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ABSTRACT

SILICON NANOCRYSTALS EMBEDDED IN SiQ
FOR
LIGHT EMITTING DIODE (LED)
APPLICATIONS

Kulakgl, Mustafa
M. Sc. Department of Physics
Supervisor: Prof. Dr. R# Turan

August 2005, 101 pages

In this study, silicon nanocrystals (NC) were synthesized in silicon dioxadex by ion

implantation followed by high temperature annealing. Annealing teahper and

duration were varied to study their effect on the nanocrystalatoom and optical
properties. Implantation of silicon ions was performed with diffeesr@rgy and dose
depending on the oxide thickness on the silicon substrate. Before daviastion,

photoluminescence (PL) measurement was performed for each samphe. HL

measurement it was observed that, PL emission depends on nanoazgsatesrmined
by the parameters of implantation and annealing process. Theppsdlon of PL

emission was found to shifts toward higher wavelength when theodos®lanted Si

increased. Two PL emission bands were observed in most casesigdion around
800 nm originated from Si NC in oxide matrix. Other emissions catthbuted to the
luminescent defects in oxide or oxide/NC interface.

In order to see electroluminescence properties Light Emifiegices (LED) were
fabricated by using metal oxide semiconductor structure, currefaigeol(l-V) and

electroluminescence (EL) measurements were conducted. sMtgerevealed that,



current passing through device depends on both implanted Si dose andngnneal
parameters. Current increases with increasing dose as one ewjgitt due to the
increased amount of defects in the matrix. The current howeveradesrewith
increasing annealing temperature and duration, which imply ti@&tinNoxide behave
like a well controlled trap level for charge transport. Froin rReasurements, few
differences were observed between EL and PL results. Thes¥eddés can be
attributed to the different excitation and emission mechanisni¥.iand EL process.
Upon comparision, EL emission was found to be inefficient due to thmnasiyic
charge injection from substrate and top contact. Peak position efridsion was blue
shifted with respect to PL one, and approached towards PL peak positepplked
voltage increased. From the results of the EL measurementsniSki@n mechanisms
was attributed to tunneling of electron hole pairs from top contactansirate to NC

via oxide barrier.

Keyword: lon Implantation, Si Nanocrystal, LED, Photoluminescence, (Bujrent-

Voltage (I-V), Electroluminescence (EL).
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SILIKONDIOKSIT ICINE GOMULMUS
SILIKON NANOKRISTALLERIN
ISIK YAYAN D IYOT (LED) UYGULAMALARI

Kulakgl, Mustafa
Yiksek Lisans,Fizik Bolimu

Tez Yoneticisi: Prof. Dr. RaTuran

Agustos 2005, 101 sayfa

Bu calsmada iyon ekme yontemi kullanilarak Si@atris icinde yiksek tavlama
sicaklginda silicon nanokristaller (NK) sentezlendi. Tavlama siggklavlama zamani
ve iyon ekme parametrelerinin nanokristal salmuna etkisi incelendi. Silicon iyonu
ekimi, silicon taban Uzerindeki oksit kaligina bl olarak farkli doz ve enerjide
gerceklatirildi. Orneklerden aygit yapilmadan ¢énce fotoliminesans (PL) oktiml
alindi. PL gimasinin, tavlama ve silicon iyonu ekim parametrelering eanokristal
arttinldiginda, PL gimasinin tepe pozisyonunun yuksek dalga boyurud&aydpi
gozlemlendi. PL ssimalarindan 800 nm civarindaki NK’lerden kaynaklanirkergedi
Isimalarin  oksit matris icerisinde veya oksit/NK araylzeyindduran siyan
kusurlardan kaynaklanabilmektedir.

Uretilen LED yapilarinda akim-voltage (I-V) ve elektrolimimesa(EL) olgiimleri
yapildi. 1-V sonuglari aygittan gecen akimin hem ekilen Si iyonu dozurzewele
tavlama parametrelerine #@a oldugunu acgga cikardi. Artan dozla birlikte akimda
artmaktadir. Ancak, artan tavlama sicgklive suresiyle aygittan gecen akim

azalmaktadir, bu durum oksit icindeki NK’lerin yukstaminda iyi control edilebilen

Vi



tuzak seviyeleri gibi davrangini gostermektedir. EL 6lgtimleri sonucunda, PL ve EL
Isimalari arasinda bazi farklar gézlemlendi, bu durum uyarmaiwa mekanizmalari
arasindaki farkhliklara atfedilebilir. PLsimasiyla kagilastirildiginda, taban ve 6n
kontaktan asimetrik yiuk enjeksiyonundan dolayi, Elmasinin verimlilgi cok
disuktir. EL siniminin tepe pozisyonu PL’inkine gbre maviye kagtmive aygita
uygulanan voltaj arttirllgnnda bu gima PL gimasina dgru kaymaktadir. ELsimasi
sadece tabandan oksit matrisaiklesgslandgl durumda goézlemlenntir. Elde edilen
Olcuimler sonucundan Elsima mekanizmasinin tepe kogitave Si tabandan NK’lere
oksit bariyerinden elektron ve gk ciftlerinin tlnellemesi sonucu adtugu

farzedilmitir.

Anahtar Kelimeiyon Ekme, Si Nanokristal, LED, Fotoliminesans (PL), Akim-Voltage

(I-V), Elektroliminesans (EL).
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CHAPTER 1

INTRODUCTION

Invention of vacuum tubes at around 1904 could be accepted start point ostoday
information era. Big stimuli were given by the birth of trarmsistind laser in 1947 and
1960 respectively. Following these, developments in the field of dipc technologies
and heterojunction low dimensional structures led to building of compéstranic,
optoelectronic and optic systems.

Today many efforts are devoted to low dimensional systems and clamoitegy in
almost all scientific and technical areas. Researches lbausdd on development of
solid state devices based on low dimensional structures (quantumguasttum wire
and quantum dot (nanocrystal)), on molecular electronics that usesntiyvalended
molecular structures in device configuration and integration of tksetures in the
same systems.

Low dimensional quantum heterostructure systems have been vecyhadttapic
for 30 years in solid state physics for both theoretical and empetal studies. Using
these structures lots of new and superior devices have beerdeadigecially in the
optoelectronic area. Nowadays zero dimensional systems known as qudotsimor
nanocrystals have become much because physical properties of staitheceymaterial
can be modified easily through playing with size of the quantum dod Bap energy
of the quantum dot increases with respect to bulk value due to coefmeof wave
function of electrons in all direction. One of the main reasons aEsttéo quantum dots
is to exploit their totally quantized energy levels and densftystates and easily
modified emission energy which offers very narrow emission and alsoiggectrum.
Therefore very reliable and temperature immune light emittéwgces can be fabricated
from these nanometer structures.

One of important outcomes of quantum confinement effect is egairzindirect gap
materials. These materials known as very poor light emitteredpgrement of phonons
to conserve crystal momentum. However, in nhanocrystalline struztuhese materials

momentum conservation phenomena is suppressed, as carriers confinegd smak



dimensions in real space, their wave functions due to uncertaingipbe extended in
momentum space so in light emission and absorption becomes directsodigeet
transition as in the case of direct band gap materials. Therejmgpertunity of using
indirect band gap materials becomes possible in light emitting devices.

Recent developments have shown that Si nanocrystals are mossipgooandidate
to be the leading material in both microelectronics and optoelecstdBiectronic and
photonic devices based on bulk Si crystal are facing important proldamgo the
increasing demands of today's Si technology. In odder to solve the psobfe®i
technology in future permanently, intensive researches have beéuacted all over the
world to shift the technology towards Si nanocrystal based nmptratonics and
microelectronic integrated systems. Although efficient Plission has been obtained
from Si nanocrystals, EL emission which is important technolgitastill inefficient
to use as electrically driven optical components.

Major motivation behind the work carried out in this thesis is to diigatl on the
physical mechanisms taking place in a nanocrystal based ElLed&wpic studied in
this work is widely studied and discussed issue in the scieatifftnunity dealing with
this field. The theoretical and experimental aspects of nandsrystanation and their
utilization in the light emitting devices have been reviewed amdnsarized in this
work: Chapter 2 is devoted to general description of quantum dotsuamthagy of
quantum dot theory. In Chapter 3, Si nanocrystal in oxide matrix presgittegeneral
perspective; oxide matrix defects, nanocrystal formation kinetjatcal and electrical
properties Si nanocrystal and few example of device structured basSi nanocrystals
are described shortly. Chapter 4 is devoted experimental procedorassémple
preparation to LED fabrication. In Chapter 5, optical and electnedsurements are
given and discussed qualitatively. In Chapter 6, main conclusions dnathis thesis

are summarized.



CHAPTER 2

QUANTUM DOTS

The advances in semiconductor technology allow one to fabricamsietictures in
which all existing degrees of freedom of electron propagation aretige@d These
structures are called quantum-dot, quantum-box, nanocrystals, quangatallites,
guasi-zero-dimensional structures, artificial atoms, or super atoms [1-3].

Complete quantization of electron’s free motion is done by trapping it in a quasi-ze
dimensional quantum dot. Because of this, they exhibit quantum confineffexts.e
This was first achieved by scientist from Texas Instrumdntorporated with the
creation of a square quantum dot having a side length of 250 nm, &ighmedans of
lithography [4]. As a result of the strong confinement imposedllintheee spatial
dimensions, quantum dots resembles to the atoms in the way of th&aligte energy
spectrum. Therefore, it is clear why they are called as macro or sape. at

What makes the quantum dots such unusual structure is, first dfeafipssibility of
controlling their shapes, their dimensions, the structure of the \etmrgls, and the
number of confined electrons. The most striking of these effe¢ck®iquantum dot size
dependence of absorbed or emitted the light wavelength. This hasvdbrieow much
place the electrons have to move. As in atoms and molecules, ttreredan quantum
dot exist only in certain energy levels. The light absorbed wheteatman in an energy
level is excited to a higher energy level in the form of phottith energy equal to the
difference in energy between the two levels. If the spacingdest the energy levels is
large, the quantum dot will absorb shorter wavelength photons. If thingpzetween
energy levels is small, the quantum dot will absorb or emit lowgeelength photons.
It turns out that the smaller the quantum dot, the more energetedetieons and this
translates into larger energy spacing. Therefore, small quadttsy absorb short
wavelength light, whereas large quantum dots absorb long wavelagigtiBeing able
to control the optical properties of the quantum dot by changingzéssimportant in
developing applications from these nanostructures.



Quantum confinement effects describe the modification of matpr@erties of
guantum dots (nanocrystals) or clusters depending on their size agd &bout some
new physical properties different from their bulk (three dimmam) structures. As a
result of the confinement in all directions there is a changthenwave function
describing the behavior of electrons, holes, hydrogen like bound statectons and
holes known as excitons and consequently the number of state per ugy, eeerthe
density of state ( DOS ), changes as a function of enejytie particles. In the case
of bulk material, the density of states increases with erarthe particle following the
parabolic law, being the DOS proportional t§°’EHowever, in the case of a 0-D
structure, spatial confinement shifts both absorbing and luminesates 4o higher
energies and affect the density of electronic states dueing @ minimum kinetic
energy and in the ideal case; the DOS of quantum dot is illubtestedelta function
dependence of energy. It is generally known that the band-gap energlyeaaxciton
binding energies increase with decreasing cluster size, arebyhitre splitting energy,
A, between singlet and triplet states can reach some tens/oflueeto better overlap of
electron and hole envelope wave functions from the strong confinemetitein
nanocrystals. This change is large at visible spectral regidnsa small changes in
nanocrystal size cause large shifts in energy of the enpittetns. If the emission from
the nanocrystal comes from band to band recombination of excitongha land-gap
energy determines directly the energy the energy of thiteelrphoton. The local
concentration of e-h pairs in nanocrystal as the outcome of the fyepoomfinement is
very high and this can lead to a variety of nonlinear optical phenomena.

In addition to all properties mentioned above, there is a big impabieoduantum
size effect especially on the optical properties of the indgap materials. In indirect
band-gap semiconductors, the optical transitions are allowed only if pharens
absorbed or emitted to conserve the crystal momentum and causenttesals to be
inefficient for photon emission devices. The spatial confinemertidofirtite size spread
the electron and hole wave functions in kn@nomentum) space inside the quantum dot
and increases the uncertainty of their crystal momentum, thosviradj optical
transitions in which phonons are not involved and significantly enhancingstiléator

strength of the zero phonon transitions. One of the general predictbomshie theory is



that in small nanocrystals the probability of no-phonon (NP) transisbasld increase
with respect to phonon-assisted (PA) process. Therefore, optical twepef

nanocrystals of indirect-gap materials have to be considered on the dfaa

competition between indirect and quasidirect recombination chanBelsone can
expect that the radiative recombination rate of excitons will be enhandedestiteasing
guantum dot size.

The luminescence dynamics of optical centers in nanocrystaladegé&ongly on
the phonon density of states (PDOS), which are quite distinct frobulkfmaterials.
The PDOS in a QD becomes discrete and the low frequency phonon aned=g off.
Therefore all phonon assisted energy transfer processes, in tviemergy mismatch
between donor and acceptor is made up by lattice phonons, are affexiadebef the
alteration of PDOS in nanocrystal, i.e. energy transfer efiigiebased on hopping
length between different states and the probability of finding toepdor states or
another nanocrystal as the energy matching acceptor in the neightbarh@a donor
nanocrystal or in itself are highly restricted.

Although all mentioned outcome of the quantum confinement effects aboreatke
lots of important points in these system have not solved yet in bp#rieental and
theory sides: for example formation process of quantum dots and the full development of

the analysis about their band structures, etc.
2. 1. Wave Functionsand Energy Levels

An electron in a semiconductor is characterized by the aféeatiassm generally
smaller than the free electron mass Then, the de Broglie wavelength of an electron in
a semiconductar is greater than that of a free electign

_n_ _ m,
Aa=2-_10 M 2.1)
p JomE Vm

Where h is Planck constant ang is electron momentum. If geometrical size of
semiconductor sample with dimensions X, Y, and Z introduced: Since oniyteger

number of half-waves of the electron or hole can be put in arng 8iEe system, instead



of continuous energy spectrum and a continuous number of the electren stsge of

discrete electron states and energy levels are obtained, whiahaacterized by the
corresponding number of half wavelength. And this phenomenon genefaliyedeas

quantization of electron motion. One can distinguish four different cdepgnding on

the system dimensions:

. Three dimensional or bulk situation, in which quantization of electromtis
significant at all, and an electron behaves like free particlethe crystal and
characterized with the effective mass

=<<XY,Z

. In quantum well or two-dimensional system, the quantization ofretect
occurs in one dimension in the growth direction while in the otiver directions
electron motion is free:

M~ X<<Y,Z

. In quantum wire or one dimensional system case, quantization ocdws in

dimensions and electron moves freely along the wire:
A~ X~Y<<Z

. In zero dimensional or nanocrystal (quantum dot) case, the quantization
occurs in all directions and the electron cannot move freely in any directions:

M~X~Y~Z

Nanostructures are quantum mechanical systems inasmuch as ifesir ase
comparable with the typical de Broglie wavelength of electionsolids, so that a
guantum mechanical treatment of the problem is strictly need#st¢omining the wave
function of a single electron or of the whole system. The waveifum&tof an electron
or electron system satisfies the principal equation of quantum mieshathe
Schrédinger equation,

Y _Hy =0 (2.2)
ot

WhereH is the Hamiltonian of the system,
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2m

H=-

+V () (2.3)

V(r) is the potential energy and the first term is the kineticggneperator. IfV (r) is

assumed to time independetfitcan be separated to its time and spatial coordinates:
iEt

Y(Ft)=e " Y(F) (2.4)
Substituting this in to the Eq. (1.2) we get the time independent Schrodinger equation:

{- n0” +V(F)}W(F) = EW(r) (2.5)
2m

The major aim of solving this stationary Schrodmgeguation in quantum dot system
is related with electron (hole) bound states in. diotthis case, one can get discrete
energies of bound state, can calculate relaxati@xcted states due to the interactions
with free electrons, phonons, and defects, andylassults of interaction with
electromagnetic field.

To solve the equation above two important simgifiens can be imposed; isotropic
effective mass mi.e. independent of both position and the energefelectron and the
other is idealized step like potential profile, alnican be analyzed easily. The simplest
potential V(X, y, z) of this type is

0 insidethedot(box)

V ) ) = . .
(x¥.2) {+oo outsidethedot (box) P

For this potential profile the solution of Eg. (Ldan be written down as

8 TN 5N 7zZn
W X,Y,2) = Sn(—2)Sn(—-2)Sn(—> 2.7
nan,ns,(y),/XYZ(X)(Y)(Z) (2.7)
n?m* n’  n? n?
Eninans = o (Xlz + Y22 ? (2.8)
Wheren,,n,,n, = 123,....... E,,,,, Iis the total electron energy spectrum for the

bound states in the quantum dot associated withcdméinement. Existence of three
direction of quantization cause to the presencthi@e discrete numbers directly, then
threefold discrete energy levels and wave funclomalization in all dimension of the

dot (box) can be obtained. Generally, all energiesdifferent, that is not degenerated,



but if two or all dimensions are equal or the disiens ratios are integers, some levels
will coincide with different quantum numbers andisthcoincidence results in
degeneracy. This discrete spectrum in quantum ddt the lack of free electron
propagation are the main distinguishing featuregu@Entum dots or boxes from other
systems (3D, 2D or 1D). As it is well known, thesatures are typical for atomic
systems.

Due to the similarity with atoms, QD generally saedwith the shape of spherical
dots. In this case, the potential is

0 for r<R
V(r)= (2.9)
Vyfor r=R

Where R is the radius of the dot and r is magnitfd@adius vector. It is known from
guantum mechanics that for this situation the smiubf Schrddinger equation can

expressed by separating it into its angular anchradrts.

W(r.0,9) = R(NY, (6.9 10)
Y, (6,9 is spherical function, rg, ¢ are spherical coordinates, ahcand m are
quantum numbers representing angular momentumtarmtajection along the z axis.
Writing the Schrodinger equation for the radialdtion R()

[_ h? 9%x(r)

L 2+veﬁ(r)}x(r)=Ex(r), r(ry =4 (2.11)
m or r

and

w21 -1)

Ver (1) =V(r) + 2 21

Therefore, we can easily observe that working dmespal coordinates reduces the
equation into one-dimensional coordinate due tospiteerical symmetry. It is clear from
Eq. (2.11) that, the effective potentiak{f) depends on quantum numibebut does not
depend omm and the energy is function of principal quantunmbern from and the
angular momenturh

In the simple cases f¢+0 the solution of Eq. (2.11) can be easily obtdingh the
potential V() as;



w if r<R

O _ .
Be k= 2m(\;lb E) if r>R
r

W(r) =

ASn& k= omE
r
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Using the boundary conditions the equation forahergy;

h 2
K, 2.14)
2m',

Being the potential well deep enough, the solutmBkqg. (2.14) is;
h?mn®

+
2m"R?

With the analysis of this last equation the cowoditon the existence of the level

Snk,R=%

kw =70, En,I:O = _Vb (215)

inside the spherical well is
Th?
b 2 02
8mR

Therefore taking into account the dot radius, paémvell must be large enough to

(2.15

confine the electron. That is the behavior of eigargn confined system is expected as a
function of the spatial dimension, namely the coafinent energy decreases as the size
of the system (nanocrystal size) increases.

In the practical application the confinement patdrdan be supplied by growing the
nanocrystal in a higher band gap matrix than thentiterial. The discontinuities at the
conduction band and the valance band allow theimemient of electrons and holes. In
the case of type-lI heterostructures both electams$ holes are confined within the
nanocrystal itself, for type-Il heterostructuregottons and holes confined in either
nanocrystal or matrix separately. This situation ba very useful for development of
quantum dot solar cell and would increase the mesipity of the QDIP (quantum dot
infrared photo detector) as a result of the difieresansport media for the excited
carriers in the devices; the unwanted recombinatbrelectrons and holes can be
minimized. There is a terminology, scarcely mergmnknown as antidot structure
which is the situation that the nanocrystal rejéloéscreated carrier pairs in itself or near
its surface. Now the band gap of confining matrotgmtial is lower in the potential
value than the nanocrystal; therefore carriers tendettle in the matrix material and

rejected by higher band gap nanocrystal.



Actually, the mentioned theory above cannot exhititl structure of real
nanocrystals in practice but only gives some hiotsthe real case; in reality the
confining potential can not be infinite. There aréot of parameters affect energy band
structure of nanocrystal that have to be accourdegdin in the bonds due to lattice
mismatch, polarization effect due to differencesdialectric constants, surface states

between the core and matrix and variations in tiapes, etc.

2.2. Density of Statesfor Quantum Dot

r |

L mm-
| S R
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E# ¥ [
E_/ gy - E
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(@) (b) (e) (d)

Density of States
Figure 2.1. Representation of the density of stitedifferent dimensional systems: (a)

bulk (3D), (b) quantum well (2D), (c) quantum wifeD), (d) quantum dot (OD) [6]

(corresponding to ideal cases).

Many of the differences between the optical andtedac behaviors of the bulk and

low dimensional semiconductors come from the diffiee in their density of states as a
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result of the quantum confinement. Figure 1.1 itates the expected density of states
for different systems varied with dimensionalityheTdensity of state is defined as the
number of states per energy per unit volume of spate i.e. how many electrons can

exist within a range of energies [5]:

N _dN dk

d
E)= = 2.17
P(E) de  dk dE ( )
Starting from the Bloch theorem periodicity conalitj with the unit cell side of L,
K =2 (2.18)

Xy,z L X,Y,Z

ny, Ny, Ny are integers, the volume of k-space occupied hglsistate defined by these
, .2 L
integers |s(Tn)3. In k-space the total amount of N is given as, tihtal amount of

volume of the sphere with radius k, divided by vo&ioccupied by one state and by the
volume of real space;

a7k 1 1

Ny =2— — = = 19
% 3 @m/L)® L 19

using the parabolic dispersion relation betweemdkafrom effective mass theory,

1
dk _ 2m" i E 2
— = 2.20
£-G 20)
dN _ _ 47k? N . :
from Eq. (2.19)W = ZW’ putting in to the Eq.(2.17) the density of stetebulk
case;
1 2m’ 2
E)= 2E? 2)2
/03D( ) 2ﬂ2(h2) ()

The (DOS) in two dimensional systems follows analey; but as there are only
two degrees of freedom, successive states repeesbytintegers values of and g fill
circle in k space. Therefore the total number atest per unit cross sectional area is
given by the area of the circle of radius of k,ided by the area of occupation of each
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state, multiplied by the spin factor 2. Followirgetsame steps as in 3D case one can get
the DOS for the 2D systems;
,
k 2m” > E 2
E)=— 2
pZD( ) 77_( hz ) 2

by substituting k in terms of E from dispersioratgin and if there are n confined states

(2.22)

in the quantum well, then the density of statearst particular energy is sum over all

bands below that point;
n mD
P (E) =Z—@m2 (E-E) (2.23)
i=1

where @ is unit step function. For the quantum wire witstjone degree of freedom, the

electron fills the state along a line. The totater of states is length of the line in k-
space (2k), divided by the length occupied by da&as(zTn) and divided by the length

in real space; following the same procedure agshlfer3D and 2D cases, one can get

DOS for one confined state:

O

om° : 1
" e (2.24)
7E2

where the E is measured from a subband minimuthete are many (n) confined states

Pip(E) =(

within the quantum wire with subband minima tBen the DOS at any particular energy

is sum over all the subbands below that energy:

me)% 1 _oE-E) (2.25)

77(E_Ei)5

It can be easily seen that, from 3D to the 1D thera reduction in the functional

Py (E) :;( 52

1
form of p(E) by a factor oE2. DOS in three dimensions is continuous through the

parabolic dispersion relation; on the other handquantum well it is a step function that
closes to the DOS of 3D systems at high energydeaad in the one dimensional DOS,
pP(E) diverges at the bottom of each subband and thereases as the kinetic energy

increases.
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The situation for OD (quantum dot) is quite difieré&om other dimensional systems.
As the nanocrystal confined from all directionserththere are no dispersion curves;
therefore the DOS for OD is just dependent uponnilmaber of confined levels inside
the dot. For one single isolated dot, there woddust two states from spin degeneracy
at the energy of each confined level, and the g@idhe density of states as a function of

energy Fig. 2.1. , would be a seried a¢haped peaks.
Poo (E) :ZJ(E_Ei) (2.26)
E

where E are discrete energy levels of the quantum dota@rmsl the Dirac function. For
an idealized system, the peaks are very narrowirdimitely large. In fact, interactions
between carriers and impurities (any kind of defanot and outside the dot, and also
natural broadening due to the uncertainty ruleyval as collisions with phonons bring
about a broadening of discrete levels and, asudtyéise peaks for physically realizable
systems have finite amplitudes and widths. h&unction dependence of the DOS is
very important in the applications to the light &mng systems due to the very narrow

emission spectra compared to the other high lestéms.
2.3. Quantum Confinement Theory

There are some theoretical approaches to moddiimgelectronic, optic, and other
physical properties of nanocrystals. Most of thagproaches are difficult and required
lots of parameters to describe the system, sdeti®us especially for experimentalist to
check their results with theory easily. However, |A. Efros and Al. L. Efros [2]
proposed a simple quantum confinement theory amdpgtoved by Brus, Lippens and
Lannoo [8]. This theory based on the effective maggsroximation (EMA) that relates
the radius of nanocrystals R with their energyestaim terms of bulk energy gap, kinetic
energy and coulomb interaction energy . They téleertanocrystal as having perfect
surface spherical dot confined by infinite potelstiand with the EMA consideration, in
which electrons and holes are assumed to plactw adge of conduction and valence
bands where the bands are follow parabolic disperstlation and the both electron-
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hole effective masses can be treated as isotrB@pending on the dot size, there are

two main case of quantum confinement regime; weaksérong confinement regions.
2.3.1. Weak Confinement

Excitons can be illustrated as single unchargetg@mwith mass M=m+m, with
having translational center of mass motion andehergy dispersion relation can be

written as:

R 2 2 2 °
E,(K)=E, ——L+ h2l\'§l . R = 2e =M x 053A (2.27)
n @, U

where K is wave vector for exciton ang B the exciton Rydberg energg, is exciton

Bohr radius (g=a-t+a,, a and a are corresponding electron and hole Bohr rading)/a
1

gomomy

Therefore it can be understood from Eq. (2.27), ttret energy levels of exciton in the

is the reduced mass of electron hole pair bountesysand written aL}r :i+

form of hydrogenlike energy level set. In the cabéhe creation of excitons by photon
absorption the third term in the equation can ligewted.

Weak confininement regime refers to situation inahthe dot radius R small but
few times larger than that of exciton Bohr radias of related material (R®zaso R> a
and R > g. In this case the quantization of exciton cewnfemass motion would occur
and the dominant part of the energy comes fromadh@omb interaction between
electron and hole. Replacing the kinetic energgnter the Eqg. (2.27) with the result
obtained from the patrticle in a spherical dot. Goantized energy of the exciton can be

expressed as:

R, + thrf‘l

E, =Eg-—
nim g n2 2MR2

(2.28)

where y,, are the roots of Bessel function. Therefore excitothe nanocrystal can be

described by quantum numberfor the internal exciton states due to the Coulomb
interaction and by two additional, | describing the states due to the external corginin
potential barrier. For the ground state the enefgiie exciton is given as;
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E.. =Eg—-R, +
nml g y ZMRZ

(2.29)

so the first lying state energy is shifted up by #alue of,AE = ﬁ(naB /IR )2 Ry. Hence

the increase in the exciton lowest energy is lbas the Rydberg energy in the weak

confinement regime.
2. 3.2. Strong Confinement

In the strong confinement regime the size of theoneystal (QD) much smaller than
the exciton Bohr radius, so electron-hole Bohr uadiTherefore the Coulomb term
become so small and it can be totally ignored eated as perturbation and almost all
energy up shift comes from the zero point kinetiergy of electron and hole as a result
of considerable qguantum confinement. At this siimtthere is no correlated motion
between electrons and holes, which means that famaf excitons most probably
blocked and separate quantization of individuattetas and holes contribute the energy
independently. At this point the conservation ofmmemtum law changes to selection
rule as in the atom or molecule and the opticalditaons are allowed in the coupling of
the electrons-holes having the same principal abdab quantum numbers. The optical
spectra in this regime can be considered as thessafr discrete bands peaking through

transition between subbands;

h? : nem
E, = Eg +2—,uR2X§' or approximately AE = 2R

(2.30)

It is important in here that, the Coulomb contribntto the lowest state is greater with
comparing bulk, QW and quantum wire for which Conolo energy of free pairs is
assumed to be zero.

Actually there is a third confinement regime canageounted, where the radius of
crystallites much smaller than electron Bohr radiuslarger than holes one, due to the
large effective mass difference between the elactnod the heavier hole. Now, the
reduced masg in the above equation could be replaced by thectffe mass of the

electron, and the electron motion quantized, thathole interacts with electron through
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Coulomb attraction. However, as a result of Coulontéraction, electron energy levels
split in to several sublevels. Figure2.2. givesdhkeulated exciton energy as a function

of nanocrystal radius for Ge and Si.
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Figure 2.2. Absorption energy versus nanocrysia salculated from effective mass
approximation for Ge and Si [6].

Generally the dielectric constant of the confinmgtrix is less than the nanocrystal
dielectric constant. The difference in dielectranstants, cause to surface polarization
effects arising from an interaction of electron &de inside a nanocrystal with induced
image charges outside. The potential energfoNthe interaction between the charge e
with the polarization field that it induces knowmorh the basic electromagnetic

problems as dielectric sphere in different media:

e R? £
= (5 +M) (1.30)
eEyR RE=17 &

where ¢, is the dielectric constant of nanocrystal, is the dielectric constant of

surrounding matrix and R is the radius of nanoatystherefore finite barrier height,
polarization effects, the coulomb correlation betwéhe electron and the hole and local

field effects should be considered in the analyzihthe quantum confinement theory.
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CHAPTER 3

SILICON NANOCRYSTALSIN SILICON DIOXIDE
(Pearlsin the Oxide)

Due to having some unique properties, silicon ésdbminant material of the today’s
electronic industry. Its band gap is very suitabile room temperature operation,
abundant in nature (second after oxygen), veryablatfor mass production with high
purity and high crystal quality in the form of bigafers and the most important one is,
its very stable and good quality oxide that alla¥vs processing flexibility for device
fabrication and very large scale integration. Dednagn of speed and complex
functionality in information area has already brbuthe chips very complex structures
in both design and production. To overcome the gjpeeblem up to now, the basic tool
has been the reduction of the transistors sizeramdase of the number of component in
the chip (the number of transistor on single chipeeds hundred millions already).
However, the standard silicon chip technology iigg close to its limits; one of the
obstacles of the nowadays system is density ofr#imsistor on the chip itself, as going
to more cells per unit area the latch-up problethemerge. In order to solve the latch-
up effect, there are intensive researches to muweechnology to SIMOX (separation
by implantation of oxide) based system or fabri¢htechips on sapphire substrate. The
other, actually big problem is the signal carriegtatiic line, as the dimension of the
component decrease and the component density sge;reame way the cross-section of
metallic line reduced and its length will be in@ged per unit area (tens of Km per chip).
This situation results in very big capacitive-réses delay, information latency,
overheating effect and the cross-talking betwegnadilines. The isolation lines only
eliminate the cross-talking problem and the othesblems require more appealing
solutions. At this point, the potential is replaea of electrical lines with optical
interconnects that promise high speed and infoonatiapacity. Signal transport by
optic line and processing is actually mature tetbgng but it is pinned at the level of

inter-chip data transfer. The main problem is thaist of the photonic devices are made
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from direct band-gap material; it is too much diffit and expensive to integrate with
existing silicon technology as intra chip transnaiss

Although Si is the leading material of microelediigs, it is used in few photon
absorbing devices and in the read-out circuitrpmtbelectronic systems. Being indirect
gap material, the absorption and emission of lighequires at least one phonon in bulk
silicon that makes it inefficient emitter with vetgw internal quantum efficiency.
Competitive non-radiative recombination rates aremhigher than radiative ones and
most of the excited pairs recombine nonradiativBly, to make light emitting and high-
speed telecommunication devices, more complex semictors, such as GaAs, InP,
GaN, ZnSe and etc. are used. These materials adk ajoemitting light but are more
expensive and hard to engineer compared with silico

In 1990, Canham achieved the efficient luminescérura porous silicon [9] and this
study attracted many scientist interests towardsstlcon nanocrystals. However from
the application point of view, porous silicon catsiof a network of nanocrystallites i.e.
nanocrystals are not isolated from each other &nd & very complex system that
depends on a variety of its fabrication and storegeditions. Because porous silicon
suffer from poor stability due to the fragile hydem surface passivation, where
oxidation of nanostructures easily takes place eateroom temperature and it is not
suitable for existing technology and mass productito overcome these drawbacks of
porous silicon, people have been searching of remhniques and approximation to
produce efficient structures containing luminesc@iiton nanocrystals [10- 12].

The most important approach is formation of nanstadyinside the silicon dioxide
(SiOy), that have the superior properties compared wittous silicon in the side of
mechanical strength and good passivation of growuctsires to the both ambient
conditions and non-radiative escape of excitedieram the dots. Additionally, Si©
allows the fabrication of desired advanced deviondsoth electronic and optoelectronic
area and gives someone tool of playing with thepgry of nanostructures by just
changing the grown parameters easily. Today in, &@trix nanocrystalline structures
of many materials can be grown: Si, Ge, SiGe, Sdpe metals and some other kinds
of compound semiconductor such as CdS and CdSen Rhese materials Si

nanocrystals are mostly studied structures duenéogbod interface conditions with
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SiO,. Silicon nanocrystals are produced from the sgad¢urated Si@with Si atoms,
introduced either by ion implantation or during tbewth of the oxide such as by
sputtering, chemical vapor deposition (CVD) or @@t beam deposition of Si@im
[13-17]. Among these techniques ion implantatiomisst appealing with contemporary
silicon technology, but it can not allow buildinguper lattice structures of Si
nanocrystals sandwiched between S&yers.

With the quantum confinement effect nanocrystallBieshows amazing behaviors
that bulk silicon couldn’'t have. The most strikimgne is the efficient tunable
luminescence from nanocrystalline Si due to thesegsion of momentum conservation
in the absorption and emission of the light. Beaagran efficient emitter Si has opened
the door of all Si based micro photonics that isigdo solve the all problem of current
technology mentioned above. The tunability of emditlight color would give the
engineering of efficient full color microdiplays drother light emitting devices. Er
doped silicon nanocrystal devices are big candittatke field of fiber optic technology
as both signal source and electrically pumped kghplifier. The achievement of optical
gain in Si dots [18, 19] gives the opportunity dfetsilicon lasers with varied
wavelength. Although efficient light emission fronanocrystalline Si structures were
realized, there is a big dilemma of the origin loé fight whether it comes from the
excited exciton inside the dot or from defect mdiatenters at Si dot/ SiOnterface.
And also, the problem of speed of the silicon naysial based optic devices will
emerge at soon because the original material itke indirect band gap; the
nanocrystalline silicon also assumed to presereebtnd structure of its bulk at some
level with slow radiative transitions despite thereased oscillator strength and it stays
very slow compared to direct band gap semiconds@nd their nanostructures as well.

In addition to the luminescence properties, Si caysials show coulomb blockade
and good charge trapping effect in its MOS struegtutn the microelectronic area these
properties allow very dense, fast and reliable Isinglectron transistor (SET) and
memory devices with low power consumption. As tlewice dimensions shrink, the
problem of leaking of the charge carriers emerderddly between devices or as the
dielectric current of gate oxide that degrade txak performance and brings difficulty

to the design of very dense microchips. On therdthad, nanocrystals in the gate oxide
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of the MOSFETSs can retain the charges in itself peainfrom the substrate successfully
and any degradation of some of the dots can naadegverall device performance.

In the following sections, firstly the structuresdasome optical properties of the $iO
will be given, since being the host its relatiopshith the quests is very important. And
following that section the ripening procedures ahocrystals in the oxide is examined
without any tedious theory. After coarsening settithe properties of silicon
nanocrystals; optical properties, various emitteavelength engineering techniques,
temperature dependence of luminescent states awdorexmigration effect, Si
nanocrystal light emitting devices and its curreottage behaviors and lastly the

memory property of nanocrystals will be shortly suanized.

3.1 SiO; and Properties

Silicon dioxide has been the one of the most intehs studied materials in material
science and condensed matter physics. Since@&Ps a central role in many of today’s
technologies, including fiber optics and sateltis#a bus applications, as the gate and
field oxides in 95 % of all contemporary metal-cedgemiconductor (MOS) devices, as
windows, photo masks, and tranmissive optics forauiolet-laser chip lithography, and
as thin films for highly reflective ( or highlyansmissive) coatings for laser optics.
Moreover, SiQ has been becoming an important host matrix for forenation of
nanocrystal structures of many elemental and comgbomaterials. Despite the
technological importance of SjCand the amount of studies done on defects, color
centers, kinetics etc. many puzzles still remain.

The general name callestlica comprising all compounds of silicon and oxygenhwit
the composition Si® These compounds are among the most abundanteoeatth’s
surface and adopt a large number of possible patyho forms; cristobalite, tridymite,
moganite, keatite, alfa- and beta- quartz, coeaitel stishovite. The forms are
determined by thermodynamic stability ranges; pnesgemperature, reaction dynamics
etc. The phase diagram of Sif3 given in Figure 3.2. But all of these solidme a
common composition, a common chemistry, and eveth (ive exception of stishovite)

a common structural element: substantially covdl®8i®4] tetrahedral unit; but they are
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structurally very different [20]. Amorphous Si@reserves much of the ordering present
in the crystalline forms on a short or intermediatggth scale. Some properties of both
crystalline and non-crystalline forms are given Table 3. 1. The origin of this
surprising structural multiplicity lies in a parareeknown as rigidity that related to the
structural topology i.e. the ways of atoms or grofiptoms connected together [21].

Table 3.1 compact polymorphic forms of $if0]

Crystalline
polymorph polytype symmetry density (grdm
HP-Tridymite [SiQ] tetrahedron Hexagonal 2.18
MC-Tridymite [SiQy] tetrahedron monoclinic 2.26
[-Cristobalite [SiQ] tetrahedron Cubic 2.21
a-Cristobalite [SiQ] tetrahedron Tetragonal 2.33
B-Quartz [SiQ] tetrahedron Hexagonal 2.53
a-Quartz [SiQ] tetrahedron Hexagonal 2.65
Keatite [SiQ] tetrahedron Tetragonal 2.50
Moganite [SiQ] tetrahedron Monoclinic 2.62
Coesite [SiIQ] tetrahedron Monoclinic 3.01
Stishovite [Si@Q] octahedron Tetragonal 4.35

Non-Crystalline
form polytype formation T| density (gr/éin
Vitreous silica [SiQ] tetrahedron 1333 K 2.21
Metamict silica [SiQ] tetrahedron 0-846 K 2.26

The basic bonding unit for all these form of silieacept stishovite is the SIO
terahedron illustrated in Fig. 3.1. Four oxygennagcsurround each silicon atom with
the Si-O distance ranging from 0.152 nm to 0.169 tim tedrahedral O-Si-O angle is
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109.18°. Each oxygen is bonded to two silicon atowith the Si-O-Si angle varying
from120° to 180° depending on the form of the Si@ll forms are constructed from the
corner- sharing tetrahedra as the Siuilding block, tetrahedral units connected
together at the tetrahedron vertices through a comoxygen atom, but there are many
ways to do so, in both regular and irregular areamgnts. In crystalline forms, the
tetrahedral arrangements are regular and exhihity lsange orientational and
translational order. For the amorphous structure®rientational and translational
invariances are relaxed slightly or totally witroshorder arrangements. The smaller the
bond angle, the denser the possible packing; badte and tridymite have the largest

bond angles, and have the most open structures [22]

Figure 3. 1. (a) Si@structural unit of most forms of SjOshowing the tetrahedral
coordination. (b) SO bonding configuration with Si—-O-Si bond an@learying from
120° to 180° depending on the form of $iO

There are two model to describe the structure afrphous Si@, continuous random

network and microcrystalline model. In the firstaed the local structural unit i.e. SIO
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tetrahedron remains unchanged, and each tetrahezborer shared with another
tetrahedron (same in crystalline forms of §iGHowever, the Si-O-Si bond angle will
vary from one tetrahedron to another. In the seaoandel, the SiQ@is constructed from
microcrystallites of the various allotropic form$ crystalline SiQ or alternatively,
subunit cell sized crystallites of one form of &i@ the crystallites are so small, then
continuous random network model and microcrystaltimodel converge to each other.

Today most of the studies on Si@e about defects and their properties. Defects in
Si0O, can manifest their presence as e.g., by exhibitimginescence and/or optical
absorption bands or they may show themselves ageli@apping centers and detected
electrically. Defects can be introduced in the nfacring process or induced by
ionizing radiation (X-ray, ultraviolet photons étoor particle irradiations e.g. ion
implantation. If we consider the important applicas above, it is easy to understand
the control and the identifications of these defexuld result in billions of dollars in
cost savings to both photonics and semiconductdusinies now and over the next
decade.

There is some indefiniteness to describe the canoém defect in amorphous
materials. In crystalline case, long range ordeespaesent which defines the perfection
and any deviation from this perfection named asetead. However, in amorphous
materials, the concepts usually encountered in tas/s(vacancies, interstitials,
dislocations, etc.) are not well defined becausedistance between neighboring atoms
or the angle by any two pair of atoms does not tavellow any order. Amorphous
SiO; is a network solid that is it composed of Si-Oinkaand rings. Every Si atom is
four fold coordinated and every O atom is two folubrdinated and Si atoms always
connected to O atom or vice versa, so in termsy deviation or disruptions in this
coordination and ordering can be defined intrimgtects in Si@[23].

There are lots of types of defects in silicon diexwith exhibiting different behavior;
some of them are luminescent centers at variows &é@m red to ultra violet in the SO
band gap, some of them are diamagnetic and otherparamagnetic; they exhibit
different chemical reaction dynamics to the otheecses like photon, electron, other
elements and to the temperature. In the identiinaéind classification of these defects,

electrical, magnetic, optical and combination césth methods are used depending on
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the defect property. For example, defects with uegaelectrons are mostly studied
with optical absorption/luminescence and electraramagnetic resonance (EPR)
together. In the framework of this study, only falsorbing and radiating /nonradiating
(or luminescence bleaching) centers due to oxygeass and deficiency in Siill be

given shortly, the interested readers can look i@ literature for more detailed

explanation and the properties of oxide defects.

3.1.1 Oxygen excess centers

These centers are formed in %i@ither as excess number of oxygen or as
displacement of oxygen by external excitations matilations, such as ion implantation.
The well known of this type center is oxygen damglbond or non-bridging oxygen
hole centers (NBOHC]This center can be visualized as the oxygen gdatieobroken
Si-O bond in the oxygen excess 8i0 is bonded to single Si in the Si@etwork. It is
electrically neutral and paramagnetic and represd#m simplest elementary oxygen
related intrinsic defect in the oxide. With the labbration of EPR and the optical
spectroscopies, NBOHG®%I-Or¢) is the best characterized intrinsic defacsi®,. This
center has two absorption band at 1.97 eV and\V.8nel a luminescence band at 1.91
eV [24-26].

Other defects related with excess oxygen in thelexare interstitial @ and Q
molecules, peroxy bridges or peroxy linkageSicO—-0e,=Si-O-0-S&) and ozonyl
linkages €Si—-O-0-0¢,=Si-O-0-G=Si). These defects introduce several absorption
bands in to oxide at 4.8 eV, 7.6 eV, 6.4 eV, 1.6aaM 0.98 eV and a peroxy related
2.25 eV luminescence band.

3.1.2 Oxygen deficient centers (or silicon rich sites)
Oxygen deficient centers can be generated by tbessxsilicon in the oxide or due to
the lack of the homogeneous oxidation of silicaymagt the substrate surface as a result

of difference in the chemical potential of Si andafbms and morphology of the

substrate and dielectric. The unoxidized Si atoresegally but not always contain
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unsaturated valency, called as dangling bonds. algtmany defects can be described
due to the oxygen vacancy depending on the codrdmaumber of silicon and
paramagneticy of the center, but three of themwaak known: B center (SiSie) (P
stands for paramagnetic) is the dangling Si bdan8i/&i0;, interface and the dangling
bond towards the oxide.,Renters are electrically amphoteric [27], i.e.ytleet as
electron donors as well as electron acceptors. ddfisct also plays a major role in the
luminescence quenching of the silicon nanocrysfiife other two important oxygen
vacancy generated defects are E=E8D) and B (O=Si—-SEQO) centers having known
absorption bands at 5.79 and 5 eV and luminesdegmuds at 3.1 and 2.7 eV [28,29].
The growth conditions whether Si@ry or wet, can cause small variations in the
absorption and luminescence wavelength of thesecttefFurthermore the ambient (H,
O, N and etc. incorporation after growth, electaord ion excitation or high energy
photons) can cause elimination, formation or tramsétion of defects from one

structure to another.
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3. 2. Coarsening of Si Nanocrystalsfrom Si Rich Oxide

Understanding and modeling of coarsening mechanismg$ormation stage of

nanocraystals very crucial to produce well describ@nocrystal systems.

3.2.10stwald ripening of nhanocrystals

At the beginning of the twentieth century a biokigiv. Ostwald discovered the
ripening process in biosystems. However, his disgphad been forgotten for the time
period of about six decades and at the sixtiesthiihery was constructed by Lifshitz,
Slyozov and Wagner [30, 31]. After them the theloag been elaborated and adapted to
the formation dynamics of the almost all systentduiting the formation kinetics of the
nanocrystals. Quantitative analysis of this theequires detailed case by case modeling
involving numerical methods. So formation stagenahocrystal will be represented by

simple qualitative explanations.
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Figure 3. 3. Smoluchowski coalescence of islands Agn () island movement
and collision (II) mass transferring and (lll) nedion from elongation to equilibrium
shape [32].
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In principle, actually there are two kind of ripegj Ostwald ripening and
Smoluchowski ripening (or cluster diffusion) [3]3Both Ostwald and Smoluchowski
ripening clarify the increases in average sizest#Ends, but there is a big difference in
the way of ripening process. In Smoluchowski ripgninass transport occurs by moving
island and the increase of island size is dondéytocess of the collisions of islands as
seen in figure 3. 3. However in the Ostwald ripgrime islands do not move, the growth
occurs as the exchanging of atoms between small gdneighbor islands by
detachment of atoms from smaller one and attachitoebigger one. In the coarsening
of nanocrystals studies, Smoluchowski ripeningnsoat disregarded in the literature, so
it will be disregarded also here.

In the past several models to study the Ostwalkehiim process were developed, and
all models have the distinction of a stationarycpp#ated phase and a dissolved phase
in common. As a main disadvantage the diffusiohegitotally neglected, only roughly
approximated or limited to one or two dimension4-B&]. Today using very efficient
numerical methods, it is possible to simulate Oktw#pening accurately taking the
influence of diffusion in three dimensions and &gjmulation volumes in to account.
The model is described by the diffusion equatioeeded by a source term:

ot
where D is the diffusion coefficient of solutems, C(r,t) is concentration of solute

DAC(r,t) +Q(r,1), (3.1

atoms at the positiom at time t and Q(r,t)is the change in concentration due to the

absorption (attachment) or emission (detachmensphite atoms by the precipitates. If
D is assumed to be constant i.e. independent af tmncentration, interdiffusion effects
are neglected. The behavior of the precipitatexrdesi by a well known reaction
equation based on the Gibbs-Thomson equation [B7u88er the assumption that
precipitates are spherical with a fixed centre lattice distortion energy is ignored.
N, 1)
dt

where N, (t ) specifies the amount of particles in the precipiiadexed withi , k is a

= kN, (1) **[C(r,,t) = Cer (N))], (3.2)

rate constantC(r,,t ) is the concentration of solute atoms in the vigirof the
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precipitate positioned at and C; (N, )is the Gibbs-Thomson concentration depending
on the precipitates size.
To combine these two equatior@d(r,t) in Eq. (3.1) is replaced by

N, (t)

dt (3:3)

Q.9 =3 ~r)

The constant p is the amount of precipitates irelin the system. The multiplication
with delta function leads to a localization of thlesorbed and emitted particles from
precipitates and islands.

The decrease in surface energy is usually asswmethe driving force for the
Ostwald ripening, so that when two microparticlegeiact with each other by
exchanging mass, the larger one grows at the egpehshe smaller one. Because
separation of phase occurs and new phase coarsenger to lower the interfacial free
energy [40]. Larger clusters or droplets are ertergiey more favorable due to their
smaller interface curvature or smaller surface &wealume ratio. Thus they grow at the
expense of smaller clusters which resolve againfaradly disappear. This collective
behavior leads to increase in average island sidesanultaneously to decrease in the
total number of inclusions. At the end, the systesaches full thermodynamic
equilibrium. To handle the whole set of micropdets; precipitates or nanoclusters, it is
generally assumed that the clusters (micropanieesin the average environment, and
there is a critical size, )Rso that a microparticle larger than: Rlways grow, and
particles smaller than Rwill always shrink [41]. In this approach, threen€tions
assumed independently acting on a set of micrapesti The first one, 1F concerns
redistribution of mass to decrease the surfaceggndrhis is achieved by taking an
amount of volume of the smaller crystallites andiagd to the larger one. The second
one, k, concerns redistribution of mass to increase thigopy of the system of
microparticles and done by the opposite proce$s @&nd the third one, ¥ is a further
redistribution of mass that vanishes a micropatidDnce vanished, its mass is
distributed among the bigger neighbors.aRd F release energy, whereas &bsorbs
energy and released energy hyaRd F should be available to sustaip &d any extra

energy is released to the ambient.
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In addition to the decrease of the surface enehgycollective behavior should also
taken into account through the entropy of the nmatwle set i.e. its distribution
between particles must be considered. To maxintigeehtropy, this distribution must
be uniform, and the space distribution of particdesuld be uniform. Consequently,
there is also an intrinsic tendency in the inteoscof the particles to achieve all of them
with the same size and form [42, 43].

A nano cluster releases mass (atoms) at a ratendigyg on its solubility in the
matrix, but it also absorbs mass released by ther atanocrystals or clusters at a rate
depending on its surface area (size), the condentraf emitted mass at its position and
the reactions involved in the absorption proces®e &nergy necessary to increase the
surface area or size of the nanocrystal as a caeseq of the absorption is supplied
from the energy released when the surface areaather (the smaller one) is decreased
due to the detachment of the atoms. Ostwald rigeman be considered in two
mechanisms which are diffusion limited and attachimienited [44]. In the diffusion
limited mechanisms diffusion of atoms away fromtaward the islands is limited by
some barriers. In the second mechanisms, all difiusattachment and detachment of
atoms to the islands are limited. Both mechanisi@s be described by chemical
potentials. If clusters or any island describedipening process is very dense, that
situation generally occurs at the beginning of mipg, the main limit to the rate of the
process is the attachment and detachment readhiotise surface of islands. As the
ripening proceeds diffusion of atoms from smakigls to larger one is become difficult
and coarsening will be limited by diffusion procésstead surface reactions. Therefore,
if there is no barrier energy to limit the attaclmmnef atoms to the islands, then we can

say ripening process is diffusion limited on thatface.
3.2.2 Coar sening of silicon nanocrystals

For the formation of the Si nanocrystals in Si@e first requirement is the super
saturation of the oxide by the silicon atoms, astineed before it can be done in two

ways; either during the growth of Si rich oxidelbgrhigh dose Si implantation in to the

thermally grown oxide. It means that Si incorparatin to stochiometric oxide must be
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much higher than the solid solibility of Si in tB&, to start phase separation of Si from
the oxide for the nanocrystal evolution. And theosel one is phase separation of Si by
thermal treatment from the oxide.

When the dose of Si in Si@xceeds 18 cm® (~2 at %) with the average distance
between Si excess atoms is around 1 nm [45]. Fohn sloses or more, the distance
between the most closely spaced Si atoms becomparabie with the Si — Si bond
length and atoms are in interaction with each otBeen without any thermal treatment
Si — Si bonds can be formed resulting with smalktdrs or percolation chains. For the
doses less than 1 at %, small cluster formationires temperature enhancement.

Subsequent annealing is needed in phase sepaditibhe Si from Si rich oxide.
Since, thermal treatments can stimulate an onwandty of the induced precipitates up
to the state of coalescence, where closed bungdar nanocrystalline structures can
be formed. In general, phase separation procesgpscted to be a sequence of few
physical mechanisms; nucleation growth and Ostwiglening of Si precipitates. This
sequence is illustrated in Fig. 3.4. for the iomplamted case. All these mechanisms are
the result of some randomly occurred elementaryntsvéike bond breaking, bond

forming, diffusional jumps of atoms, chemical reactetc [46].
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Figure 3. 4. lllustration of nanocrystal formatigequence of Si in the Siy ion

implantation technique [6]
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There are few parameters that effect the formatfomanocrystalline Si structures in
SiOy; annealing temperature, annealing time, initiatesss of Si atoms etc. However
there is an obstacle that, the diffusivity and fiodubility of Si in SiQ are not well
known. The diffusion coefficient of Si in Sjds very low and assumed to be between
5x10*® and 1x10° cnf/s depending on the temperature [47- 49].

Having such a small diffusion constant, the forwrmatdf Si nanocrystal in the oxide
requires very high temperature treatments with langealing time. Si nanocrystallites
do not form below 900 °C annealing temperaturevanyg long period of time is needed
between 900 °C and 1000 °C. Therefore we can atleephreshold temperature for Si
nanocrystal in Si@is at least 1000 ° C [49-51].

For a fixed super saturation and temperature, teannradius increases only very
slowly when increasing the annealing time up toh@rs. This very slow evolution is
consistent with the low values of diffusion coeffiat of Si in SiQ given above. When
annealing time and Si excess are fixed, the madingas increased with the increase of
temperature by decreasing of the nanocrystal dengit very high temperature
annealing (over 1100 °C) the mean radius will lablst for some period of time of
annealing because at this temperature there isngetdion between the Ostwald
ripening process and the dissolvation of nanockysiila migration of Si atoms to the
substrate Si/Si@ interface. This Si loss to the interface decreades density of
nanocrystal, but Ostwald ripening is more effectiven Si loss to the interface, so at the
end, size of the nanocrystal will increase witlerdasing number in the oxide. In the
case of varying degree of supersaturation, as ofixed parameters (annealing
temperature and time), both size and the densityasfocrystal increase with the
concentration of excess Si. This situation candsalyeseen for ion implantation method
due to the Gaussian concentration distributiohef3i atoms. The highest concentration
is seen at the peak of distribution and it decreé®eard the tails at both sides, then one
can expect that the larger nanocrystals will benfat at the middle of the implanted area
and they reduce in size and density toward the taiaccordance with the concentration
profile.
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Imaging of Si nanocrystals embedded in Si® difficult because of the small
difference of atomic number and the density betwSeand SiQ. As a result, these
nanoparticles show only weak amplitude and phasgrast when imaged by TEM
(Transmission Electron Microscope). Also having $iesubstrate, Raman and XRD (X-
Ray diffraction) spectroscopies are difficult tosotve the signal coming from Si
nanocrystal and from the substrate. FTIR (Fouriem$form Infra Red) spectrescopy
can give some information about the formation afowystal by evaluating the varying

signal of asymmetric stretching band of S&3 a result of temperature treatment [52].

3. 3Optical Properties of Silicon Nanocrystals
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Figure 3. 5. Band structure of silicon, possibléag transitions and dispersion curve of

phonon branches [54].

Before discussing the general predictions of thentium confinement effect on the

basic light emission/absorption behavior of Si rawstal in the oxide, it will be
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meaningful to give general optical properties ofkbsilicon. The simplified band
structure of bulk Si is shown in Fig. 3. 5. The tifghe valance band is located at the
point (k=0) at the center of Brillouine zone ank squivalent conduction band minima
in the symmetries of [53] directions, centeredhatA= (0.85, 0, 0)7z/a points. Where a
Is the lattice constant of Si. Therefore directcapson and emission of light are
impossible and require the emission or absorptiophonon to supply the discrepancy
in the momentum between these extreme points. Titye mossible scenario for the
optical transitions is the following: a photon casisa vertical virtual transition at k=0
(top of thel” point) or 0.857/a with subsequent electron phonon scattering psoc®0
with these secondary processes the probabilitypsbdption and especially the emission
of photons in the Si stay very low compared witly direct band material. Since the
radiative time of indirect transitions are very donexcitons can travel very long
distances in their thermalization process and thance of finding nonradiative
recombination channels become very high. The oasible direct transition is the I'
absorption of the photons ~3.1 eV between valamarel maxima and conduction band
maxima (not minima).

However, in the case of nanocrystalline structuréhe silicon in SiQ due to the
quantum confinement effect, the spatial confinentanise to spreading of exciton wave
function in momentum space that result with theakdewn of k- conservation rule in Si
nanocrystals. Therefore, no-phonon optical trams#tibecome possible with increased
oscillator strength which is directly proportiortal the reciprocal space overlap i.e size
of the nanocrystal. It is mentioned that for thensaconfinement energy no-phonon
transitions are about three times stronger in 8bogystals in Si@Q or having a SiQ
shell [54, 55, 56]. Two effects of opposite nateen be accounted for the observed
tendency depending on the quality of the Si-Sifterface. First one is the carrier
scattering at the Si nanocrystal oxide heteroiaterf responsible for the suppression of
the k-conservation rule and it is assumed to bengty dependent on the interface
abruptness. Second one is the confining poterital & fixed size) is lower for a Si
nanocrystal surrounded by Si@ompound (x<2) than SO To achieve the same
confinement energy, smaller size nanocrystals aqelired, giving rise to a relative

increase of no phonon (NP) transitions. The lovwerfioement potential will lead to as
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well to the smaller size dependent variation of pheto luminescence (PL) maximum
[57]. To obtain good confinement effects, Si nagstals must be well separated from
each other; there is a low limit of distance betveeighbor nanocrystals to produce
efficient emission.

Although Si nanocrystals have high PL yield, thepdve as indirect semiconductors,
keeping some properties of bulk Si with long radatlifetime. In the photon
absorption-emission cycle both NP and phonon mediétTA, 2TA, 1TO, TO+TA and
2TO) processes take place simultaneously. Therefptieal properties Si nanocrystals
have to be considered on the basis of competitietavden indirect and quasidirect
recombination channels [58]. As nanocrystal sizesgm decrease, it can be predicted
from the confinement theory that the probabilityN#® transitions should increase with
respect to phonon-assisted (PA) transitions whaply the radiative oscillator strength
and absorption cross section per nanocrystal arehnarger for smaller size Si
nanocrystal than larger ones [59]. However, itather complicated to find accurately
the exact ratio of NP/PA transitions because theeieshape of the size distribution and
the energy dependence of the absorption/emissi&m manocrystal are not known. The
major scaling parameter in all these effects issike of the nanocrystal R [60, 61] and
NP transitions are expected to be proportionaldiome of crystallite inversely (1/R)
depending this expectation NP transitions begidaminate at the confinement energies
of the order of 0.65 — 0.7 eV.

In addition to the enhancement in the opticatgiions in Si nanocrystal relative to
the bulk case, the important feature related with uantum confinement is the
increasing of band gap energy as a function of ntheocrystal size. The band gap
variation as a function of size can be simply wrtfrom confinement theory for three
dimensionally confined Si nanocrystal as;

C

E(eV) = Epyi +? (3.4)

where By is the bulk silicon band gap, R is the dot radars] C is the confinement
parameter [62]. Therefore the expected result floentheory is that, as the size of the

nanocrystal decrease there is a blue shift in Abforption and emission of the photons.
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Figure 3. 6. Possible light emission mechanismsSiohanocrystal Si@ system (1)
recombination of electron-hole pairs in the nanstaly (2) recombination through
radiative centers at the nanocrystal/SiQierface and (3) radiative defect centers at the
matrix [6].

From the luminescence experiments, PL spectrumidé wange between 400 nm-
1000 nm has been achieved from Si nanocrystaltietsires in SiQ [62-66]. Except
for few authors who claim all emission range commmf nanocrystals, generally the
emission range of 400-670 nm is attributed to Hukative defects at Si/Syinterface or
directly to the oxide matrix and the range of 6@A nm emission attributed to the Si
nanocrystals depending on their size and annetdimgeratures etc.

The emission mechanism of light in Si nanocrysta@tems remains unclear yet.
There are two possible approaches: In the firsthmtk absorption and emission of the
light occurs in the nanocrystal and absorption/sioisenergy of the light is expected to
be blue shifted with the decreasing size of criistal The optical emission of Si
nanocrystal under optical pumping related througkedes of processes; firstly, an
electron is excited from the valance band to onthefhigher lying electronic levels in
the conduction band of the nanocrystal, leavingoke tbehind. Subsequently these
excited carriers relax to their minimum energyesab form a bound exciton in the Si
nanocrystal in a picosecond time range. Then tlgaax recombines accompanied by

the emission of photon that gives the excitoniaatiristics of the quantum dot states,
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in a time scale of from tens of microseconds tessvmilliseconds [67]. In the second
approach, it is suggested that; absorption occutisa crystalline core of nanocrystal but
the emission occurs radiative centers at the Sy/8i@rface of the nanocrystal. The
possible mechanisms of the second approach amdradtad in Fig. 3. 6. Therefore
contrary to the first one in which the exciton lozation is in the nanocrystal itself that
is the classical model for exciton recombinatiorsé@miconductor quantum dots, in the
second one the created exciton or electron anddamlemigrate to the surface states of
the Si nanocrystals and localized there and receenbadiatively or non radiatively.
Today the first approach is less appealing tharséoend one for Si nanocrystal grown
in the oxide. Because experimental measurements bawmfirmed that the excitonic
emission energy of Si nanocrystal increases asdnecrystal size decreases, but the
increase is much smaller than the expected thealgti this discrepancy suggests the
presence of excitonic recombination through loealistates whose energy level lies
within the band gap of smaller nanocrystals. Moezp®i nanocrystals (NC) without an
oxide protection matrix do not emit light in someperimental studies [68-70], this is
also supporting the surface related radiative er@itrecombination. It is believed that
the main luminescence peak around 800 nm is dtiget&i=O bond and peak position
can red shift or blue shift as a function of nagetal size.

In the extended version of the second approach,stiséeem composed of three
regions: nanocrystalline Si core, Si@atrix and the bridge (suboxide) layer between
nanocrystal and the oxide matrix. The interfaceveen Si/SiQ is not sharp and there is
a strained transition region most probably modifiigdthe core Si dot. It is calculated
that the Si — Si bond length is highly strainedha Si nanocrystal compared to the bulk
case in the range of 14% to 33% [71]. Now the aggiom become more clear as: The
classical quantum confinement in Si hanocrystakdos work at all, it may work good
for the case of the absorption of the excitatigitlii.e. as the size of the crystallite
decrease the absorption threshold would increaseever, having the life time of in the
order of the milliseconds the created excitong¢tebns or holes) would be attracted to
the Si core/ strained shell interface through thgold-dipole attraction in the short
range or by coupled to the long range field of polatical Si-O modes due to the polar

characteristic of the Si-O bond, or by thermallyivaated diffusion process, at the end
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the attracted/diffused excitons localize at therifatce or within the shell and recombine
radiatively.

Y. Kanemetsu et al. [57] calculate the interfactgion band gap as around 1.6 ev, so
when the core diameter less than 7 nm, the bridgdl svould be energetically
sandwiched between the Si nanocrystal and the oratex which is the configuration
of quantum well. So the model can be extended durdis, let say two confinement with
two interfaces: The first confinement is the quamtdiot structure of Si core itself and
the second one is the quantum well (quantum shrellamoshell), the interfaces are
nanocrystal/shell interface and shell/oxide mainiterface. The quantum confinement
modify the Si dot bandgap depending on the sian thodified quantum dot can change
the shell structure (also shell can affect the setéconsistently) and the quantum shell
structure most probably the main unit to deterntitgeenergy of the emission.

Now the origin of the emission from Si nanocrystedlsystem would become clearer
in the following way: First the core nanocrystalisieBcon absorb the light and carriers
are excited, second the excited carriers trangfeaeuantum shell region and at the last
step carrier recombine radiatively/nonradiativatythe strained well region. Thus the

discrepancy between the theory and experimentailtrean be solved by this last
approximation.

3. 4. Exciton Migration and Electron-Hole Exchange I nteraction

Both exciton migration effect and electron-holeemction are two important
phenomena that strongly affect the optical propsetf nanocrystal. These effects are
experimentally determined by temperature dependemheasurement.
2.4.1 Exciton migration in Si nanocrystal system

An exciton has not only having property of reconalbion radiatively and
nonradiatively and also can migrate to another aastal around them which have

lower band gap energy than the donor one [72-15%. illustrated in figure 3. 7. with

simple schematic. Due to their extremely long rindiglife times of excitons in the
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Figure 3.7.Exciton migration or energy transferriagd exciton trapping in Si
nanocrystals

broad temperature range, this process is favore&ifaanocrystals. Therefore the rate
equation of exciton in nanocrystal can be written a
N NN
at r, T,

CRN D+ Y PN, (1) (3.5)

where 1, is the radiative lifetime of the electron-hole redwmnation, t,, nonradiative
lifetime Ni(t) is the number of excitons in the nanocrystand R is the migration
probability of exciton from nanocrystal i to the The probability of this migration
depends on the energy difference between thesecrystal AE; and their distance
(oxide barrier thickness) iThen the migration probability can be written,
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P, = Vexp(—y_rij) for AEj<0 (3.6)

AE.
P, =v.exptyr, ).exp(-k—li'j . for AE; 20 (3.7)

B

wherev attempt frequency of hopping of the exciton arel gbtential barrier due to the
SiO, is in volved iny. This mechanism is called as trap controlled hogpnechanism
and based on exciton migration between differenbogystals. On the other hand, due
to the higher band gap energy or the thickneshebkide, several nanocrystals act as a
trap acceptor for the exciton. It can be easilynsklem Eq. (3.6) that, the exciton
transfer from larger nanocrystal to the smalleragaystal is not easy. In the Eq. (3.7),
the first exponential term is dominant in highemperatures whereas the second
exponential term is dominant at lower temperaturls. other words, at high
temperatures, the migration of the excitons fronalsmanocrystals to the larger one is
more probable, and at the lower tempratures nastadnyill behave as exciton traps.

What would be the possible results in the PL spettof Si nanocrystal due to
migration effects? Thermodynamically excited casigvant to be in possible lowest
state, as the excited exciton energy is highemallsnanocrystals than the larger ones;
the excitons have the tendency of populate thestangighbors if they have enough
energy to overcome the oxide barrier. Thereforpedding on the temperature, they can
migrate by the assisting of the thermal energy,eddmg on energy separatiak;
between them and the thickness of the isolatiodeoXThen as the temperature is high,
the emission of the larger nanocrystals dominabes RL spectrum because small
nanocrystals further populate the larger oneseae#pense of their depopulation. As the
temperature goes to decrease, both exciton migratial non-radiative recombination
rates would go to decrease as well, peak positictheo PL spectrum will shift to the
higher energy (blue shift) with increasing intensit

This exciton migration process can also stretchettonential time decay of the Si

nanocrystal,

39



| (t) = Ioexp[—(lr)”} (3.8)

where pis PL intensity at t=0, I(t) is the intensity akettime t and3 is the dispersion

factor (between 0 and 1) in the PL decay andctisethe life time of the PL. Dispersion
factor can be taken as the measure of the migraioness. If the nanocrystals are
totally isolated from each othe, will be unity with single exponential decay wittiou

considering other stretching effects.
3.4.2 Electron hole exchange inter actions

The exchange interaction between electron anddaridbe considered as a very weak
perturbation and in bulk semiconductors it weaklgriges the energy and the structures
of the excitons. Exciton represents electron halesgoound by their coulomb attraction
and by parallel spin exchange interaction. In tlnacrystals of direct band gap
material, coulomb attraction merely shifts unifoynihe energy of the lowest excitonic
state, while the exchange interaction splits thatewic line into a low lying forbidden
(dark) state and a higher energy allowed (brigh#tes Thus this gives rise to an
absorption versus emission stokes shifts and itbeansed experimentally to determine
the exchange splitting energy of the excitons. Hawgefor the case of nanocrystals of
indirect band gap materials, the coulomb attractdmeady splits the excitons into
spatially allowed and forbidden excitons. Exchamgeraction leads to further spin
splitting. This splitting is manifested both in tlseong dependence of luminescence
lifetime on temperature, and as an energy gap ie tesonantly excited
photoluminescence spectrum.

When the size of the nanocrystal approaches th& bytiton radius, sharp
enhancement of this effect is expected. So itsevayproportional to the spatial overlap
between electron and hole wave functions. The #otgular momentum of the exciton
may have J=1 or J=2 (S=0 or S=1) based on the ineititron hole spin orientation. It
has been recognized that electron-hole exchangeaation involved in the description
of some basic properties of nanocrystal systenggayts a crucial role to explain the size

dependent stokes shift of the resonant PL and doosiéemperature dependence of the
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PL decay time [76]. These states have differentgges due to the exchange interaction,
and the energy splitting is extremely size dependsraling with the inverse of third

order of size. The state with J=1 (S=0 or antipalralpins) is optically active since a
photon can carry only the angular momentum one. Sd¢wnd state (S=1 or parallel
spins) is dipole forbidden and stay in lower endtn the first one.

The upper and lower exciton states are assumed &m loptically active spin singlet
(S=0) and optically passive or not allowed spipléi (S=1) respectively, or shortly
singlet and triplet. Exchange splitting energy urkbsilicon is very weak, around 150
ueV. However it has exhibited an important role im&nocrystal with splitting energy
range of tens of meV because of the confinemenémltipg on nanocrystal size. The
radiative lifetime of a pure triplet state would indinite, but the spin orbit interactions
mixes some singlet character into the triplet stagking transitions weakly allowed.
Based on the effective mass approximation the exgghaplitting energy can be written
as [77]:

213
B =3 [|p(re.r)| d°r (3.9)
where ¢(r,,r, ) is the envelope function for the exciton and électron-hole coulomb

integral [78] and is defined as twice the exchaimgegral per unit inverse volume for
the conduction band minimum and valance band maxistates in bulk silicon.

Excitons are mostly created in a singlet rathemtlatriplet state because the
absorption strength is inversely proportional te thdiative life time and the singlet is
400 to 1200 times faster than the triplet stateeddmg on the photon energy. At low
temperatures, after a fast spin flip process that@x relaxes to the forbidden triplet
state with following electron hole annihilation.

This very small energy splitting cause to stronmfderature dependence of the
exciton lifetimes. When << Aexch  ONly the lowest triplet state is occupied ane th
decay time is very long because of the opticalhpiftden character of this transiton. In
the other extreme limitdd >> Aqxch both states are equally occupied and the transitio
occur mainly through the fast singlet state. Therall temperature dependence of the

exciton life time can be calculated on the basiBafzman statistics as:
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where three comes from the lower triplet state deggecy 1, radiative life timegssinglet
statelifetime andr; is triplet state lifetime. As the rate is the irs@rof the lifetime, by
inversing the above equation, the radiative rateagqgn can be taken.

However, the equation above could not reflect dadistic case at all, for in which the
surface polarization effects, thermal activatednalimg of exitons both migration
between nanocrystals and to other surface relaitgs sand lastly the Auger

recombination dynamics should be included.
3. 5 Erbium (Er) Doped Si Nanocrystals

Erbium doped silica is widely used in telecommutiara network as an optical
amplifier for long range optical interconnectionhe Ef® ions produce light emission
from the intra-4f transition®{1s—"15/) at around 1.54pm, which corresponds to the
minimum absorption in silica glass. However, thdiagh cross section for intra-4f
transitions is quite small, typically on the oraérl0?! cnf. Therefore, it requires very
high optical pump power to reach the populatioremion.

Increasing the absorption crossection of thé® Hevels and combination with
common Si based technology is very crucial for gsierbium in integrated
optoelectronics and Si microphotonics. In orderctonbine Er with Si technology
different techniques were tested so far [79, 80je @f them is discussed above. Er
implantation into bulk Si gives quite high Er lurastence at 1.54um at very low
temperature. Excitons are formed at Er inducedatiefend transfer their energy to the
Er ions through Auger process. Because this emmssiate of Er just below 0.15 eV
lower than Si band gap the excited level of Er idapopulated by thermal activation at
higher temperatures back injected into the Si,esexcitons cannot localize at the very
shallow defect levels anymore as the temperatwrease. This structure may be used as
photo detector for the exact matching of the 1.54paxelength. It has been recognized

that the, the most feasible solution would be theldped Si nanocrystal systems in the
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SiO, by using nanocrystal as sensitizer. On the contarin Si bulk, in this case back
transfer of excited carriers suppressed by oxigerldbetween Er and nanocrystal by
increased band gap of nanocrystal structures.

In addition to act as a sensitizer, it allows eleatly pumped amplifier and source
devices. Exciton mediated optical excitation ofidrs proceeds via absorption by the Si
nanocrystals, generation of a confined carrierspand rapid and efficient excitation
exchange leading to luminescence from Er ions. tetioh of the Si nanocrystals is
achieved through above band gap illumination; tlamdfer of excitation energy to
nearby Er ions quenches the characteristic optizagsion from the Si nanocrystals, and
luminescence at 1.54m from Er ions is achieved. Due to the large alsmmp
crossection of Si nanocrystals at visible spectedion, the effective absorption
crossection of Er can be increased by up to foartler as a result of the interaction
without temperature quenching of Er emission. Tlauge absorption crossection allows
the population inversion in Er systems with relelyv low pump intensities. It is
calculated that, one nanocrystal can excite 100tcdmbers of Er ions with a high
transfer rate B 10 s'. When the excitons created inside the nanocrystahn
recombine radiatively, emitting a photon with armgy that depends of the nanocrystal
size. However if an Er ion is located close to mlamocrystal, excitons can recombine
nonradiatively by bringing Er ion into one of itsoited state shown in Fig. 3.8. After a
fast thermalization sequence, the luminescence . ®duth comes from®*li3.—%l15

transition.

&
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Figure 3.8. Detailed scheme of the Si nanocrysiracting levels with the main

physical processes [81].

In addition to act as a sensitizer, it allows eleatly pumped amplifier and source
devices. Exciton mediated optical excitation ofidrs proceeds via absorption by the Si
nanocrystals, generation of a confined carrierspand rapid and efficient excitation
exchange leading to luminescence from Er ions. ttton of the Si nanocrystals is
achieved through above band gap illumination; tlamdfer of excitation energy to
nearby Er ions quenches the characteristic optizegsion from the Si nanocrystals, and
luminescence at 1.54m from Er ions is achieved. Due to the large alsmmp
crossection of Si nanocrystals at visible spectegdion, the effective absorption
crossection of Er can be increased by up to foartler as a result of the interaction
without temperature quenching of Er emission. Tlauge absorption crossection allows
the population inversion in Er systems with relelyv low pump intensities. It is
calculated that, one nanocrystal can excite 100cdmbers of Er ions with a high
transfer rate B 10 s'. When the excitons created inside the nanocrystahn
recombine radiatively, emitting a photon with armgy that depends of the nanocrystal
size. However if an Er ion is located close to mla@ocrystal, excitons can recombine
nonradiatively by bringing Er ion into one of itsoeted state shown in Fig. 3.8. After a
fast thermalization sequence, the luminescence . ®uth comes from®*ly3.—*l1s
transition.

The energy transfer from Si NC to Er ion is palithyited by the number of optically
active Er ion in the system. So there would beatimwm concentration of Er ion in the
system and it is expected that it should be muss Baan 2x18 cm®. If the Er
concentration exceeds this value, the luminescehdes4 um is quenched in the favor
of 980 nm emission*ly12—"l15 transition) of Er ion. This situation is called ap
conversion or pair induced quenching as a resut@interaction between Er ions [82-
85].
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3. 6 Wavelength Engineering

One of the most important motivations of producBighanostructures in the oxide is
to get very narrow and variable emission wavelengghthe outcome of the changing in
dot size. However it is recognized that the emisdias very broad range around the
peak position, especially in the case of the naysbals produced by ion implantation
technique, this broadening is much larger. Soith@ne of the problem that should be
solved to produce efficient devices. There are dimo reasons for this broad band
emissions; the first one is the size distributianneaybe the shape variation of the
nanocrystals in the oxide and the other one isptenons or surface Si — O bond
vibrations involvement in the optical transition$ 8i nanocrystals. The phonon
dependent broadening can not be inevitable as toettie nanocrystal system of Si.
However the size distribution can be minimized byne approaches especially for ion
implantation case. One of them is implantation vidlv energy as will be explained in
experimental chapter the implanted ion distributisnGaussian and this distribution
broaden as the energy of the implanted ions inereststhe large variation in the grown
nanocrystal size. The larger nanocrystals locatettheacenter zone of the distribution
and decrease in size as going to the tails enatat dides. So when the implantation
energy is decreased the distribution will be nagdwollowed by smoothing in the size
distribution of nanocrystals. One of another po&rdolution is the sequential multi
energy ion implantation. In this approach, the ite&o get constant ion distribution
through the integration of few Gaussian profileshwdifferent energy and dose in the
implantation process. Therefore, as the size Higion minimized, then the broad
emission band will be narrowed.

To change the peak position of the luminescende,dbtechniques can be used. In
the case of ion implantion the dose and anneatingpérature can be varied to change to
change nanocrystal size. In addition, doping witiheo atoms and oxidation of
nanocrystal surface are useful in particle sizestidjent.

As explained in the ripening section, contrary e ©Ostwald theory, the size of
nanocrystal is independent of initial dose, the sizthe nanocrystals increase with the

initial excess Si or vice versa. When the size arfatrystals are large/small depending
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on the initial excess Si, the emitted wavelengthhef light will be large/small as well.
Respectively, again referring to that section bgnging the annealing temperature and
time, one could arrange the size of the nanocrystaethe wavelength. These approaches
could be applied all Si nanocrystal formation tegbes mentioned before.

Oxidation of nanocrystals is very efficient way wévelength engineering. As the
samples with Si nanocrysal oxidized, in the fiestvfminutes of the oxidation the PL
signal increases up to four times of the initiduea due to the elimination of Si rich non
radiative surface centers. As going on oxidatiberé will be a continuous blue shift in
PL peak position accompanying decrease in inten€iy the other hand, in a long
duration of oxidation, as all Si nanocrystal wikdome oxidized then luminescence
would totally quenched [86].

Ge doping of Si nanocrystal is another tool [87tamtrolling the PL peak position.
The wave length of the emission can be red shifigthout sacrifying the PL intensity,
by an amount of 125 nm by increasing Ge doping eotmation. Also indirect way of
controlling Si nanocrystal emission can be achiewgdioping of rare earth atoms and
luminescence comes from doped atoms at the exméribe nanocrystal emission. For
the case of Er doping discussed above the emisdidnb4 um and 980 nm has been
achieved efficiently. Depending on the doped at@ecies the energy of the emitted

photons can vary.

3.7 Electroluminescence and Current-Voltage Characteristics

After having an efficient photo luminescence frone tSi nanocrystal structures, a
great deal of this effort will be focused on thérfeation of efficient and electrically
driven room temperature light emission sources @iible with the integration of
electronic and photonic devices in novel Si ULSItréu large scale integration)
technology. Anticipated applications of Si nanotaysbased structures include an
optical emitter for integrated optical circuitsgio memory and interconnects; electro
optic isolators; massively parallel optical intamoects and cross connects for integrated
circuit chips; lightwave components; high powercdite and array emitters; and

optoelectronic nanocell arrays for detecting bi@aband chemical agents. There have
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been some approximations to built Si light emittidgvices; p-n junction diode,
dislocation loop formation, rare earth doping thepldtion region of Si p-n junction,
porous Si microcrystalline structures, MOS struetwith Si NC etc. Among, the most
promising one is the nanocrystalline based MOScsira although its quantum
efficiency still lower compared with its high efient PL.

In traditional optoelectronic devices, the emissimeration is based on the creation
and annihilation of the electron hole pairs. Indiép devices, electrons are injected from
one side and the holes from the other side of thgymction, and they recombine in the
depletion region or sandwiched active layer, pratyiphotons under forward bias. In a
unipolar device, the leakage of electrons in vaddmend or holes does not exist, so light
must be produced by other means. In Si LED, thig bwathe case, since hole injection
from Si valence band to the Si@alence band is difficult because of the largezrgn
barrier than for electrons from metal to the coniducband, illustrated in Fig. 3.9. Any
small difference in barrier height can result igawifference in current; due to the fact
that injected current exponentially depends onbideier height, which situation makes
the electron hole recombination much improbabléh@ugh large amount of theoretical
and experimental studies of Si NC present in tieedture, only a few amount of articles
have been reported on the electroluminescence @Bhyacteristics, mainly due to
mentioned difficulties of efficient carrier injeoti into an insulating Si©
Electroluminescence is explained by mechanisms itichtide field ionization of the
luminescent centers, charge trapping and impadtatxn by hot carrier and radiative
recombination. In the model of the excitation, taanduction mechanisms have been
mostly used for these structures; direct tunneding Fowler-Nordheim (FN) tunneling.
Having high threshold voltage of EL, around 8 \& tfiominant mechanism is likely to
be the tunneling of hot carriers (FN) from a nagstal to another one through
insulating matrix. A way to reduce the high voltagguirement, is to narrow the oxide
thickness. In this case, good quality oxide laysmes needed to prevent the increasing
leakage current near the breakdown operating dondibf oxide layer, and to produce
enough hot carriers. However, high concentratiosiohtoms is needed for generating
enough efficient luminescence centers inside thdeoAnother disadvantage of the thin

oxide layer is the reduced possibility of carriemsrecombine radiatively. Because the
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oxide is thinner, the numbers of nanocrystals endlection of current flow is reduced.
If the current injection occurs via percolationhmtit could be assumed that impurities
near the oxide-silicon barrier may lower the voitegneeded to inject holes to the oxide
layer. In this situation, the trade off with highdeping of Si would be made at least with
lower breakdown voltage. However, the reducing sgc8i at the favor of threshold
voltage will cause the reduction in the numbernofteed photons.

Major current mechanisms, direct tunneling and Ebheling are discussed, below

there may also present other mechanisms as indicatég. 3.9.
3.7.1 Direct tunneling
The direct tunneling is characteristics for veryntloxide layers (< 4 nm). The

analytical equation that presents the current tepsissing through an oxide layer with

thickness g, under an applied voltage V can be written as:

j = AE? Zexp{—gll—(l—%j ]} (3.10)
- m@
g

where A=d and B=—— (3.11)

@, is the effective barrier heightn”effective electron mass in SiOE is the electric
field and g, h are the usual known physical constafhe direct tunneling is possible
between Si nanocrystals and substrate to nanolgysthe separation is less than 4 nm.
For this case, electrons see a higher barrierttimnoltage drop due to the Si@nd the
barrier appears as trapezoidal form. The electionghis mechanism, can pass between
a nanocrystal to another one and so move througBith matrix.
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Figure3.9. Transport mechanism in MOS structureHdwler-Nordheim tunneling, (2)
trapping at cluster and tunneling from cluster tother, (3) quasi free movement of
electrons within the conduction band of i) hopping conduction, (5) Poole-Frenkel

tunneling.
3.7.2 Fowler-Nordheim tunneling

Fowler-Nordheim tunneling in Si NC MOS structures lbeen studied extensively. It
is assumed that, this is the dominant current ilgeanechanism in to the Si®natrix,
especially for the thick oxide. The tunneling oflhlly energetic particles can occur by

FN injection. The analytic equation for FN condanotmechanism is:
3/2
3, =R Ez.exr{— 2B¢, ] (3.12)

where constants A and B are the same given in the(E11). The electrons pass

through the barrier, due to the high electric fielthich is the triangular barrier of oxide
band under high voltage.

Actually the conduction and EL excitation mechargsane not clear at all. Because,
under high field levels, impact ionization may itxeother mechanisms, therefore total
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outcome could not be predictable both in transpod recombination channels. In
transport side, the current mechanisms of normaleoks directly applied to the oxide
with nanocrystal. The micro or nanotransport betwée nanocrystal always excluded
and any current behavior depending on nanocrystalis unclear. Further information

about the EL properties of Si nanocrystalline LED ke given in discussion chapter.

3. 8 Memory Effects

Solid State nonvolatile memory devices (NVM) wenestfintroduced at the late
sixties, and commercial exploitation followed quyckDuring the early growth stage of
the industry, a dominant design emerged as floatjatg (FG) device. Today, the
stacked-gate FG device structure continues to be niost prevailing NVM
implementation in both code and data storage agtpiies. In such a device, Fig 2. 10,
information stored in the form of charge in a pdigen layer completely surrounded by
dielectrics and located between the channel regrah gate of a FET. The amount of
charge stored on the FG layer can be easily sesised it is directly proportional to the
threshold voltage of the FET. Several physical ma@ms are available to accomplish
the charge transfer from the substrate or towdrestibstrate. The most commonly used
ones are either channel hot electron injection Mrténeling for the write operation,
and FN tunneling for the erase operation. The otdely used structure is the metal-
nitride-oxide-silicon (MONOS) memory structures,vitnich, excess charges are stored
in deep traps at or near the nitride oxide intexfac

As the device packing density increases, lowerggammming voltages will be
employed for memory cells. For the tunnel oxidéntexdogy, programming voltages can
be reduced by thinner oxide involvement. Howeuenjtations such as defect density,
retention degradation and direct tunneling probleetome more significant when
scaling the oxide thickness. It becomes more diffitco achieve a desired lower
programming voltage using polyoxides. The requineims that, on the one hand, the
tunnel oxide has to allow quick and efficient clettgansfer by using low voltage low
voltage for high speed operations. On the othedhtire tunnel oxide needs to provide

superior isolation under retention to maintain rfation integrity over periods of up to
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ten years. The hot carrier injection, after someefi cause the accumulated effects of
repeatedly stressing the oxide alternate writeeetgeerations, which at the end cause

leakage to the substrate and lateral tunneling.

convantional cell Si-dot cell
siorage dols
poly Si, Ge, SiC
ONO poly |
| .
ps?&, SI0; | o ooa®yapin |
(a) L)

Figure 3.10.Simple schematic representation of; dapventional FG nonvolatile
memory cell. (b) nanocrystal nonvolatile memorly. é@NO (oxide-nitride-oxide layer),

poly is the polysilicon [88].

Nowadays, metal-oxide field-effect-transistor (M@3F memories based on Si
nanocrystals operating at room temperature has l@ssarched extensively, due to the
promising applications in near future very largealscintegrated circuits. In such
memory structures, Si nanocrystals are used agelstorage elements embedded in the
oxide layer between the control gate and the sedmra@® conduction channel. Charge
injection takes place by direct tunneling from t8e substrate and is controlled by
applying a voltage bias to the gate. A nanocrystaimory offers several attractive
characteristics in comparison to current floatirgjegtechnologies, for example, fast
write erase times at smaller injection voltage rexely small degradation due to the
absence of hot carrier injection from the substriateg retention times, smaller lateral
leakage current and inherent scalability even dtmnsingle electron devices [89-91].

Figure 3.11.Shows a schematic cross section and Hagram during injection
(write cycle), storage and removal (erase cyclearoielectron in the device having p-
type substrate (or n-channel FET). A thin tunnebmgle separates the inversion surface
of silicon FET from distributed film of nanocryssabf Si that covers the entire surface
channel region. A thicker control oxide separabesrtanocrystals from the control gate.

An injection of an electron occurs from the inversilayer through direct tunneling
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when the gate is forward biased with respect tacgand drain. Then the resulting
stored charge in the nanocrystals screens thecatges and reduces the conduction in
the inversion layer, which means that these chagjtesctively shifts the threshold
voltage of the device to be more positive, and shifts can be approximated by under
the assumption of each nanocrystal stored onlyetewtron as:

AV; :%(tcml +%%twe|l) 3.13)

oX S

where AV, is the threshold voltage shiftsht contol oxide thickness,udi linear
dimension of nanocrystal well,,& is the density of nanocrystalis permittivity and g
is electronic charge magnitude.

In the production of these devices the main chghes the formation of nanocrystals
enough close to the channel without compromisirggititegrity of the gate oxide and
the quality of the interface with the substrate afsdb nanocrystal itself. Although, it is
assumed that the interface defects at Si NC oxatleptay a role in the charge trapping
process, they can degrade charge retention thrallmking back tunneling of the stored

charge.
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Figure 3. 11. (a) schematic cross section (b) lhagram during injection (c) storage

(d) removal of an electron from a Si nanocrystal [9
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CHAPTER 4

EXPERIMENTAL PROCEDURES

For the fabrication of EL devices, two different types of silisubstrates were used,
P- type Si substrate with 40 nm thermally grown oxides and n-tiypebStrate with 100
nm thermal oxide. Experimental studies can be divided into to thrieetopgcs; sample
preparation, device fabrication and the characterization of the deldoéer each topic,

all the followed steps will be explained.

4.1 Sample Preparation

In this part of the study, the samples were firstly implantigld 8i ions with different
doses and energies depending on the oxide thickness on the Si subistral€®¥) nm
oxides two different samples (both are n-type) named as M2 advédvle implanted
with the same dose of 5xfcm? at 40 KeV and 50 KeV ion energy of Si. For 40 nm
oxide two different set were used (both are p-type) given theitylest M1 and M4,
implanted with the same ion energy, but having different doses.ableT4.1 all

parameters of the samples can be seen.

4.1.1 lon implantation

lon implantation is the introduction of controlled amount of energetic,gedar
particles into the solid substrate with ions energy of KeV to Me¥rgy range. By
introducing such impurities, mechanical, electrical, optical, ntagneand
superconducting properties of the host material can be changetksirable way. The
main advantages of ion implantation technique are; its more pcans®| on the total
number of doped atoms with good reproducibility; wide dopant concentratiage,r
independent control of penetration depth from the dose; lower processipgréture
requirements compared to those of other techniques such as diffusiosspriess

sensitive to surface cleaning procedure; flexibility to largeerial and dopant selection
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and excellent lateral dose uniformity which is very important ytaakécro electronic
production line. The major disadvantage is the creation of damageodie tion
bombardment. Damages can be reduced or recovered by the subsequeat the

annealing.
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Figure4. 1. Distribution of B in Si with varying implant energy

The energetic ions lose their energy through collisions withrelestand nuclei in
the substrate and finally come to rest. The total distancerthahdravels in coming to
rest is called its range R. The projection of this distaerg the axis of incidence is
called the projected range,.RSince the number of collisions per unit distance and the
energy lost per collision are random variables, there will beasghstribution of ions
having the same mass and the same initial acceleration enEhngy.statistical
fluctuations in the projected range are called projected stragjleThere will be also a
statistical fluctuation along the axis perpendicular to the axis of incidence.

Along the axis of incidence, the implanted ion profile can be ceqpiated by a

Gaussian distribution function:
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where S is the ion dose per unit area. The depth and distributiore mfofiie implanted

n(x):i 1 ex[{—w} (41)

atoms within the substrate depends on energy and mass of the ionsocatejpands on
the substrate used. The change in distribution is given for differergyeweh the same
dose for B in Si Fig. 4.1. [93, 94].

4.1.2 Applications of ion implantation

» Doping of impurities into both unipolar and bipolar devices in the micrtreldc
industry

* In the field of new material synthesis on selected area

« Surface treatment and hardening of metals

« In etching and sputtering facilities

» Adhesion of glass substrates

* SIMOX processing

* In the area of nanocrystal formation of group four and other raathicompound
semiconductors in SKand other matrix material [95-97]. However, the drawbacks of
implantation process for this purpose are difficulty of controllingiribution and the

profile of the light emitting or light bleaching defects inside the matrix.

4.1.3 Implantation system

In the implantation processes Varian DF4 ion implanter that alewon energy in
the range of 5-200 KeV, was used. In Fig. 3. 2. Overall schematidsthe major
components of the implantation system are illustrated. Generalbpyantation system
consists of three main units; source, beam line and the end skdlitrese regions are
pumped through diffusion pumps that are backed by the mechanical ptmigh
vacuum level so important to eliminate the neutralization of impflaspecies. In the

implantation process, the vacuum level of around Txld@r was achieved.
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Figure 4. 2. Basic schematic of ion implantation system from top view

In the source region, plasma formed in the molybdenum chamber bsleitieon
emission from the tungsten filament by passing though large amocuatreft (~150 A)
on it. The ionized atoms then extracted by a potential differeh2b kV and plus the 2
KV to reject the escape electrons, at the end total extractitagedk 27 kV. Both solid
and gas sources can be used for the plasma formation. In this SiydjaSiwas used
for Si ion source. The extracted ions having the energy of 27 KeV, pass througleanalyz
magnet to separate the desired ions using their mass and clyagerying the
magnitude of the magnetic field. Because not only the desiomisaare extracted but
also other ion species and high order ionized atoms also extractechawe to be
separated.

In the beam line unit, the ions exit the magnetic analyzerexratet by a potential up
to 200 KeV. In the deceleration mode for low implantation energyptiential applied

oppositely to decelerate the ions. Through the beam line sectiowlstihibution of
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beams can be controlled in the X-Y direction by applying dc voltapereTis a 7
degrees bent in the way of the beam line section to prevent thalizegtions to reach
the target in order to get rid of excess atom implantationcahstant applied voltage
bent the ionized species seven degree and neutralized ones canntedjeftet stopped
at the bent region.

End station is the region of the implanter where wafers aralggfor implantation.
The accelerated ions at the end inserted into the substrate asdredehy the dose

processaor.

4.1.4 Simulation of ion distribution for the samples

For the distribution of Si ions in the SICSRIM 2003 code were used, that allow
anybody to simulate any kind of atom in any target materialgdt material can be
single or stacked layers of few different materials. SRtde is actually Monte Carlo
simulation of 99999 ions inserted into target one by one consideringtdpping

mechanism at the end gives the desired statistical distribution of thentetpltoms.
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Figure 4. 3. Simulation result of the Si atoms for the samplesssef M1 and M4
having the oxide thickness of 40 nm, the simulation energy of 15 Ke\tha@sen. The

peak concentration of implanted ions is at the depth of ~ 23 nm from the8i@ce.
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Figure 4. 4. Simulation result for the samples series of M2 anthawihg the thickess
of 100 nm. Si ions were implanted with the energy of 40 KeV and 50 Wi#V the

peak positions are 60 and 72 nm respectively measured frons@i@ce.

When the ion coming to the target surface, depending on its masgy amer the
type of the target material it lost energy via consequetitesicey events randomly and

at the end stopped in the target by giving all its kinetic energy.
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4.1.5 Annealing Procedure

Following the implantation procedure, each set of sample was thuthve diamond
scriber into four parts, and one part left as implanted refeisamoele, other three parts
were annealed under the nitrogen atmosphere except the sample m&R2&1150
which was annealed under the vacuum level of 28xldrr. The nitrogen atmosphere
prevent the further oxidation of the sample, if it is very purepgén is inert at the
temperature up to 1200 °C unless catalyzing agents exist in tmgesar in the
environment. The furnace used in the annealing process is standard three ziovedyresis
heated quartz furnace. The annealing stage is required for theatimm of the
nanocrystal, it is expected that, the threshold temperature fan8crystal in the SKO
is at least 1000°C. Details of the annealing parameters of th@esaare given in the
table below.

Table 4. 1. Physical conditions of the prepared samples for the device fabrication

" Sample energy| ion Anneal | Anneal | Oxide Substrate
'% name KeV dose | Temp Time | thickness| type
@ cm® | °C (h) (hm)
2NM190C | 15 1x1C€ | 90C 2 40 D
2NM11050| 15 1x16° | 1050 2 40 P
M1 | 4NM11050] 15 1x16° | 1050 4 40 P
2VM11050] 15 1x10° | 1050 2 40 p
M2 AS 40 5x10° | _ _ 100 n
2NM2900 | 40 5x10° | 900 2 100 n
M2 | 2NM21050] 40 5x16° | 1050 2 100 n
4ANM21050] 40 5x10¢ | 1050 4 100 n
M3 AS 50 5x10% | _ _ 100 n
2NM3900 | 50 5x10° | 900 2 100 n
M3 | 2NM31050] 50 5x1G6° | 1050 2 100 n
4NM31050| 50 5x16° | 1050 4 100 n
M4 AS 15 5x10°% | _ _ 40 p
2NM4900 | 15 5x1G° | 900 2 40 p
M4 ['2NM41100] 15 5x10°% | 1100 2 40 P
ANM4110( | 15 5x1C¢ | 110C 4 40 p
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4.2 Cleaning Procedures

After the annealing of the samples, the cleaning procedure given belciwllwazd.
« Boiling in trichloroethylene (TCE) about 10 minutes

» Ultrasonic bath in acetone about 10 minutes

e Ultrasonic bath in isopropanol about 10 minutes

» Ultrasonic rinse in de ionized water around 10 minutes two times

* Drying with N, gas

4.3 Device Fabrication

In the device fabrication, the first step is the removingotiide at the unimplanted
side of the silicon substrate for metallization of the back colma&0 % HF solution.
After the oxide etching, below steps were performed

» Metal back contacts; aluminum (Al) for p-type substrates and-ayttichony (Au-
Sb) for n-type substrate, were evaporated. Standard resistiveathevaporator was
used for aluminum and electron beam evaporator was used for the goidrmnt
metallization. The vacuum level for the both system was aroundl@23Korr at the
time of evaporation. The thickness of Au contact is 750 nm, in theoéaslecontacts
the thickness was not known, but expected around 1pm.

* Metal evaporated samples annealed in the quartz furnace around 20 nmimutes
order to diffuse the metal atoms into the substrate for good otoniact. Annealing
temperature for Al ~ 400 °C and for Au-Sb ~ 500 °C.

* ITO (indium tin oxide) was grown on the implanted side of the sasnphving the
thickness of 150 nm. ITO sputtered through the copper shadow mask inctradedod
dots with 3 mm diameter. The aim of using ITO is to make traaspavindow for light
extraction and spreading the current all over the device areaisI§@od transparent

material between 400 and 1100 nm with an efficiency of 90 %. Only for the M3 series of
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the samples, Au window with thickness ~ 30 nm were evaporated ussigbe beam
evaporator.

* To increase the conductivity of the ITO window, samples annestled 380 °C
around 30 minutes. And for the Au window, annealing temperature was ~ 500a°C
time period of 15 minutes.

« Top contacts were deposited via copper shadow mask, co centeretievithtic
windows, having diameter of 1 mm.

« Using silver paste, devices were mounted on to the printed circuit board, @B)

using gold wire, connections were taken from top contact to the PCB board.

4.3.1 Design and making of copper shadow masks

Shadow masks used for both optic windows and top contacts made by using 0.3 m
copper sheet. The description of steps for making mask is:

» Masks were designed by using Microsoft VISIO 2003 drawing so&wlwo kinds
of masks have designed; mask having 3 mm diameter dot arragptiomwindow and
arrays with 1 mm dot diameter, shown in Figure 3.5.

» Designed masks printed on to the transparency

» Under ultraviolet light in the dark room, patterns transferred teéngraphy silk
covered with negative photo emulsion

» The patterns on the silk transferred to the copper sheet. In tigdetrgrocess,
serigraphic acid resistive ink diffused through the silk to the cogpest by using rakle.
Other side of the copper covered with same ink and dried.

* The patterned copper sheet etched in the hydrogen peroxide- wadeochloric
acid solution and the remaining part of the copper sheet dropped indoeasebrder to

clean the ink resist.
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Figure4.5. Copper shadow masks used in fabrication of the devices,datgdor optic

windows and smaller ones for top contacts.

4.3.2 Device Schematic

Au-Sb or Al top contact

Si nanocrystal Si02 layer

ITC window 15C nm

gold-antimony(Au-Sk) or aluminurr (Al) back
contact

Figure 4.6 Cross section of the fabricated light emitting @estoucture. Back and top

contacts are Au-Sb for n-type substrate, Al for p-type case.
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4.4 Device Characterization

In the characterization of the fabricated devices, both optical acttiehl methods
were used. Firstly, PL measurement was performed before gabnicof the devices
using continuous mode 532 nm dublicated NdYAG laser as an excitation .source
Absorbed laser light create excitons in the Si NC, then thesEmigrom radiative
recombination of excitons was measured. The measurement sysesmirusPL
characterization consist of; excitation source as Nd YAErlascan be other lasers and
any light source as well that have larger photon energies thdratitegap of Si NC),
MS-257 type monochromator of Oriel Instrument Company and HamanGatd
camera for detecting the emission. Gathered data from theurepsent corrected
according to sensitivity of the CCD camera and grating in the monochromator.

For the |-V measurements Hewlett-Packard 4140 B Pico Amperib€te/oltage
source was used in both polarity of bias to devices. By this |-Upsetirrent level up to
10 mA can be measured, any current level larger greatertitsanalue limited by the
set up. In the measurement both forward and reverse bias appliedcesdg to 10 V,
higher applied bias voltage rarely applied as the current limited by théARipermeter.

In EL measurements, same set up used as in the case oftRé.Bh measurements,
dc voltage source was used as an excitation source with an apptigat voltage
between 0-35 volts. To align the devices to the input port of monochromator He-Ne laser
was used. Measurements conducted by applying both forward and rieisesrfetween

bottom and top contact using load resistor of 47 ohms.
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CHAPTER S

RESULTSAND DISCUSSIONS

In this chapter, experimental results of the samples and de\itéeg wresented with
discussions and analysis. PL results of the all samples ie #ablwill be discussed in
the first section. In the second section current-voltage (I-V)teestithree MOS device
series (M1, M2, and M4) will be given and discussed qualitatiEetgluding M3 series
samples with gold optical window, electroluminescence (EL) resterved from
different sample types will be presented and emission generatad EL process will

be compared with the PL results.

5. 1. Photoluminescence (PL) Results

PL spectroscopy is one of the simplest and non-destructive methodfanstc:
characterization of Si nanocrystals (NC) in the oxide maByxilluminating a suitable
light source, electron-hole pairs are created in the NC. Whea #estron hole pairs
recombine radiatively, photons with energy equal to the differeneeebattwo energy
levels is created. By measuring the spectrum of the released phiotohte time of
excited carriers, type of recombination, etc. can be depicted.

Although intensive experimental and theoretical researches hamecbeducted on
Si NC in the oxide, the light emission mechanisms still rarnaiclear. There are three
models being discussed today: recombination of excited excitons nocnyatal,
recombination through defect levels in the oxide or recombination @C35i0
interface and strained shell region between core NC andnga®@ix [98-101]. However
it should be noted that these three mechanisms can not exclude each.@tlall can
exist at the same time.

The broad light emission from Si NC in the oxide matrix is Ugudserved with a
wavelength range from 400 to 1000 nm. The emission bands between 400-708 nm ar
attributed to the defects in the oxide matrix as a result fufrrdation in the oxide
structure. The other band in 700-1000 nm is attributed to the recombima&mMNCs.
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The peak position of this band can be varied depending on the size dirdl@h
guantum confinement effect: as the NC size increases wagtlkelen emission also

increases towards 1000 nm, namely showing a redshift in the emission spectrum.
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Figure 5.1. Room temperature PL results of the sample seBe@tpe Si substrate
with 100 nm thermal oxide) annealed at different temperatures aatioturArrows on
the spectra indicate corresponding scale. Implanted Si dose i¥ r1Dwith implant

energy of 50 keV.

In Fig. 5.1. PL spectra obtained at room temperature from M3 sampiesled at
different temperatures for different duration are given. ltesnsthat, the virgin oxide
has an emission band at around 570 nm. This band is less studied band fox&léNC
system, due to lack of reliable information on the possible sodocethis emission
band. When comparing with the energy of the known defects types it caingitte
peroxy-radical defects due to high oxygen content in oxide, as evilegdBarthou et
al. and Sakurai et al. [26, 53]. In the as-implanted reference sangpy broad emission

65



band is observed with the main peak at about 650 nm, which comes fibRknowen
non-bridging oxygen hole centers (NBOHC) [53,102] formed as a resulbiof
implantation. When as-implanted sample is compared carefully thi¢h sample
annealed at 900 °C, it can easily be seen that, emission fronplasiiead sample is
composed of two defect related spectra, i.e., peroxy radicals a@HEB Upon
annealing the samples at 9D for two hours, intensity of peak at ~ 650 nm decreases
and a new peak at ~ 745 nm with relatively low intensity emefgmssvery much likely
that the annealing at 908 suppresses NBOHC and enhances the formation Si
crystallites. The new peak seen at 745 nm can then be attributesl poesence of the
small crystallites surrounded with Si rich oxide. Sharp dseréa intensity at 650 nm
can be due to formation of,r any luminescence quenching defects around small
clusters at the expense of NBOHC. When the annealing tempesaincesased to 1050
°C, it is expected that NCs are formed in oxide matrix andutimnescence band at
peak position of ~ 780 nm is originated from these nanocrystals. Tpartamt changes
are observed as the annealing temperature is raised from 99A.06Q °C. First one is
that, defect peaks at ~570 and 650 nm disappear totally, and the secasadhene=d
shift in the peak position accompanying sharp increase in the intensity andingrtosv

PL band. On the other hand, in the peak position and the shape betweentRLdpec
the samples annealed for 2 h and 4 h at £058re same. The intensity of the emission
in the sample annealed for 4 h is however more efficient in thasathple annealed for

2 h.

The enhancement in the intensity for long time annealing is probablyodtie
reduction in the number of,Rlefects in the system, especially on the surface of NC. P
centers are very stable at high temperatures [101], and it eésgldanger time to
eliminate them even at such a high (1680or more) temperature. From here, we can
assume that, 2 h prolonged annealing enhances elimination of Pb tlafeetsmes in
number, if increase in PL intensity of these two samples takenaetount. The
elimination of the defects most probably is done through mild oxidatidimeosamples
via high temperature annealing under &imosphere. Also 4 h annealing can provide
good cystallinity further, which can be also accounted in intensitgase. To test the
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relative percentage of those effects, these two samplede passivated by through
forming gas at low temperatures ~ 450 °C.

Figure 5.1 demonstrates clearly that the very broad emissionabdmaidth of ~375
nm in range results from the Si NCs formed in the oxide mdtyi means of ion
implantation method. The broadness of the peak might be attributed fthemomena:
first one is the Gaussian distribution profile of implanted ions, wlidates a
nonuniformity in the size and distribution of the nanocrystals. Serietaal, [103]
supported the presence of this phenomenon by etching the oxide includitg) iSia
systematic way. Other broadening mechanism is inevitablylipe¢o Si NC and oxide
matrix relationships. Except very small NC, the dominant recombmatf excited
excitons occurs at the surface or strained suboxide shell regmmgkhcoupling with
localized Si — O vibrations at the interface. Involvements ofehegbrations result in

further broadening in emission spectrum.
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Figure 5.2. Room temperature PL results of the sample seriemhgaled at different
temperatures and durations. Implantation energy is 40 keV and other feasare

same as series M3
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Figure 5.2. Shows the PL results of the sample series M2 which thaveame
properties as the series M3 except for the implantation en€aipye(4.1). When Fig.5.2
compared with Fig.5.1, some differences in PL spectrums can heasié. First of all
emission intensity from NBOHC decreased in the as-implarsegle of M2 compared
to M3. This is due to either, higher implant energy in M3 that lm@ak much more
bonds in oxide, or higher density of implanted Si per unit volume of the oxid@. As
the number of Si atoms increased per unit volume of oxide, the projpabiinteraction
of Si and O increases, so the number of NBOHC would decreases. Wéhsantiples
annealed at 900 °C are compared, we see a remarkable increhsatanity with the
peak position at ~ 780 nm for M2 (peak position for M3 is at ~ 745 nm)dditi@n,
there is ~ 45 nm red shift in the peak position. The reason fastbisar: when Si atom
density increases, size and the density of the cluster will increaséiagtprDue to the
guantum confinement effect, the exciton emission energy of latgsters or NCs is
lower than that of smaller structures, leading to light ewnssiith larger wavelength
for bigger clusters. Experimental results presented here exhioitnglete consistence
with theory, excitons created in clusters of M2 series have |l@w@ssion energy
(clusters of M2 series have lower band gap energy) than M 3 series.

Samples of M2 that annealed at 1050 °C for 2 h and 4 h show the samiehata
M3 series samples having the same annealing conditions. Pea&rsosialy at 810 nm
for both 2h and 4h annealed samples (M2). When we compare this vdiud3vieries
samples (1050 °C, 2 h and 4 h annealed) ~ 30 nm shift of peak position tghee hi
wavelength can be seen due to larger NC formation in M2. idreased PL intensity
can be attributed to the higher NC density as a result of higherp#sunit volume.
Because, in M3 series implant energy of Si 10 keV higher than M#arsof implanted
ions inserted in to substrate by decreasing density of Rixide. There seems a
controversial situation when width of the spectra are compared, fi¢8 samples show
broader luminescence band than M3. Considering the implantation enesggxpected
that luminescence band of M2 series would be narrower than M3. Moreswe size
of NC increase, recombination through interaction with Si-O vibraiioecrease

accordingly. This interaction further increases the width of fhectsum to the low
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energy side. Then one can say that, optical transitions via vibppoodesses in Si NC
would tend to increase in accordance with increase in size.

In Fig. 5.3 and Fig. 5.4, PL results obtained from series M1 and M4 \&®. d@oth
series have the same preparation conditions except for the ingpldose and the
annealing temperature. The annealing temperature was 1100 °C forhbléaw it
was1050 °C for M1. Both series have p-type Si substrate, and thantegpbdose for M1
is five times lower than for M4. From the figures, it isrsdleat, for all the case, as
implanted samples exhibits PL emission at approximately gaale position, but with
different intensity. Therefore it can be concluded that, type o$ubstrate (whether n-
type or p-type), dose and energy of implanted Si atoms do natt tféeshape and peak
position of the PL band seen in the as-implanted samples; only thsiiigt® increase or
decrease depending on the energy and the dose through which only the nfimbe
NBOHC is effected. In Fig 5.3 PL spectra of two M1 samples deded 1050 °C for 2
h are shown. The difference between two samples is the anneatiddian: one of
them is annealed under nitrogen atmosphere and the other one under aaceulavel
of 2-3x10° Torr. When these two PL spectra of M1 are compared, we siggificant
difference between them: sample annealed under vacuum have alweeikrat ~ 790
nm, while the sample annealed under &mosphere has a main peak, which can be
attributed to the formation of NC, at ~ 765 nm, accompanying with lm@ad shoulder
at the high-energy side. Two possible reasons might be mentiont#dsfabservation:
the shoulder seen in the high energy side can be attributed to g#ttoxy- radical
defects via further oxidation during annealing (due to the trace amborygen in the
N, atmosphere) or very small nanocrystals because of low dosepkintation. The
lower PL intensity for the sample annealed under vacuum can be due to larger nfim
non-radiative defects than the sample that annealed ungdéorNhe former one, very
low level oxidation during annealing process would suppress non-radiafeetsdby
saturating broken bonds at Si NC surface. It can be concluded thetrtbaling under
high vacuum atmosphere prevent further oxidation of nanocrystals deaalirihe
formation of larger nanocrystals. In addition, it was realibad from Fig 5.3, there is a
red sift ~ 15 nm in the peak position as the annealing time incréasé h under N

atmosphere.
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Figure 5.3. Room temperature PL observed from the series M1 (jStyqstrate with
40 nm thermal oxide). Green spectrum from the sample annealed undamyathers
are annealed under ;Natmosphere. Dose of implanted Si is 1X1@m? with

implantation energy of 15 keV.

From Fig.5.3 and Fig 5.4, when spectrums of samples annealed uynatendéphere
compared, there is a red shift in emission in M4 series wibpect to M1, due to both
higher Si content and higher annealing temperature, which induce MN@en M4
accompanying with larger wavelength of emission. Fig. 5.4 sha2snm blue shift in
4 h annealed sample with respect to 2 h annealed one. There arpossible
explanation of this: first one is, further oxidation of NC surfduat results in size
reduction because of for 2 h prolonged temperature treatment. Tdreooth is exciton
migration effect which is expected for the case of M4 having high excess &ntdnt2
h annealed sample excitons created in small nanocrystals caatemigrlarger one

through possible tunneling events, then recombine there radiativelgnitiyng larger
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wavelength photons. Therefore, as the number of photon emission ankigly-side
bleached, PL spectrum shows red sift. When annealing time taiget, oxide matrix
become more resistive to exciton tunneling between dots and created excitorismecom
at their NC and total spectrum shows blue shift with increasitensity of emission.
Exciton migration or energy transport effect can be alsa s#iger samples but it is
much more effective in series M4 due to higher density of NCclwl@nhances
tunneling between dots. However, both mechanisms can takes placsanthéme; to
analyze exciton transport effect in this situation; carefulyasighas to be done over

temperature dependent PL experiments.
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Figure 5.4. Room temperature PL spectrum from series M4. Inegl@itdose is 5x16
cm?, and all other parameters are same as M1. (PL spectrmplesannealed at 900 °C

is absent)
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5.2. Current-Voltage (I-V) Results

Understanding the carrier transport mechanisms is criticarigineering improved
devices (memory, light emitting devices etc.) based on Si NC BtStures. There are
many transport mechanisms adapted to MOS structures withoutdNGions; some of
them are given in Fig.3.9. Today, for the case of Si NC MOS stajcthese
mechanisms are applied directly as in the case of bare oxide MOS sfsuctur

The most frequently used mechanisms in Si NC MOS structueesiagle step
tunneling processes: the direct tunneling through trapezoidal bbet@een anode and
cathode and the Fowler-Nordheim (FN) tunneling through triangaeieb of oxide
(also rarely two step tunneling process are considered; fidkteakstrap assisted etc.).
However, in the realistic case these adaptations cannot givea@ccuansport
phenomena in Si NC systems synthesized in the oxide. The problamlascof these
mechanisms can be summarized as follows for Si NC oxide laiyst, FN tunneling is
developed for the smooth barriers without any local field variatiooxide matrix.
Second, classical FN transport treated the carrier tunneling®et® substrate and top
contact directly. Third, both Direct and FN tunneling exclude size variati&MNC and
Coulomb blockade effect because of charge trapping in/on Si NC euiffaerefore,
any resonant tunneling effects via quantized energy levels betveggimboring Si NC
and so on are also ignored. As expected, transport propertiesNEE $ecome very

complex when all these parameters are included.
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Figure 5.5. Observed I-V results from Series M4 for differemealing time and
duration. Samples substrate is p-type, oxide thickness is 40 nm, irepkengty 15 keV

and dose is 5x1&cm?.

In Fig. 5.5 observed I-V results for the series M4 is given incluthegoxide under
both forward and reverse bias conditions. Maximum current through devaelimited
by the measuring set up to the 10 mA. As the substrate [gepty the forward bias
case substrate voltage is positive with respect to top contacipaodite situation holds
for the reverse bias. Therefore, in the forward bias, electn@nsngected from ITO
window and holes are injected from the Si substrate. In reversecés®, injection of
electrons occurs from inversion region (minority carriers,tedas, accumulated at the
Si/SIG, interface under the Sppof the p-type Si substrate. From the figure, it is seen
that, there is a systematic change in I-V spectrum asdién of annealing temperature
and time. Conductivity of Si NC oxide is largest for the as imtplh sample, resistance
of the layer increases following annealing treatment, accdydi@pserved change in

the current through the oxide layer is more significant forresveias. The conduction
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mechanism for as implanted sample could be percolation type conductaouagh
resistive network created across the implanted oxide layerhichwhe carriers follow
the least resistive paths. Implantation process results in m@dunt oxide band gap
through excess Si, and the barrier for the charge injection wiécheced by either band
gap narrowing of the oxide or enhanced via created traps daggs and in the oxide.
At annealing temperature of 900 °C, both formation of small crigstalland
reconstruction of destructed oxide matrix are expected to iiated. Therefore,
resistance of oxide increases resulting in small reduction oérduit is seen in Fig.5.5
that there is a jump in the current around voltage value of 4 V ifothvard bias, which
indicates change in the transport mechanism probably due to a rehamsen like the
trap assisted tunneling to the direct tunneling. Actually, upon anneatlih00°C, as
NCs form and increase in size through Oswaltd ripening proceize atxpense of
dissolved Si atoms and small crystallites in the matrigistence of oxide increase
further. This reduction in conductivity is because of increased tunngdimger both at
interface and between neighboring NCs. It is seen that, thesedistinct transport
behavior between samples annealed for 2 and 4 h aC160th at forward and reverse
bias. Difference in the reverse bias case can be attributed to the Coulomb dleitken
due to the trapping of the electrons in Si NCs especially atear substrate /SO
interface, and can be concluded that, in 4 h case NCs are wallgted. Difference in
forward bias case might also be related to the degree of passidatough which
tunneling mechanisms change. Therefore, it is expected that tirewtling is more
dominant over trap assisted one and starts at low voltage values for 4 h anra@apleg s
compared to two hours case. The field across the Si NC oxidewagecalculated to be
~ 1@ V/cm under the assumption of all voltage drop occur on oxide layer add oxi
treated as bare and perfect. This field level is approximaiigesponding to the
starting threshold of Fowler- Nordheim (F-N) tunneling viantgialar barrier. Therefore,
when Si NC and any voltage drop at substrate and contacts inclucksa bi¢ concluded

that, at this bias range, F-N tunneling does not occurs in these samples.
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Figure 5.6. Comparision of |-V results of series M1 and M4. (A)mslanted samples,
(B) 2 hours annealed at 105G (M1) and at 1100C (M4), (C) 4 hours annealed
samples, (D) I-V results of series M1. Substrate, oxide thickae$smplant enrgy are

same for both series.

Fig. 5.6. (D) Shows I-V results of Series M1. An important feagiodserved for the
sample annealed under vacuum that, current passing through vacuumdsaesaiies
is higher than as implanted sample. Reason for this situation coultk notderstood.
The other two samples annealed at 18GG&Ghows the same tendency as in the case of
M4. Other graphs of the Fig 5.6 represent the comparison betweesdmpies of both
series. Except reverse bias side of 4 h annealed samplesioMd kigher conductivity
than M1, although they were annealed at higher temperature. Freencthaparisons, it
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is observed that, increase in excess Si atoms in oxide rashlgher current level
accordingly. NC density is proportional to excess Si the in oxitetore tunneling
transport is enhanced. As mentioned for M4, F-N tunneling also seqgmossible for

M1 in this voltage range.
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Figure 5.7. Observed I-V spectrum of series M1 at both forward aedseebias range
of 7 V. Substrate is n-type, oxide thickness 100 nm, implanted Si da&¥ &ri? with
an implant energy of 40 keV.

I-V spectrum of series M2 is given in Fig. 5.7. For thesepdagnsubstrate is n-type
with an oxide thickness of 100 nm, so in forward bias case applied voitage top
contact is positive with respect to the substrate, in the rebe&asecase opposite is true.
In forward bias electron injection occurs from substrate into GidXide layer, in
reverse bias electron injection from top contact to oxide and hodetiog from
inversion region of Si substrate into oxide occurs. Spectrum shaysfor samples of
M2, changes in current level are lower with changing annealingeeture and time,

compared to p-type samples M1 and M4, especially in reversedgese. Rectifying
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property of p-type samples was enhanced for a given voltage rautige @annealing time
and temperature increase; for the case of M2 current leveltablast regime was found
to be more symmetric and little rectification is pronounced forsdmaples annealed
higher temperature and longer duration.

In both n and p-type substrate samples, dominant current mechansecti®n
transport, because hole current gives small contribution due to the haghier at SiQ/
Si substrate interface for holes. Barrier height between oxideésafor a hole is 4.6 eV,
for the case of electron it is 3.2 eV. In addition, mobility of helemmuch smaller in the
oxide compared with electron mobility; mobility of an electron amla is 20 crffVs,
4x10° cnf/Vs respectively. Although implanted samples in figures (both n appde)
show enhanced current transport compared unimplanted oxide through deoredsed
bariers, there is a huge asymmetry between electron and haktomjato Si NC oxide,
that is the main problem of this systems in the production of light emitting devices

5.3. Electroluminescence (EL) Results

Contrary to PL spectroscopy in which asuitable light source weasl to create
electron-hole pairs, in EL, current across Si NC oxide layerused via applied voltage
for the same purpose. Understanding the electron-hole pair excigattl recombination
mechanisms are very crucial for making reliable and efficelectrically driven Si NC
based EL devices. As mentioned in Chapter 3, due to difficulty éction of carriers
especially of holes, limits the efficiency in EL emissia@asnpare to PL ones. Because
of this reason, although large number of papers about Si NC syspgmared in the
literature, only few of them are related with EL studies. Ginégne main obstacle for Si
NC oxide structure, to suppress or minimize the difficulties roeatl above, is the lack
of appropriate theoretical transport modeling in the nano-scale rangangineer

efficient device design.
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temperature PL is much more intense than EL.
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EL study was performed using around 80 device structures on &fedifsubstrates
that have different parameters of implant dose, implant ensubgirate type, annealing
temperature and duration. All EL measurements were done in aatarklyy applying
dc bias voltage in a range of between zero and 35 V with 47 ohms dreasatesistor.
Due to, set up limitation, |-V characteristics of the samalas/e 10 V bias could not be
observed. For the case of devices fabricated from M3 seiiesgald optical window
and the devices from vacuum annealed sample of M1 series, no vatisblevas
observed. The main reason for this is that the gold window was ngbdrans enough
for light extraction. Also some of devices from other sedigsnot emit at any applied
bias voltage, most probably due to presence of low resistive pathsuti@nt follow
easily without passing through nanocrystals. Two of the device franvas tested for a
time period of 90 minutes by applying constant voltage value of &Bdvthere was no
change in the measured EL spectrum. Moreover, it was seen thegsden the same
substrate with the same processing parameters could exhaitdfferences in the EL
spectrum and in the detection threshold of the emission. This situatiohe result of
local variation in the oxide layer and ITO window as the devices lage area with
higher probability for this kind of effects.

When compared EL results with spectra observed in PL measusgnigerte are
some discrepancies that can be accounted for differences in d¢bkamsms of
excitation and recombination mechanisms. EL spectrums are much broader thas PL on
and relatively weak in intensity, accompanied by the Si subsnaigsion. Except one
device of series of M2, EL emission was not observed for thes aasen the holes
didn’t supplied by Si substrate.

EL spectrums of the series M1, M4 and M2 are given in the figuB%5.9 and 5.10
respectively. In all cases, it is easily seen that, at low energy side spectrums, tail of
the Si emission is present. The intensity of this emission ire s@®es was much larger
than the interested ones that attributed to Si NCs. However, Mattudh [104]
speculated that, this emission may result from Si nanocrystakhdmetis no any author

reported to support for this explanation. As it is shown in thedgy EL spectrums are
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broader than corresponding PL results, it is getting wider witre@se in applied
voltage accordingly. For the p-type samples spectrums thattaleea under forward

bias, i.e. holes are supplied by substrate in accumulation condition under which holes are
accumulated at the Si/oxide interface with positive voltage eghpb back contact. In

the case of n-type samples holes are supplied again by suhstidde inversion
condition, i.e. electrons are depleted from near interface region aes &@ inserted

there with positive back contact.

EL results of as implanted samples almost follow PL ones, but small blue (iard4)
red sifts (in M1 and M2) at the peak position can be recognizesteTiB ~ 200 nm
broadening at high energy tails depending on voltage value. For the logy ¢aig we
can not say anything without de-convoluting the spectrum, since parbaipaf
substrate emission seems very significant up to 750 nm. Morepiaasity of emission
also increases beyond the PL case except M2, as the voltagasewxrelrhese
(broadening and increase in intensity) can be either excitatiohigbfer energy
luminescent defect centers existing through implanted region, wiiahirc not be
excited in PL case at high energy tail because of lower photng\yenf exciting light,
or creation of these defects through current flow or both of thetmerfitue or red shift
in the peak position can be related to the relative number of defeetrs (NBOHC, B
E", etc.) determined by dose and energy of implanted excess Si.

For the devices from samples annealed at 900 °C, (for M4 there i result to
compare), significant changes was observed in EL spectra camjmages implanted
ones. Width of the spectrum is narrowed by ~ 100 nm from the highyesetg,
indicating that, annealing eliminated or decreased concentration exftsl@fhich have
the emission band at higher energy. EL spectrum of M2 seri@80a°C is given in
Fig.4.10 and it is consistent with the PL spectrum peaked at 775 akpBstion at 10
V is around 760 nm, increased to ~ 770 nm with 16 V and pinned for all bias voltage. As
mentioned before PL emission was attributed for small nanocresalh amorphous
phase, having similarity with PL, we can assume that both EL brati§inated from
same source. Big changes were observed in the case of M4. Uptp&ak\position
showed red shifts from 725 to 740 nm and intensity increased; withditager of 22 V

peak shifted to 595 nm. Further, increase in voltage first resulteldenshift to 535 nm
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then red sift to 570 nm and stabilized there. It is seen fronbBigthe width of the
spectrum follows increase in the applied voltage, and relativasityeof lower energy
side tail decreases as the peak start to shifts to high esidegyl'he main reason of this
emission might be larger content of Si in the oxide. As theoSient increases defect
related yellow blue emission increases, contrary to the previoesvalisns [105]. This
situation can be seen in PL results as a blue shift in the@larnted samples peak
positions. During the Si implantation and following annealing stepggem deficient
centers and E” centers are formed. It is suggested thatrapped at Si — Si bond of
oxygen deficient centers broken and are transferred to E” c§@éis Therefore, as the
bias voltage increases tunneling of holes from the substratesstodéeters increased,
then at the expense of luminescence around 740 nm, the yellow emission incre&ises muc
larger. At moderate bias voltage this process is thought to h@reébarsor breakdown
initiation of the device. It is also seen within the same figkrg. 5.9) that intensity of
the emission decreases from 33 V to 35 V, which can be res@akdde current path
formation that would either saturate or decrease the emissiamsitgteAlso formation
or increase in number of non radiative defects by hot carrier can be considered.

For the samples of M2 annealed at 1050 °C for 2 and 4 h, it is seeffrig 5.10 that
almost linear increase in the intensity and emission waveldéngtls are more pertinent
for the case of 2 h annealed sample. For this sample the peak pisséton 750 nm at
voltage value of 10 V and systematically increases and redlcbevalue of ~ 790 nm at
35 V. The peak centered at 900 nm is a property of our measuringhsysteelated
with sample. For the sample annealed for 4 h peak position incsdaa®s and reaches
~ 770 nm at 35 V which is at ~ 760 nm at lower voltage values. Pk qlethese
samples centered at ~ 810 nm, blue shifts observed at highest ajgiiaeye which are
the smallest shift if other voltage values are considered, shiies are 20 nm and 40
nm for 2 h and 4 h compared to PL spectrum.

For the case of samples of M1 series annealed for 2 h and 4 hiesaieacy was
observed as in the case of samples of M2 series. About 45 nm difiue seen in 4 h
annealed sample at the highest voltage of 35 V and in 2 h annealplésahows it is

about 30 nm at same voltage value, with respect to PL results.
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Samples of M4 series, especially 4 h annealed one showed diffefentiors. Two
hours annealed sample had almost the same tendency for both of M1 and M2 up to 31V,
the peak at the low energy side is ~ 45 nm is centered at idghyeside of PL peak.
Two new bands are likely to be related with E” and B2 defect rsenbelicating trace
amount dissolved Si atoms in the oxide matrix. In the case ointhdabed sample, this
behavior starts at lower threshold voltage as shown in Fig 5.9. Asrs#as figure, the
substrate emission is suppressed or decreased in relative tyntevisen this defect

related emission is triggered.

As mentioned before, there are two suggested excitation mechaniimditerature,
first one accounts for the recombination of electrons and holes undet tlinneling
transport from the substrate and top contact in to the nanocrystalssetoad
mechanism depends on excitation of NC by impact ionization under hilghniastly
through F-N tunneling. However impact ionization mechanism is actéptenost of
the researches working on EL emission.

Contrary to literature, we observed strong EL emission relat&i substrate at low
energy side of the spectrum in both n and p-type samples. It sames here that this
emission originated as tunneling of electrons from the top contemtsang the Si NC
oxide layer in to Si substrate. These electrons recombine wits heleeath the oxide
layer present at the interface either under accumulation assiomecondition depending
on the type of the substrate, and any quantum confinement effestiadly under
inversion condition modify this emission toward high energy tail ok bmurbstrate
emission. It is qualitatively concluded in the previous section kigatrtain transport is
the electron transport; therefore if some of the electronstrapped or recombine
through oxide, but most of them reach substrate. Most of these recambstatuld be
non-radiatively as the substrate is indirect gap material, ong}l percentage would
recombine radiatively. Therefore it can be suggested thafsithetion may be the one
of the reasons, which decrease the efficiency of Si NC EL in MOS strulojureducing
the hole number which may tunnel in to the oxide. Although we assumed this
mechanism, other mechanisms suggested by Matsuda et al. [104]elddat this

emission to Si NC, or any defect related emission could not be totally excluded
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As shown in figures and explained above, peak of the EL spectrumasthigher
energy compared to PL one. There is an important point is thaledsias voltage
increase EL peak shifts towards the PL peak position. Thisisimfore recognizable in
samples annealed for 2 h with respect to 4 h annealed case. THaepossson is
discussed below. The other important point is that, with increasedyealtee high
energy tail of EL spectra shifts towards higher energhéur possibly emissions from
radiative defect centers, and this result is consistent with literature.

Although impact ionization may take part in EL emissions at higtages, observed
results indicate that, the most probable mechanisms are coldrdamneling either
direct or trap assisted. It is also proved by the cases wherinfedéon did not occur
from the substrate, no EL emission observed, except one device aif [8&sV. If
impact ionization was possible mechanism, devices should have entitbedhabias
polarities.

When the voltage increased with suitable bias, holes from subttretel in to the
nearby Si NC when they meet the electrons supplied by top ctmégctecombine and
emit light. As the excess Si has Gauss distribution in thr#eoxelatively small size NCs
are expected at the tails of distribution i.e. at the edges aixitle layer. Therefore at
low voltage the expected emission could have high energy photon. As thgevolt
increased the number of holes that populate the larger NCs wouldseaead the EL
emission peak is dominated by longer wavelength photon. (the imppdamnttis here
that the mobility of hole is so much small in the oxide thah witreasing bias voltage
they can tunnel in to the deep of the oxide, but most of the holes popddtCtclose
to the substrate depending on bias voltage). When 2 h and 4 h annealed sdirivie
series are considered which have the almost same PL peak, titibgmmes clearer.
When the annealing duration increases, oxide matrix becomes migtevee® tunnel
especially for holes, and NC becomes more isolated from each 8theéunneling of
holes or exciton toward larger NC from the substrate side becare difficult. It is
seen that due to this effect a shift about 25 nm is observed bedweand 4 h samples
at the voltage value of 35 V, the peak position of 4 h sample stapsn2&t higher
energy with respect to 2 h case. There is another importaatvatisn to prove this

suggestion in Fig. 5.10, as the bias voltage increases EL intefidhg 4 h annealed

85



sample goes to saturation compared with 2 h sample. This ¢asuleof either exciton
crowding in the NC which enhances the Auger recombination oleakage current
path at high voltages, then EL intensity get to saturate or decreases

Those observations in this study strongly reject the impact tmizeased emission
mechanism in our devices. In impact ionization, the excitation of MGsstart with the
largest NC whose band gap is the smallest, as the voltage exithasenergy of hot
carries also increase. Therefore they can excite thdesC at high voltage values,

exhibiting blue shift in the peak position of EL spectrum.
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Figure 5. 11. Change of peak position and intensity of EL emissiorafging voltage
for annealed samples of M4 and M2. Red curves represent the péainposiong to

right side and black ones represent intensity belong the left side of the graphs.
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Fig. 5.11. Shows voltage dependency of EL intensity and peak position foteahnea
samples of M2 and M4. As clearly seen peak positions staysaobrfer samples
annealed at 900 °C and might be indicative of almost same size né&erscl&sr the
samples of series M2 at higher voltage values, there is aka&ia change in behavior
of intensity is seen as NC becomes well isolated from 900 °C to 1050 °C with mgreasi
annealing duration; intensity shows some power dependency on voltageraisd
lowering power of function with increasing isolation. However, for thse of M4

series, no clear voltage dependence of intensity on applied voltage is seen.
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CHAPTERG

CONCLUSION

Quantum dots are nm size structures in which motion of electrons/fisotetally
confined leading to quantization of energy. This quantization brings sogstcah
properties which have not seen in bulk materials: by changingizeeand the shape of
this structure one can easily engineer optical and electppoperties of materials via
guantum confinement effect. Due to their discrete density ofsstateduction of very
narrow line and temperature immune light emitting devices witi kigh efficiency is
feasible.

Silicon is the primary material of today's microelectrondustry due to its superior
properties compared with other group four and compound semiconductors. Although
transport properties of Si stay at poor level with respect tgpoand semiconductors, it
has advantage of high quality stable oxide and high crystal qualitye form of big
wafers, which allow complementary very large scale integrabn Si. Today Si
technology forces its limits. It is believed that in near futitreannot supply the
requirements of increasing demands in high speed and complex functioofalit
information area. There are some approaches to overcome difficuiti8i systems;
however, replacement of metallic lines with optical ones is th&t mppealing solution.
The difficulty of this solution is necessity of light emittiagd detecting devices in the
same chip with very clean junctions to Si.

Being indirect gap material, Si is useless in light emittdeyice applications;
therefore bulk structure of Si cannot be used in chip level optitaltcensmission or
any emitting device applications. However Si nanocrystals, edigemiabedded in Si®
has opened the opportunity of Si micro photonics, because nanoamgstthictures
suppress momentum conservation requirement in emission and absorptiomtof lig
through quantum confinement and leading to efficient light emission fitoese
structures. There are several methods used for producing Si ystabor oxide matrix,

among them ion implantation is most versatile technique to engsmesr depth and
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distribution of nanocrystals in the oxide, and it is very suitablemfass production in
microelectronic industry.

In this study, Si ions were implanted into thermally grow@.Silms on both p and
n-type Si wafer at various doses and energies in order to forran®icrystals in oxide
matrix. Implanted samples were annealed at different tenupesaand duration under
N, atmosphere. LED structures were then fabricated using anneahptes. ITO optic
window was used for both extract light and spread current over windeay @O is
transparent between 400 nm and 1100 nm with an efficiency of 90 %. Rluraeent
performed prior to device fabrication, I-V and EL measurements d@mne on the same
devices. As explained in Chapter 5, it was observed that both opticatlectdcal
properties showed differences depending on implanted ion dose, ion emereglirey
temperature and duration.

From PL measurement we observed that emission peaked at ~ 58Grom virgin
oxide. This emission is not well addressed in literature, howeeettributed this
emission to the peroxy linkages/bridges known as oxygen excess loemh&gnter,
probably result of non homogeneous oxidation of Si.

For all as-implanted samples, there is a very broad PL emisgibn maxima
positioned at ~ 650 nm formed as a result of ion implantation processefigsion is
well studied in Si NC/oxide systems and attributed to non-bridgigzgeoxhole centers
(NBOHC). Depending on dose and energy of implantation this emissiorexhibit
small changes in peak position and intensity. As the implantatioegg@tso introduces
nonradiative defects, NBOHC emission generally stays at weak intensity

When samples (M2 and M3) annealed at a temperature of 900 °C, Ptumsect
showed two important changes compared to as-implanted samples. A&nmisgion
band was observed peaking around at 750 nm, it can be due to formasimalbSi
nanoclusters. If the implanted dose is very high, small crystlban form in the as
implanted samples. Another identified change is a decrease imte¢nsity of NBOHC
emission. Decreasing intensity of NBOHC may indicate formnatf nanoclusters via
reduced excess Si atoms in oxide matrix. Inefficient PL eomss nanoclusters can be
both due to formation of Pb defects around them and crystalline s&uctuthese

clusters. There is a red shif of ~ 40 nm observed in emission around 70 semmples
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having higher density of excess Si which induce larger nanoclugtessredshift is
consistent with quantum confinement effect.

For samples annealed at 1050 °C for 2 h and 4h, it was observed tipatakhe
positions red shifted with respect to 900 °C annealed samples, arsthaisoncrease in
intensity is pronounced with well shaped PL spectrum. At this teatper NCs are
expected to have good crystalline phase and the number of nonradiativts aefe
surface region of NC especially Pb centers decreses. Samapieg more excess Si and
annealed at 1050 °C showed red sifted PL peak position about 30 nm ( frorm 780
810 nm) compared to those having less excess Si due to larger digher bne. Except
increase in intensity there is no red shift observed from duratoto 2 h, there may be
two reasons for this situation; first, Ostwald ripening processeavery difficult due to
possible high diffusion barrier for Si atoms between nanocrystatond, any further
oxidation process can prevent formation of larger nanocrystalsoXiuiation effect can
be supported by vacuum and Ahnealed samples for 2h of M1 series, PL maxima of
vacuum annealed sample shows ~ 25 nm red shift with respect teesamphled under
N». High vacuum atmosphere prevent oxidation of sample and relakarglr NCs can
be formed. Furthermore more intense PL emission fronariviealed sample indicates
the reduction of nonradiative defects through saturation by oxygen.fategrehoulder
at high energy side (Fig. 5.3) of this sample may result frerg small NC structures
near the surface and reduced in size by oxidation of NC Si\dtren we look at 4 h
annealed sample this point becomes clearer: longer annealingodurasults in
consumption of NC at tail side of Gaussian distribution near the surface region.

Results of I-V measurements exhibited dependence of current pssingh device
on implantation and annealing parameters. Three different clasd©S with NC
structures have been analyzed. It is clearly seen in |-V suhat, current in implanted
oxides are much larger than virgin oxide. We have observed thdte asyplantation
dose increases, current also increases at a constant voltage.intfivetual sample
series are considered, largest amount of current is seen-implasited samples
compared to annealed ones. This is because implantation introduce atiegp &t
distributed everywhere in the oxides and these states lower tlue doarrier

significantly and allow charge transport through oxide easily. e&hsra general
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tendency which is clearly seen from I-V figures: increasingealing temperature and
annealing duration cause a reduction in the current. Annealing reducdser of
available states involved in transport, as NCs are formed and theenwinexcess Si
atoms reduced, oxide barrier increase between NC and availdbke istaxide matrix.
Using the |-V curves we have qualitatively concluded that, FoWtedheim tunneling
is not possible in our devices because of large currents at lovgeslt&/e could not
identified current mechanisms, however it is expected that botle Sitep and two step
tunneling processes may involved.

EL results revealed significant differences between PL and @ectmms due to
different excitation mechanisms. When compared with PL emissionergission
exhibited much broader spectrum and increasing bias voltage broadspettteum
further. Two possible reasons for this result are luminescentrsait¢he high energy
side; which can not be excited by the used light source and the other one is atrgpw ene
side, which is attributed to emission of Si substrate. Forafiptes, EL intensity
increases with increasing bias voltage. For as implanted anéC9@Anealed samples,
both EL and PL emissions peaked at almost same position indicatingrostsions are
from the same origin. For other samples, EL emissions maxiedstd high energy
side of PL emissions. When voltage increased, peak position shifésdtd’L peak.
However, in the case of M4, EL peak first approaches PL pedk spme voltage
level, and further increase of voltage cause shift to greeniemidse to higher Si
inclusion in the oxide, which promote luminescent defect E” emiitirggeen band. As
a final remark, we have seen that EL emission is weak dussyummetric charge
injection in to the NC oxide. EL emission is observed only for biémewhich hole is
supplied by the substrate. As an excitation mechanism tunneloagradrs seemed to be
very suitable for our devices, any effect of excitation throagpeact ionization was not
identified. Both mechanisms can work at the same time at Vidfage level, but

tunneling seems much more dominant than impact ionization.
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