping. During the measurements, the current density was kept

constant at four representative values uritlereverse bias condition.
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Figure 3.19.Electroluminescence spectrum of a) as deposited sample without excess
Si b) sample without excess Si annealed at°@0@) sample with excess Si annealed

at 900°C. All samples were prepared ontype substrate and measured under
reverse biased condition with different current injection kevel
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In the asdeposited sample, the EL emission is dominated by a broad signal peaked
around 700 nm, which is consistent witle tabove PL results. This is apparently
related to the well known defect centers of non bridging oxygen hole center.
Increased current injection results in increased EL intensity with a small blue shift
suggesting that the excitation mechanism is impadzation by energetic electrons.

No Tb related signal was detected in the samples before the annealing. In these
samples, Tb emission is either lost in the matetated emission adoes not exist

due to the fact that Thions need to be in a suitable afieal configuration for an
efficient energy transfer from the host matrix. When the samples are annealed at 900
°C, which is moderately high value at which one might expect the onset of Si

clustering, we observe different behavior for the samples witlw@hdut excess Si.

There is no clear Tb related signal seen in the spectrum of the sample without excess
Si even after 906C annealing. As in the ateposited sample, signal coming from

the oxide related defects dominates the whole spectrum. Howeverighal
intensity increased and the peak position of the EL spectrum shiftesd tm the
annealed sample (Figugsl9 (b)) compared to the edepositedsample. The increase

in the signal intensity and the observed shift are due to the enhanced em@sion f

the Siclusters formed in the matrix at 90C. It was previously shown that Si
nanocluster formation and a light emission peaked around 750 nm can be observed
after an annealing at 90C [167]. The increase in the EL signal casabe related

to the suppression of the nonradiative states with the annealing process.

The sample with excess Si generated a different EL spectrum as sh&igure
3.19 (©). In this case, the emission bands friidg - 7F,- energy levels of TH ion are
clearly seen. They are superimposed on another very broad emission signal
extending to higher wavelengths. The dynamics of this broad emission is probably
different than the previous case. This emission could be related either to amorphous

Si nanoclustersr to another defect center related to excess Si in the matrix.
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Figure 3.20.Room temperature EL results of a) théype sample without excess Si
and b) the rtype sample with excess Si. Both samples were annealed atC G5@
measured under reverbias at different current densities. Respective EL intensities
with changing current density are given in the insets

92



When the annealing temperature is increased to i05defect related EL signals
vanish in the spectra of the both ¢iof samples. & shown in Figure 3.2®nly Tb
related emissions remained in the observed EL spectra. At such a high temperature
annealing process, Si@atrix turns into a fully stoichiometric form accompanied by

a phase separation process forming the Si cluster. Waopsty showed that this
transformation can be well identified using Fourier Transform Infrared Spectroscopy
(FTIR) [175]. The defect related broatight emission disappears when this
transformation is completed. As a result, Tb related atomic emission lines are clearly
visible without any parasitic defect emissions. When we eeghe results
presented in Figure 3.2@)(and p), the sample with exass Si incorporation is seen

to generate much higher EL signal intensity. This result suggests tHabi® have

more chance to form the desired chemical combination in the Si rich environment.
Alternatively, the current injection into the Tb cluster is enhanced in the Si rich

matrix as discussed below.

An interesting feature of the measured EL spedtrtheé turn over point seen in the
variation of EL signal with the current density. The intensity of the light emission
increases first with the current injection and then starts to decrease with the increased
current densityMoreover, the current densitprresponding to this turnover in the

EL spectra is around 2.5 and 3.5 Atfor the samples without and with excess Si,
respectively (see the insets in the figure). This is showing that the Si incorporation
into the oxide matrix greatly enhances the &ticiency with increased tolerable
current density as one could expect. The maximum obtained EL efficiency was less
than 0.1 % for the device with excess Si inclusion. The EL quenching at high current
injection level may have resulted frothe cross relation (up conversion
quenching) between two neighboring excited*Tibn at°D, level [176]. This cross
relaxation is different from the relaxation that results in depopulaticiofevel
described above. In the present case, one of the excitédofs at°D, level is
further excited to some upper level most probablyDidevel at the expense of at
least one of the emissions frof,-'F; transitions. As the injected current level
increags accompanying more and more excited* Tions, the up conversion
guenching might become more probable. Another possible explanation of the EL

guenching is the loss of energy through the energy states of the host matrix during
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energy migration between Yhions[141,157] In addition, the local heating of the
device due to high injection can depopuld®, level by thermally activated
ionization to any nonradiative states around th& m. The small reshift observed

at the high injection current regenin both kinds of deviceareeither due to heating

of the devices or perturbation in the surrounding ligand field.
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Figure 3.21. Current densitys appliedfield distribution of all annealed and as
deposited samples of the light emitting devices.

The current density vs applied electric field on the samples is shownureRB¢1.

It is seenthat the current is mostly in the space charge limited regime for the level of

detectable EL signal in the high field region, which suggests that most airtieatc

is due to electron injection from ITO electrode towards substrate. The turn on voltage
of the EL emission is clearly reduced by the excess Si incorporation in to the Tb
doped matrix due to lowered injection barrier to the active region. The turn on

voltage for the devices with excess Si is reduced to 10 V whiehsignificant
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improvement compare to its counterparts without inclusion of excess Si. We can
suggest that the EL emission is due to excitation of s as a result of either
direct impat excitation of TH® ions or indirect excitation through impact excitation

of host matrix by hot electrons. We suggest that the Si nano cluster/crystal
sensitization could be the possible explanation for the enhancement of EL emission
for the devices witlexcess Si. If this is so, for the devices with excess Si, an indirect
excitation of TB* ions through impact ionization of Si nanocrsytals would be the

dominant mechanism.

3.9. Conclusions

In this part of the thesis we have presented an extensiveleaded study on
electroluminescence from Si based material system with and without inclusion of Tb
ions. This content coulttave an important impact oBi based LED technology.

Below we highlight the major findings and conclusions reached during thig. stu

Contrary tothe reportediterature we have observedastrong EL emission related to
Si substrate at low energy side of tteD spectain both n and fiype samples. It is
assumed here that this emissiena result of thdunneling of electrons fronop
contactthroughthe Sinanocrystabxide layer imo Si substratevhere they recombine
with holes accumulated in the inversion or accumulation layer at the/SiO
interface,depending on the type of the substra&tay quantum confinement effect
espeailly under inversion conditiomight modify this emission toward high energy
tail due to the increase in the energy difference between quantized Ikvisls.
qualitatively concludedthat the magor transportthrough the oxide layers the
electron transportElectrons injected from the top contact or from the substrate
recombine partly in the oxidand partly in the Si substrateMost of these
recombinatios in the substratshould be nowadiative as the substrate is indirect
gap naterial, only small percentage wouddradiative.This conditionmay be one of
the reasonghat decrease the efficiency of ®ianocrystalEL in the MOS-LED

structure
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In this work, we havalsostudiedpossibility oflight emissionfrom MOS type LED
fabricated on Tb doped Snatrix with and without excess Si. Successful device
operation has been obtained under certain experimental conditions. Characteristic
emission bands of Pbions have been observed clearly in the EL spectra of all
reverse biased #izes fabricated on-type Si under excitation with hot electron
injection from ITO window to the active layer. The light emission has been found to
be sensitive to the Si amount in the oxide layer. Excess Si incorporation significantly
increases electrainescence efficiency accompanieddignificant decrease in turn

on voltage and increased taace tchigh current injection.
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CHAPTER 4

QUANTUM CONFINED STARK EFFECT IN SILICON
NANOCRYSTALS

4.1. Introduction

Nanocrystals or quantum dots could exhibit many effects of standard
atomic/molecular physics due to the confinement of charge carriers in three
dimensions. However, unlike single atoms, nanocrystals are usually not identical to
each other due to phononsyface effects and bulk disorders which play important
roles on their electronic and optical properties. Nevertheless, a nanocrystal can be
considered as a giant artificial atom, which has an adjustable quantized energy
spectrum controlled by its size. Tkéore, it enjoys prospects for an increasing range

of future applications. Thanks to the progress of semiconductor growth technology
during the early eightievarious low dimensional systerasnergedvhose quantum

size effects mostly were elaborated thgbuoptical measurements. Among many
other important features of nanoscrystals, a particular interest lies in the interaction
with light under external field giving rise to so called quantum confined stark effect
(QCSE). Due to the potentially importantchi@ological applications in new
generation of devices, the effects of an electric field on the electronic and optical
properties of semiconductor nanocrystals have been investigated for the last few
years g1, 177183.

In crystalline bulk semiconductorshe absorption spectrum has a characteristic
absorption edge which is at approximately the wavelength corresponding to the band
gap energy (Figure 4.1.). In bulk semiconductor, application of an electric field
induces a small shift in the exciton absaryptemission peak to longer wavelengths

because the polarization induced by the external field reduces the total energy of the
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excitons. The effect is called the Frakeldysh effect or by analogy with the Stark
shift in the absorption/emission lines of gdhbgen atom in the presence of an
electric field, the phenomenon is also called just Stark effect. Besides the decrease in
binding energy of excitons (tend to increase the threshold energy) the effective
energy gap or the photon absorption threshold gnisrgeduced when the energy
bands are tilted under the applied field and the conduction and valance band wave
functions have tails in the forbiddegnergy gap with some overlghe partial
tunneling of wave functions into forbidden gap can be assistegphoyons).
However, in bulk semiconductors, the small stark shift is masked by the broadening
of exciton peak due to ionization (dissociation) of excitons under relatively low field
values which should also compete with thermal dissociation of excitornsuahdhe
observation of Stark shift to rather low temperatures. Therefore, it is not very useful
to exploit the Stark effect for practical applications except the possibility of
enhancement in the sensitivity of photon detector operating at a waveleagtthe

semiconductor absorption edgds4].
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Figure 4.1 Optical absorption spectra of Si, GaAs, andB5].
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After first Stark effect studies and suggestions (Franz and Keldysh separately) for
bulk crystals in the late of fifties (1958), the effect has been tested for several bulk
semiconductor crystals in the following years mostly in the first half of theesixti
including Si and Ge mostly through electbsorption and electro reflection
measurementd 86]. Later it has becoma one of the useful spectroscopic tools for
understanding and characterization o tirystalline semiconductord§7-190. In

1968 electreabsorption of CdS microrystals embedded in glagsatrix was
demonstrated using A@xternal field, which mighbe accepted as starting step
towards tomore rigorous form of Stark effe¢or lower dmensional systems as
called QCSE latef191].

With the sophistication of crystal growth techniques (like molecular beam epitaxy
(MBE)), the Stark effet was demonstrated for quantum well structures eVl
semiconductor systems and first practical working modulator structures was
demonstrated from these structures in early eighties in accordance with the
theoretical developments of its theo®®P-194]. Today several types of modulator
structures based on 4\ direct gap semiconductors are utilizing QCSE for signal
modulation in tecommunication. As seen Figure 4.1, the band edge absorption in
direct band gap material (GaAs) is very sharp. In&&trong absorption is observed

at its direct band gap of 0.8 eV with an indirect bgag (0.67 eV) absorption
shoulder. In the case of Si, the absorption at the band edge is not strong up to the
visible spectrum because of its indirect band gap at ar@utzl eV. Therefore in
practical applications, very efficient optical signal modulation devices that depends
on electreabsorption/QCSE phenomena uses direct band gap materials. Recently
modulator structures made of Ge using its direct faplwhich is iherently in the
telecommunication working windowell have been shown to compete with the 11l

V systems[9, 1935. Besides the quantum well structures, QCSE has been
demonstrated in nanocrystals of various materials including Si as well. Nanocrystals
are eyected to be superior over other low dimensional system due to the three
dimensional confinement of wave functig@d®]. One of the big advantages is that,
they do not sffer polarization dependency which is typically observed in 2D
structures. The advantage of using nanocrystal systems for exploiting the Stark

effect will be briefly discussed in the forthcoming section.
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4.2. On the aspects of QCSE in nanocrystals

It is remarkably known that, excitonic effects are much stronger in fully confined
systens than bulk crystals and other low dimensional systems, since the quantum
confinement reduces the spatial extension of the exciton-fuaetion that results in

an enhanaeent in the oscillator strength. As discussed before, Stark effect in bulk
semiconductors is limited to low external field that is in the order df0OV.cm™
depending on the material. In a stronger applied field, excitons easily dissociate and
do notenable the intensity modulation. On the other hand, the situation is quite
different in nanocrystals/quantum dots. Large electric field can be applied (the
applied electric field can be 100 to 1000 times higher than 3D case), since the
electronhole wave @inctions will collapse to the opposite sides of the nanocrystal
while retaining finite electromole wave function overlapping. Thus exciton is
polarized but not ionized under a high field and therefore the large oscillator strength
of the exciton is retaed. It is known that the intensity of the absorbed and the
emitted light is directly proportional to the oscillator strength of the exciton. At the
same time, the envelope wave functions of electrons and holes as well as confining

potential undergo deforations as shown in the schematic illustration in Figure 4.2.

The external fieldhatinduceschange in exciton energy comgas three contributing

terms:

Y% Y% Y% 1R (4.1)

WhereY%¢, are the changes single particle electrehole energies anyl Rs the
change in exciton binding energy (or change in Coulomb interaction energy).

However, QCSE shift mainly results from the first two contributions.
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Figure 4.2. Schematic illustration of electron ahdle wave functions for the lowest
confined state in the nanocrystal; (left) in the absence of external electric field and

(right) with the application of external field.

For an arbitrary value of externally applied electric field, one should solve the

following Schrodinger equation:
( ( 6 w O  %w OhO (4.2)

with V. is the Coulomb interaction term, and assuming the electric field in z

direction

( ? 6 Oﬁ u A&ﬁ (4.3)
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Where H; and . are the single electramole Hamiltonian and confinement
potentials respectively, and F is the applied field to the nanocrystal’ Téign
indicates energy change in electron and holes due to polarization under field. The
energy chang due to Stark effect given ingHation (4.1), is then equal to the
differences between the energy levels calculated from the solutions of the equation
(4.2) and the energy of the exciton system without an external field. The energy shift
could be calculated by nedegenerate perturbation approach or by exact solution of
general equation given abovEdp, 43. Below the general perturbation approash

summaized

In the nondegenerate perturbation approach for the ground state of nanocrystal, the

electronhole Hamiltonian can simply be written as:

( ( (4.4)

Here, the perturbation term eFr shobklsmaller than the ground state of the exciton

or band gap of the optical transition, where r is the radius of the nanocrystal. In the
above equation, the first term is unperturbed ‘@d eFz is the perturbation term

due to electric field in z direatn, with% | %Jwhere E is the ground energy of
exciton without perturbation. Using the second order perturbation theory, the change

in the ground state energy of exciton can be written as:
Y% A& Uy A wrday; (4.5)
and the ground st atmvithehe first drdemcornectione f unct i
Ar QJdn &% (4.6)
Where Up = wpdayy = wdy - wdy = U -

U is the average electron hole separation in the direction of applied field. The
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second term in equation (4.5arc be written alsdor electron and hole tersn
separatelyas:

A qpdy & qgV qa¥ @

Inserting equation (4.6)nto (4.7) one can get the second order correction to the
exciton energy change easily. Finally, the total energy change of exciton can be

simplified in more compact form 4496]:

Y% P& r& (4.8)

The linear coefficientp is the built in dipole moment which reflects the initial
electronhole separation i.e. inherently present ground state dipole moment of the
nanocryst al without any external applied
polarizability of the ground ate electron hole wave functions under applied field

The quadratic second term& is proportional with ¢ ° a° ) r* [194]. For a

large nanocrystal or extremely large fields this approximation would not be satisfied

and contriltion from higher order terms should also be expected.

In the nanocrystal system having inversion symmetry in which the ground state has
even parity, the linear term should be zero (like in the case of hydrogen atom ground
state). However, in reality athd nawcrystals are not homogeneous in shape
distribution, polarity differences between nanocrystals and surrounding media and
charged defects around the nanocrystals breakes the inversion symmetry. In some
highly polar materials, the built in fields cdube so high that (even built in field
reach MeV.cr), the linear term is much stronger than that of square term, which
results in a blue shift in observed spectrum rather than a redXdift One can

easily conclude that, the second order effect increasesmuitand has a strong
dependence on the nanocrystal size. Having a larger effective mass compared to
electrons, most of the energy change of QCSE comes from thepblalezation

under an external field. Moreover, the results observed suggest that, for best
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modulation depth, larger nanocrystals should be used. However, in larger
nanocrystals, exciton absorption/emission decreases. Therefore for modulator

applicationsthe optimization of nanocrystal size is a crucial issue.

The effect of external field on the confined nanocrystal systems can be summarized

as follows:

The significant effect of the fields the change in the intaubband separation
between conductionna valance band states. As the field pushes the electron and
hole wave functions to the opposite side of nanocrystal with a deformatitw in
envelope wave functions, tlggound state intesubband separation becomes smaller
(see Figure 4.2). This effeistthe dominant term in the variation of exciton transition
energies, i.e. the QCSE is mainly determined by -4stdband effects. The
separation of electrehole wave function leads to a reductiorthe binding energy

of excitons due to weakening in tleeulombic interection between electrons and
holes. The change in the exciton binding energy is ab&m2V (or more), while

the change in intesubband energies could be up to 100 meV, depending on the
strength of surrounding potential barrier and naysiet size. Moreover, the spatial
separation between the wave functions leads to an increase in the life time of
excitons and consequently decreases the oscillator strength of the transitions. As the
carriers are confined in a potential well, the changesaillator strength and life time
could saturate at certain value, under high field regifnesineling out of carriers

has not taken place. Under applied field, the inner spherical symmetry of
nanocrystals breaks down which results in a relaxatiohdrselection rules between

the transitions because the field mixes the states with different parity, and thus some
transitions become possible which are forbidden for F=0. Besides all effects
described above, the exciton spectrum is broadened due toemaiv of increased
surface scattering resulting from the localization of wave function to respective
corners of well. Also a sharp decrease of the life time is commonly observed as a
result of carrier sweep out by tunneling at high applied fields thabiher source of

broadening over uncertainty relation.
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4.2. QCSE in Si nanocrystals based structures

FranzKelydsh (stark) effect studies Sidates back tthe 1960s when the planar Si
integrated circuit technology was born. However, since the exciton binding energy of
Si is about 10 meV, which prevents high field application and requires relatively
very low temperature for experimental observations. In additiomgdifficulty, the
indirect nature of band structure of the bulk Si is another obstacle for practical
applicationg195]. As discussed above, either porous or embedded Si nanostructures
overcome this burden with relatively high quantum yield oédilike transition.

First attempts of exploiting this structures for light modulation by external field were
just few years later than the observation of strong light emission from nanostructured
porous Si 198200. However, lack of barrier layer ressilin high conductance
through the porous layer which screens the adequateé faimation for the
observation. Ad the interference of other effects due to strong carrier iojecsuch

as Auger recombination mak#® observation of QCS&most impossild for those
structures. The only observed phenomenon in this case was the selective Auger
recombination under carrier injection, where the Auger recombination starts with
bigger nanocrystals and continues with smaller ones with increasing bias. Under this
condition, only a blue shift was seen in the emission spectrum while the emission
from bigger nanocrystals was quenched by Auger effect. In one exceptional study on
porous Si, the PL peak shift with applied voltage was attributed to the QCSE without
havingthe expected quadratic relation between energy variation and the applied field
[201].

On the other hand, Si nanocrystals buried in,Sm@trix offers advantageous over

the porous onehey are well passivated by surrounding matrix, and due to presence
of high band offset between both the conduction and valance bands of Si
nanocrystals and the Si®ands, the escape or sweep out of generated carriers from
the nanocrystals could be hinddreven at relatively high field levels. Moreover,
excitons would survive in buried Si nanocrystals at room temperature as the exciton
binding energy of a Si nanocrystal is expected to be between 50 and 100 meV due to
confinement for a nanocrystal size vgeodiameter is in the range of52nm
[202,203. Therefore one expects that for Si nanocrystal in, SiBe excitons could

survive at elevated temperature beyond the room temperature. Like porous Si, the
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electric field effect on Si nanocrystal Si€ysten has been studied by a few groups
Under strong illumination, Lin et al. indirectly announced QCSE observation, that
was assumed to be due to the charge accumulation and trapping around the Si
nanocrystal which results in an interrfeld formation thatcould leadto 11 nm
change in the emission spectr{2®4]. In another study, under exterdigld, it was
observed that there wasmall red shift from Si nanocrystal for small electric fields.

In this study the smp#rum was blue shifted for moderatedahigh field level4205].

They interpreted this blue shift resulted from ambmation of strong carrier
injection following selective Auger recombination rather than the QCSE, which was
dictated at relatively high field regime. Moreover, the observation deae at
relatively high field levels of few MeV.cth and they observedrsng aging effect

on their devices which was not reversible. In 2008, we demonstrated the first clear
observation through well designed experiment on ion implanted samples which were
later consistently supported theoretically by Bulutay et al. in 244]0
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4.3. Experimental procedure

Ptype (1 0 q ¢ m) ( $with dhernglly gravenf280rnm thick Spdilm

were used. SiQ film wasimplanted with?®Si ions at energy of 100 keV with an
implantation dose of 1x0 cm? and then annealed at 1160 for 2 h under N
atmosphere to induce nanocrystal formation. Si nanocrystals with a mean size of 3.2
nm with a deviation of 1.1 nm werébgerved in our preous study[206] with
transmission electron microscope (JEOL2010F transmission electron microscope
(TEM) equipped with a Gatan Imaging Filter (GIRyyYhereas using the theoretical
approaches from the peak position of &ssion spectrum, Si nanocrysalere

found to be around 5 nif204]. We found that the shapes of the nanocrystals are
either spherical or elongated in one direction. There was however no evidence for
any preferenal orientation of these elongated structures. In a similar study published
recently by others, the calculated mean nanocrystamgasdéound to be 3.3 nm for
samples annealed at 118D[207] which is very close to our mean crystal size of 3.2
nm. Nanocrystals are buried at a mean depth of 140 nm from the film surface.
Having an actie layer buried between well isolating thermally grown oxide layers is
an advantage of ion implantation for the high field applications. Metal oxide
semiconductor (MOS) device structures were fabricated by evaporating 500 nm thick
aluminum for back conta@nd by sputtering a 100 nm thick indium tin oxide (ITO)

film for front contact. ITO film served as both electrical contact for the field
application and a window for the PL measuremenite schematic illustration of the
fabricated devices is shown in Frgu4.3.PL measurements were performed under
external dc bias in the range 688@ V in closed cycle helium cryostat, by using 532

nm continuous NdYAG laser as an excitation source with an intensity of @MW

and emitted light was detected with a spatieter equipped with a CCD camera. PL
measurements were conducted by applying first forward then followed by reverse
bias for each voltage values. As an indication of the expected reliability and
controllability of our sample preparatione mention thatve have also performed an
experiment with two different samples and these results show consistent behavior as
reported here. We have repeated PL measurement at different temperatures on these

devices and obtained similar results in all experiments.
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Figure 4.3. Crosssectional schematic illustration of the devices for QCSE
measurementsGreen arrows indicate incoming and reflected laser light, and red
arrows indicate modulated light emissions from Si nanocrystals under external

electric field. At the upper right of the figure TEM image of Si nanocrystal is shown.
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4 .4. Results andDiscussions

4.4.1. Observation of QCSE and temperature dependence

Figure 4.4.PL spectra of the sample implanted witfi Bith a dose of 1x10 cm?

and annealed at 116Q for 2 h and measured at a temperature of T=30 K under (a)
forward, and (b) reerse bias, within the range of3@ V. For the clarity of figure,
selected voltage values are shown.
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