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ABSTRACT

SYNTHESIZING GERMANIUM AND SILICON NANOCRYSTALS
EMBEDDED IN SILICON DIOXIDE
BY MAGNETRON SPUTTERING DEPOSITION TECHNIQUE

Alagoz, Arif Sinan
M.Sc., Department of Physics
Supervisor: Prof. Dr. Ragit TURAN

July 2007, 72 pages

Applications of semiconductor nanocrystal in electronics are promising. Various
techniques were developed to synthesize and analyze semiconductor nanocrystals for
integrated circuit applications. In this study, silicon and germanium nanocrystals
were synthesized in silicon dioxide matrix by magnetron sputtering deposition and
following high temperature furnace annealing. Multilayer and single layer samples
were prepared by co-sputtering depositions. Transmission electron microscopy
measurements were carried out to analyze annealing effects on nanocrystal size
distribution, change in shape, density and localization in silicon dioxide (SiO,). Ge-
Ge Traverse Optical (TO) peak was monitored using Raman spectroscopy to
investigate germanium nanocrystal formation and stress effects of silicon dioxide. Si-
O-Si asymmetric stretching band is examined by Fourier transform infrared
transmission spectroscopy to study silicon dioxide matrix recovery with germanium

nanocrystal formation. Luminescence characteristics of silicon nanocrystals in visible
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and near infrared region (550nm-1050nm) with changing nanocrystal size and

density were studied with photoluminescence spectroscopy.

Keywords: Magnetron sputtering, silicon, germanium, nanocrystal, silicon dioxide



0z

MAGNETRON SACTIRMA TEKNIGI iLE SILISYUM DIOKSIT
ICERISINDE SILISYUM VE GERMANYUM NANOKRISTALLERIN
SENTEZLEMESI

Alagoz, Arif Sinan
Yiksek Lisans, Fizik Bolumi

Tez Yoneticisi: Prof. Dr. Rasit Turan

Temmuz 2007, 72 sayfa

Yaniletken nanokristallerin elektronikteki uygulamalar> gelecek vadeden alanlar
arasonda yer almaktad>. Entegre devre uygulamalarsnda kullansimak tzere yar»>-
iletken nanokristallerin sentezlenmesi ve analiz edilmesi igin birgok teknik
gelistirilmistir. Bu ¢aligmada, silisyum ve germanyum nano-kristallerin silisyum
dioksit icerisinde miknatisli sagtirma yontemi ve pesi sira yiiksek sicaklikta
firmlanmayla sentezlenmistir. Tek katmanli ve ¢ok katmanli 6rnekler es-sagtrma
yontemiyle hazirlanmiglardir. Yogunluk ve firmlama kosullar>n>n nano-kristallerin
biiyiikliik dagilimi, sekilleri, yogunlugu ve olusturulduklart matris yapi1 igerisindeki
konumlanmalar1 tizerindeki etkileri elektron mikroskopisi 6l¢iimleri ile incelenmistir.
Ge-Ge TO tepesi Raman spektroskopisi ile incelenerek germanyum nano-kristaller
olusumu ve tizerlerinde olusan oksit stresinin izlenmistir. Si-O-Si asimetrik gerilim
band1 Fourier doniisiimli kizil 6tesi spektroskopisi ile incelenerek silisyum dioksit

yap>n>n germanyum nano-kristal olusumuyla iyilesmesi tizerine ¢alisilmistir.

Vi



Silisyum nano-kristallerin boyutlarindaki ve yogunluklarindaki degisimle goriiniir ve
yakon k>z>l-Otesi  bolgede (550nm-1050nm) 1sima oOzellikleri fotoliiminesans

spektroskopisi ile ¢aligilmistir.

Anahtar Kelimeler: M>knat>sl> sagt>rma, silisyum, germanyum, nanokristal, silisyum
dioksit
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Electronic technology started with
invention of the vacuum tubes,
accelerated with the transistor and
developed with Integrated Circuit
(Fig 1.1 [1]).

Gordon Moore, co-founder of Intel,

(IC) discoveries

stated in 1965 that the complexity
of IC, in other words density of
transistor in a single chip, doubles
every two years [2]. Since that
time, this observation is the aim of
electronic industry. In 1958, first
silicon IC had just a few transistors;
today ICs have more than a billion
transistors in a single chip (Fig. 1.2
[3]). To maintain the increase in
density of transistors in a single
chip, components’ size has to
shrink further. Electronics industry

must review materials and process

steps approaching limits in order to

— 2000

— 1990

— 1980

— 1970

— 1960

— 1950

— 1940

— 1900

Fig.

1997 0.25 micrometer chip geometries

1984 0.5 micrometer chip geometries

1981 Very High Speed Integration (VHSIC)

1971 16-bit Microprocessors
1970 8-bit MOS calculator chips
1968 MOS memory

1963 Complementary Metal Oxide Silicon (CMOS)
1962 Transistor-transistor Logic (TTL)

1960 Metal-Oxide-Silicon (MOS)

1959 Planar process

1958 First silicon integrated circuit (IC)
1954 Oxide masking process

1952 Single-crystal silicon

1951 Junction field-effect transistor (JFET)

1947 The point-contact bipolar transistor

1906 First electronic triode vacuum tube
1905 First electronic diode vacuum tube

1.1 Microelectronics technology

evolution timeline



sustain this trend. Nanotechnology is promising to develop new production

techniques and novel materials for electronic industry.

transistors
10,000,000,000
Dual-Core Intel® Itanium* 2 Processor
1,000,000,000
MOORE'S LAW Intel" Itankum" 2 Frotessar .~
Intel* tanium® Processor A
Intel” Pentium® 4 Pru:essor‘/ 100,000,000
Intel Pentium® B Pmr_s;‘r
Intel* Pentium* Il Progessor 4 10,000,000
Intel® Pentium® Processor
- A
Intel486" Processer | —
-~ 1,000,000
Intel386" Processor //
286 /‘
ol 100,000
8086 _‘/
2080 // 10,000
soog, -4
4004 &~
1,000
1970 1975 1980 1985 1950 1955 2000 2005 2010

Fig. 1.2 Intel microprocessor evolution timeline

In the last few decades novel materials like nanocrystals, nanorods, nanowires and
nanotubes were discovered. Then extensive researches about their properties and
applications in electronics were carried out [4-7]. In this thesis fabrication and
characterization of germanium (Ge) and silicon (Si) nanocrystals are investigated. In
the following sections fabrication techniques, possible applications of Ge and Si
nanocrystals in FLASH memories and Light Emitting Diodes (LED), respectively,

are explained briefly.

1.1.1. FLASH Memory Application of Germanium Nanocrystals

One of the main issues of Information Technology (IT) is the storage of digital
information (Os and 1s). Various forms of storage, based on various natural
phenomena, have been invented. Today, optic, magnetic and electronic based

memories are the most popular ones. So far no practical universal storage medium



has been found since all forms of storage have some drawbacks. Ideal memory
basically optimizes the needs of high density, long retention time, fast write/read

time, long write/read cycle and low cost.

FLASH type electronic memories are the preferred format in code storage at
complex programs running on fast processors and larger media files in portable
electronics. Fast write/read operations, long rewrite life, high density and low cost of
fabrication are main reasons of this choice. Conventional FLASH cell is basically a
Metal Oxide Semiconductor Field Effect Transistor (MOSFET) with a gate

completely surrounded by dielectrics as shown in Fig. 1.3 [8].

Wordline

OND
Tunnel Oxide

Bitline

Control Gate

Drain
M+

I_' P - Substrate

Fig. 1.3 Schematic diagram of conventional floating gate FLASH memory cell

Electrons can be injected into the floating gate through tunnel oxide with Fowler-
Nordheim or Direct Tunneling when appropriate voltages are applied to bit line and
word line. When the voltages are removed, injected electrons are stored in the
quantum well formed with floating gate and surrounding oxides. These electrons
modulate the threshold voltage, on/off switching voltage, of transistor. Hence
FLASH memory gains the capability of information storage without continuous
power supply. Quality and thickness of the tunnel oxide determine the volatility of

information stored in the transistor [9].



Conventional continuous floating gate can be replaced by an array of nanocrystals
[10] to overcome scaling limitations at FLASH memories as shown in Fig. 1.4.
Changing floating gate with Ge nanocrystals provides faster programming and
erasing, lower power dissipation and greater reliability [9-11]. Nanocrystal size, their

placement in the oxide and oxide thickness are the critical parameters.

Wordlina
Nanocrystals Control Gate ~Bitine

Drain
n+

l_ P - Substrate

Fig. 1.4 Schematic diagram of nanocrystal based FLASH memory cell

1.1.2. Light Emitting Diode Application of Silicon Nanocrystals

Silicon is the leader of microelectronics with its excellent electronic properties and
oxidized form of silicon dioxide (SiO,). On the other hand indirect band structure of
bulk silicon does not allow integration into photonic devices. Today’s photonic
devices have been developed on direct band structure II-VI and III-V compound
semiconductors. Unfortunately, integration of silicon based microelectronics and II-

VI and III-V semiconductor based photonics on the same chip is not feasible.

The observation of efficient photoluminescence from nanocrystalline silicon (nc-Si)
at visible region [7] drew great attention for Si based photonics devices and extensive
research was carried out in this field [12-14]. Nanocrystalline Si embedded Metal
Oxide Semiconductor (MOS) structure can be offered for silicon based LEDs as

shown in Fig. 1.5 [15].



hv

ITO optical
Si nanocrystal/oxide layer, window 150 nm
100 nm

47 ohms

Fig. 1.5 Schematic diagram of Si nanocrystal embedded MOS-LED

1.2. Fabrication of Silicon and Germanium Nanocrystals Embedded in

Silicon Dioxide
Precipitation technique is the most popular Si/Ge nanocrystal formation technique. In
this technique either silicon dioxide matrix is highly doped with Si/Ge by ion
implantation [16, 17] or Si/Ge rich silicon dioxide layer is deposited with chemical
vapor deposition [18, 19], laser ablation deposition [20] or magnetron sputtering
deposition techniques [21, 22]. When concentration of Si/Ge atoms exceed the solid
solubility limit in SiO, matrix then these atoms segregate with annealing. This
phenomenon can be described by Ostwald ripening of nanocrystals [23]. Two main
annealing techniques are the furnace annealing [24] and rapid thermal annealing
[25]. Annealing temperature, time and atmosphere are the critical parameters to

control the segregation of atoms to nanocrystals.

1.2.1. Ostwald Ripening

W. Ostwald worked on ripening process in biosystems in 1900 and his theory,
referred as Oswald Ripening [26], developed [27, 28] and adapted to nanocrystal
formation in dielectrics [29]. According to Oswald’s theory small particles are
kinetically favored since they nucleate easily; on the other hand big nanocrystals are
thermodynamically favored since surface to volume ratio is small. At the beginning
of coarsening small clusters form, after the initial growth period larger particles grow
at the expense of smaller ones in order to reduce their surface potential energy.

Under steady-state conditions rate of atom loss from an individual particle is [26];



drR _ ZYWDCL(E_lJ
dt kKT RZ*\R

v : particle - matrix surface tension

V : volume per atom in the particle

D : diffusion coefficient in the matrix

C: concentration of precipitate atom at the particle - matrix surface
k : Boltzman constant

T : temperature

R : particle radius

R :average particle radius

The equation is plotted in Fig. 1.6 [26]. Plot shows that particles of radius R <R
rapidly dissolve, growth rate of particles of radius R >2R decreases rapidly

therefore particles larger than 2R less probable.

Fig. 1.6 Plot of atom loss from an individual particle

if we solve this differential equation we get;



N2
R’=R,’+A VD,
kT

Ry: original mean particle size

Ry is quite small for coherent precipitates and average particle radius is proportional
to one third power of particle-surface tension and equilibrium concentration.
Therefore nanocrystal formation enhance with increasing excess particle atoms.
Nanocrystals smaller than R shrink and dissolve but larger nanocrystals’ size

increase.

1.2.2. Ton Implantation Technique

Ion implantation is a surface modification technique used extensively in
microelectronics to engineer electrical properties of substrate with impurity atoms.
Gas form of the desired element is ionized at the source chamber and electrostatically
accelerated at the accelerator line, then implanted to the substrate at the target
chamber (see Fig 1.7). Nanocrystals can be formed with precipitation technique by
annealing of highly implanted SiO; films [16, 17]. Implanted ions per unit area and
implantation energy basically determine the concentration of atoms in the SiO,
matrix. IC technology compatibility, wide range of ions and precise dose control
make ion implantation powerful technique for nanocrystal fabrication. On the other
hand ion implantation is an ex-situ surface modification technique therefore
implantation of complex layered structures is so difficult and low energy
implantation is needed for thin oxide implantations. Especially thin control oxide
thickness and minimal tunnel oxide degrade requirement of nanocrystal FLASH
memory cannot be easily satisfied with ion implantation. Gaussian distribution of
implanted ions is another problem in nanocrystal size uniformity but multiple

implantations are carried out to overcome this effect [30].
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Fig. 1.7 Schematic diagram of an ion implanter system

1.2.3. Chemical Vapor Deposition Technique

Chemical Vapor Deposition (CVD) is a deposition technique used in
microelectronics to deposit various forms of thin layers on substrates. Volatile gases
introduced to reaction chamber decompose at high temperatures and deposited on the
substrate surface to form thin layers (see Fig. 1.8 [31]). Various precursor gases can
be used depending on thermal stability of substrate, for example SiO, film can be

deposited with the following reaction,

SIH4 + 02 - SlOz + 2H2
SiClLH, + 2N,0 — SiO; + 2N, + 2HC1
Si(OC,Hs5)4 — SiO; + by products

In the first two reactions silicon to oxygen ratio of silicon dioxide films are
determined by the gas flow rates. Flow rates can be varied to obtain silicon rich
silicon oxide matrix to form silicon nanocrystals with precipitation technique [18].
Also germanium atoms can be introduced to SiO, with the addition of GeHy or
similar Ge source gas [19]. Decomposed gas type, gas flow rate, background
pressure, substrate temperature and deposition time are the critical parameters of this
technique. CVD is well suited to mass production.
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Fig. 1.8 Schematic diagram of a plasma enhanced chemical vapor deposition system

1.2.4. Laser Ablation Deposition Technique

Laser directed on the target absorbs radiation energy and if this energy is high
enough the surface layers start to evaporate. A substrate is placed in the view of
target material to deposit thin film as shown in Fig. 1.9 [32]. Deposition atmosphere
can be inert or a reactive gas can be added depending on the desired film. For
example Si rich SiO; films can be deposited by ablation of Si targets in oxygen argon
mixture background atmosphere. Partial pressure of oxygen determines the
concentration of excess Si in SiO, matrix [20, 32]. Laser power, spot size, target to
substrate distance, deposition atmosphere and ablation time are the critical
parameters of this process. The main drawback of laser ablation technique is the lack

of control in oxidation of ablated Si atoms.



Fig.1.9 Schematic diagram of a laser ablation deposition system

1.2.5. Magnetron Sputtering Deposition Technique

Magnetron sputtering deposition technique is the deposition of target atoms to
substrate with the help of plasma ion bombardment. Sputtering gas, commonly
argon, ionized and accelerated towards the target and collision of accelerated ions
result in momentum and energy transfer hence emission of target’s surface atoms. A
thin film layer forms on substrate with the condensation of emitted atoms. Si/Ge rich
SiO; can be deposited by co-sputtering of corresponding targets [21, 22]. Also
introducing oxygen into the chamber reactive sputtering of Si target can be carried
out to obtain Si rich SiO, films [33]. Magnetron sputtering allows the nanocrystal
size, density and tunnel oxide thickness control. Details of this technique are

explained at Chapter I1.
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CHAPTER 2

MAGNETRON SPUTTERING DEPOSITION TECHNIQUE

2.1. Sputtering and Its Applications

Sputtering is the bombardment of target material with energetic ions to scatter
surface atoms. Energetic ions directed towards the target transfer their energy and
momentum to the target’s surface atoms via inelastic collisions. Sputtering begins
when surface atoms gain energy larger than surface binding energy and momentum
out of target’s surface. Collision and interaction of target atoms is so complex,
cascaded collisions needed to change the momentum angle to out of surface. During
these collisions over 95% of ion energy transforms to heat in the target. Sputtering of
a crystal target is demonstrated in Fig. 2.1 to give an idea about the cascaded

collisions.
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Fig. 2.1 Schematic diagrams of cascaded collusions and sputtering process

Many phenomena take place during sputtering other than neutral particle emission as
shown in Fig. 2.1 (d) , these are [34];

e gsecondary ion emission

e reflection of projectile

e secondary electron emission

¢ implantation of projectile

® backscattering of sputtered atoms

¢ radiation

e target heating

e chemical reaction at the target’s surface

First two of these phenomena are used to probe the surface of materials in Secondary
Ion Mass Spectrometry (SIMS) [35, 36] and Ion Scattering Spectroscopy (ISS) [37],
respectively. Sputtering is also used for depth profiling in X-Ray Photoelectron
Spectroscopy (XPS), Auger Electron Spectroscopy (AES) [38-40]. Focused Ion

Beam (FIB) sputtering is used to micro/nano machine the samples in micro/nano

12



electronics [41, 42]. Moreover sputtering is a well known method to prepare

atomically clean the surfaces before deposition [43, 44].

If a sample is placed on view of the sputtered face of target in vacuum then sputtered
atoms condense on the sample. This is still an effective way of thin film deposition
technique used in integrated circuit technology [45]. A simple schematic of setup is

demonstrated at Fig. 2.2 [34].
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Fig. 2.2 Schematic diagram of a sputtering deposition system

Easy to control film thickness, various sputtering target materials, deposition without
compositional changes and mass production compatibility make the sputter
deposition powerful thin film deposition technique in IC technology. High
temperature melting point targets can easily deposited by sputter deposition. On the
other hand slow deposition rates compared to thermal evaporation techniques is the

main disadvantage of sputtering.
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2.2. Sputtering Parameters

2.2.1. Sputtering Yield

Sputtering yield (Y) is the amount of ejected target atom per incident sputtering ion,

in other words efficiency. Sputtering yield determines the erosion rate of target

material and gives an idea about film deposition rate. Sputtering yield depends on

target material

crystal structure of target
sputtering gas

projectile energy

incidence angle of projectile

2.2.2. Target Material

Sputtering yield may change in the order of 10 for different targets. Experimental

yield data and empirical yield curves, suggested by Matsunami et al. [46], of several

elemental target materials atl keV Ar” bombardment are shown in Fig 2.3.
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Fig. 2.3. Sputtering yields of several elemental targets at 1 keV Ar" bombardment
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Some of the experimental data diverges from the empirical curves. Mahan states that
“the divergent data points are more often above, rather than below, the empirical
curve values. It is our belief that this particular divergence trend is due to the
nonlinear cascade, which generates what has been termed an excess yield above that
typical of, or even attributable to, the linear cascade sputtering mechanism” [47].
Periodic behaviour of sputtering yield is related to the d-shell fillings of target atoms.
Correlation between periodicity of sputtering yield and inverse sublimation energy of

targets can be seen by comparing Fig. 2.4 [47] with Fig. 2.3.
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Fig. 2.4. Inverse sublimation energy of several elemental targets

2.2.3. Crystal Structure of Target

Lattice correlated effects like channeling of projectile, blocking of recoils and
focusing of collision determines sputtering yield [48]. Sputtering yield dependence of
FCC crystals (like Cu, Ag, Au and Al) for energetic Ar" obeys Y, 11>Y poiy>Y 110
relation for few keV is shown in Fig. 2.5 [49].
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Fig. 2.5 Crystal structure dependence of sputtering yield

Energy transfer of projectile atoms near the surface decreases considerable due to
channeling effect. Projectile ions gradually lose their energy due to gentle collisions
in the channel and transfer most of their energy to deep layers of crystal instead of
the surface. Channeling effect can be observed with changing incidence angle of

projectile ions to crystal target as shown in Fig. 2.6 [50].
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Fig. 2.6 Channeling effect on sputtering yield of Cu (111) target and comparison
with polycrystalline Cu target with bombardment of 27 keV Ar*
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2.2.4. Sputtering Gas

Noble gases are used to generate plasma for non-reactive sputtering; Argon is the
most common used one. Theoretical [46] and empirical [47] sputtering yields of
coulomb IV-B elements are plotted as a function of sputtering gas ions at 1 keV in
Fig. 2.7. Sputtering yield increases with increasing projectile mass for heavy targets,
on the other hand moderate projectile masses have better sputtering rates for lighter

targets.
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Fig. 2.7 Theoretical (a) and empirical (b) sputtering yields of column IV B elements

for different noble sputtering gases
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Most complete sputtering yield dependence on sputtering gas is reported by Almen
and Bruce [51, 52] at 45 keV high energy region for silver, copper and tantalum
targets as shown in Fig. 2.8. Sputtering yield shows local maxima at noble gases. It is

still an unknown why sputtering gas specie determines the yield more than target

properties.
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lon atomic number

Fig. 2.8 Variation in sputtering yield with sputtering gas

Reactive sputtering is the formation of desired compound on elemental target surface
and deposition it to the substrate. In some cases it is used to reinforce the deficient
constituent of composite target at the deposited film. Varying ratios of oxide, nitride,

sulfide and carbide gases are mixed with noble gas for reactive sputtering.
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2.2.5. Projectile Energy

Surface binding energy is the threshold energy to begin sputtering. Spectroscopic
techniques are used for sensitive (10" to 10” atoms/ion) binding energy
measurements. In the low energy region threshold energy and energy dependence of

sputtering yield is shown in Fig. 2.9 [53].
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Fig. 2.9. Threshold energy and energy dependence of sputtering in low energy

region for various sputtering gases

Threshold energies of various targets are shown in Table 2.1 [53, 54]. Threshold
energies of different targets are so close to each other and nearly four times of their

heat of sublimation energies.
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Table 2.1 Sputtering threshold (eV) and heat of sublimation (e V) data of various

elemental targets for different projectiles

Projectile type
Heat of
Ne Ar Kr Xe Hg sublimation
Al 13 13 15 13 18 -
Ti 22 20 17 18 25 4.40
v 21 23 25 28 25 5.28
Cr 22 22 18 20 23 4.03
Fe 22 20 25 23 25 4.12
Co 20 25 23 22 - 4.40
o Ni 23 21 25 20 - 4.41
& Cu 17 17 16 15 20 3.53
Ge 23 25 22 18 25 4.07
Zr 23 22 18 25 30 6.14
Mo 24 24 28 27 32 6.15
Pd 20 20 20 15 20 4.08
Ag 12 15 15 17 - 3.35
Ta 25 26 30 30 30 8.02
W 35 33 30 30 30 8.80
Pt 27 25 22 22 25 5.60
Au 20 20 20 18 - 3.90

A typical sputtering yield dependence of projectile energy curve for copper target
and a model developed by Sigmund are shown in Fig. 2.10 [55]. Near threshold
energies sputtering yield increases with square of projectile energy. At few hundred
eV energy region, sputtering yield is linearly proportional to projectile’s energy. At
high energy region sputtering yield reaches a maximum and then decreases with
increasing projectile energy. Increasing projectile energy results in an increase in the
energy transferred to target. Further increase causes increase in implantation of ions

which does not contribute to sputtering.
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Fig. 2.10 Energy dependence of sputtering yield for copper target

2.2.6. Incidence Angle of Projectile

Sputtering yield changes a little for high yield targets like Ni, W, and Pt with
incidence angle of projectile. On the other hand sputtering yield for low yield targets
like Mo strongly effected from incidence angle [56] as shown in Fig 2.11. Oblique

angle sputtering is much efficient for deposition of Mo and similar targets.

Sputtering yield

Pt
0 1 | I \ | | !
100 200 30° 407 50° 60° 70°
Angle of incidence with respect to target normal

Fig. 2.11 Incidence angle dependence of sputtering yield for various targets
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2.2.7. Sputtering Rate

Sputtering rate is the erosion rate of target material. Sputtering rate can be calculated
from the ratio of eroded crater depth to the sputter time. Using optical/stylus surface
profilers or Scanning Electron Microscopes (SEM) the eroded crater depth can be
measured [57]. Unfortunately the depth is not uniform through the crater therefore
different depth measurements are averaged. In Table 2.2 ion beam etching rates of
different targets using Argon ions at normal incidence are given [58]. Beam current
density and accelerating voltage are 1.0 mA/cm” and 500 V respectively during ion

beam etching.

Table 2.2 Sputtering rate for various targets at 1.0mA/cm? Ar* current density and

500V acceleration voltage

Target Rate (A/min)
Al (bulk) 300
Si {100} 215
Soda-lime glass 200
Si0; (evaporated film) 280
SiO; crystal {001} 330
AlLO5 {0102} 83

2.3. Film Deposition

2.3.1. Gas Pressure and Power

Sputtering gas pressure effect on deposition rate is shown in Fig. 2.12 [59].
Deposition rate makes a maximum with increasing gas pressure at constant power.
Low efficiency in the ion collection of cathode at low pressure and increasing
scattering of sputtered atoms with gas ions at high pressure reduce deposition rate.

Sputtering is carried out at gas pressure giving the maximum deposition rate. Desired
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gas pressure can be controlled either throttling gas inlet or chamber pumping speed.

Chamber pumping speed can be controlled by throttling pump inlet or pump speed.
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Fig. 2.12 Variation of deposition rate with sputtering gas pressure

During bombardment of target over 95% of ion energy transforms as heat. Therefore
target material must be cooled to stay at sputtering regime. Maximum power flux is
the limiting factor in both DC & RF magnetron sputtering since exceeding this power
results in cracking of target. Thermal conductivity of target and back plate play

important roles in cooling rate of target.

2.3.2. Deposition Geometry

Particle flux along the specified direction is the fundamental parameter in physical
vapor deposition techniques. Total particle flux for an ideal sputtering point source,
i.e. sufficiently small source diameter compared to substrate to target distance, as

shown in Fig. 2.13 [48], is
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Fig. 2.13 Particle flux for ideal sputter source

_ (Yz")(8A)cos6
B T

Ja

where

Jq: particle flux along solid angle
Yz": total particle flux

OA: source area

0: polar angle

Incident particle flux on deposition surface can be calculated by simple solid

geometry, as shown in Fig. 2.14 [48]

nte /S

dA,
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Fig. 2.14 Incident particle flux
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where

Ji: incident particle flux

f: deposition angle

R: target to substrate distance

Jq: particle flux along solid angle

Particle flux, substrate to target distance and view angle are important parameters of
deposition. Substrate should be as close as possible to target since deposition rate
increases with decreasing distance but not enter to plasma region. Typically substrate
is located 5-7 cm above the target. Substrate should be placed parallel to target and

their axes should coincide to get uniform films.

Three fundamental sputter deposition configurations are illustrated in Fig. 2.15 [48].

These are hemispherical, planar and spherical sputtering deposition configurations.

Fig. 2.15 Sputter deposition configurations
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1. Incident particle flux for hemispherical configuration is

z0A cos 9
) =220
th

2. Incident particle flux for planar configuration is

J.

' 7th?

_ z8A(cos 0)*

3. Incident particle flux for spherical configuration is

Incident flux variation with polar angle for each configuration is illustrated in Fig
2.16 [48]. Tangential spherical configuration has the advantage of polar angle
independence but just small substrates can be deposited in this configuration. On the

other hand planar configuration is the most polar angle dependent geometry but

= 25?
Tth

commonly used due to mass production compatibility.

INCIDENT FLUX (Z8A/zh2)

Fig. 2.16 Incident flux variation with polar angle for different deposition geometries

Static

substrates make planetary or other rotary motions relative to target when high

uniformity is necessary, a photograph of such a holder shown in Fig. 2.17 [34].
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substrate deposition configurations cause nonuniform films therefore




Fig 2.17 Planetary type substrate holder

2.3.3. Condensation Efficiency

Condensation coefficient (o) is the ratio of condensation flux to incident flux
J.=aJ,

Condensation coefficient is near to unity for strongly bonded elements but far less

than unity for ionic, complex or anisotropic solids. Condensation coefficient depends

on the substrate surface, substrate temperature and previously condensed material

[48].

2.3.4. Substrate Heating

Magnetron sputtering is a low temperature deposition technique compared with e-
beam evaporation or chemical vapor deposition techniques. Secondary electron
bombardment, sputtered atom kinetic energy, heat of condensation and radiation are
the main sources of substrate heating. Substrate is negatively biased to overcome
electron bombardment and cooled to reduce substrate heating effects. Substrate can
be heated to increase surface mobility and step coverage of deposited material.

Substrate heating also affects optical and electrical properties of deposited films.
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2.4. Experimental Method and Setup
2.4.1. DC & RF Sputtering

Capacitive coupled sputtering is the most commonly used sputtering arrangement. In
this system target is cathode and substrate is anode facing to the cathode (see Fig.
2.18 [34]). Variable DC / RF (most commonly 13.56 MHz) power supply is used to
accelerate the ions toward the target. In the RF case blocking capacitor and matching
network is necessary to develop DC self bias and optimize power transfer from RF
supply to plasma. RF sputtering has advantageous of having high deposition rates,
sputtering of insulating targets, low power and low pressure operation conditions. In
some configurations substrate is also negatively biased to clean substrate surface
before deposition. Substrate may be heated or cooled depending on configuration but
cathode must be cooled during sputtering. Substrate moves relative to target in some
configurations in order to get better film uniformity or to prepare complex film.
Turbo molecular, diffusion or sublimation pumps are used to reach low base pressure
before sputtering. Inlet gas or gas mixtures introduced to the chamber by gas flow
controllers. Process gas pressure ranges from a few militorr to few hundred militorrs.
Plasma is sustained by secondary electron ejection from cathode and impact

ionization of neutral gas atoms.
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Fig. 2.18 Schematic diagram of capacitive coupled sputtering system
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2.4.2. Magnetron Sputtering

Magnetic field is added to sputtering systems in 1970 to increase deposition rate.
Magnetic field is used to sustain and increases the ion density in the plasma by
trapping electrons near target surface. Hence low pressure sputtering (up to 10”torr)
with high deposition rate can be performed. Permanent or electromagnets are used at
different geometries to obtain uniform magnetic fields parallel to the target’s surface
and perpendicular to electric field so electrons follow circular and spiral path as

shown in Fig. 2.19 [34].
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Fig 2.19 Schematic diagram of magnetic field and electrons’ path above magnetron

2.4.3. nano-D 100

nano-D 100 is a multi target capacitive coupled DC & RF magnetron sputtering
system manufactured by Vaksis Itd. (see Fig. 20 and 21). Complex structures and
compounds can be prepared using three 3 inch circular magnetrons installed. One of
the magnetrons is connected to 600W 13.56MHz RF supply other two are SOOW and
1kW DC supplies; hence various conductors and insulator can be co-sputtered. Up to
2 inch substrates can be mounted on circular rotating substrate holder. Target to
substrate distance and angle is adjustable. Base pressure up to 107 Torr can be

achieved with installed Turbo Molecular Pump (TMP). Argon is used for sputtering
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gas and reactive sputtering can be performed with 3 channel controlled gas inlet.
High purity oxygen and nitrogen gases are installed to the system. Substrate can be

heated before or during deposition via infrared heater from the back side up to

1000°C. Deposited film thickness is monitored with a crystal oscillator.
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Fig. 2.20 Photograph of nano-D 100 sputtering system
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Fig. 2.21 Photograph of the sputtering chamber
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF GERMANIUM
NANOCRYSTALS

3.1. Sample Preparation

n-type Si (100) substrate with 40 nm thick thermally oxidized SiO, top layer was
subjected to standard Si surface cleaning procedure. Sample was heated at 500°C for
20 minutes under vacuum in the sputtering chamber in order to remove residual
contamination and water molecules at its surface. The base pressure of the chamber
was 7x107 Torr before the deposition. The multilayer Ge+SiO, thin films were
deposited at room temperature by co-sputtering method from 3 inch diameter Ge
(99.999% pure) and 3 inch diameter SiO; (99.995% pure) targets in Argon ambient
using Vaksis nano-D 100 sputtering system. Ge concentration of the layers was
controlled with the magnitude of applied DC power to the Ge and RF power to SiO;
targets. The thicknesses of the films were controlled with sputtering time. Details of
process parameters are listed in Table 3.1. Sputtering pressure was fixed at 3 mTorr

during the depositions.
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Table 3.1 Sputtering conditions of multilayer and single layer samples

Layer # Sample name | Ge target | SiO; target | Sputter time | Argon pressure
power (W) | power (W) | (min) (mTorr)
5 Ge-L5 4 175 24 3.00
4 Ge-L4 11 175 20 3.00
3 Ge-L3 22 175 14 3.00
. Ge-L2 55 175 8 3.00
: ] 66 0 10 3.00

Multilayer films (see Fig. 3.1) with gradually decreasing Ge concentration were
deposited on the substrate for Transmission Electron Microscopy (TEM)
measurements. In addition, single layer films with the same Ge concentration as in
the multilayer structure were deposited as shown in Fig. 3.2 for Fourier Transform
Infrared (FTIR) and Raman spectroscopy measurements. The single layer samples
were named as Ge-L2, Ge-L3, Ge-L4 and Ge-L5 referring to each corresponding

layer of multilayer sample (see Table 3.1).

40nm sputtered SiO,
20nm Ge:Si0,=4W:175W
40nm sputtered SiO, .
20nm Ge:SiO,=11W:175W 40 nm sputtered SiO,
40nm sputtered SiO,
20nm Ge:Si0,=22W:175W
40nm sputtered SiO,

200m Ge:Si0,=55W:175W . : :
p :
40nm sputtered SiO, 20 nm co-sputtered Ge and Si0,

20nm Ge:Si0,=66W:0W -
40nm thermal SiO 4 nm thermal Si0

Fig. 3.1 Schematic diagram of Fig. 3.2 Schematic diagram of single

multilayer sample layer sample
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Multilayer and single layer samples were cut into pieces and annealed in fused quartz
furnace at 600°C, 700°C, 750°C and 800°C temperatures under vacuum (3.4x107

Torr) for 30 minutes.

3.2. Transmission Electron Microscopy

Various methods have been used to study nanocrystals, but TEM is the most
powerful technique to measure nanocrystals’ shape, size distribution, density and
location in the matrix. On the other hand, extremely careful sample preparation steps

and high operation costs do not allow analysis of large number of samples.

3.2.1. Instrumentation

TEM measurements were carried out with 200 keV analytical JEOL2000FX. Cross
sectional TEM specimens were prepared by standard procedure, i.e. each sample is
cut into pieces with diamond saw then two of the pieces are glued together with
deposited layers facing each other, it is then mechanically thinned and finally thinned

down to electron transparency by ion milling.

3.2.2. Measurements and Discussion

No single particle can be distinguished in any layer of the as-sputtered sample’s
TEM image as shown in Fig. 3.3a. Selected Area Diffraction (SAD) patterns indicate
the presence of amorphous Ge in the SiO, matrix (see Fig. 3.3f), since sample is

deposited at room temperature.
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]
50 nm

Fig. 3.3 Cross sectional TEM images of (a) as-sputtered, furnace annealed at (b)
600°C, (c) 700°C, (d) 750°C, (d) 800°C for 30min and SAD of (f) as sputtered and
(g) typical thermal SiO, sample
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As expected, layer 1 (%100 Ge) turned into a polycrystalline film after annealing.
Nanocrystal formation started at as low as 600°C in layers 2, 3 and 4. Nanocrystal

sizes are plotted with respect to annealing temperature for these layers in Fig. 3.4.
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Fig. 3.4 Nanocrystal size dependence on annealing temperature for layer 2, 3 and 4

Due to high Ge concentration in layer 2, nanocrystal size increases dramatically with
increasing annealing temperature (see Fig. 3.4) and even exceeds the deposited layer
thickness (see Fig. 3.3). It is interesting that big nanocrystals with 20-40 nm size
deform probably due to nonuniform compressive silicon dioxide stress and take
elongated and faceted forms [60]. Well separated nanocrystals can be observed in
layer 3 at the TEM images. As seen in Fig. 3.4, nanocrystal size increases drastically
with increasing annealing temperature up to 750°C and decreases at 800°C which was
also reported by Choi et al. [61]. Meanwhile variation in the size of nanocrystals
increases with annealing. Frequency distribution of nanocrystal size is plotted in Fig.
3.5. Again large nanocrystals with sizes comparable with layer thickness deformed

due to high oxide stress.
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Fig.3.5 Nanocrystal size distribution of layer 3

Well separated and uniformly distributed spherical nanocrystals are observed in layer
4 (see Fig. 3.3). It is seen from Fig. 3.4 that and nanocrystals size increases with
increasing annealing temperature smoothly and the size variation is small. Ge
nanocrystal formation is much controllable in this layer. Frequency distribution of
nanocrystal size is plotted in Fig. 3.6. The mean nanocrystal size is between 3-8 nm

which is reported to be the optimum nanocrystals size for FLASH memory

applications [62-64].
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Fig. 3.6 Nanocrystal size distribution of layer 4

Ge concentration in layer 5 is not sufficient for precipitation at temperatures lower
than 800°C and at 800°C excess Ge atoms form small nanoclusters but not in crystal

form. Frequency distribution of nanocluster size is plotted in Fig. 3.7.
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Fig. 3.7 Nanocluster size distribution of layer 5
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The variation of the nanocrystal size with the DC power applied to Ge target at

various annealing temperatures is plotted in Fig. 3.8.
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Fig. 3.8 Nanocrystal size change with DC power applied to Ge target at various

annealing temperatures

Another important point is the position of Ge nanocrystals in the SiO,. It is well
known that Ge atoms diffuse rapidly in the oxide films at temperatures near and
above melting point of Ge (937°C) and segregates to Ge+SiO,/Si interfaces [65] or
diffuse inside the SiO, layer [66]. Also Ge segregation to Ge+SiO,/Si0O, was
observed even at 800°C [67]. In layer 4 segregation to Ge+SiO»/Si is not observed at
any temperature. We observed that both in layer 2 and 3 Ge nanocrystals were
sandwiched between SiO, layers. These layers play an important role in the
nanocrystals’ size [63]. Ge in SiO, behaves as a modifier not a network former;
therefore mobility of Ge in co-sputtered layer is much higher than that of just oxide
layers. Hence SiO, layers behave as diffusion barrier during nanocrystal growth.
Chew et al. state that “the maximum size of the nanocrystals correlates well to the
Ge+SiO; layer thickness at low concentration samples. However, when the Ge

concentration was increased relative to the oxide concentration, the size control over
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the synthesized nanocrystals was not effective” [67]. Moderate Ge concentration in
layer 3 is the cause of nanocrystal size correlation with layer thickness but in layer 2

due to high Ge concentration size control over nanocrystals can not be achieved.

It is interesting to note that voids are observed in the oxide both in as sputtered
sample and in the annealed samples. Voids take spherical forms probably to

minimize the compressive oxide stress.

3.3. Raman Spectroscopy

Raman spectroscopy is a fast, powerful and non-destructive technique to analyze
nanocrystals. Ge-Ge bond vibrations give the information on phase change of Ge
from amorphous to crystalline state, stress evolution on nanocrystals [68] and size

variation of Ge nanocrystal [69].

3.3.1. Instrumentation

Backscattering Raman measurements were carried out with Jobin Yvon Horiba
confocal micro-Raman at room temperature. He-Ne laser with 632.83 nm was used
as an excitation source, double monochromator and Peltier cooled CCD detector with

a resolution less than 1 cm™ was used to detect Raman shifts.

3.3.2. Measurements and Discussion

Ge nanocrystal formation in the single layer samples was investigated by Raman
spectroscopy. As expected, as-sputtered samples show no indication of nanocrystal
formation at any concentration. A small asymmetric peak emerges at 298 cm’
indicating the formation of Ge nanocrystals upon annealing at 600°C of Ge-L2 as
seen in Fig. 3.9. The peak intensity increases dramatically with an asymmetric
broadening over low frequency side of the spectrum. Broad Si Longitudinal Optical
(LO) peak contribution to Ge signal at 301 cm’ [70] is negligible in these
measurements. Decreasing Full Width at Half Maxima (FWHM) with increasing
temperature indicates change from small to large diameter nanocrystals [69]. It was
shown that Ge-Ge Transverse Optical (TO) peak shifts to higher frequencies with
increasing nanocrystal size due to phonon confinement effect [69, 71, 72]. On the
other hand, stress induced on Ge nanocrystals in SiO, matrix result in shift to lower

39



frequencies [73, 74]. Low frequency shift with increasing nanocrystal size competes
with high frequency shift with stress. In TEM images both effects can be observed
and in Raman measurements they cancel each other and no shift can be observed at

Ge-Ge TO peak.
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Fig. 3.9 Raman spectra of Ge-L2

In the sample Ge-L3, a small peak appears at 300 cm™ with annealing at 600°C
indicating the formation of Ge nanocrystals. Upon increasing the temperature to
700°C and 750°C, the intensity increases gradually then decreases at 800°C. As seen
from Fig. 3.10 Si LO peak fixed is at 301 cm” while Ge-Ge TO signal shifts to lower
frequencies with increasing annealing temperature up to 750°C then shifts to high
frequency at 800°C. This behaviour was also observed by Choi et. al. [61]. Variation
of the Ge-Ge TO peak position with annealing temperature (see Fig. 3.11) is in
correlation with the variation of nanocrystal size see Fig. 3.4). Stress effect

dominates at Ge-Ge TO peak position in competition with the phonon confinement

effect [68].
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Fig. 3.10 Raman spectra of Ge-L3

300 n

299

Peak wavenumber (cm")

298 | \ /

1 . 1 . 1
600 700 800

Temperature (°C)

Fig. 3.11 Ge-Ge TO peak shift with annealing

When the Ge content is reduced (sample Ge-L4) no indication of nanocrystal
formation is observed in the Raman spectra. The peak seen at 301 cm™ in this sample

belongs to the Si substrate (see Fig. 3.12). However TEM pictures show formation of
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nanoclusters and SAD verifies that there are crystalline nanostructures in this layer.
The lack of Raman signal might be due to the low density of Ge nanocrystals in SiO;

matrix. The weak Raman signal might have been lost in the Si LO signal.
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Fig. 3.12 Raman spectra of Ge-L4

3.4. Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is a fast, powerful and non-destructive technique to analyze SiO,
matrix evolution during Ge nanocrystal formation. Si-O-Si bond vibrations give the
information on recovery of SiO, matrix as result of decomposition of GeOy and
formation of Ge nanocrystals. In this way Ge nanocrystal formation can be

investigated with FTIR spectroscopy indirectly.

3.4.1. Instrumentation

FTIR measurements were carried out with Bruker Equinox 55 FTIR in absorbance
mode at room temperature. The FTIR spectrum of the samples was measured with
respect to bulk Si from 400 to 4000 cm™ with a resolution of 4 cm™ at 40° angle of

incidence with unpolarized light. 50 Measurements were averaged to smooth data.
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3.4.2. Measurements and Discussion

In literature rocking, bending and asymmetric stretching mode of Si-O-Si was
reported near 459 cm™ (TO,), 815 cm™ (TO,), 1081 cm™ (TO3) [75]. Since the
influences of Ge nanostructures on rocking and bending modes are too weak to
discuss, only asymmetric stretching mode at 1081 cm’™ will be concerned. If the film
thickness is comparable with the wavelength of excitation source, longitudinal
optical (LO) resonances can be observed with oblique angle incidence configuration
[76]. These additional vibrational modes are 1253 (LO3), 1161 (LO4) and 1205 (TOy4)
cm™, as shown in Fig. 3.13. Kirk [77] related these peaks with disorder-induced
mode coupling in amorphous SiO,. 1253 cm’ (LO3) and 1161 cm’ (LOy) are the
longitudinal optical resonance parts of LO-TO splitting of asymmetric stretching
modes at 1081 cm™ (TO3) and 1205 cm™ (TOy) respectively [75, 77). Adjacent
oxygen atoms move in phase in 1081 cm” mode, while they move out of phase in

weak 1205 cm™ mode [75].

A deconvolved FTIR spectrum of as-sputtered SiO2 was used as a reference to
understand variation of the matrix with Ge concentration and annealing temperature,
(see Fig. 3.13). When the same deconvolution procedure is applied to the as-
sputtered sample Ge-L4, SiO, spectra shifts to lower wave numbers and a new peak
rises at 971 cm™ as seen in Fig. 3.14. This peak is related to Si-O stretching vibration
in SiOy (x < 2) [78]. The presence of the excess Ge in forms of GeOy and GeO, [79]
result in inhomogeneous SiOx matrix formation. The non-stoichiometric matrix starts
to recover as excess Ge atoms precipitate to form nanocrystal during the annealing
[80]. TO5; peak shifts to 1083 cm’! with increasing integrated area and LO; shifts to
1242 cm™ with a constant integrated area with increasing annealing temperature.
Meanwhile SiOy peak shifts to lower wavenumbers with decreasing integrated area
as shown in Fig. 3.15 and Fig. 3.16. In the Ge and SiO, co-sputtered films Si—O-Si,
Ge-O and Si—O-Ge bonds exist, the Ge—O bond (6.8 eV) is weaker than Si—-O (8.3
eV) therefore can be broken easily [81, 82]. With increasing annealing temperature
GeOy (x < 2) decomposes [79] and oxygen atoms bind themselves to SiOx to form
Si0;. Ge nanocrystal formation and the recovery of the SiO, are in agreement with

the TEM results.
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Fig. 3.14 Deconvolved FTIR spectra of as-sputtered sample Ge-L4
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Fig. 3.17 FTIR spectra of (a) each layer and sputtered SiO,, (b) Ge-L5, (c) Ge-L4

and (d) Ge-L3 with changing annealing temperature

FTIR spectra of each layer are plotted in Fig. 17, 18, 19 and 20. Variation of
deconvolved SiOy, TO3; and LO3 peak positions with respect to Ge concentration is
plotted in Fig. 3.21. While the peak position of the TO; shift to lower wave number
slightly, the SiOyx follows the same trend drastically with increasing Ge
concentration. The reason could be the increase in elemental Ge concentration to
GeOy and GeO; at higher Ge concentrations due to decrease in SiO, contribution to
co-sputtered film [62]. In spite of the strong Ge concentration dependence of the LO3
absorption, variation in the TOs absorption is relatively small. LO3 absorption

intensity relative to TO3; decreases with increasing germanium concentration [82].

46



1250

A
A / )
T —m— SiOx
1200 —o—TO,
—4—LO,
= 1150 |-
£
)
& 1100 |
2
Q .\‘ _
f“ 1050 | e
0]
Q
1000
950 1 1
Layer 5 Layer 4 Layer 3

layer number

Fig. 3.18 Peak position dependence on Ge concentration for as samples

47



CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF SILICON
NANOCRYSTALS

4.1. Sample Preparation

Two sets of multilayer sample were prepared; first set was deposited onto 40 nm
thermally oxidized n-type Si substrate with (100) orientation and second onto 4 nm
thermally oxidized n-type Si substrate with (100) orientation. Both were subjected to
standard Si surface cleaning procedure and heated in the sputtering chamber at 500°C
for 30 minutes under vacuum in order to remove residual contamination and water
molecules at the substrate surface. The base pressure of the chamber was 1.7x10°
Torr before the depositions. Multilayer Si+SiO, thin films were deposited at room
temperature by co-sputtering of 3 inch diameter Si (99.999% pure) and 3 inch
diameter SiO; (99.995% pure) targets in Argon ambient using Vaksis nano-D 100
sputtering system. Si concentration of the layers was controlled with the magnitude
of applied DC power to Si and RF power to SiO; targets. Thickness of the films was
controlled with sputtering time. Sputtering pressure was fixed at 3 mTorr during the
depositions. Multilayer samples, named as S1 and S2 (see Fig. 4.1 and 4.2) were
prepared for Transmission Electron Microscopy (TEM) measurements. The details of
the process parameters are listed in Table 4.1 and 4.2. S1 was prepared to understand
roughly the Si concentration dependence of nanocrystal formation and to gain a view
for future works. S2 was the detailed investigation of Si concentration between layer
3 and 4 of sample S1. Both Si and SiO, targets’ power were doubled in deposition of
S2 in order to get thicker films in a shorter time. Each layer of S2 was deposited on

another set of substrates as shown in Fig. 4.3, for Photoluminescence (PL)
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spectroscopy. Samples were named as Si-L1, Si-L2, Si-L3, Si-L4 and Si-L5 referring

to corresponding S2 layers.

34nm sputtered Si0 110nm sputtered SiO,
140um Si:S10,=13W:AT5W 140nm Si:Si0,=130W:350W
34nm sputtered S0, 100um sputtered 510,
17 SiSi0,=3TW:175W 130um Si:Si0,=115W:350W
34nm sputered Si0, 100nm sputtered Si0;
i 110nm Si:Si0,=100W:350W
100um sputtered Si0;
105nm Si:Si0,=85W:350W

110nm sputtered Si0-
60nm Si-5i0,=T0OW-350W
4nm thermal + 70nm Sputtered Si0.

Fig. 4.1 Multilayer sample S1 Fig. 4.2 Multilayer sample S2

60-90 nm co-sputtered Si and SiO,

4nm thermal Si0.

Fig. 4.3 Two layer sample Si-L series
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Table 4.1 Sputtering conditions of multilayer sample S1

Si target Si0O, target Sputter
Layer #
power (W) | power (W) | time (min)
5 13 175 25
4 34 175 20
3 77 175 15
2 200 175 9
1 200 0 14

Table 4.2 Sputtering conditions of multilayer sample S2 and two layer Si-L series

Layer Two layer Si target Si0, target Sputter
# sample name power (W) power (W) time (min)
5 Si-L5 130 350 75
4 Si-L4 115 350 75
3 Si-L3 100 350 75
2 Si-L2 85 350 75
1 Si-L1 70 350 60

Sample S1 was annealed at 900°C, 1000°C and 1050°C for 1 hour and sample S2 at
1100°C for 3 hours under N, atmosphere. Two layer samples were annealed at
900°C, 1000°C, 1050°C and 1100°C for 1 and 3 hours under N, atmosphere to form
nanocrystals. Some of them were annealed at 500°C for 20 min under H,+N; to
investigate effects of dangling bond passivation with hydrogen and others annealed
at 900°C for 10 min, 20 min and 90 min under O, to understand effects of oxidation
on nanocrystals. All annealing processes were carried out in fused quartz furnace

under N, environment.
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4.2. Transmission Electron Microscopy

Various methods have been used to study nanocrystals, but TEM is the most
powerful technique to measure nanocrystals’ shape, size distribution, density and
location in the matrix. On the other hand extremely careful sample preparation steps

and high operation costs do not allow analysis of large number of samples.

4.2.1. Instrumentation

TEM measurements were carried out with 200 keV field emission analytical
JEOL2010F. Cross sectional TEM specimens were prepared by standard procedure,
i.e. each sample was cut into pieces with diamond saw then two of the pieces glued
together with deposited layers facing each other next mechanically thinned and

finally thinned down to electron transparency by ion milling.

4.2.2. Measurements and Discussion

4.2.2.1. Set 1

In the TEM image of as-sputtered sample (S1), excess Si precipitation was not
detected in any layer (see Fig. 4.4). On the other hand, SAD confirms the
crystallization in the 1050°C annealed sample as can be seen from Fig. 4.5.
Especially near the surface of the film there are various cracks and voids. Voids get
larger with increasing annealing temperatures. Layer 1 crystallizes with annealing
and forms polycrystalline continuous layer, as expected, see Fig. 4.4. Nanocrystal
formation starts in the co-sputtered layers 2 and 3 with annealing at 1000°C. The
particle size is difficult to determine in layer 2 due to the density of the particles.
Frequency distribution of layer 3 with annealing is shown in Fig. 4.7. The mean
nanocrystal size is approximately 3 nm. Change of annealing temperature from
1000°C to 1050°C does not affect the mean nanocrystals size and size distribution.
HRTEM image of a nanocrystal formed in this layer for 1050°C is shown in Fig. 4.6.
The nanocrystal oriented along (220) with a 2A plane separation. Randomly
scattered nanocrystals form about the upper half of the SiO, film in layers 4 and 5.
The nanocrystals that formed near the layers 4 and 5 were in the order of 5 nm in
size. In the case of low atomic concentration, Si atoms the diffuse to the interface and

accumulate there due to the mobility difference. Accumulated Si atoms form
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nanocrystals in the interface layers. This effect is further investigated in the sample
S2.

50nm

Fig. 4.4 TEM image of (a) as-sputtered, annealed at (b) 900°C, (c¢) 1000°C and (d) 1050°C

samples
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Fig. 4.5 SAD of the sample annealed 1050°C  Fig. 4.6 HRTEM image of the nanocrystal
in layer 3 annealed at 1050°C

Frequency
Frequency

e
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Size (nm)

Size (nm)

(@) (b)
Fig. 4.7 Nanocrystal size distribution in layer 3 for annealing at 1000°C (a) and1050°C (b)

42.2.2.Set?2

In the TEM image of as sputtered S2 no single particle can be distinguished in any
layer (see Fig. 4.8). On the other hand, high density of voids and cracks formed in
the layers during sputtering. As can be seen from Fig. 4.9, these voids and cracks

fairly disappeared after annealing at 1100°C for 3 hours.
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(b)

Fig. 4.8 TEM images of upper (a) and lower (b) layers of as-sputtered sample

(a) (b)

Fig. 4.9 TEM images of upper (a) and lower (b) layers of annealed sample
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TEM overview and detailed images of each layer are shown in Fig. 4.10 and 4.11,
respectively. Deposition rate of Si increases with increasing target power and co-
sputtered layer thickness increases from bottom to top for fixed deposition time.
Particles do not show uniform distribution in the co-sputtered films. It is hard to
measure size distribution of Si nanocrystals for each layer due to low contrast
between Si and SiO, and high particle density. High Resolution Transmission
Electron Microscopy (HRTEM) is necessary to measure particle size, which is
cumbersome for this sample. Selected Area Diffraction (SAD) of the sample
confirms the crystal formation with (111), (220) and (311) orientations (see Fig.
4.12). Co-sputtering of Si with SiO, deforms the oxide matrix hence the mobility of
excess Si atoms in this layer is higher than sputtered SiO, alone. Low concentration
of excess Si atoms degrades big nanocrystal formation inside the layers. Si atoms
diffuse through the matrix and accumulate near the interfaces and form big
nanocrystals. Increasing concentration of excess Si near the interfaces with
accumulation results in ~15 nm Si nanocrystal band at interfaces. Nearly 2nm
diameter nanocrystals spread through layer 2 and ~8 nm nanocrystals accumulated
along the oxide interface. Increasing Si concentration in layer 3 and 4 enhances big
nanocrystal growth inside these layers, hence average nanocrystals size increases at
these samples. Interface nanocrystal density in layer 5 decreases profoundly with big
nanocrystal formation inside the layer. There is not an abrupt difference in excess Si
concentration in layer 1 and 2 but nanocrystals ~2 nm in size distribute through layer
1 homogenously. The reason could be the thickness of layer. Upper and lower Si
nanocrystals form about 30 nm band in other layers which is comparable with the

thickness of layer 1.
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Fig. 4.10 TEM overview of multilayer sample
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layer 5 layer 4

layer 3 layer 2 |

Fig. 4.11 Detailed TEM images of each layer
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Fig. 4.12 SAD pattern of annealed S2

4.3. Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a non-destructive, non-contact and effective
technique to probe direct or quasi-direct band structure of nanocrystals. Many
researches were carried out to understand size and band structures of Si nanocrystals
with photo-excitation and recombination of electron-hole pairs inside the

nanocrystals and surrounding interface [83-85].

4.3.1. Instrumentation
PL experiments were carried out at room temperature with an excitation source of
532 nm Nd:YAG laser (using a frequency doubler), MS-257 monochromator and

Hamamatsu CCD camera.

4.3.2. Measurements and Discussion

Effect of annealing temperature and time on luminescence of Si nanocrystal are
investigated. Samples annealed above 900°C show a broad Photoluminescence
spectrum covering visible to near infrared, ~600 nm to 1000 nm, as shown in Fig.
4.13. PL peak shift to red linearly with increasing Si concentration indicates smooth
increase in average nanocrystal size and quantum confinement effect on
luminescence. As seen from Fig. 4.14, same trend is observed when the samples are
annealed at 1000°C and 1050°C for 1 and 3 hours. Concentration of Si above Si-L3

annealing temperature does not play a critical role in nanocrystal size distribution.
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Nanocrystal size distributions are not effected from annealing time as opposed to
number of non-radiative defect centers which are affected fairly. PL intensity
increases but PL peak does not shift with annealing time. Lépez et. al. [86] suggest
that “P;,, centers are radiative recombination Kkillers ... long annealing treatments at
high temperature in an inert atmosphere is a viable option”. Luminescence is not
only related to electron and hole recombination in Si nanocrystals [87, 88] but also
Si/SiO; interface states [89]. Shimizu-Iwayama et. al. [90] suggests luminescence
could also be related to interaction of neighboring nc-Si via a thin SiO, layer
between the crystals, when nanocrystal population is very dense. Unfortunately, there
is a disagreement in the literature on the origin of luminescence. In the present study
integrated area of photoluminescence spectra is plotted for each sample for various
annealing conditions in Fig. 4.15. Integrated area increases with increasing excess Si
concentration up to Si-L3 and then decreases. It is likely that decrease in nanocrystal
surface to volume ratio with increasing average nanocrystal size reduces the relative

intensity of interface state luminescence.

—o— Si-L1
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Fig. 4.13 PL spectra of each sample annealed at 1100°C, 3h, N,
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Fig. 4.14 PL spectra peak position dependence on annealing conditions
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Fig. 4.15 PL spectra integrated area dependence on excess Si concentration

Hydrogen post annealing to passivate non-radiative defect centers either inside the Si
nanocrystals or Si/SiO; interface is promising low cost thermal process to increase

PL efficiency of Si nanocrystals. To investigate effects of dangling bond passivation,
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samples were annealed at 500°C for 20min under Hp+N,. Increase in PL intensity
and red shift in PL peak were observed (see Fig. 4.16). Wang et. al. [91]
demonstrated that neither nanocrystal mean size nor density change with passivation
at 500°C. To confirm the effects of passivation, samples were annealed at 750°C
under N, for 30 min then spectrum turned back to its previous form with the release
of hydrogen. Cheylan et. al. [92] state that “The fact that H passivation increases the
emission intensity by up to an order of magnitude implies that only a small fraction
of nanocrystals is defect free. Moreover, because the surface area and volume of
crystallites increases rapidly with increasing size, it is reasonable to expect that larger
crystallites will contain more nonradiative defects. This being the case, H passivation
is expected to have a greater affect on the emission from larger nanocrystals than
from smaller ones, giving rise to an apparent red shift in the composite spectrum”.
After hydrogen passivation steeper PL peak shift was observed with increasing Si
concentration as shown in Fig. 4.17. This is reasonable since non-radiative defects
are much probable in bigger nanocrystals. It is hard to determine the nanocrystal size
distribution by PL. measurements since non-radiative defects play an important role
in the spectra. Cheylan et al. [93] states that ... correlations between a particle size
distribution determined by techniques such as transmission electron microscopy,
which favor larger nanocrystals, and PL emission spectra, which are dominated by
smaller nanocrystals, could easily lead to erroneous conclusions. Even after
passivation, it is unclear that the emission is representative of the full particle size

distribution”.
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Fig. 4.16 Hydrogen post annealing effect on PL spectra for sample Si-L2
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Fig. 4.17 PL spectra peak position after H, post annealing

Oxidation of Si nanocrystals is a technique to tune luminescence properties of

crystals [94], passivation of oxygen deficiency Py, centers at Si/SiO, interface [95]
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and limit oxidation rates in other oxidizing conditions during device processing [96].
To investigate effects of oxidation, Si nanocrystals were formed by annealing at
1000°C for 3h under N, then annealed at 900°C for 10min, 20min and 90min under
O,. PL intensity decreases and spectrum shifts to blue with oxidation of nanocrystals
as shown in Fig. 4.18. Blue shift in PL peak can be attributed to the decrease in
average nanocrystal size with oxidation nanocrystals. Decrease in intensity is a result
of decrease in density of nanocrystals [94]. PL peak shifts to blue linearly at short
annealing time then slows down and stabilizes at higher annealing times (see Fig.
4.19). Scheer et. al. [96] and Coffin et. al. [97] observed the same effect and
attributed this behaviour to a self-limiting oxidation of Si nanocrystals below the
viscoelastic temperature of SiO, due to compressive stress normal to the SiO, /Si
interface. Oxidation rate of Si decreases with increase in surrounding SiOy shell and

stress induced on Si core.

—=—1000°C, 3h, N,

—e—+900°C, 10 min, o,
—4—+900°C, 20 min, O,
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Fig. 4.18 Oxidation of Si nanocrystals in Si-L2 by annealing at 900°C for 10, 20 and

90 min under O,
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CHAPTER 5

CONCLUSION

In this study, Ge and Si containing multi and single layer SiO, films were deposited
on Si substrates at various concentrations by magnetron sputtering deposition
technique and then nanocrystals were formed with high temperature thermal
annealing in quartz furnace. Effects of annealing temperature and time on Ge and Si
nanocrystal formation and effect of post annealing under hydrogen and oxygen on
luminescence properties of Si nanocrystals were examined. Samples were analyzed
by transmission electron microscopy, selected area diffraction, Raman, Fourier

transform infrared and photoluminescence spectroscopy techniques.

It was shown that atomic Ge concentration and annealing temperature are the critical
parameters for nanocrystal formation, size distribution, density, the stress induced by
SiO0; matrix and SiO; recovery. TEM images demonstrated that nanocrystal size
strongly depend on Ge concentration in SiO,. Nanocrystal diameters exceeding layer
thickness can be formed at high Ge concentration. These nanocrystals deformed
probably due to the nonuniform compressive stress induced by surrounding SiO,.
Well separated spherical nanocrystals can be observed at moderate Ge concentration.
Nanocrystal size is fairly controllable with annealing temperature at moderate Ge
concentration. Small Ge clusters were formed instead of nanocrystals at low Ge
concentration. Ge nanocrystal mean radius increases with increasing annealing
temperature as a result of increase in mobility of Ge atoms in SiO; matrix. There
exist diffusion barrier effect of SiO, layers and this intern has a role in the
nanocrystals’ size. Raman spectroscopy confirmed the TEM results that high oxide
stress induced on Ge nanocrystals with increasing nanocrystal size. Stress effect
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dominates in Ge-Ge traverse optical peak position competition with the phonon
confinement effect. We also verified that there is recovery of oxide with nanocrystal

formation.

Si concentration and diffusivity in oxide are the critical parameter for nanocrystal
formation, size distribution, density and luminescence characteristic. TEM images
demonstrated that Si nanocrystal size depend on local Si concentration in SiO,. High
density of voids and cracks formed in the as-sputtered sample mostly disappear after
annealing. Low concentration of excess Si atoms in SiO, degrades big nanocrystal
formation inside the layers. Big nanocrystal forms with the Si diffusion through the
matrix and accumulation to interfaces. The density of big nanocrystals in interface
decreases with increasing excess Si concentration. PL peak shifts to red linearly with
increasing average nanocrystal size and intensity decreases with decreasing density
of nanocrystals. Hydrogen post annealing enhances PL intensity and this in turn
causes red shift of PL peak due to passivation of non-radiative Py centers especially
at big nanocrystals. PL peak shifts linearly with increasing average nanocrystal size
for passivated samples. Si nanocrystals oxidized to tune luminescence spectra of
nanocrystals. PL peak shifts to blue with a decrease in intensity indicating decrease
in nanocrystal average size and density. Linear blue shift at short annealing time then
slows down and stabilizes at higher annealing times attributed to the decrease in
oxidation rate of Si nanocrystals with increase in surrounding SiOy shell and stress

induced on Si core.
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