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Abstract

In silicon nanocrystal memories, electronic charge is discretely stored in isolated silicon
nanocrystals embedded in the gate oxide of a field effect transistor. The stored charge
determines the state of the memory cell. One important aspect in the technology of sil-
icon nanocrystal memories is the formation of nanocrystals near the SiO2-Si interface,
since both, the size distribution and the depth profile of the area density of nanocrys-
tals must be controlled. This work has focussed on the formation of gate oxide stacks
with embedded nanocrystals using a very flexible approach: the thermal annealing of
SiO2/SiOX (x < 2) stacks. A sputter deposition method allowing to deposit SiO2 and
SiOX films of arbitrary composition has been developed and optimized. The formation
of Si NC during thermal annealing of SiOX has been investigated experimentally as a
function of SiOX composition and annealing regime using techniques such as photo-
luminescence, infrared absorption, spectral ellipsometry, and electron microscopy. To
proof the concept, silicon nanocrystal memory capacitors have been prepared and char-
acterized. The functionality of silicon nanocrystal memory devices based on sputtered
gate oxide stacks has been successfully demonstrated.

Zusammenfassung

In Silizium-Nanokristall-Speichern werden im Gate-Oxid eines Feldeffekttransistors
eingebettete Silizium Nanokristalle genutzt, um Elektronen lokal zu speichern. Die
gespeicherte Ladung bestimmt dann den Zustand der Speicherzelle. Ein wichtiger As-
pekt in der Technologie dieser Speicher ist die Erzeugung der Nanokristalle mit einer
wohldefinierten Größenverteilung und einem bestimmten Konzentrationsprofil im Gate-
Oxid. In der vorliegenden Arbeit wurde dazu ein sehr flexibler Ansatz untersucht: die
thermische Ausheilung von SiO2/SiOX (x < 2) Stapelschichten. Es wurde ein Sput-
terverfahren entwickelt, das die Abscheidung von SiO2 und SiOX Schichten beliebiger
Zusammensetzung erlaubt. Die Bildung der Nanokristalle wurde in Abhängigkeit vom
Ausheilregime und der SiOX Zusammensetzung charakterisiert, wobei unter anderem
Methoden wie Photolumineszenz, Infrarot-Absorption, spektroskopische Ellipsometrie
und Elektronenmikroskopie eingesetzt wurden. Anhand von MOS-Kondensatoren wur-
den die elektrischen Eigenschaften derart hergestellter Speicherzellen untersucht. Die
Funktionalität der durch Sputterverfahren hergestellten Nanokristall-Speicher wurde
erfolgreich nachgewiesen.
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memory
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1 Introduction

1.1 Motivation

In the past few years the research on nanomaterials has developed enormously, extend-
ing today into nearly every field of science and engineering. This strong interest was
triggered by the finding that fundamental physical, chemical and biological properties
of materials may change drastically when the material structure size decreases into
the nanometer range. Among the origins for this change are quantum size effects, the
confinement of electronic or vibronic excitations, and the large surface to volume ratio
of nanostructures.

1.1.1 Optical applications of silicon nanostructures

Also Si nanostructures have been investigated intensely. Even though Si based devices
pervade everyday life, for a long time it has played only a minor role in optoelectron-
ics, since due to the indirect band gap, bulk Si is an extremely inefficient light emitter.
Instead, direct band gap materials, such as GaAs, InP and GaN are used for lasers
and light emitting diodes (LED). However, an integration of these materials into Si
based devices is complicated. Si based light emitters would enable the integration of
both electronic and photonic devices on the same chip in Si technology. The several
approaches to Si based light emitters recently were reviewed by Pavesi [1]. One ap-
proach are Si nanostructures or Si nanoclusters (Si NC) with a size below ∼ 5 nm, in
which quantum confinement, leads to a widening of the energy gap and a relaxation of
momentum conservation. The resulting higher probability of direct optical transitions
is one reason for the observation of visible light emission from highly porous Si [2, 3]
and Si NC. After the demonstration of optical gain from Si NC embedded in SiO2 by
Pavesi [4], even a Si based laser seems possible. Recently STMicroelectronics (Catania,
Italy) introduced LEDs based on rare-earth implanted SiO2 films with embedded Si
NC. In this case, injected electrons and holes are efficiently captured by the Si NC, and
transfer their energy to optical transitions in neighbored rare earth atoms that then
efficiently emit the light. Short term external quantum efficiencies of up to 10 % were
achieved (comparable to LEDs based on III-V semiconductors), while on the long term
still external quantum efficiencies of 0.1 % were reached [5].

1
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Figure 1.1: Comparison of conventional eeprom cell (left) and silicon nanocrystal memory
proposed 1995 by Tiwari et al. (IBM) [6].
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Figure 1.2: During ’Write’ operation electrons are injected into the storage node. This
leads to a shift of the transistor threshold voltage and changes the memory
state, given by the readout current, from ’0’ to ’1’.
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1.2 Review of silicon quantum dot memory devices

1.1.2 Memory applications of silicon nanoclusters

Another application of silicon nanoclusters are memory devices. The left side of Fig. 1.1
depicts schematically a conventional floating gate type memory transistor for use in
eeprom

1 devices and flash memories. In a conventional eeprom a polycrystalline
silicon ’floating gate’ electrode with finite lateral conductivity serves to trap electrons
injected by Fowler-Nordheim tunneling. Electron injection leads to a shift of the thresh-
old voltage of the transistor as indicated in the transistor characteristics of Fig. 1.2.
The drawbacks of this concept are the limited scalability and the fact that the number
of write/erase cycles to device failure (endurance) is limited to about 106 by the dam-
age of the injecting tunnel-oxide caused by hot electrons. Alternative memory concepts
include silicon-nanocluster based memories, the most prominent ones being the Yano
memory [7] and the Si nanocrystal memory proposed by Tiwari [6]. Since such memo-
ries operate with a small number of electrons and have better scaling properties, they
are promising candidates for future memory devices, which require high integration
density and low-power consumption. The Si nanocrystal memory concept proposed by
Tiwari [6] (right side of Fig. 1.1), additionally differs from the eeprom inasmuch as
the injection mechanism is direct electron tunneling and the charge is stored in elec-
trically isolated Si quantum dots, such that the lateral charge transport is suppressed.
Today this concept of Si nanocrystal memories is investigated intensely by companies
like Motorola [8] and STMicroelectronics [9]. According to Motorola officials in a few
years these memories could come on the market as replacements for today’s flash

memories [10]. Simultaneously, the Si nanocrystal memory competes with other novel
flash concepts in which the traditional continuous polycristalline Si floating gate is
replaced by a discrete-trap type storage node. One example is the nrom

tm developed
by Saifun semiconductors [11] and currently transferred into production at the Dresden
Infineon fab. The nrom

tm is based on an ultrathin SiO2/Si3N4/SiO2 gate stack, with
the nitride film acting as storage layer. The depth of Si NC related levels below the
edge of the SiO2 conduction band is according to DiMaria [12] 3-4 eV, according to
Afanasev [13] 2.8 eV. Naich [14] found, that the trap levels of the competing sonos

2

memories are shallower (0.82 eV, 0.93 eV, 1.09 eV and 1.73 eV). With respect to a
desired long charge retention time, the higher activation energies of carriers out of the
Si NC memory are beneficial, since they render thermal detrapping less likely. A more
detailed review of nanocrystal memory devices is given below.

1.2 Review of silicon quantum dot memory devices

Several routes to produce silicon nanocrystals have been explored: Si nanocrystals
were deposited by an aerosol technique in combination with a radial differential mass
analyzer [15], self-assembled by chemical vapor deposition (CVD) [6], low-pressure
CVD (LPCVD)[16], annealing of silicon rich oxide deposited by CVD [12, 17], oxida-
tion of thin polycrystalline Si layers deposited onto SiO2 [18], or Si ion implantation
and high-temperature annealing [19, 20]. In contrast to memories with a continuous

1
eeprom: electrically erasable programmable read only memory.

2
sonos: silicon-oxide-nitride-oxide-silicon (the materials of the layered gate stack)

3



1. Introduction

floating-gate (FG), those using discrete-trap-type storage nodes are robust against de-
fects in tunnel oxide, since a single defect no longer leads to complete loss of stored
charge. The absence of lateral charge movement even allows to selectively charge the
FG layer near the source or near the drain of a transistor, which (in analogy to the
nrom

TM concept) has been used for the preparation of a two-bit (i.e. 4 state) mem-
ory cell [8]. In fact, the use of discrete-trap type storage nodes turns out to be a key
issue in conventional flash memory technology, as the transistor channel lengths ap-
proaches 0.1-0.13 µm [10]. By coupling nano-crystals to the channel of conventional
MOS transistors through ultrathin direct-tunneling oxides (thickness lower than 3.5
nm) various ’long-refresh-time dynamic’ to ’quasi-nonvolatile’ ’multi-dot-nano-flash’
memories have been demonstrated [21, 19, 6]. In addition to an improved endurance
(the number of write/erase cycles to device failure) resulting from direct tunnel in-
jection instead of hot-electron-injection or Fowler-Nordheim tunneling, the prevention
of vertical and lateral charge movement yields an important gain in memory data-
retention [21], which enables further shrinkage of the memory cell, lower operational
voltages and lower power consumption. When the tunnel oxide thickness is decreased,
the tradeoff between shorter write/erase times and worse data retention must be con-
sidered. The shortest write/erase times on the order of 10−9 s have been achieved
at cost of data retention times on the order of minutes or seconds [21]. To obtain a
retention time on the order of 10 years, programming times on the order of 10−5 s are
required, which is slow compared to other concepts like magnetic memories (mram) or
resonant tunneling devices (RTD) for which write times of 10−8 s appear realistic [22].
According to model calculations, this ’Achilles heel’ may be overcome by optimized
’crested’ multi-layer tunnel barriers [23, 24, 25] that enable both fast writing and high
retention. Despite the large number of Si nanocrystals used in the typical multi-dot
memory cell (100-1000), at low temperature single electron charging phenomena have
been observed in cases, where the size distribution of Si NC was narrow. This sug-
gests that due to the Coulomb barrier effect even a multi-dot nanocrystal memory cell
could have more than two discrete states [6]. Field effect transistor (FET) devices with
few, or even one single NC in the vicinity of a very narrow channel, show evidence
of the Coulomb blockade effect even at room temperature, both in the static regime
(plateau regions in the transistor threshold voltage vs. write voltage characteristics)
[26, 27, 28, 29] but also in the dynamic regime, i.e. during write [7] and erase [30]
processes.

1.3 Si NC memories by deposition techniques

The key issue in the technology of nanocrystal memories is to fabricate the nanometer
scale dots in a well defined manner. Although significant progress has been achieved by
ion beam synthesis of Si nanocrystals, currently, among the preparation methods for Si
NC memories, a deposition method, i.e. the direct growth of Si NC by LPCVD, is lead-
ing. One advantage of deposition methods over ion beam synthesis is the good process
control by sequential preparation of layers with a different functionality. This includes
the option to use predefined tunneling barriers, such that write/erase and retention
times can be adjusted independently from the formation of the Si NC. The concept
of optimized multilayer tunnel barriers, different from SiO2, is not compatible with
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1.4 Aim and structure of this work

Figure 1.3: Size controlled growth of Si nanocrystals by annealing of a deposited SiO/SiO2

superlattice (cross-section electron microscopy image from Zacharias [31]).

ion beam synthesis of silicon nanocrystals, since collisional mixing caused by energetic
ions would degrade the multilayer barrier. On the other hand, a major challenge of the
LPCVD methods is to achieve the required high density of Si NC, while maintaining
the homogeneity of size and area density in the diameter range below 5 nm [32], which
is interesting for single electron devices. The processing of single electron devices (in
which switching between states involves tunneling of only one electron) is very de-
manding with respect to reliability and involves the formation of crystalline islands of
subnanometer size, at good uniformity of size and shape, the accurate island place-
ment, and the minimization of background charge [33]. In this respect, an important
step towards the control of order, size, shape and crystallinity of silicon nanocrystals
has been made by Grom [34], who succeeded in the control of crystallinity and shape of
Si nanocrystals, formed by annealing a deposited Si/SiO2 superlattice. Unfortunately,
in his case the nanocrystals were touching each other, resulting in a finite lateral con-
ductivity [35]. However, in a similar approach, Zacharias succeeded in the formation
of mono-disperse, oxide-separated and ordered Si nanocrystals, arranged in single lay-
ers by annealing a SiO1/SiO2 superlattice, prepared by reactive evaporation of SiO
(Fig. 1.3). Hereby the SiO1 layer thickness was below 3 nm [31].
Thus, an emerging advantage of the formation of Si nanocrystals by annealing of de-
posited oxygen-deficient silicon oxide over all other methods, is to combine the potential
of controlling independently the size of nanocrystals and the vertical localization in the
gate oxide, while self-organization during nucleation and growth ensures a homogeneous
lateral distribution of nanocrystals.

1.4 Aim and structure of this work

Yet the SiOx/SiO2 superlattice approach has not been applied to the formation of
memory devices, but it might impact the technology of future single electron and
multi-dot-nano-flash memories. When transferring this technological approach into
production, probably other deposition techniques, i.e. CVD or sputter deposition will
succeed. At present, the deposition of dielectric films in semiconductor industry is
dominated by CVD methods. This is because of the established quality of CVD-
SiO2. The use of sputtered gate oxides is limited to thin film transistors (TFT), where
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1. Introduction

low deposition temperatures are required. However it has been demonstrated that
annealed sputter deposited SiO2 films may reach an electrical quality comparable to
thermal oxides [36, 37, 38, 39]. Compared to CVD, an advantage of sputtered oxides
is the low hydrogen content, since hydrogen is known as source of oxide instability
[40]. While fully functional memory devices prepared by annealing of off-stoichiometric
silicon oxides deposited by CVD have been reported [12, 17], so far no convincing
reports on a sputter deposited Si NC memories seem to exist.

This work is consequently focused on the investigation of a new technology for the
preparation of silicon nanocrystal-memories. In the selected novel approach first a
dielectric gate stack of SiOx (x<2) and SiO2 layers is sputtered near room temperature
onto a thin tunnel-oxide on silicon. Thereafter a high temperature anneal transforms
the homogeneous SiOx layer into a layer of SiO2 with embedded Si NC and completes
the processing of the dielectric gate stack. To realize this approach, the work was
structured into the following steps:

• Study and review of relevant literature and methods.

• Development of processes for an ultrathin tunnel-oxide and high quality sputtered
SiO2 for use as control-oxide.

• Evaluation of methods for the preparation of an oxygen-deficient silicon oxide
inter-layer (the precursor of the Si NC layer).

• Characterization of as-deposited films.

• Investigation of the phase separation of SiOx and the formation of Si NC by
simulations and experiments.

• Fabrication and of MOS capacitors with embedded Si NC and demonstration of
their memory functionality.

6



2 Principles of Si NC formation by
phase separation of SiOx (x<2)

2.1 General aspects of phase separation in

supersaturated solid solutions

Si NC can be prepared by annealing of SiOx (x<2) films. Since the solubility of Si
in SiO2 is very small, SiOx (x < 2) films are thermodynamically not stable and tend
to separate into Si and SiO2 phases. In the limit of small Si excess this occurs by
homogeneous (triggered by thermal fluctuations) or inhomogeneous (defect triggered)
nucleation of precipitates. In the limit of high Si excess spinodal decomposition domi-
nates. Since spinodal decomposition does not result in well isolated Si NC as required
for the desired memory devices, this mechanism is not described here. For a literature
review see Binder [41]. The following essentials of phase separation by nucleation and
growth of precipitates were extracted from the work of Strobel [42].

2.1.1 Impurity-matrix phase diagram

The phase separation of SiOx can be regarded as formation of interacting precipitates
from supersaturated solid solution of a solute, i.e. ’impurity atoms’ (IA, here: excess
Si atoms) in a solvent or neutral matrix (here SiO2) and corresponds to a phase tran-
sition of first order 1. The evolution of a system depends on its location in the phase
diagram2 schematically illustrated in Fig. 2.1. Systems located at different points (1,
2, 3) in this diagram behave differently with respect to fluctuations of temperature.
In the stable region, the concentration c of IA is below the solubility limit 3. In this
region in equilibrium the system is homogeneous (single phase) and stable with re-
spect to thermal fluctuations. In contrast systems located in the metastable region,
between the coexistence curve given by the solubility limit (of Si in SiO2) c1

coex(T) and
the spinodal (defined by ∂2G/∂T 2 = 0) undergo a phase separation by nucleation and
growth of precipitates of the impurity phase. Hereby a nucleation energy barrier must
be overcome to form stable precipitates. When approaching the spinodal from the
metastable region, the nucleation barrier gradually lowers. It vanishes on the spinodal.
The instable region, completely enclosed by the spinodal, is characterized by the ab-

1During a phase transition the Gibbs free energy G is continuous, but its derivatives with respect to
temperature T may jump. If

(

∂jG/∂T j
)

is discontinuous, while all lower derivatives are not, the
phase transition is ’of j-th order’.

2Temperature T vs. order parameter (here concentration c of IA)
3Typical example of such a system: Silicon doped with Phosphorus or Boron.
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Figure 2.1: Schematic phase diagram of a binary mixture (e.g. excess Si in SiO2) after
[43]. At (1) c < c1

coex(T ) (Si conc. below solubility limit): the system is ther-
modynamically stable. At (2) and (3), c > c1

coex(T ) (Si conc. above solubility
limit in SiO2): the system is not thermodynamically stable and tends towards
phase separation. In the metastable region (2) a nucleation barrier must be
overcome to start homogeneous nucleation. In the instable region (3) no nu-
cleation barrier exists and phase separation occurs by spinodal decomposition.
For temperatures larger than Tc no phase transition from disorder (Si dissolved
in SiO2) to ordered state (separated Si and SiO2 phases) is observed. For the
Si/SiO2 mixture temperatures of Tc and above are practically not accessible
(diagram after [42], modified).
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2.1 General aspects of phase separation in supersaturated solid solutions

sence of any nucleation barrier. Here the phase separation proceeds by a mechanism
called spinodal decomposition4. Despite the fact that a supersaturated system in the
metastable and instable regions is not in its energetic minimum, its phase separation
may take a long time, since it also depends on the mobility of IA, which typically
increases exponentially with temperature. To achieve the phase separation within a
certain time, depending on the activation energy of diffusion, it may be necessary to
expose the system to high temperatures. In this case the the mechanism of phase
separation is determined by the concentration c and the annealing temperature. In
thermal equilibrium, systems in the metastable and instable regions are inhomoge-
neous, i.e. made up from two phases. For a given point (c,T) in phase space, according
to the lever rule [43], the fraction (c − c1

coex(T ))/(c2
coex(T ) − c1

coex(T )) of IA is precip-
itated in domains of IA concentration c2

coex(T ) (Si concentration in Si NC) while the
remaining fraction of IA, (c2

coex(T ) − c)/(c2
coex(T ) − c1

coex(T )), is still found in phase 1
with a concentration corresponding to the solubility limit c1

coex(T ).

2.1.2 Homogeneous and inhomogeneous nucleation

Many experimentally observed nucleation phenomena can be understood in terms of
the classical kinetic nucleation theory developed for equilibrium conditions by Volmer
and Weber [44] and extended to steady-state conditions by Becker and Döring [45].
The chemical potential per impurity atom,

µ = kBT · ln(c) + φ (2.1)

serves as a useful quantity to describe the state of the system. Here the thermodynamic
potential φ does not depend on the impurity concentration c [43] and kB is Boltzmann’s
constant. The transition from stable to metastable phase (the coexistance curve) is
characterized by a IA concentration at the solubility limit c = c1

coex(T ) and the critical
chemical potential µc = µ(c1

coex(T )). The supersaturation of a solution is defined by:

δµ = µ − µc = kBT · ln
(

c/c1
coex(T )

)

(2.2)

For a system in the metastable region of the phase diagram, nucleation of second
phase precipitates may be triggered by thermal fluctuations, provided that δµ > 0
during about the inverse nucleation rate [I(δµ)]−1. In general the nucleation rate can
be written as I = A ·exp(−W/kBT ), where W is the thermodynamic nucleation barrier
and A a dynamical factor increasing with impurity concentration. This case is referred
to as homogeneous nucleation. In contrast the so-called inhomogeneous nucleation is
triggered by system inhomogeneities, such as defects, grain boundaries, interfaces or
impurities. The inhomogeneous reaction rate Ii = Ai · exp(−Wi/kBT ) can be much
higher then the homogeneous one, since mostly, due to an effectively lower interface
energy contribution to the nucleation barrier, W > Wi.

4Unfortunately a quantitative phase diagram of Si and SiO2 does not exist, such that an accurate
quantitative discussion is not possible. However a Si excess on the order of 1 at% is most likely
sufficient to cause supersaturation within the practical temperature range (T≤1200 ◦C).
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2. Principles of Si NC formation by phase separation of SiOx (x<2)

The energy barrier for homogeneous nucleation

The origin of the energy barrier W for homogeneous nucleation is sketched below.
Assuming a finite mobility of IA, homogeneous nucleation will lead to the formation
of tiny agglomerates of IA. In equilibrium the size distribution U per unit volume for
clusters consisting of i IA is given by U(i > 1) = U(1)exp(−Wmin/kBT ), U(1) = c,
where Wmin is the minimum reversible energy needed to form a cluster of size i, and
c is the initial IA concentration. The nucleation involves the energetically unfavorable
formation of a phase boundary. The change of Gibbs free energy during attachment of
a single IA to a precipitate of size i is [42]:

∆G(i) = −(δµ)i + γi2/3 (2.3)

Here the first term denotes the bulk contribution, the second the interface contribution
proportional to the surface tension σ: γ = (36πV 2

a )1/3σ, where Va is the atomic volume
of an IA. For a concentration of IA below the solubility limit (δµ < 0) it is not possible
to gain energy by the formation of precipitates, clusters of all sizes i are instable.
However, if the solution is supersaturated (δµ > 0), a critical precipitate size i∗ exists
above which precipitates may lower their free energy by attachment of IA, whereas for
precipitates of a size i < i∗ the detachment of IA is energetically favorable (Fig. 2.2).
Associated with i∗, the maximum of ∆G(i) defines the energy barrier for nucleation,
which for spherical precipitates of radius r and i = −4πr3

3Va
is given by:

Wmin = ∆G(i∗) =
4γ3

27(δµ)2
for i∗ =

(

2γ

3δµ

)3

(2.4)

According to classical nucleation theory, the energy barrier for homogeneous nucleation
decreases with increasing supersaturation5.

Dependence of steady-state homogeneous nucleation rate on supersaturation

Assuming that growth and shrinking of precipitates are governed by attachment and
detachment of single IA or ’monomers’ (which is plausible since the mobility of dimers,
trimers-. rapidly decreases with size) and assuming steady state conditions (the super-
saturation δµ is constant), further analysis leads to an expression for the steady state
nucleation rate Is of precipitates:

Is = κ · c · exp

(

−∆G(i∗)

kBT

)

with κ = 4Zν(i∗)2/3 (2.5)

Here Z (Zeldovich factor) is a constant and ν is the atomic jump frequency at the
precipitate interface.

The steady nucleation rate is explicitly linear proportional to the concentration c of
IA, but nonlinearities arise from the dependence of the critical precipitate size i* on

5Close to the spinodal Wmin ∼ kBT . The instable region of the phase diagram is characterized by
the absence of any nucleation barrier.
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Figure 2.3: Illustration of Gibbs-Thomson relation: The equilibrium concentration c(x) of
dissolved monomers of material A in a matrix B higher at the interface of a
small precipitate and lower at the interface of big precipitates. In the limit of
infinite precipitate radius (flat interface between a material A substrate and
matrix B) it approaches the solubility limit c∞ (after [42], modified).

the concentration of IA, c. Within the steady-state approximation Is does not depend
on time t and cluster size i. Owing to the temperature dependence of ν, the steady
state nucleation rate is characterized by a total thermodynamic energy barrier given
by the sum of nucleation energy barrier ∆G(i∗) and activation energy of diffusion EA.

The nucleation rate increases with the concentration of dissolved impurity atoms and
(exponentially) with temperature.

2.1.3 Growth, ripening and coalescence of precipitates

After the tiny nuclei have overcome the critical size, they are stable and continue to
grow by exchanging monomers with the matrix through the newly formed common
phase boundary. The attachment and detachment rates depend on the curvature of
the precipitate interface. A gradient in monomer concentration exists between the
nanocluster (NC) interphase and the surrounding matrix. For a spherical isotropic NC
of radius R, the equilibrium concentration of monomers at the interface is given by the
Gibbs-Thomson (GT) relation [46]:

cGT (R) = c∞(T ) · exp

(

Rc(T )

R

)

where Rc =
2σVa

kBT
(2.6)

Here, c∞ denotes the equilibrium monomer concentration at a flat (R → ∞) phase
boundary 6. Rc, the capillary length is given by the NC surface tension σ, the atomic
volume, Va and the thermal energy kBT. In a time dependent treatment, the average
monomer concentration c̄ is no longer constant, but a function of time and the NC

6In case of the Si/SiO2 system for example the interface between a grown SiO2 film and a Si wafer.
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Figure 2.4: Formation of spatial oscillations in the volume fraction of precipitates: (1.)
initial stage, (2.) broadening of the initially box-shaped concentration profile
at the edges, (3.) enhanced growth of NC in the adjacent inner region, (4.)
separation of a first local maximum in the distribution of NC (after [49]).

spatial and size distribution. Because more and more monomers condense onto NC,
effectively c̄ decreases with time. If the average monomer concentration in the matrix
c̄ is higher than cGT then the cluster acts as sink of monomers and grows. If in contrast
c̄ < cGT the NC tends to emit monomers and gradually dissolves as illustrated in
Fig. 2.3. Because R1 < R2 leads to cGT (R1) > cGT (R2) the monomer detachment
rate for small clusters is higher than for bigger ones. Consequently larger clusters
tend to grow on expense of the dissolving smaller ones, which is known as coarsening
or Ostwald ripening. If the density of NC is high, it is possible that NC touch, and
then rapidly minimize their energy by surface-diffusion of adatoms, such that a larger
spherical cluster emerges (coalescence). The theory of Ostwald ripening, developed by
Lifshitz and Slyozov [47] and Wagner [48], is known as LSW-theory. A more recent
theory including the case of ripening during ion-implantation is found in [49, 42, 50].

2.2 Phase separation in confined geometry

In the above description effects of interfaces, surfaces, spacial gradients of supersatu-
ration and the finite size of the supersaturation region were neglected although they
have a significant influence on the evolution of spacial and size distribution of NC.
So, the effect of sharp gradients in the initial concentration of IA has been discussed
by Reiss et al. [49] for ion-beam synthesis of SIMOX 7 structures. As a consequence
of the Gibbs-Thomson relation (eqn.2.6) sharp gradients of the concentration profile
may trigger the evolution of local oscillations in the volume fraction of precipitates. In
Fig. 2.4 this is illustrated for the special case of an initially box shaped concentration
profile of monomers and mono-disperse precipitates: (1) Precipitates at the edge of the
profile initially tend to shrink, due to the gradient in monomer concentration. (2) This
in turn raises cGT at the edges of the concentration profile. (3) The next neighbors of
the shrinking NC profit from the higher monomer concentration by a higher growth

7SIMOX: Separation by IMplantation of OXygen
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2.2 Phase separation in confined geometry

rate. Two local maxima of the mean NC radius are formed, corresponding to two local
minima of cGT acting as monomer sinks that screen the monomer excess at the edges of
the initial profile. (4) The larger clusters grow rapidly and thereby lower the monomer
excess around their neighbors in the inner part of the profile, which delays their growth.
When the local monomer excess around these neighbors is lower than cGT , they shrink
and trigger the formation of the next local maximum in the distribution of NC. This
leads to the formation of separate ’cluster bands’. The distance between these bands
is proportional to the screening length of diffusion [51]

λD(t) =
1

√

4π · n(t)R̄(t)
(2.7)

where n(t) is the density of NC and R̄(t) is the mean cluster radius. By material

conservation, n(t) ∝ 1/V̄NC (V̄NC is the mean NC volume), whereas R̄ ∝ V̄
1/3
NC , such

that λD ∝ V̄
1/3
NC . Because the NC grow with time, the spatial period of the oscillations

increases with time, i.e. neighbored cluster bands tend to fuse and more distant cluster
bands are formed. When the Si supersaturation layer is thin compared to the diffusional
screening length and the supersaturation is not too high, then a rather stable layer of
single NC is formed. This was experimentally confirmed by Zacharias for the case of
Si NC formation in thin SiOx films in SiO2 [31]. Flat absorbing interfaces in proximity
to the NC ensemble also effects the evolution of the Si NC size distribution. Since the
flat interface has the lowest cGT , finally all NC will dissolve and condense onto the
flat interface. This process is faster for smaller mean cluster diameters R̄. Both of the
above phenomena affect the formation of Si NC from an SiOx layer embedded in SiO2 in
proximity of a flat absorbing Si substrate. While the above discussion considered only
the case of nucleation and diffusional ripening similar effects caused by the action of
interfaces are known for spinodal decomposition of binary mixtures, which dominates
over nucleation in the limit of high supersaturation. A review of relevant literature was
given by Binder [41].

13





3 Principles of characterization
techniques

3.1 Transmission electron microscopy (TEM)

The operational modi used for cross-section TEM (XTEM) investigations are described
in the following. The scheme in Fig. 3.1-(1) shows the ray diagram for the imaging
mode. A collimated beam hits the specimen and all, transmitted, and diffracted beams
are combined to form an image at the screen. Because each point of the image con-
tains both, transmitted rays, but also rays scattered from all over the specimen, it
shows comparably little contrast. Nevertheless, a present contrast mechanism is mass-
thickness contrast, largely originating from elastic scattering of electrons. Because the
efficiency of scattering is related to the strength of Coulomb interaction, the amount of
scattering increases not only with the specimen thickness, but also with atomic num-
ber Z (approximately as Z2). In the present work this image mode is mainly used for
high resolution imaging of nano-crystals in an amorphous matrix. If the electron beam
enters a crystalline sample region along a lattice plane, coherent scattering from the
piled up atomic columns allows to image individual lattice planes, provided the (point)-
resolution of the microscope is smaller than the lattice spacing. Crystallites oriented
in a different manner do not show lattice contrast. For a state-of-the-art TEM as the
used phillips cm300, the point resolution is limited to about 0.15 nm. The resolution
is governed by the phase distortion imposed onto the wavefronts by the objective lens,
i.e. by the effect of spherical aberration, rather than by the electronic wavelength. If
an aperture is placed in the back focal plane of the TEM, an image is made selec-
tively with those electrons scattered by a specific angle. If the aperture allows only
the transmitted (undiffracted) electrons to pass, a bright-field (BF) image is formed
(Fig. 3.1-(2)). If similarly only a specific part of the diffracted electrons are allowed to
pass the aperture, a dark-field (DF) image is formed (Fig. 3.1-(3)). These two modi
are mostly used to investigate crystalline materials. Here the variation of electron
diffraction due to different crystallite orientations across the specimen leads to strong
and complementary contrast in the separate bright- and dark-field images, whereas the
’recombined’ image taken without aperture shows much lower contrast. If by using
of one of the above imaging modes a feature of interest is observed, an intermediate
aperture may be inserted in the image plane around the feature, whereafter the TEM
may be switched to diffraction mode to obtain a selected area diffraction (SAD) image
as indicated in Fig. 3.1-(4). Only electrons transmitted through or diffracted by the
selected sample volume pass the aperture and contribute to the diffraction image. SAD
is performed on regions of about 50 nm to 1µm in diameter, depending on aperture
size.
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3. Principles of characterization techniques

1 2 3 4

Figure 3.1: Ray paths for the used three modes of TEM operation: (1) imaging mode (used
for high resolution), (2) bright field, (3) ’dirty’ dark field, and (4) selected area
diffraction (after [52]).

After having passed the sample the initially monochromatic electron beam consists of
polychromatic electrons which were either not scattered, elastically scattered or inelas-
tically scattered. As described above in conventional electron microscopy all electrons
contribute to the image. In contrast, a relatively new analytical TEM technique,
energy-filtering transmission electron microscopy (EFTEM) achieves chemical selectiv-
ity using only inelastically scattered electrons with a specific energy loss to generate an
image. This powerful technique allows the mapping of chemical elements with nearly
the same resolution as TEM based on the fact that in energy loss spectroscopy (EELS)
each core-loss edge of a spectrum occurs at an energy that is characteristic for a spe-
cific chemical element. This way compounds can be identified qualitatively by the core
loss energies of their constituents. ELNES (electron energy loss near edge structure)
mappings use the fact that chemical bonding and short-range order in the environment
of a specific chemical element cause a slight ’chemical’ shift of the energy-loss edge (be-
tween 0.1 and 8 eV) and modifies the near-edge fine structure of the electron energy-loss
spectrum. By ELNES mappings Si, Si3N4 and SiO2 layers have been successfully dis-
tinguished in advanced microelectronic devices [53]. Therefore this technique allows
not only the determination of the constituents of a system. It can also differentiate
between compounds of the same binary or multi-component system but with different
composition (and consequently different bonding and valency).

3.2 Rutherford backscattering spectrometry (RBS)

Rutherford backscattering spectrometry (RBS) is based on bombarding a target (the
sample) mounted in a vacuum chamber by light ions of a single energy (usually 4He+

with an energy E0 = 1-10 MeV) and measuring the energy spectrum of the elastically
backscattered ions. The method allows to determine the areal density of elements
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3.2 Rutherford backscattering spectrometry (RBS)

(atoms of a certain mass) present in the near surface region (1 nm to 1 µm) of a
sample with a depth resolution on the order of 5-30 nm. An introduction to RBS is
found in [54, 55].

Principles The number of backscattered ions in a certain peak in an RBS spectrum
depends on the absolute number of identical atoms within a resolving depth interval
and the kinematics of ion-atom interaction. The width of the peak depends (aside
from the energy resolution of the detector) on the depth distribution of identical atoms
within the substrate. On their way through the target the ions are decelerated by
interaction with valence electrons (electronic stopping). Most of them finally lose their
energy by inelastic collisions, are implanted into or transmitted through the target.
Some ions experience electronic stopping, followed by a single elastic collision with a
target atom at a depth X redirecting them back to the surface. A small fraction of
those backscattered ions has an energy high enough to exit the sample with a residual
energy E1(X) given by [54]:

E1(X) = (E0 − ∆Ein(X))K − ∆Eout(X) where ∆Ein(0) = ∆Eout(0) = 0 (3.1)

∆Ein(X) is the energy loss by electronic stopping between surface and scattering atom.
K, the relative energy loss by elastic scattering, is the kinematic factor, and ∆Eout(X)
is the energy loss between scattering atom and surface. The kinematic factor follows
from a consideration of energy and momentum conservation in an elastic two body
collision:

K =
E1(0)

E0

=
(M2

2 − M2
1 sin2θ)1/2 + M1cos θ

M1 + M2

(3.2)

Here θ is the laboratory angle through which the incident ion is scattered, M1 and
M2 are the masses of the incident ion and the target atom respectively. Since K, M1,
E0 and θ are known, this expression can be used to determine M2. The formula is
restricted to Coulomb collisions. This approximation is reasonable for ion energies
far from relativistic and off-resonance nuclear reactions (i.e. for 4He+ ions about 0.5-
5 MeV). The determination of the area density ni (cm−2) of an element i involves the
following experimental parameters: the detector solid angle Ω (sr)1, the integrated
peak counts for this element Ai, measured for a total number Q of incident ions, and
the cross section σ(E,θ) (cm2/sr).

ni =
Aicosθ

Q · Ω · σ(E, θ)
(3.3)

In case of Rutherford Scattering (elastic scattering of two charged particles in a Coulomb
potential) the cross section is calculated as follows ([54] p. 39):

σ(E, θ) =

(

Z1Z2q
2

4E

)2

· 4[(M2
2 − M2

1 sin2θ)1/2 + M2cosθ]
2

M2sin4θ(M2
2 − M2

1 sin2θ)1/2
(3.4)

This equation is in cgs-units. Z1 and Z2 are the atomic number of the incident ion
and target atom respectively. E (MeV) is the energy of the ion before collision. A

1sr: steradian
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(a)

higher E1

(b)

Figure 3.2: (a) Schematic of the experimental geometry used for RBS. (b) Associated RBS
spectrum for a two-element material (AmBn) on a lower-mass substrate, e.g.
SiOx film on Graphite. (After Harding [55]).

useful number in evaluating this equation is q2 = 1.44 · 10−13 MeV·cm. This analysis
yields about 3 % uncertainty for area density measurements and about 1 % for the
average composition. The precision decreases as deeper layers are analyzed owing to
energy straggling. For material analysis one typically uses 4He+ ions with modest
energies of about 0.5-2 MeV. At higher and lower energies the cross section departs
from Rutherford cross section, at lower energies because the charge of the incident ion
is partially screened by the electron shells of both nuclei, at higher energies due to short
range nuclear forces. Helium is often used because its back-scattering cross sections in
this energy range are Coulomb like for all atoms larger than Beryllium, and extensive
experimental data on kinematic factors and Rutherford back-scattering cross sections
exist.

3.3 Elastic Recoil Detection (ERD)

Principles In an ERD experiment heavy incident ions transfer their energy by elastic
collisions to lighter sample atoms. Those light recoil atoms having sufficient energy to
leave the sample, are measured. The physics of the process is, as in an RBS experiment,
determined by elastic scattering and electronic stopping of energetic ions. In contrast
to RBS, ERD is more sensitive to light ions. The fact that the recoils differ not only
in their energy, but also in their atomic number, enables a dedicated detector, the so
called ’Bragg ionization chamber (BIC)’, which allows a real discrimination of signals
from different elements, whereas in the common surface barrier detectors the signals
from different elements may energetically overlap. Because the BIC turned out to be
very useful for the ERD composition analysis of SiOx films, the detector principle is
briefly summarized below.

Bragg Ionization Chamber The Bragg ionization chamber consists mainly of three
components [56]: the cathode, the Frisch-grid and the anode (Fig. 3.3a). It allows to
determine energy, atomic number and the projected range of the recoils. The recoils
enter through the cathode, are decelerated by the electric field between cathode and
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3.4 Infrared (IR) absorption spectroscopy

Frisch-grid, whereby they generate electrons and positive ions by ionization of the
chamber gas. These are then separated in the electric field. The anode is screened
against this charges by the Frisch-grid, until the electrons drift through the grid and
induce mirror-charges at the anode. The resulting current signal vs. time corresponds
to a mirror image of the specific ionization along the ion track as shown in (Fig. 3.3b).
It is processed by two amplifiers with different time constants, integrating over different
regions of the signal. One resulting measure is the area under the Bragg peak, which is
proportional to the atomic number Z. The second measure is the integral over the total
ionization current, which is proportional to the kinetic energy E of the recoil when
entering the chamber. Result of such an ERD measurement is a plot of Bragg peak
area (Z) vs. total area (E), in which the different recoiled elements appear in different
branches, while identical elements with different energy appear at different positions
of the same branch (Fig. 3.3c). Each branch can be converted into a plot of recoiled
atoms vs. energy for a single element, which in turn is used to obtain the depth profile
of the element, as described for RBS.

3.4 Infrared (IR) absorption spectroscopy

Infrared (IR) absorption spectroscopy determines the wavelength and intensity of the
absorption of mid-infrared light (2.5-50 µm, 4000-200 cm−1) by a sample. Mid-infrared
light is energetically sufficient to excite molecular vibrations to higher energy levels.
A precondition for the absorbtion of infrared light by a molecular vibration along the
normal coordinate u is a change in dipole moment µ: ∂µ/∂u 6=0. The wavelength of
many IR absorption bands are characteristic of specific types of chemical bonds. That
is why it can be applied for structural investigations. Most analytical applications of
IR spectroscopy are based on the Bourger-Lambert-Beer law [57].

Φ(ν) = Φ0(ν) · e−σνNl (3.5)

It states that from a given light flux Φ0, traversing a sample of thickness l, containing a
molecule with an absorbance cross section σν (cm2) at a density N (cm−3), the fraction
τ = Φ/Φ0 (the transmittance) is transmitted. ν = 1/λ (with λ being the wavelength
of light) is the energy of light in wavenumbers. αν = σν ·N is the absorption coefficient
given in units of (cm−1). The fraction of the light flux absorbed by the sample is
proportional to the number of absorbing molecules. Practically one must take into
account that a fraction of incident light is also reflected or scattered by the sample.

3.4.1 IR absorption bands of silicon oxide

The chemical bonds of SiO2 in its various structural forms are to about 50% ionic [59].
Hence, IR active vibrations are associated with strong electrical moments, which leads
to strong infrared absorption bands. The infrared absorption spectra of amorphous
silicon oxides have been discussed extensively in literature [60, 58, 61, 62, 63, 64,
65]. They consist of 4 pairs of longitudinal optical (LO) and transverse optical (TO)
vibrations summarized in table 3.1. The modes are the rocking vibration of oxygen,

19



3. Principles of characterization techniques

AnodeFrisch
Grid

Cathode

Recoil

Gas (Isobutane)

Ion

Primary
Electrons

+
--
-

Entrance
window
(PP, 670 nm)

Cathode
-3000 V

+600 V

=3µst

=0.1µst

Bragg
Peak
Area (Z)

Total
Peak
Area (E)

(a) Operation principle of Bragg ionization chamber.

� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �

E , Z0 0

Position  x along ion track

S
p

e
c

if
ic

 I
o

n
iz

a
ti

o
n

d
E

/d
x

C
u

rr
e

n
t 

S
ig

n
a

l

Time

� � �
� � �
� � �
� � �
� � �
� � �

E >E , Z =Z2 0 2 0

E =E , Z >Z1 0 1 0

B
ra

g
g

 P
k
.

Bragg
Peak
Area (Z) Total

Peak
Area (E)

(b) Specific ionization vs. distance from cathode and the corresponding current
vs. time signal.

Elastic Cl scattering

Si (Substrate)

Si (SiO )X

C (Spacer)

N (Spacer)

O (Spacer+ )SiOX

c-Si

150nm a-C

SiOX

(c) ERD measurement of 77 nm SiO1.1 on
150 nm C on Si (sample A6, see p. 69).
Bragg-peak area (Z) vs. total area (E) of ion-
ization peak (Measurement: U. Kreissig).

Figure 3.3: Principle of ERD measurements with a Bragg ionization chamber.
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3.4 Infrared (IR) absorption spectroscopy

Energy Type Description
cm−1 SiO2 vibrational modes
457 TO1 Rocking mode
810 TO2 Bending (or symmetric stretching) mode
1076 TO3 (Asymmetric) stretching mode

with adjacent O atoms in phase
1200 TO4 (Asymmetric) stretching mode

adjacent O atoms 180◦ out of phase
507 LO1 associated to TO1

820 LO2 associated to TO2

1160 LO3 associated to TO3

1256 LO4 associated to TO4

Table 3.1: IR absorption bands of SiO2 after Kirk [58].

perpendicular to the plane made up by the oxygen atom and the two silicon neighbors,
the bending (or symmetrical stretch) vibration of oxygen in the plane of the three
atoms along the perpendicular bisector of the axis through the two silicon atoms, and
the asymmetric oxygen stretching vibration parallel to the axis through the two silicon
atoms. The latter gives actually rise to two modes: one in which the adjacent oxygen
atoms move in phase and another where they move 180◦ out of phase (Fig. 3.4). LO
modes are not observed in normal-incidence and s-polarization oblique incidence IR
absorption spectra, since they cannot interact directly with the transverse optical light
wave. They are observed only for p-polarization oblique incidence absorption spectra
owing to the Berreman effect [66].

3.4.2 Model of IR absorption of silicon oxides

Case of pure SiO2: A model of infrared absorption of silicon oxides was developed
by Lehmann et al. [61]. In this central/non-central force model the main absorption
bands of SiO2 are adequately described. The vibrational energy of the TO3 mode is
linked to the bond angle θ (depending on the oxide structure), the mass of the oxygen
atom MO and the central and non-central force constants α and β by2:

ν = a ·
√

2

MO

(

α · sin2
θ

2
+ β · cos2

θ

2

)

(3.6)

Case of SiOx (x<2): To extend the theory to the case of (not annealed) silicon rich
oxides, Lehmann took into account that oxygen atoms that belong to different types of
Oy-Si-Si4−y-clusters (0 ≤ y ≤ 4) have different bond angles θy [62]. The random-bond-
model of SiOx by Phillip [67, 68] gives the probability of these bond angles according
to

P (θy) = y · py(x)/2x (3.7)

2The factor a = 5.305 · 10−12 converts ν to units of cm−1. The force constants were given as α =
600 Nm−1 and β = 100 Nm−1.
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Figure 3.4: IR transmittance of a 100 nm SiO2 layer prepared by oxidation of Si in pure
O2 at 1050 ◦C, acquired at normal incidence (own measurement).

Here py(x) is the probability of existence of a Oy-Si-Si4−y-cluster in SiOx and given as:

py(x) =

(

4

y

)

·
(x

2

)(4−y)

·
(

1 − x

2

)y

with

(

4

y

)

=
4!

(4 − y)! · y!
(3.8)

The vibrational energy of the TO3 mode in case of SiOx films is a weighted average of
the 4 sub-bands caused by the different bond angles θy of the 4 Oy-Si-Si4−y clusters:

ν(x) =
4

∑

y=1

y · py(x)

2x
ν(y) with ν(y) = a ·

√

2

MO

(

α · sin2
θy

2
+ β · cos2

θy

2

)

(3.9)

3.4.3 Experimental support of the model

Case of pure SiO2 The model is supported by the observation that the TO3 absorp-
tion band is sensitive to the oxide composition (i.e. the oxygen/silicon ratio x), the
method of oxide preparation and successive thermal treatments: Lisovskii [64] found
that at least two elementary bands jointly make up the TO3 band of SiO2. They belong
to the two dominant structural components of amorphous SiO2, the 4- and 6-fold rings
of SiO4 tetrahedra (see table 3.2). Band 1 has a higher relative weight in more dense
(e.g. implanted or sputter deposited) oxides, while band 2 dominates for thermally
grown or annealed SiO2.

Case of SiOx Lehmann [62] found a linear relation between the composition and the
peak energy of the TO3 mode: ν = (48.8 · x + 987) cm−1. Lisovskii [63] was able
to deconvolute the IR spectra of oxygen-deficient silicon oxides (SiOx, x<2) into four
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3.4 Infrared (IR) absorption spectroscopy

Band Maximum Full width Si-O-Si Dominant structural
at half max. angle component

cm−1 cm−1

SiO2

1 1054±4 57±3 131±1◦ fourfold SiO4 rings
2 1090±5 43±3 143±1◦ four- and sixfold SiO4 rings
SiOx

x1 1000±10 56±5 118±2◦ Si-O-Si3 complex
x2 1038±3 47±7 127±1◦ Si-O2-Si3 complex
x3 1066±5 55±5 136±2◦ Si-O3-Si complex
x4 1092±7 63±1 145±3◦ Si-O4 tetrahedron

Table 3.2: Elementary bands of the TO3 absorption band after Lisovskii [63].

major sub-bands (x1, x2, x3 and x4) which corroborates Lehmann’s theory. The TO3

mode elementary bands are listed in table 3.2. Kahlert [69] suggested to modify the
above model, since using Si as central atom of Oy-Si-Si4−y-clusters does not reflect the
symmetry of the problem. Starting from the assumption that each oxygen atom is
bound to two Si atoms he considered the effect of the next neighbors of those two Si
atoms on the vibration of the central oxygen. The possible vibrational frequencies are
then determined by all combinations of bonding tetrahedra, the two silicon neighbors
of the vibrating oxygen may be part of. Ten of them are IR active. Kahlert found
that both absorption energy and oscillator strength tend to decrease with increasing
number of Si atoms in the neighborhood of the vibrating oxygen atom. Thus, a fixed
number of vibrating oxygen atoms causes weaker absorption in an off-stoichiometric
oxide than in pure SiO2. Hinds [70] tried to quantitatively relate the extend of SiOx

decomposition during a thermal anneal to the shift of the TO3 center frequency. Such
a quantitative analysis appears to be not unambiguous, since, for disordered deposited
films in particular in the limit of low Si excess, both the structural reorganization of the
oxide network and the phase separation occur simultaneously and and have comparable
impact on the spectrum.
In summary: the decomposition of SiOx manifests not only in a frequency shift of the
oxygen stretching vibration, but also in an increased absorption intensity (integrated
band area) of this vibrational mode.

3.4.4 Absorption of infrared light by the silicon substrate

If the IR absorption of a silicon oxide film on a silicon wafer is determined using a
normal incidence transmission geometry, substrate absorption bands overlap with oxide
bands. To obtain the IR spectra of only the oxide layer it is necessary to subtract the
spectrum of a bare Si wafer from the spectra of the oxide coated wafer. The two
origins of Si infrared absorption are impurities and lattice vibrations. Wafers prepared
by the Czochralski (CZ) method contain oxygen and carbon impurities absorbing in
the spectral region of interest. The interstitial oxygen absorption band interferes with
the TO3 band of SiO2. One way to overcome this problem is the use of float-zone
(FZ) silicon substrates in which the concentration of these impurities is two orders
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Energy (cm−1) Energy (eV) Assignment
Phonons in Si

1448 0.1795 3TO
1378 0.1708 2TO+LO
1121 0.1614 2TO+LA
964 0.1195 2TO
896 0.1111 TO+LO
819 0.1015 TO+LA
740 0.0917 LO+LA
689 0.0756 TO+TA
610 0.0702 LO+TA
1105 impurities Interstitial oxygen [72]
1012 in CZ-Si Oxygen dimer [73]
1060 Oxygen dimer [73]
607 Carbon [72]

Table 3.3: Multi-phonon absorption bands of silicon after Johnson [74] and impurity ab-
sorption bands in Czochralski-silicon.

of magnitude smaller3. In addition absorption is caused by Si lattice phonons. Since
the optical phonons of covalently bound point-symmetric crystals as silicon do not
modulate the dipole moment, they do not absorb infrared light. Nevertheless silicon
absorbs infrared radiation by joint action of two or more phonons: The first one breaks
the inversion symmetry and induces charges on the two atoms in the primitive cell.
The second vibration causes these charges to oscillate and generates an electric dipole
moment that couples to the electromagnetic wave. Both the multi-phonon absorption
bands of silicon and the carbon and oxygen impurity absorption bands are shown in
Fig. 3.5a and summarized in Table 3.3.

3.4.5 Interference effects

For normal-incidence transmittance measurements the interference of reflections from
front and backside of the wafer may introduce fringes to the spectrum. Fig. 3.5b
displays an own measurement showing this effect. As for a Fabry-Perot-etalon, maxima
occur at energies where the condition ν = j

2nt
is fulfilled, where j is an integer, n is the

silicon refractive index (n∼3.418 at ν = 1100 cm−1) and t the wafer thickness [57]. From
the period of interference, νp = 1

2nt
, the wafer thickness can be derived (in Fig. 3.5b νp =

3.98 cm−1 correspond to t = 367 µm. When using a Fourier-transform infrared (FTIR)
spectrometer the fringes can be avoided easily: The interference components appear
as spikes in the interferogram (plot of intensity versus position of the movable mirror)
at an optical path difference of 2nd, as shown in the inset of Fig. 3.5b. The fringes are
eliminated by reducing the amplitude of the mirror oscillation and spectral resolution
∆ν such that no spikes appear in the interferogram, which is the case for ∆ν > 1

2nt

(e.g. ∆ν = 8 cm−1 in Fig. 3.5b. For double-side polished substrates interference effects

3Typical impurity concentrations in Cz-Si are 1018 cm−3 for oxygen and 1016 cm−3 for carbon. In
FZ-Si the oxygen concentration is about 1016 cm−3 [71].
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are strong and the substrate thickness must be chosen carefully to obtain interference
free spectra at a reasonable resolution. Alternatively silicon wafers polished on one
side and rough on the backside may be used, but in this case the frequency dependent
scattering at the rough side of the wafer may degrade the spectrum base-line.

3.5 Photoluminescence (PL) of Si nanostructures

3.5.1 Quantum confinement model of PL of Si nanostructures

Despite a large number of studies on mechanisms of the red and near infrared photolu-
minescence (PL) of Si NC a controversy is still present. In case of hydrogen terminated
or bare Si nanostructures the PL can be reasonably well modelled by quantum con-
finement in Si quantum dots or quantum wires respectively [2, 3, 75]. According to the
quantum confinement model, the band gap of the Si NC would vary with the NC diam-
eter d as 1/d2. For Si NC radii smaller than the radius of free excitons in Si (∼5 nm)
a blue shift in PL emission is observed. According to Kovalev [76] both, indirect
phonon-assisted transitions and zero-phonon transitions contribute to the PL emission
with their relative contributions depending on d. The oscillator strength of phonon as-
sisted transitions is expected to be inversely proportional to the volume of the NC and
scales as (1/d)3, while the probability of the zero-phonon transitions depends on the
k-space overlap of the electron and hole envelope functions and scales as (1/d)6. So the
emission intensity decreases rapidly with cluster size. The phonon-assisted transitions
are dominated by the silicon TA and TO phonons. The broad visible PL of porous
Si has been successfully modelled treating the material as an ensemble of Si quantum
dots and wires, both with Gaussian size distributions [77]. One should note also that
the spectral shape of Si NC PL emission depends not exclusively on the sizes of the
Si NC, but also on energy and the power density of the exciting laser. According to
Kovalev [76] very high power densities may lead to a broadening and red-shift of the
spectrum.

3.5.2 Si nanoclusters embedded in SiO2

In the case of Si NC embedded in SiO2, the experimental results contradict the simple
quantum confinement model. A much weaker dependence of the gap energy on the Si
NC diameter has been found. Also it was observed that oxidation of Si NC caused a
red-shift of the PL spectra. Kanemitsu [78] therefore proposed that, in case of oxidized
Si NC, excitons are confined within the sub-stoichiometric oxide layer between the Si
NC and the SiO2 matrix (see Fig. 3.6). The Si-rich composition of this layer causes it to
have a gap energy of about 1.6 eV, much lower than that of the SiO2 matrix (≈8.5eV).
In case of clusters with a core diameter below ∼5 nm the Si NC band-gap would be
larger than that of the interfacial layer, leading to exciton confinement in the interfacial
layer. According to this model, one should observe hardly any dependence of PL energy
on the Si NC radius. In fact the dependence is weak in some experiments. Valenta et
al. [79] were able to show PL spectra of single silicon quantum dots (oxidized Si nano-
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pillars) and they confirmed two important features, namely the blue shift of PL with
decreasing diameter of the nano-pillar and the large width of the PL band ∼ 150 meV by
probing individual Si quantum dots, which proves the action of quantum confinement
and contradicts Kanemitsu’s model. Summarizing the work of several groups also
Takeoka [80] presented convincing experimental data on the correlation between the
energy of red PL emission from Si NC in SiO2 and the measured mean Si NC size
(Fig. 3.7). Garrido proposed that indirect optical transitions of oxygen-terminated NC
might involve Si-O phonons [81]. Theoretical investigations led to the conclusion that
by the oxygen termination of the Si NC new localized states are introduced with an
energy within the band-gap of the Si NC [82, 83, 84]. A model proposed by Wolkin
et. al [84] resolves some of the mentioned discrepancies. It considers the dependence
of the PL on the size of the NC and takes into account also localized-state-to-band
transitions originating from trapping of excitons in bonds at the NC surface. He
suggests three different recombination mechanisms depending on the cluster size as
illustrated in Fig. 3.8: In zone 1 (Si cluster diameter above 3 nm) the recombination is
via free excitons. The PL energy increases with decreasing cluster diameter as expected
from the quantum confinement model. Here the PL energy for clusters with oxygen or
hydrogen passivation would be the same. For the smaller clusters of zone 2 (between
1.8 nm and 3 nm diameter) recombination involves a trapped electron and a free hole.
The PL energy would still rise for smaller cluster diameters, but slower than predicted
by the quantum confinement model, since the trapped electron state is independent of
cluster size. In clusters with a diameter below 1.8 nm the recombination is via trapped
excitons. As a consequence of the model the PL energy of H-passivated clusters of
the same size would be higher, and their oxydation would lead to a redshift of the PL
energy owing to the different recombination mechanism, as observed in experiments.
Vasiliev [83] pointed out that the reduction of the effective Si NC band-gap owing to
the oxygen termination is not unambiguously associated with the Si = O double bond,
Si-O-Si bonds were shown to have similar effects. The internal structure of the Si NC
effects their PL behavior. Calculations of Allen et al. [85] showed that the radiative
recombination rates and thus the PL intensity of (not-hydrogenated) amorphous and
crystalline Si NC are comparable for small clusters (∼1 nm), but are up to two orders
of magnitude higher for larger clusters (∼2 nm) of the amorphous phase due to disorder
induced breaking of selection rules. Rinnert et al. [86] showed that in fact red PL is
obtained also from amorphous Si NC embedded in SiO2. The decay time of the PL
contains information on Si NC spacing, which might be useful to distinguish localized or
delocalized charge storage in Si NC memories. If Si NC are very close to each other, the
electron wave-functions overlap, and the carriers are delocalized. According to Bassani
et al. [87] therefore a short relaxation time, independent of PL energy and a lower
PL efficiency are expected for strongly interacting Si NC, whereas well-isolated non-
interacting Si NC show a longer relaxation time decreasing with PL emission energy
and a more efficient PL. Hanaizumi et al. [88] have observed blue defect based PL,
but also the red PL emission typical for Si NC embedded in oxide from sputtered SiOx

films without annealing. According to their interpretation it is possible to form Si NC
by sputtering without any annealing - an important aspect for applications in which
the thermal budget is limited (for example thin film transistors on organic substrates).
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Figure 3.6: Energy-gap diagram of the three-region model. The band-gap energy of the
interfacial layer Egap

I is 1.6 eV including the exciton binding energy. The en-
ergy gap of the core Egap

core increases with decreasing core diameter. In case of
dcore ≤5-7 nm the exciton is confined in (c) the interfacial region, surrounded
by (a) the Si core and (b) the a-SiO2 surface layer (after Kanemitsu [78]).

3.5.3 Si nanoclusters embedded in Si3N4

Park et al. [89, 90] have investigated light emitting diodes (LED) based on amorphous
Si NC embedded in silicon nitride films. They found an intense electroluminescence
(EL), with an emission maximum that could be continuously tuned from blue (420 nm)
to red (680 nm) by variation of the Si NC diameter, according to the relation E =
1.56 + 2.40/d2, where the energy E is in units of eV and the NC diameter d is in
nm. The behavior reflects the bulk band-gap of amorphous Si, which is in the range of
1.5−1.6 eV and the 1/d2 dependence of the gap energy expected from the pure quantum
confinement model. Apparently, in contrast to the surface passivation by oxygen, the
surface passivation of Si NC by nitrogen does not introduce optically active gap states,
which renders the Si NC / Si3N4 system very interesting for LED applications.
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Figure 3.7: Experimental results on the size dependence of the peak energy of Si NC related
PL. (after Takeoka [80]). The two limiting dotted lines are drawn as guide for
the eye.

Figure 3.8: Electronic states in Si nanocrystals as a function of cluster size and surface
passivation with oxygen. The trapped electron state is a p-state localized on
the Si atom of the Si = O bond and the trapped hole state is a p-state localized
on the oxygen atom. (after Wolkin [84])
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(a) Measurement geometry for ellipsom-
etry in reflection mode

(b) Scheme of Woollam VASETM Setup

Figure 3.9: Principle of ellipsometric measurements.

3.6 Ellipsometry

3.6.1 Principles

Ellipsometry investigates the change of polarization when an electromagnetic wave is
reflected from or transmitted trough a sample (Fig. 3.9a). In reflection mode, the
Fresnel reflection coefficient ratio ρ is measured:

ρ = rp/rs = tan(Ψ)ei∆ (3.10)

The quantity rp (rs) is the Fresnel reflection coefficient for light polarized parallel
(perpendicular) to the plane of incidence and the angles Ψ and ∆ are the traditional
ellipsometry parameters. By fitting the experimental data to the parameters of an ap-
propriate model representing the sample, in principle the following types of information
can be obtained: Optical constants, thicknesses of single layers or layer-stacks, compo-
sition, crystallinity, surface and interfacial roughness, sample anisotropy/birefringence,
constituent and void fractions, band-gap energy and electronic transitions. A scheme
of the used variable angle spectroscopic ellipsometer by Woollam (VASETM) is shown
in Fig. 3.9b.

3.6.2 The parametrization of optical constants

Kramers-Kronig relations Real and imaginary part of the complex index of refraction
ñ = n+ik (n: refractive index, k: extinction coefficient) are not independent quantities,
the same holds for real and imaginary parts of the complex dielectric function ε̃ = ε1+iε2

(ε1 = n2-k2, ε2 = 2nk). The Kramers-Kronig relation, resulting from the requirement
that a material cannot respond to an electric field prior to its application, connects the
real and imaginary parts of the complex dielectric function ε̃ = ε1 + iε2 as follows:

ε1(E) = 1 +
2

π
P

∫ ∞

0

E ′ · ε2(E
′)

E ′2 − E2
dE ′ (3.11)
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Here E is the energy of light and P is the Cauchy principal value of the integral taken
at E = E ′. In the analysis of optical constants parameterized dispersion formulas are
employed. Many of them comply with the Kramers-Kronig relations. This is achieved
by choosing a particular function to describe either the real or the imaginary part of the
optical constants, and calculating the other part from the Kramers-Kronig relations.
Parameterizations used for the optical constants of Si and SiO2 are relevant for the
present work and briefly discussed below.

Forouhi-Bloomer dispersion formula A model proposed by Forouhi and Bloomer (F-
B) [91] has been applied successfully to describe the dispersion of amorphous dielectrics
and amorphous semiconductors, in particular amorphous Ge and Si. From a derived
expression for the extinction coefficient, the refractive index is obtained by Kramers-
Kronig integration. The F-B equations are:

k(E) =

q
∑

i

Ai(E − Eg)
2

E2 − BiE + Ci

(3.12)

n(E) = n(∞) +

q
∑

i=1

B0iE + C0i

E2 − BiE + Ci

(3.13)

B0i =
Ai

Qi

(−B2
i

2
+ EgBi − E2

g + Ci) (3.14)

C0i =
Ai

Qi

(

(Eg + Ci)
Bi

2
− 2EgCi

)

(3.15)

Qi =
1

2
(4Ci − B2

i )
1/2 (3.16)

where Eg represents the optical energy band-gap, Bi/2 is equal to the ith term (peak)
energy, Ai and Ci denote amplitude and broadening terms (all in units of eV). A
characteristic feature of the F-B equations is their simplicity.

Tauc-Lorentz dispersion formula Jellison and Modine presented a Kramers-Kronig
consistent parameterization for the optical functions of amorphous semiconductors and
insulators in the interband region [92, 93]. Based on experimental results, the authors
consider their more sophisticated model to be superior to the F-B-model. The model
is formulated as follows:

ε2(E) = 2nk =
AE0C(E − Eg)

2

(E2 − E2
0)

2 + C2E2
· 1

E
, E > Eg

0 , E ≤ Eg (3.17)
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ε1(E) = ε1(∞) +
AC
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 , (3.18)

αln = (E2
g − E2

0)E
2 + E2

gC
2 − E2

0(E
2
0 + 3E2

g ), (3.19)

αatan = (E2 − E2
0)(E

2
0 − E2

g ) + E2
gC

2, (3.20)

ζ4 = (E2 − γ2)2 +
α2C2

4
, (3.21)

α =
√

4E2
0 − C2, (3.22)

γ =
√

E2
0 − C2/2 (3.23)

The fit parameters A,E0, C and Eg denoting amplitude, energy and broadening of the
main optical transition and the band gap energy respectively are all in units of energy
(eV).

Sellmeier dispersion formula The Sellmeier dispersion formula is used to parameter-
ize the optical constants of transparent dielectrics in the region of normal dispersion.
The model reflects the response of isotropic and uniformly distributed identical charged
harmonic oscillators to the excitation by a plane electro-magnetic light wave. Far from
the resonance, the absorption is small and the oscillators affect mainly the real part of
the dielectric function ε1:

ε1(λ) = n2 = 1 +
M

∑

j=1

Aj

λ2λ2
j

λ2 − λ2
j

(3.24)

In the visible spectral region, typical values for SiO2 are M = 1, A1 = 0.000126 nm−2

and λ1 = 93.4 nm.

3.6.3 Effective medium approximations

The description of optical constants of silicon nanoclusters embedded in SiO2 involves
the use of effective medium approximations (EMA). The idea of EMA is based on
the assumption that, in terms of optical constants, a heterogeneous material can be
replaced by a virtual homogeneous effective medium, whose optical constants are con-
structed from the known ones of the constituent materials. The optical constants of the
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3.6 Ellipsometry

effective medium are derived as follows: The included entities are assumed to be small
compared to the wavelength of light, so that for the electromagnetic field the results
of electrostatics provide a good approximation. Because the incoming light polarizes
the entities of the composite, an averaged dielectric function is observed that depends
on the spectral behavior of the optical constants of all composite constituents, their
volume fraction and geometrical shape. The averaged dielectric function has to be
derived by summing over all local fields within the microscopic heterogeneous medium
assuming dipole-dipole interaction between the entities of the composite. The general
relation between the optical constants of the effective medium and the constituents is
given below:

ε − εw

ε + yεw

=
k

∑

n=1

fn · εn − εw

εn + yεw

(3.25)

Here ε, εw and εn are the dielectric constants of the effective medium, host medium
and inclusions respectively. fn is the volume fraction of inclusion n and y is a factor
describing the shape of the inclusions, related to the screening factor sf by:

y =
1

sf
− 1 (3.26)

In case of spherical inclusions sf = 1
3

and y = 2. This value is also frequently used
as first approximation. Additional assumptions about the host medium lead to some
special cases of effective medium approximations.

Lorentz-Lorenz-approximation This model is suited for a small concentration of po-
larizable entities embedded in vacuum (εw = 1). The general expression becomes:

ε − 1

ε + y
=

k
∑

n=1

fn · εn − 1

εn + y
(3.27)

Maxwell-Garnett-approximation If the volume fraction of the inclusions (n = 2,3,..)
in a matrix (n = 1) different from vacuum is very low, than the Maxwell-Garnett
approximation (εw = ε1) is used [94].

ε − ε1

ε + yε1

=
k

∑

n=1

fn · εn − ε1

εn + yε1

(3.28)

Problems arise, if the volume fractions of matrix and inclusions get comparable, because
the expression above is not symmetric with respect to an exchange of inclusion and
matrix. In these cases, the following approach is used.

Bruggemann-approximation The self-consistent Bruggemann effective medium ap-
proximation (BEMA) [95] regards the effective medium to be completely made up
by irregularly arranged sherical (f = 1

3
) inclusions of volume fraction fn. The host

medium is identified with the effective medium itself (ε = εw) while all constituents (n
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= 1,2,..) are treated as inclusions, which leads to:

0 =
k

∑

n=1

fn · εn − ε

εn + 2ε
(3.29)

This mixed medium approximation has been assessed to provide best results in a va-
riety of applications including the modelling of surface roughness [96] and embedded
nanoparticles.

3.7 The capacitance of MOS structures

3.7.1 The MOS capacitance at high and low frequencies

A powerful approach to characterize MOS structures are capacitance-voltage measure-
ments. Their theory is comprehensively described in books like [97, 98, 99]. In the
simplest equivalent circuit a MOS capacitor is represented by a series combination of
the fix oxide capacitance COx and the variable capacitance of the silicon substrate CS

(Fig. 3.10a). In the following sheet capacitances normalized to the gate area A are
used. COx (As/Vcm2) is given by:

COx =
ε0εSiO2

tOx

(3.30)

A is the gate area, tOx the oxide thickness, ε0 = 8.854·10−12 F/m is the permittivity
of vacuum, and εSiO2 ≈ 3.9 [98] is the relative permittivity of SiO2. The total MOS
capacitance C is then:

C =
COxCS

COx + CS

(3.31)

Considering the dependence of the MOS capacitance on the gate voltage VCG, three
regimes are distinguished: accumulation, depletion and inversion of charge carriers in
the Si substrate near the Si/SiO2 interface. For n-type Si, in accumulation (VCG >VFB),
the energy bands in the substrate bend downwards near the interface: The positve gate
voltage induces the accumulation of majority carriers (electrons) at the semiconduc-
tor surface. When VCG equals the flat-band voltage VFB, the energy bands in the Si
substrate are flat. For voltages slightly below VFB, the bands start to bend upward.
Up to the depletion layer width W, the surface region of the substrate is depleted of
majority carriers. For more negative VCG, at the surface, the Fermi-level EF crosses
midgap. Now minority carriers accumulate near the surface (substrate inversion), and
the depletion layer disappears. The the quasistatic or low frequency (LF) capacitance
is measured at dc bias or at a dc bias superimposed with a low frequency (≤100 Hz)
modulation, such that the concentration of minorities is able to follow the voltage
modulation. In contrast, the dynamic or high frequency capacitance is defined as -
dQS/dVCG, where QS is the charge at the semiconductor surface induced by the gate
voltage. To measure the HF capacitance-voltage (HFCV) characteristics, a small (10 to
20 mV) high frequency (≥100 kHz) modulation is superimposed to the dc bias voltage
at the gate. Fig. 3.10b shows the corresponding capacitance-voltage (CV) diagram for
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Figure 3.10: The MOS capacitance at high (HF) and low frequencies (LF).

a low-frequency (LF) and a high frequency (HF) measurement respectively. In accumu-
lation, both HF and LF capacitances are very close to COx, and decrease in depletion
with extending width of the space charge region. The LF capacitance reaches a mini-
mum, and with the onset of inversion and decreasing width of the space charge region,
it raises to reach COx again. At inversion, the HF-capacitance has a constant minimum
value, since the fast modulation of gate voltage cannot be compensated by adjustment
of the minority carrier density. Instead it is compensated by the modulated width of a
space charge region. The modulation depth of this space charge region, and hence the
HF capacitance at inversion depend on the substrate donor density ND, which can be
used to determine the substrate doping level. An empirical relationship between the
HF capacitance at inversion Cinv and ND at room temperature is

log10(ND/[cm3]) = 30.38759 + 1.68278log10(z) − 0.03177[log10(z)]2 (3.32)

z =
Cinv

A(1 − Cinv/COx
)

According to Schröder ([98]), the MOS capacitance at flat-bands CFB is for homoge-
neous substrate doping:

CFB =
Aε0εSiO2

tOx + (εSiO2/εSi)LD

= COx
1

1 +
136

√
T/300

tOx·
√

ND

(3.33)

Here LD =
√

kBTεSi

q2ND
is the extrinsic Debye length for holes, T is the absolute tempera-

ture, kB Boltzmann’s constant and q the elementary charge.
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Figure 3.11: Schematic structure of MOS-capacitors with an embedded Si NC layer and
the corresponding traditional memory capacitor model for the substrate in
accumulation. The potential VFG of the Si NC ’floating gate’ depends on
both the control gate voltage VCG and the charge stored in the Si NC.

3.7.2 The effect of trapped charge on the capacitance-voltage
characteristics

If charge is trapped in the gate oxide or if the centroid of trapped charge is moved,
the potential at the surface of the Si substrate changes, such that the CV-curve shifts
along the voltage axis. Often, the shift of the flat-band voltage, ∆VFB, is used for
quantitative analysis. ∆VFB relates to the charge per area QOx [C/cm2] stored in the
gate oxide according to:

∆VFB = −QOx

COx

· γ where γ =

∫ tOx

0
x

tOx
· ρ(x)dx

∫ tOx

0
ρ(x)dx

(3.34)

is the location of the charge centroid, x is the position in the oxide as defined in
Fig. 3.11 and ρ(x) is the vertical charge distribution within the oxide. This effect has
been used for the investigation of MOS memory capacitors schematically shown in
Fig. 3.11, in which Si NC embedded in the gate oxide act as the dominant trapping
sites. Considering the Si NC memory structure shown on the left of Fig. 3.11, and
assuming the center of charge in the middle of the SiOx layer, one finds γ = (tCOx +
0.5 · tSi NC)/tox, where tCOx and tSi NC are the thicknesses of the cap-oxide and SiOx

layer. If the inhomogeneous dielectric constant caused by the Si excess depth profile is
taken into consideration, according to Tiwari [100] the above expression results in:

∆VFB(t) =
QOx

ε0

· ( tCox

εSiO2

+
tSi NC

2 · εSiOx

) (3.35)

Here ε0 is the permittivity of free space and εSiO2 ≈3.9 and εSiOx are the relative per-
mittivities of the stoichiometric cap-oxide and the SiOx layer respectively. Considering
the SiOx layer as a compound of spherical Si NC occupying a volume fraction fSi in
a SiO2/Si mixture, and the dielectric strength εSi = 11.9 of the Si NC εSiOx can be
obtained from the Bruggemann Effective Medium Approximation (BEMA, p. 34) [95]:

0 = fSi ·
εSi − εSiOx

εSi + 2εSiOx

+ (1 − fSi) ·
εSiO2 − εSiOx

εSiO2 + 2εSiOx

(3.36)
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3.8 Currents in MOS structures

3.8.1 Electrode limited currents

Currents through an insulator can be limited by the charge injection (electrode limited
currents) or by the conduction in the bulk of the insulator (bulk limited currents). In
the case of MOS structures, usually electrode limited currents dominate. Hereby, de-
pending on the energy of the electron in the direction perpendicular to the barrier, two
cases are distinguished (Fig. 3.12a): If the electron (by thermal or optical activation)
has an energy above the barrier, (Ex > ΦB), it can classically traverse it and is quan-
tum mechanically described by a progressing wave. This is called the thermionic effect,
associated with the Schottky current. For (Ex < ΦB) the electron is associated with
an evanescent wave and a finite transmission probability exists if the barrier is thin.
The transit mechanism is called tunnel effect. Two limits are distinguished: In case of
small bias the electron traverses the complete barrier. This is called direct tunneling
(DT). In case of large bias, the effective tunnel thickness is reduced by the action of
the electric field. This mechanism is called Fowler-Nordheim (FN) tunneling. Consid-
ering tunneling through metal-SiO2-Si (MOS) structures, for oxides thicker than 4 nm
FN tunneling is the governing mechanism. DT becomes dominates in oxides thinner
than 4 nm. FN tunneling is known as write/erase mechanism for many conventional
non-volatile memories and replaced by DT in the investigated Si NC memory devices.
Another mechanism is trap assisted tunneling (TAT), where carriers tunnel through
the barrier using energetic levels of oxide traps as intermediate stations (Fig. 3.12b).

In the following, expressions for the different current densities are summarized. The
derivations assume that electrons in the emitting electrode can be described by a free
Fermi gas that electrons in the oxide have a single effective mass mox and that an
effective energy barrier height ΦB [eV] at the Si-oxide interface accounts for barrier
lowering and quantization of electrons at the semiconductor surface.

37



3. Principles of characterization techniques

Thermionic/Schottky Current (SC)

The thermionic current density is given by the Richardson-Schottky equation, modified
by introducing an effective mass mox of the electron in SiO2 [101]:

JS =
4πmoxq

h3
· (kB · T )2 · exp





−(ΦB −
√

qEOx

4πε0εSiO2

)

kBT



 (3.37)

Direct Tunneling (DT)

The current density for direct tunneling [102, 98] is calculated according to:

JDT = A · E2
ox · exp

(−B[1 − (1 − qVCG/ΦB)1.5]

Eox

)

(3.38)

Here A and B are constants, defined as:

A =
q3(m/mox)

8πhΦB

= 1.54 · 10−6 (m/mox)

ΦB

[

A

V 2

]

(3.39)

and

B =
8π

√

2moxΦ3
B

3qh
= 6.83 · 107

√

(mox/m)Φ3
B

[

V

cm

]

(3.40)

Fowler-Nordheim (FN) Tunneling

The current density for FN tunneling is given by [103] [104]:

JFN = A · E2
ox · exp

(−B

Eox

)

(3.41)

Trap-assisted tunneling (TAT)

Thin SiO2 films may contain a high density of traps caused by stress or radiation
damage, which give rise to ’trap assisted tunneling’. In TAT the electron or hole
tunnels through the barrier using one or more trapping sites acting as intermediate
levels. Depending on the carrier energy the effective barrier may have a triangular
or a trapezoidal form (see processes 1 and 2 in Fig. 3.12b). For the case of electron
injection from the metal contact and for high fields (current through triangular barrier
dominates) the qualitative current-voltage relationship can be expressed as follows
[105]:

JTAT ∝ exp

(

−4
√

2qmox

3~
φ

3

2

t /Eox

)

(3.42)

This dependence allows to determine the trap energy φt using a simple current-voltage
curve. If the current density JTAT [A/cm2] is plotted versus 1/Eox [MV −1cm] then the
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relation between the slope S of the linear region in this diagram and the trap energy
φt is:

φt[eV ] = S2/3 · 0.075398 (3.43)

3.8.2 Bulk limited currents

If the interface between contact material (doped silicon or metal) and SiO2 is injecting,
the current is limited by the characteristics of the bulk insulator. In general in an
insulator exist deep donor levels (some eV below the conduction band) and shallow
electron traps located a few eV below the conduction band. An electron travelling in
such an insulator easily gets trapped, but electronic conduction can still proceed, if
the electron can transit from one trapping site to the next. The electron can overcome
the energy barrier between two trapping sites, ΦM , by two different ways [106, 101]:
If Ex > ΦM through a thermionic mechanism, i.e. Poole-Frenkel (PF) conduction,
which is substituted by Poole (P) conduction in the limiting case of a very high trap
density with overlapping trap potentials. If Ex ≤ ΦM the electron moves through a
tunnel mechanism, the so called hopping-conduction. All currents are derived in the
low injection limit, i.e. assuming negligible charge trapping, such that the electric field
is constant throughout the oxide.

Poole-Frenkel (PF) Conduction

The PF-law describes the phonon-assisted thermionic emission of an electron out of
a defect corresponding to a single pure coulombic potential well (Fig. 3.13a). After
the emission the carrier stays near the bottom of the quasi-conduction band until it
is recaptured at a second ionized site. The density of ionizable sites is low, such that
the potentials of adjacent defects don’t overlap. Given an ionizable impurity center at
a depth φi below the quasi-conduction band of the amorphous SiO2, the expression of
the PF current takes the following form [101]:

JPF = qNcµ · Eox · exp





−(Φi −
√

qEox

πε0εSiO2

)

kBT



 (3.44)

Nc [cm−3] is the density of states in the SiO2 conduction band, µ [cm2/Vs] is the
mobility

Poole (P) Conduction

PF conduction is replaced by Poole conduction when the density of ionized coulombic
centers is high and the perturbations in potentials overlap, so that the ionization barrier
becomes φa (see process 1 in Fig. 3.13b). For two identical centers of distance s, the
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Figure 3.13: Bulk limited currents

peak in the barrier is close to s/2. The current then becomes [106]:

JP = JP0 · exp

(−(Φa − 1
2
q · s · Eox)

kBT

)

(3.45)

Here JP0 is a proportionality constant.

Hopping (H) Conduction

Hopping conduction implies that the electrons have an energy inferior to the energy
barrier between two sites, φa, and they proceed from one to the next by tunnel effect
(process 2 in Fig. 3.13b). The current density [101] is expressed as:

JH =
q2

kB · T · n∗ · D · Eox (3.46)

D is the diffusion coefficient depending on the jump frequency ΓS between two sites
separated by a distance a and n∗ is the electron density on the sites. With

D = ΓS · a2 (3.47)

and

ΓS =
1

τ0

· exp

(

−2mox

~
φaa

)

(3.48)

where m∗ is the electron effective mass, ~ is Planck’s constant and τ0 is a time constant
on the order of 7 · 10−14s the hopping current density becomes:

JH =
q2

kB · T · a2

τ0

· n∗ · Eox · exp

(

−2mox

~
φaa

)

(3.49)
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If the insulator contains no traps, then n∗ corresponds to the density of shallow (i.e.
ionized) donor sites and the current is little dependent on temperature. If the insulator

contains traps we have n∗ = N∗ · exp
(

− φ∗

kBT

)

, where N∗ is the trap density and φ∗ is

an activation energy. The hopping current is then strongly temperature dependent. In
either case it is proportional to the bias voltage.
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4 Principles of sputter deposition

4.1 Deposition modi

Sputter deposition enables the preparation of thin films of metals, dielectrics and com-
pounds at rather low temperatures. During sputter deposition gas ions out of a plasma
are accelerated towards a target, which consists of the material to be deposited. Mate-
rial detached (’sputtered ’) from the target by the impinging ions traverses the plasma
and condenses onto a nearby substrate. The process is realized in a vacuum chamber,
which is pumped down to a vacuum base pressure before deposition starts. Then a
gas, mostly argon, is fed into the chamber up to a pressure between 0.5-12 Pa. In the
direct current (dc) sputtering mode a negative bias potential of some hundred Volts is
applied to the target, while the chamber is grounded. As a result, positive Ar ions are
accelerated towards the target. When they collide with target atoms, target material
is set free and secondary electrons are produced, which are accelerated away from the
target and by ionization of argon atoms help to sustain the plasma. The bombardment
of a non-conducting target with positive ions results in a screening of the electrical
field by accumulated to surface charges. Consequently the ion current in a dc-plasma
would cease. While dc sputtering is therefore restricted to conducting target materials,
dielectrics may be sputtered using radio frequency (rf) or pulsed power supplies. In rf
mode, the target is decoupled from the power supply by a capacitor and an ac-voltage1

with a frequency of typically 13.56 MHz is applied. In a negative half cycle positive
ions are accelerated to the target. In the following positive half cycle the target is
flushed with electrons that overcompensate the positive surface charge because of their
higher mobility. Thus a negative mean self-bias voltage is established at the target.
Magnetron sputtering systems [107] achieve higher deposition rates applying an auxil-
iary magnetic field in the plane of the target surface (Fig.4.1). It confines the electrons
close to the target, where they move on cycloid tracks. The increased electron dwell
time in the plasma leads to a higher ionization probability of Ar atoms resulting in
higher rates. Magnetrons may operate at lower pressure than conventional sputtering
systems, which favors the formation of smooth and dense films. On the other hand
the magnetron significantly reduces the electron bombardment of the substrate. Reac-
tive sputtering allows to deposit composite coatings using elemental targets. Reactive
gases (like oxygen or nitrogen) added to the sputter gas form a compound at the tar-
get surface and are simultaneously incorporated in the growing film. If the compound
has a lower sputtering yield than the element, the stoichiometric compound may be
sputtered at high rate by controlling the reactive gas flow such that the target is only
partly covered with the compound. A review of plasma generation and plasma sources
is found in [108], surveys on plasma deposition methods are be found in [109, 110].

1ac: alternate current
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Figure 4.1: Principle of magnetron sputter deposition.

4.2 General effects of deposition parameters

The properties of the sputtered films (structure, roughness, hardness, crystallinity,
texture etc.) depend sensitively on deposition parameters [112]: The sputter current
adjusted via target power or bias voltage determines the deposition rate and the time
available for for surface diffusion and agglomeration of adsorbed atoms on existing
growth centers or nucleation with other adatoms. The target bias voltage roughly
equals the potential difference between plasma and target. It determines the sputter
yield (number of sputtered particles per incoming ion) and (reduced by the binding
energy) corresponds to the maximum energy of sputtered particles escaping from the
target. The mean free path for the sputtered material is inversely proportional to the
pressure p in the deposition chamber. The probability of collisions between sputtered
material and atoms or ions in the plasma scales with the product p · D, where D is
the target-substrate distance. A small p · D product typical for magnetron systems
lowers the probability of collisions. Thus sputtered species and reflected Ar atoms
impinge onto the substrate with almost the initial kinetic energy. This enhances the
surface mobility of adsorbed atoms, increases re-sputtering and results in very dense
coatings typically showing compressive stress due to peening by incident particles2.
The surface mobility of adatoms also increases with the ratio of substrate temperature
TS to melting temperature TM of the film. During sputtering of rather thick films even
without external heating the substrate temperature may rise considerably. A control
of the substrate temperature is essential, since higher temperatures may result in a
gradient of film properties and also lead to an increased desorption of adatoms, which
lowers the effective deposition rate. Thornton [111] represented the effect of pressure
and substrate temperature on the structure of deposited metallic films in his famous
zone diagram (Fig. 4.2). Another option to influence the film properties is the use
of a substrate bias voltage. Depending on the conductance of the film this can be a

2In contrast evaporated films often have a less dense structure and show tensile stress.
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Figure 4.2: Thornton’s zone diagram. An experimental study of sputtering (e.g. Ti, Cr,
Fe, Cu, Mo and Al) revealed the universal dependence of microstructure on
deposition parameters: an improving material quality with higher temperature
and lower chamber gas pressure (after [111]).

simple dc voltage or a (negative) self bias-voltage, if the substrate is operated using
a pulsed or rf-power supply. A substrate bias increases the resputtering rate, the ion
bombardment and increases the edge coverage of substrate features. The choice of the
sputter gas (usually a noble gas) strongly effects the sputter yield, since the mass ratio
of gas ions and target atoms determines the energy transfer in atomic collisions. When
the sputtered particles are collimated the morphology of the film surface may depend
on their angle of incidence. Sputtering under oblique incidence imposes a preferential
direction for the film growth, such that potentially anisotropic films or surface ripples
can be produced.

4.3 Sputter deposition of silicon oxide - Review

An excellent review on sputter deposition of insulating films was given by Pliskin[113].
The applications of sputtered SiO2 films include optical coatings for the visible and deep
ultra-violet spectral range[114, 115], passivation and protection layers [113], dielectric
inter-layers in semiconductor devices and gate dielectrics in field effect transistors [37,
39] and thin film transistors [116, 117]. Table 4.1 is a selection of references on sputter
deposited silicon oxide films focussing on applications in semiconductor technology.
The incomplete list demonstrates the steady development in the field. Two basic
options for the deposition of silicon oxide films are described in the following: reactive
sputtering from a silicon target and sputtering from a fused silica target.
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4. Principles of sputter deposition

4.3.1 Reactive sputtering from the silicon target

Silicon targets are either poly- or single-crystalline and available with a purity ranging
from 3N to 9N (wafer quality). Silicon oxide films are usually formed in an Ar/O2

mixture in a process called reactive sputtering. Reactive sputter deposition has been
modelled comprehensively by Berg and coworkers [118, 119, 120, 121, 122]. Because
oxygen adsorbs to the target surface and is simultaneously incorporated into the grow-
ing film, it is possible to deposit stoichiometric SiO2 coatings, even if only a small
fraction of the silicon target is oxidized. Since the sputter yield for an elemental Si
target is much higher than for an oxidized target, this way high deposition rates are
achieved. On the other hand the different sputter yields for the bare and oxidized
silicon target lead to an instability of the oxygen coverage of the target, which man-
ifests in a hysteresis effect between rate and oxygen gas flow. If the sputtering rate
decreases locally, more oxygen is adsorbed and the rate decreases even more until the
target is completely oxidized. The hysteresis effect is strong in systems, where most
of the supplied reactive gas is incorporated into the growing film. It can be avoided in
the limit of large pumping speeds, where most of the reactive gas leaves the chamber
through the pump [123]. To stabilize the target in a partly oxidized state external
feedback loops are used. These feedback loops adjust the oxygen flow based on the
measurement of plasma impedance [114], target self bias voltage or the optical emission
intensity of silicon or oxygen plasma lines [124]. This way both stoichiometric and oxy-
gen deficient (silicon rich) silicon oxide films (SiOx, x<2) may be deposited. Compared
to SiO2, the latter show an increased index of refraction and are in a a thermodynam-
ically metastable state. A thermal anneal transforms the single phase supersaturated
solution of Si in SiO2 into a two phase system of Si and SiO2 as described on p. 7.
Using this process SiO2/SiOx multilayers can be produced in a single sequence, by
simply adjusting the setpoint [125] as will be described in the experimental section. In
some cases the target has to be incompletely oxidized during deposition, for example if
oxygen-deficient films are prepared or if high SiO2 deposition rates are required. In this
case target regions with a low local sputter rate are oxidized completely (and charge
up in case of dc-sputtering) while those areas with a high local sputter rate remain
elemental (and conductive). In magnetron systems the variations in sputter rate and
local oxygen coverage are even enhanced by the inhomogeneous magnetic field. It has
been observed in reactive dc Al2O3 sputtering that arcing between oxidized and ele-
mental target regions leads to the ejection of micrometer-sized flakes from the target,
which incorporate in the growing film and degrade its properties [126]. Compared to
dc reactive sputtering, arcing should be less pronounced if rf and pulsed power supplies
are used. In case of reactive sputtering of silicon oxide even this does not completely
suppress particle generation (see experimental section). One might speculate wether
rate dependent gradients of target temperature and stress contribute to particle gen-
eration. If the Si target is completely oxidized during sputter deposition hardly any
flaking is observed. High quality reactively sputtered gate oxides have been reported
by Haberle [37]. However, for the majority of recent publications on sputter deposited
SiO2 for gate-oxide applications, fused silica targets were used.
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4.3.2 Reactive sputtering from fused silica or quartz targets

In 1966 Davidse first described the deposition of SiO2 by rf sputtering from a fused
silica target [127]. Also Macchioni [128, 129] discussed the effect of process parameters
on oxide properties. Although by rf sputtering very good MOS transistors (oxide
thickness 100 nm-150 nm) were obtained [37], most recent works on ultrathin (down
to 6.5 nm [117]) device quality oxide films involved rf magnetron sputter deposition.

Conditions for device-quality oxide films by rf magnetron sputtering

Deposition system and choice of target: Pore-free glassy SiO2 targets of at least 5N
purity should be used. A chamber base pressure on the order of 10−5 Pa should be
obtained using turbo-pumps (oil-diffusion pumps cause organic contamination). Ini-
tially, the chamber surface, substrate holders etc. should be coated by SiO2, since
metal contamination by re-sputtering would degrade the oxide quality [130]. Reactive
gases: A 10 % oxygen fraction in the sputter gas helps to compensate the slight oxygen
deficiency of films sputtered in pure argon [131] and greatly reduces the density of in-
terface states. Oxides deposited at higher oxygen concentrations (up to 40 %) showed
increased electron trapping [39]. Substoichiometry causes a variety of oxide defects
[132] such as the neutral oxygen vacancy (NOV) and the related charged paramag-
netic E’ centers, which manifest in an increased etch rate in buffered hydrofluoric acid
(BHF) and poor electrical quality. Also the addition a few percent H2 to the sputter
gas lowered BHF etch rate and increased electrical quality [133, 134]. H2/Ar mixtures
with high H2 fraction have been used to form SiOx films with high Si excess from a
SiO2 target [135]. A slight nitridation has been reported to yield increased breakdown
strength in annealed oxides [136]. Pressure, substrate-target separation and substrate
temperature: Low pressures (∼0.3 Pa) at a small substrate-target distance (∼7 cm)
lead to a small probability of collisions between gas atoms and sputtered particles,
such that the latter arrive at the substrate with almost the initial kinetic energy and
contribute to a higher surface mobility. This leads to very smooth, dense films under
compressive stress [39]. Similarly, the use of moderate substrate heating (200-300◦C)
[137, 129] serves to further lower the density of defects and the concentration of in-
corporated argon. But even deposition temperatures of 350◦C are too low to anneal
radiation induced atomic defects in the oxide [132]. Therefore, if a high electrical qual-
ity is required, high temperature post-deposition anneals are essential [38]. Deposition
rate/discharge voltage: Higher deposition rates result from a higher flux and a higher
energy of Ar ions incident on the silica target. Because silica has a low thermal con-
ductivity this results in a significantly increased target temperature. The target acts
then as source of substrate heating 3. At the same time the higher kinetic energy of
sputtered particles and reflected neutralized Ar atoms increases the re-sputtering from
the substrate and enhances the substrate surface mobility. Both effects yield a more
dense film structure. On the other hand the sample bombardment with highly ener-
getic particles increases the density of interface states [39]. A comprehensive discussion
on deposition parameters of device quality sputtered oxides is found in [139, 39].

3According to Westwood [138] a power density of 1 W/cm2 may increase the temperature of a SiO2

target by about 70 K.
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Target Method Comment on topic Year Ref.
SiO2 rf deposition parameters vs. properties 1966 [127]
SiO2 rf effect of re-emission 1970 [130]
SiO2 rf edge coverage, charge accumulation 1970 [140]
SiO2 rf Ar incorporation 1972 [141]
SiO2 rf defect centers, ESR 1974 [132]
Si reactive rf edge coverage, Ar/O2 = 90/10 1976 [142]
Si,SiO2 (reactive) rf MOS capacitors, tOx ∼ 160 nm 1976 [143]
Si reactive rf MOS transistor, tOx ∼ 120 nm 1980 [37]
SiO2 rf magn. effect of H2 and O2 addition 1984 [133]
SiO2 rf magn. conduction mech., MOS capacitors 1987 [144]
SiO2 rf magn. varied Ar/O2 ratio, MOS capacitors 1987 [131]
SiO2 rf magn. Ar/O2, TS = 200 ◦C, MOSFET 1987 [137]
SiO2 rf magn. Ar/O2 ratio vs. el. properties 1989 [145]
SiO2 rf varied deposition parameters 1991 [129]
SiO2 rf magn. electr. prop. of MOSFET at 4.2 K 1992 [146]
SiO2 rf magn. H2, N2, O2, currents, etch rate 1994 [134]
SiO2 rf magn. el. quality of nitrided SiO2 1995 [36]
SiO2 rf magn. parameters for TFTs, tOx =20 nm 1995 [147]
SiO2 rf magn. stability of nitrided oxides 1995 [139]
SiO2 rf magn. annealing vs. electric stability 1997 [38]
SiO2 rf magn. el. quality vs. anneal, tOx =25 nm 1997 [136]
Si react. rf magn. ion assistance, electr. tests 1998 [148]
SiO2 rf magn. TFT on steel foil 1998 [116]
SiO2 rf magn. TFT on glass, tOx = 6.5-100nm 1998 [117]
Si react. rf magn. SiOx 1998 [125]
SiO2 rf magn. charge relaxation in SiO2, SiOxNy 1999 [149]
Si react. rf magn. SiO2/SiOx stacks 2001 [124]
SiO2 react. rf magn. SiOx films (>20 at% Si), dep. in Ar/Hs 2001 [135]
SiO2/Si rf/dc magn. SiOx by co-sputtering of Si and SiO2 2003 [150]

Table 4.1: Selected reports on sputtered silicon oxide films for application in semiconductor
technology.
TFT: thin film transistor, MOSFET: metal oxide silicon field effect transistor
tOx: oxide film thickness.
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5 Experiments on sputter deposition
of Si, SiOx, and SiO2 thin films

5.1 The deposition tool

A nordiko 2000 sputter tool was used for thin film deposition (Fig. 5.1). The four
targets of 20 cm diameter are arranged above a rotatable substrate table with four
holders (two water cooled, two heatable up to 500 ◦C, one of the latter equipped with
a thermocouple) for 8 inch substrate platens. Two of the four magnetrons operate in dc
mode, the other two are powered either in dc or in rf mode. Simultaneous operation of
one dc (up to 5 kW) and one rf magnetron (13.6 MHz, up to 2 kW) is possible. The used
polycrystalline Si and fused silica targets had a purity of 5N and 4N, respectively. The
central and the ring shaped outer magnets generate a fixed ring-like race track-region.
Regions with low erosion rate (re-sputter zones) are in the center and at the edges of the
target. For reactive sputtering from the silicon target a piezoelectric reactive gas inlet
valve (MV-112, maxtek [151]) is driven by a controller (reactaflo, Megatech [152])
using the optical line intensity of excited Si atoms in the plasma to sense the degree of
target oxidation. The optical plasma emission from the race track region is picked up
in about 4 cm distance from the target. A fiber-optic link guides it to the spectrometer
(vm3000, Verity [152]) consisting of a photomultiplier tube and a rotatable grating.
The approximate partial pressures of gases are determined by means of a micropole
sensor system (Ferran Scientific [153]). Since the tool geometry did not enable an
in-situ thin film analysis, the thin films were analyzed ex-situ.
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Figure 5.1: Schematic cross section of nordiko 2000 sputter chamber.
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Figure 5.2: Optical emission spectrum from Ar plasma during deposition from SiO2 target
at a rf-power of 1.5 kW and a pressure of 5 mTorr

5.2 Reactive sputter deposition from the Si target in

Ar/O2

5.2.1 Process characterization

Reactive sputtering allows the deposition of stoichiometric and oxygen-deficient silicon
oxide from the same target. It was therefore considered initially for the deposition of
SiO2/SiOx stacks for use in Si NC memories. The reactive deposition of SiOx from
the Si target was done at fixed Ar pressure, whereas the oxygen supply through the
piezoelectric valve was adjusted by the reactaflo controller to stabilize the degree of
target oxidation. Details of the process along with a phenomenological model of reactive
rf magnetron sputtering of SiOx in Ar/O2 have been published elsewhere [124]. Fig. 5.2
shows a typical plasma emission spectrum acquired from a SiO2 target (representing
a completely oxidized Si target). The intensity of an optical emission line related to
excited Si atoms (Si I line at 251.9 nm) was used to define a deposition setpoint:
After power and Ar-pressure were adjusted, at zero oxygen flow the line intensity
was measured for the non-oxidized target. The addition of oxygen to the sputter gas
led to an increased oxidized target fraction, fewer Si atoms present in the plasma
and thus to a lower intensity of the Si line. The ratio of intensities determined with
the Ar/O2-mixture and Ar respectively is defined as setpoint ISi. This normalized
intensity serves as input signal for the reactaflo controller. The use of a normalized
intensity instead of an absolute intensity eliminates a possible long-term setpoint-drift
as it would result for example from a gradual coating of the collimating lens of the
fiber optics. Any plasma line whose intensity changes owing to the formation of the
reactive gas compound on the target surface is suited for process control, provided
that its intensity is an unambiguous function of oxygen pressure pr. Fig. 5.3 shows the
dependence of several plasma lines on pr for deposition from a silicon target. The Si

50



5.2 Reactive sputter deposition from the Si target in Ar/O2

10
-2

10
-1

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Si target partly oxidized Si target completely oxidized
p

r
*

O(x 1/65)
Si

Ar

Si-Target Si-Target SiO
2
-Target

OI (777.4 nm) Ar I (404.5 nm) Ar I (404.5 nm)
Si I (251.9 nm) Ar I (426.1 nm) Ar I (426.1 nm)
Si I (288 nm) Ar I (696.6 nm) Ar I ( 696.6 nm)
Si II (503.3 nm) Ar I (810.5 nm) Ar I (810.5 nm)

R
e
la

tiv
e

in
te

n
si

ty
I re

l

O
2
partial pressure p

r
(Pa)

Figure 5.3: Dependence of the relative intensity Irel of plasma lines on the oxygen partial
pressure. Intensities are normalized to those for the deposition in pure argon
(Si target not oxidized). Indicated are data acquired for a Si and a SiO2 target.
In both cases the target power was 1.5 kW.

0.5 0.6 0.7 0.8 0.9 1.0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

The range of possible compositions
is limited by the noise level of the feedback loop.

x
RBS

(P
rf,Si

=500 W)

x
RBS

(P
rf,Si

=1500 W)

Normalized intensity of 251.9 nm Si I line

C
o
m

p
o
si

tio
n

(O
/S

ir
a
tio

x)
o
f
S

iO
x
fil

m

Figure 5.4: Relation between the intensity of the 251 nm Si I plasma line (normalized to the
non-oxidized Si target) and the silicon oxide composition x for a power Prf,Si

of 0.5 kW and 1.5 kW (RBS measurements by R. Grötzschel, FZ Rossendorf).

51



5. Experiments on sputter deposition of Si, SiOx, and SiO2 thin films

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0.3

0.4

0.5

0.6

0.7

1.6

1.8

2.0

2.2

2.4

2.6

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0.3

0.4

0.5

0.6

0.7

1.6

1.8

2.0

2.2

2.4

2.6

P
rf,Si

=0.5 kW

P
rf,Si

=1.5 kW

Substrate temperature: T
S
= 20 °C

Target-Substrate Distance: D = 7 cm
Argon partial pressure: p

Ar
=0.33 Pa / 2.5mTorr

Oxygen partial pressure: p
O2

=p
O2

(I
Si
)

M
e
a
n

S
iO

x
d
e
p
o
si

tio
n

ra
te

R
S

iO
x
(n

m
/s

)

Normalized Intensity I
Si

of 251.9 nm Si Line

Figure 5.5: Deposition rates of SiOx for reactive rf magnetron sputtering from the Si target
in an Ar/O2 mixture.

line intensities decrease rapidly with increasing oxygen pressure and increasing degree
of target oxidation. Using an rf power of 1.5 kW and an Ar pressure of 0.35 Pa the
target is completely covered with SiO2 for an oxygen pressure p∗

r ≈ 3.5 · 10−2 Pa, the
corresponding setpoint is I∗ ≈ 0.175. A further increase of pr has almost no effect on the
Si line intensities. In contrast, the oxygen line intensity increases steadily throughout
the measured range of pr. For pr ≤p∗

r the intensities of all atomic Ar lines are almost
independent on pr, implying that in this pr range the electron energy distribution is
not significantly altered by the presence of oxygen. For pr >p∗

r they decrease in the
same manner for the Si target and the SiO2 target since target and plasma conditions
are the same in both cases. Alternatively to the 251.9 nm atomic Si line also the
atomic Si line at 288 nm, the singly ionized silicon line at 504 nm or the atomic oxygen
lines at 777.4 nm and 844 nm may be used as a deposition setpoint variable. Oxygen
plasma lines increase with increasing oxygen partial pressure and must be normalized
to the intensity at a known oxygen flow, at which the target is completely oxidized.
When oxide films are deposited from the Si target, their composition can be related
to the normalized Si line intensity ISi. Fig. 5.4 shows the relation between the atomic
ratio x of oxygen and silicon atoms and ISi. The values of x were determined by
Rutherford backscattering (RBS) measurements of films deposited on carbon coated
Si wafers [124]. The feedback loop based on ISi enabled the deposition of SiOx with x
between about 1.45 and 2.

5.2.2 Limitations of the method

An accurate composition control is possible provided the Si line intensity signal has a
high signal to noise ratio and the total oxygen flow is not too small. The piezoelectric
gas valve MV-112 (maxtek [151]) enables a flow of 300 sccm oxygen at maximum
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5.2 Reactive sputter deposition from the Si target in Ar/O2

and should be used with flows above 30 sccm to ensure stable operation. The only
competitive product, the PCV25 piezoelectric valve by v. Ardenne Anlagentechnik
[154], has the same range and faces the same problem. Both features render the
process useful for the deposition rates above about 2 nm/s, whereas the accuracy of
film composition is strongly compromised at lower deposition rates 1. In addition, any
inhomogeneities in the oxygen supply across the surfaces of target and film results
in inhomogeneities of the film composition. Despite the use of an rf power supply
during deposition from an only partially oxidized Si target the generation of micro-
particles was observed. In EDX2 line scans, the micro-particles showed a much higher
silicon signal than the underlying oxide matrix (Fig. 5.6). It seems likely that silicon-
particles are ejected from the target as a result of target cracking. Temperature or
stress gradients caused by the inhomogeneous target erosion typical for magnetrons
may be relevant factors. Obviously particles seriously deteriorate the properties of the
deposited films. In optical applications, the substitution of doped high purity Si targets
by silicon alloy targets leads to lower particle generation. Examples are the SISPATM

or the SiAl targets offered by Heraeus 3 and GFE 4 respectively for the deposition
of SiO2 and Si3N4 films. These Si alloys contain Al as the main constituent. They
have a higher electrical and thermal conductivity and form a rougher surface which
improves the sticking of redeposit to the target. Because of the high level of metallic
impurities (typical purity: 99.5 %) standard targets of this type appear not suited
for the deposition of high quality gate-oxides. However, customized high-purity Si-Al
targets can be made on request.

5.2.3 Preparation of SiO2/SiOx/SiO2 heterostructures

It is possible to deposit stacks of silicon oxide layers with different composition x in a
single step by simply changing the setpoint ISi. Fig. 5.7 shows the setpoint sequence
used to deposit a stack of 5 nm SiO2 / 10 nm SiO1.5 / 45 nm SiO2 onto a Phoshorus
doped Czochralski type Si monitor wafer. The deposition conditions were: Prf,Si =
500 W, pAr = 0.35 Pa, D = 7 cm and TS = 20 ◦C. During a subsequent anneal at 1000 ◦C
for 1 h in N2 precipitation of Si-nanoclusters occurred and the metastable SiO1.5 layer
turned into a two phase compound of Si nanoclusters embedded in SiO2. Fig. 5.8 shows
a cross-section high resolution TEM image of the annealed sample, obtained using a
phillips cm300 device. The Si NC-layer is located about 6 nm above the substrate
interface. The white lines indicate its abrupt boundaries. The substrate is oriented
with the (110) direction along the incident electron beam. Crystalline Si NC oriented
in the same direction show lattice contrast. Their diameters vary between 3 nm and
5 nm. The Fourier transform of the marked area shows two reflexes corresponding to

1By a slight modification of the rf magnetron matching unit a feedback based on the target self-bias
voltage could be implemented. Such a feedback would work also with low deposition rates. If
the reactive gas inlet tubing beyond the piezo-valve would be arranged closer to the pump, an
increased fraction of the supplied oxygen would be lost to the pump instead of being adsorbed to
target or substrate. Then, to obtain a certain composition larger oxygen flows at the valve were
needed and the oxide composition could be adjusted more precisely.

2EDX: energy dispersive x-ray analysis
3http://www.wc-heraeus.com
4http://www.gfe-online.de
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Figure 5.6: Scanning electron microscopy (SEM) image of Si microparticle emitted from the
Si target during reactive rf magnetron sputtering of SiOx from the Si target. The
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5.2 Reactive sputter deposition from the Si target in Ar/O2

Figure 5.8: High resolution cross-section TEM image of Si NC memory capacitor prepared
by reactive sputtering from the Si target. After deposition the 5 nm SiO2 /
10 nm SiO1.5 / 45 nm SiO2 stack was annealed for 1h at 1000 ◦C in N2 to
transform the SiO1.5 layer (indicated by dotted white lines) into a layer of
Si nanocrystals. The substrate is oriented with the (110) direction along the
electron beam. The substrate and appropriately oriented Si nanocrystals show
contrast from (111) lattice planes. The fourier transform of the marked square
enclosing a Si nanocrystal shows two reflexes corresponding to the period of
(111) planes (measured by M. Klimenkov, FZ Rossendorf).
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(111) Si nanocrystal lattice planes with d111 = 0.313 nm. Stacks like this could be used
in the desired Si NC memory devices. To allow an efficient injection of electrons by
direct tunneling, the tunnel-oxide (TOx) between Si NC and Si substrate must be less
than 4 nm wide (see p. 37). Because of the 6 nm thick TOx layer, an efficient charging
was not expected for the presented stack. Measurements of Al-gate MOS-capacitors
showed that the annealed gate stacks had low electrical quality and breakdown fields
below 1 MV/cm for positive gate voltage, such that Si NC related charging effects
could not be measured.

5.2.4 Conclusion and new strategy

The low electrical quality of the gate stack was attributed partly to the low quality
surface of the substrate (see Fig. 5.8) but mainly to a particle induced degradation
of the gate oxide properties. The main obstacles of the reactive sputtering from the
Si target are problems to operate at low deposition rates and particle induced defects
observed when the target coverage with SiO2 was incomplete, as for the deposition of
oxygen deficient SiOx films. The high quality SiO2 films reported by Haberle et al. [37]
do not contradict the presented results. Haberle did not use an external feedback. In his
case the known process instability caused a complete oxidation of the target resulting
in a low-rate deposition of particle-free stoichiometric films. Because of the mentioned
limitations, no additional attempts were made to prepare oxygen-deficient SiOx films
for use in Si NC memories by reactive sputter deposition from a Si target. Instead a new
strategy to deposit SiO2 / SiOx stacks has been developed. As a result stoichiometric
SiO2 films were deposited from a fused silica target in an Ar/O2-mixture while SiOx

films were prepared co-sputtering from Si and SiO2 targets in Ar. The development of
these processes is described in the following.

5.3 Reactive sputter deposition from the fused silica

target in Ar/O2

A literature review showed, that a high electrical quality SiO2 films may be expected for
oxides deposited from a fused silica target in Ar/O2 mixtures. In several experiments
the influence of the following parameters investigated: O2/Ar flow ratio O2/Ar = 0-
0.3, total pressures p = 0.2-0.67 Pa, target rf power PSiO2 = 330-1500 W, nominal
substrate temperatures TS between 20◦-400◦ and a substrate rf power Psub = 0-250 W
at a substrate-target distance D = 5-7 cm. In the following some characteristics of the
deposited SiO2 films are summarized.

Films deposited at (O2/Ar = 0.33, p = 0.2 Pa, D = 7 cm, PSiO2 = 330 W, Psub = 0, TS

= 20 ◦C) are very smooth both for small (37 nm) and high (684 nm) film thicknesses
(see Fig. 5.9). A scan along the diagonal of a 200 nm wide area showed peak-to-valley
roughnesses of only 0.5 nm and 0.8 nm respectively. No particles are observed by
visual inspection. During the extended (2 h) deposition of the 684 nm thick film, the
substrate platen positioned on a water cooled mount reached a temperature of roughly
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5.4 Deposition from SiO2 and Si targets in pure Ar

60 ◦C, indicating an insufficient heat contact between the substrate platen and the
mount.

In another experiment, the influence of substrate temperature, substrate rf bias and
annealing on the optical constants of SiO2 films deposited on silicon substrates was
investigated. The deposition conditions were (O2/Ar = 0.13, p = 0.67 Pa, D = 5.5 cm,
PSiO2 = 1500 W, Psub = 0-500 W, TS = 20-400 ◦C). Part of the samples were annealed
for 30 min at 1000 ◦C in N2. Spectroscopic ellipsometry between 1.2 eV and 4.9 eV was
used to determine the optical constants. Raw data were fit to the Sellmeier model (see
p. 32). As shown in Fig. 5.10a, SiO2 films deposited without substrate heating generally
have a higher refractive index than thermal SiO2. The use of a rf substrate bias may
even increase the refractive index. Increased refractive index values of sputtered SiO2

have been attributed to an increased density resulting from the particle bombardment
of the growing film. Devine [60] pointed out that the link between density ρ and
refractive index n is given by the Lorentz-Lorenz law:

n2 − 1

n2 + 2
= 4πρAmol(NAVmol) (5.1)

Here Amol is the molar polarizability, Vmol the molar volume and NA Avogadro’s num-
ber. Devine’s regression analysis of refractive index data at 632.8 nm from plastically
densified amorphous SiO2 and crystalline phases resulted in the relationship

n = 1.029 + (0.195 ± 0.021)ρ (5.2)

yielding for the thermal SiO2 reference of Palik [155] a density of ρ = 2.195 g/cm3 and
for the SiO2 films sputtered without heating with n≈1.463 a density of ρ = 2.226 g/cm3.
Consistent with a compaction of the films by particle bombardment is the decreasing
net-deposition rate for increasing rf bias, caused by re-sputtering of deposited material.
The hypothesis, that sputter deposited SiO2 films have a higher density is corroborated
by infrared absorption measurements of Lisovskii [64] (see p.22). The high temperature
anneal lowers the refractive index down to the value of thermal SiO2 corresponding to
a structural relaxation and a slight decrease in film density. Fig. 5.10b shows that
at elevated substrate temperature the refractive indices before and after annealing are
nearly the same. This implies that even moderate substrate heating helps to ensure a
relaxed film structure. The increase of deposition rate with substrate temperature is
probably caused by radiation heating of the target. The Bruggemann effective medium
approximation shows that also a slight Si excess might lead to an increases refractive
index. However, the inert gas anneal would not change the effective oxide composi-
tion, such that complete relaxation of the refractive index is not consistent with this
possibility.

5.4 Deposition from SiO2 and Si targets in pure Ar

In order to develop a co-deposition process for SiOx films, both dc magnetron sputtering
of a-Si and rf sputtering of SiO2 in Ar were investigated at the following conditions:
pAr = 0.667 Pa, D = 5.5 cm, TS ∼20 ◦C. For comparison stoichiometric SiO2 films
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Figure 5.9: AFM-images of 37 nm and 684 nm thick SiO2 films sputtered from an SiO2

target. Both films are very smooth. For the indicated diagonal profile the
peak-valley roughnesses are 0.5 nm and 0.8 nm.
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Figure 5.10: Effect of rf substrate bias (a) and substrate temperature (b) on refractive index
of sputtered SiO2 films at 632.8 nm. The reference value of thermal SiO2, n
= 1.457 [155] is indicated by the grey bar. The use of cooled substrates and
the application of substrate bias result in a compacted film with increased
refractive index. Substrate heating favors a relaxed film structure with a
refractive index close to thermal oxide and increases the deposition rate.
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5.4 Deposition from SiO2 and Si targets in pure Ar

were deposited by rf sputtering of SiO2 in an Ar/O2 = 6.7 mixture at p = 0.667 Pa, D
= 5.5 cm, TS ∼20 ◦C. To check the effect of the gas mixture on the deposition rate in
two cases Ar/H2 = 13 and Ar/O2 = 7.7 mixtures were used.

5.4.1 Deposition of SiO2

The deposition rates for rf sputtering of SiO2 in Ar and Ar/O2 mixtures are shown
in Fig. 5.11a. The highest rate is observed for deposition in pure Ar. In agreement
with Serikawa [133], an increase of oxygen partial pressure lowers the rate, the same is
observed for addition of hydrogen. The optical constants of the deposited films were
determined using spectroscopic ellipsometry. Fig. 5.12a shows Sellmeier fits (p. 32) of
the index of refraction n, assuming that the extinction coefficient k≈0. The refrac-
tive index of silicon oxide films deposited in Ar is slightly increased. If the increased
refractive index was related to a pure compaction, according to Eqn. 5.2 the highest
refractive index observed (n = 1.485) would yield a density of 2.34 g/cm3, which is
highly above the typical value for thermal SiO2 of 2.2 g/cm3. Here in adition to the
density the composition is important. It is widely accepted that films deposited from
a SiO2 target in Ar are slightly oxygen-deficient [39], resulting in an increased n. If the
oxide is modelled as Bruggemann effective medium medium (p. 34) of thermal SiO2

and a-Si, an upper limit of the excess Si volume fraction is obtained, which lies between
0.3-1 vol%, corresponding to an oxygen/silicon ratio of x = 1.98-1.95.

5.4.2 Deposition of Si

The deposition rates for dc magnetron sputtering of Si in Ar onto a room-temperature
Si wafer, determined from X-ray diffraction (XRD) measurements are shown in Fig. 5.11b.
According to XRD, 50 nm a-Si films deposited at PSi = 50-1000 W are amorphous,
have a density of 2.35±0.04 g/cm3 and a surface roughness of 0.86±0.1 nm. The refrac-
tive index of a-Si is described best by the Tauc-Lorentz (TL) model (p. 31) developed
by Jellison [92, 93]. The extracted parameters of the TL dispersion model are listed
in Fig. 5.12b. The optical constants of a-Si are known to depend strongly on prepara-
tion conditions, density, structure and hydrogen content. Therefore a slight deviation
from the reference data obtained from evaporated a-Si is expected. For some films
the depth profiles of hydrogen were determined by nuclear reaction analysis (NRA).
The total hydrogen concentration of the a-Si films has been measured at the 5 MV
tandem accelerator of the Forschungszentrum Rossendorf using the nuclear reaction
15N + 1H → 12C + 4He + γ (4.43 MeV ). This reaction has a narrow resonance at a
15N kinetic energy Eres = 6.385 MeV. By increasing the energy of the 15N ions above
Eres the ions reach the resonance energy at a certain depth of the sample due to energy
loss in the material. Measuring the yield of the γ-rays with an energy of 4.43 MeV
as a function of the beam energy the hydrogen depth profiles were measured. The γ
were detected by a 2 in. x 34 in. NaJ(TI) scintillation detector. No hydrogen loss of
the samples was observed due to the analysis beam, using typically a 15N ion beam
current of 15-20 nA and a beam spot of 5x5 mm2. As shown in Fig. 5.13a, the upper
10 nm of the film contain 3-4.5% hydrogen. The origin of hydrogen is assumed to be
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Figure 5.11: Deposition rates of SiO2 and a-Si in Ar.

mainly water, either adsorbed from the ambient air or from the water based cleaning
solution. In the bulk of the film, where the diffusion limits effects of ambient humidity,
one finds that the concentration of hydrogen incorporated during film growth is below
the detection limit of NRA (about 0.5 at%).

Evolution of a-Si roughness with film thickness The growth front of a sputtered
a-Si film roughens with increasing thickness. To investigate this effect, a-Si films were
deposited at a power of 1 kW and substrate temperatures of 20 ◦ and 250 ◦C. The ratio
of deposition temperature to melting temperature, often used as a measure of surface
mobility, is small in both cases. Consequently the influence of substrate temperature
was found to be insignificant. Fig.5.14 illustrates the roughening of the a-Si growth
front for deposition at 250 ◦C and a film thickness increasing from 100 nm to 10 µm.
Details on the roughening mechanism are found in Karabacak et al. [156].
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Figure 5.12: Refractive indices of sputter deposited amorphous SiO2 and Si films.
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5.4 Deposition from SiO2 and Si targets in pure Ar

(a) 100 nm a-Si film. (b) 500 nm a-Si film.

(c) 1000 nm a-Si film. (d) 5000 nm a-Si film.

(e) 10000 nm a-Si film.

Figure 5.14: AFM images showing the coarsening of the a-Si growth front with increasing
film thickness for deposition at 250 ◦C onto silicon wafers
(Measurement: R. Gago, FZ Rossendorf).
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Figure 5.15: Reflectance of the Bragg-mirror (200 nm SiO2 + 3x [80 nm Si / 200 nm
SiO2] on Si) as deposited and after an anneal for 1 min at 1100 ◦C in N2.
(Measurement by Y. Sun, FZ-Rossendorf).

5.4.3 Future application: Dielectric Si/SiO2 NIR Bragg-mirrors

To assist a collaborating group in the development of optical cavities for use with Si
based light emitting diodes, dielectric multi-layer mirrors were developed in which a-Si
and SiO2 act as high (H) and low (L) refractive index materials. A L(HL)3 quarter
-wave stack was deposited on a Si wafer heated to 300 ◦C by alternating deposition
from the Si and SiO2 target respectively in Ar using the same conditions as above.
The layer thicknesses used for the target wavelength of 1 µm were L: SiO2, 200nm and
H: Si, 80 nm. To check the effect of a possible Si crystallization on the reflectance of
the mirror, reflectance spectra were acquired before and after an anneal for 1 min at
1100 ◦C in N2 (Fig. 5.15). The crystallization mainly effects the optical transitions near
3.2 eV and 4.5 eV and therefore had almost no effect on the NIR-reflectance. In both
cases the maximum reflectivity was 94.8 %, which is slightly below the value obtained
for the simulated spectrum. The difference arises probably from a finite absorption in
the Si layers, which was neglected in the simulation. A simple way to shift the onset
of absorption toward higher energy would be hydrogen doping of a-Si, and could be
achieved by deposition in Ar/H2 mixtures. Also variations of the layer thicknesses and
accumulating interface roughness may degrade the mirror performance.
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6 Co-sputtering of SiOx and
investigation of Si NC formation by
annealing

The nordiko 2000 setup allows the simultaneous deposition from a rf powered and
a dc powered magnetron and a rotation of the substrate table with rates up to f =
30 min−1. Thus, SiOx can be deposited by simultaneous dc sputtering of Si and rf
sputtering of SiO2 in pure Ar onto a substrate mounted on the rotating substrate
table. This method has the following advantages: (1) the film composition can be
reproducibly tuned in a wide range by adjusting the ratio of Si and SiO2 deposition
rates. (2) Since oxidation of the Si target is negligible the generation of micro-particles
is eliminated. (3.) the method works stable at low deposition rates because no external
feedback is required.

SiOx films deposited by this method were analyzed with respect to composition by
RBS and ERD. In addition the effect of different annealing temperatures on phase
separation and precipitation of silicon clusters was probed by XTEM, PL, FTIR and
variable angle spectroscopic ellipsometry (VASE).

6.1 SiOx films by co-deposition from SiO2 and Si

targets in pure Ar

Experimental Si wafers coated with 150 nm amorphous carbon were used as sub-
strates for ion beam analysis (substrate type A). For annealing experiments (100)-
oriented Cz-Si wafers were cleaned in H2O2/H2SO4 solution and rinsed in deionized
water (substrate type B). SiOx films were deposited by co-deposition from the dc-
powered Si target and the rf-powered SiO2 target in pure Ar. At each setpoint one
substrate of type A and B were coated simultaneously. Both substrates, mounted to a
rotating table passed the two targets sequentially at a rotation speed of 30 min−1 for a
constant deposition time of 270 s. Fixing the SiO2 target power at 1 kW and adjusting
the Si target power (PSi) between 50 W and 900 W the composition x of the films was
varied (method 1). For reference, a SiO2 film was sputtered from the silica target in
an Ar:O2 = 7:1 mixture (method 2). In both cases the substrate temperature was
20 ◦C, the target substrate separation 5.5 cm and the pressure before plasma ignition
0.667 Pa. The coated wafers of type B were cut to pieces, which remained as deposited
or were exposed to a 30 s rapid thermal anneal (RTA) at temperatures between 700 ◦C
and 1150 ◦C in an Ar:N2 = 1:1 mixture at the maximum gas flow of 5 sccm to reduce
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6. Co-sputtering of SiOx and investigation of Si NC formation by annealing

Samples:
Films on
150 nm C
on Si

A0 A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Films on Si B0 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10

Power at
Si target
PSi(W )

0 50 70 90 130 210 270 340 900 0 0

Power at
SiO2 target
PSiO2(kW )

1 1 1 1 1 1 1 1 1 1 1

Process gas Ar Ar Ar Ar Ar Ar Ar Ar Ar
Ar+
O2

Ar+
H2

Composition
by RBS
xas deposited

(set A)

1.71 1.72 1.52 1.42 1.44 1.27 1.04 0.96 0.49 - 1.86

Composition
by ERD
xas deposited

(set A)

2.07 1.9 1.84 1.76 1.61 1.33 1.13 0.95 0.54 2.09 -

XTEM
(set B)
tOx, 1050◦C

(nm)
- - - 60 63 70 77.5 80 122 - -

Si Nano-
crystals

- - - no no no yes yes yes - -

VASE
(set B)
tOx,1050◦C

(nm)
45.7 54.2 - 59.6 62.8 71.2 75.9 78.9 119.7 87.0

x1050◦C 1.98 1.78 - 1.73 1.63 1.31 1.17 0.97 0.52 2 -

PL (set B)
λmax, 800◦C - 700 705 715 720 750 728 778 810 - -
λmax, 950◦C - 700 715 725 740 780 790 805 q. - -
λmax, 1050◦C - 700 730 750 760 785 q. q. q. - 623
Imax, 800◦C - 21 46 107 237 540 760 432 30 - -
Imax, 950◦C - 33 59 110 183 200 118 65 q. - -
Imax, 1050◦C - 59 48 76 118 85 q. q. q. - 32

Table 6.1: Summary of sample data. For annealed samples the RTA temperature is dis-
played as subscript.
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humidity related effects. Samples prepared this way are named ’set B’. The sample
data are summarized in table 6.1.

Remark on SiOx homogeneity To deposit homogeneous SiOx films, it is necessary to
ensure that the Si sublayer thickness LSi is on the order of one or two atomic monolay-
ers. Assuming that the deposition rates of the two magnetrons are not interdependent
(which should be a good estimate at p = 0.667 Pa), LSi can be determined according
to LSi = (RSiOx-RSiOx,0)/f, where RSiOx is the deposition rate of SiOx, RSiOx,0 is the
deposition rate at PSi = 0 and f is the rotating speed of the substrate table. The depo-
sition rates shown in Fig. 6.1a were extracted from electron microscopy (XTEM) and
spectroscopic ellipsometry (VASE). Fig. 6.1b shows LSi for various setpoints of PSi.
The right axis in this figure shows the excess silicon concentration in at% determined
by elastic recoil analysis (ERD). The figure confirms that for a Si excess concentration
cSi between 0 and 30 at% the Si sublayer thickness LSi is below 0.25 nm, i.e. the SiOx

films are truly homogeneous. Details of the measurements are discussed below.

6.2 Investigation of SiOx composition by RBS

Experimental The O/Si ratio the samples A0 to A8 were measured using the following
parameters: projectile 4He+, energy E = 1.7 MeV, number of detected ions Q’ =
1.248·1014, incident angle (with respect to axis perpendicular on sample surface) θ1 =
0, detection angle θ2 = 10◦, scattering angle θ = 170◦, solid angle of detector Ω =
1.29 msr.

In the used standard RBS setup the target holder was slightly tilted and rotated during
the measurement to avoid ion channelling. The suppression of backscattered ions from
the Si substrate by channelling would allow the oxygen peak on top of the Si signal
to be measured at higher accuracy. However, by stopping in rather thick coatings the
velocity vector of incident ions may be slightly tilted, such that only a small fraction
of them reaches the substrate in channelling direction. That is why channelling was
not used in the present analysis of the 50-120 nm thick oxides.

Results A RBS spectrum of sample A8 is shown in Fig. 6.2a. The carbon spacer layer
separates energetically the He+ ions scattered by the Si substrate and those scattered
by Si atoms in the oxide film. The simulation (SIMNRA5.0 1) does deviate at low
energies. Here multiple scattering events affect the experimental data, while the used
model was restricted to single nuclear collisions. The atomic concentration of oxygen
was therefore obtained from integrating the oxygen peak after subtraction of the Si
random spectrum. The noise of the oxygen signal limits the accuracy of the derived
O/Si ratio. From the spectra it is further evident that between one and two percent
of Ar are incorporated into the oxide film during deposition. The Ar concentration
slightly increases with the power at the Si target (Fig. 6.2b). According to Macchioni
[129] the Ar incorporation can be further decreased by moderate substrate heating

1Download http://www.rzg.mpg.de/ mam/
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Figure 6.1:
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6.2 Investigation of SiOx composition by RBS

(320 ◦C) during deposition. Reference experiments with Ar-implanted thermal SiO2

films showed that most Ar is released already in a 30 s anneal at 500 ◦C in inert gas.
According to Perkins [157], between 670 ◦C and 900 ◦C the diffusion coefficient DAr of
Ar in SiO2 can be described by an Arrhenius equation:

D = D0 · exp

(

− W0

kBT

)

(6.1)

with D0 = 1.21·10−4cm2/s and W0 = 28.7 kcal/mole. These values are comparable
to that of the O2 molecule given by Norton [158], which with 0.32 nm has the same
size: D0 = 2.71·10−4cm2/s and W0 = 27 kcal/mole respectively. The compositions
determined by RBS are summarized in Fig. 6.3.

6.2.1 Investigation of SiOx composition by ERD

Experimental details Projectile: 35Cl7+, E = 35 MeV, total particles on sample Q’
= 3.03 · 1012. Hydrogen recoils were detected with a silicon telescope detector (θ1 =
15◦, θ2 = 38◦, θ = 142◦, detector solid angle Ω = 2.97 msr). For a definition of angles
see Fig. 3.2 on p. 18. Heavier elements like C, N, O and Si were analyzed using a Bragg
ionisation chamber (θ1 = 15◦, θ2 = 30.76◦, θ = 149.24◦, Ω = 0.411 msr).

Results Fig. 3.3c (p. 20) shows a ERD measurement (Bragg-curve) of sample A6
obtained using a BIC detector. Clearly signals from Si-atoms from the SiOx film are
well separated from those of the substrate, owing to the energy loss in the 150 nm
carbon spacer layer. A depth profile of H, N, O and Si is shown in Fig. 6.4. A slight
contamination of the carbon layer by H, N and O is evident. The elemental ratio of
oxygen and silicon is determined in the plateau region, where the signal from oxygen
impurities in the carbon film is negligible. The oxide composition in dependence of the
power applied to the Si target is shown in Fig. 6.3. Owing to the higher sensitivity
for light elements and the profitable use of the BIC, ERD is the ion beam analysis
technique of choice to determine the composition of SiOx thin films.

6.2.2 Remarks on substrate requirements for ion beam analysis

The ideal substrate for RBS and ERD analysis of thin films does not contain elements
heavier than those occurring in the film, because in this case the signals from atoms in
substrate and film respectively are energetically clearly separated. It must be stable
under ion bombardment (rules out most hydrocarbons) and should not cause health
hazards (as Be). The substrates should be smooth and non-porous to avoid a take-
up of water from the ambient. Water might chemically modify the film during ion
bombardment. This rules out the sponge-like pyrolytic carbon. Often vitreous (glassy)
carbon like sigradur

TM is used. For measurements in this work Si wafers coated with
a 150 nm thick amorphous carbon layer in a He plasma were used 2.

2a-C films prepared by J. S. Liebig, Fraunhofer Institut für Elektronenstrahl- und Plasmatechnologie,
Fabrikstrasse 17, 01833 Stolpen-Helmsdorf
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6.2.3 XTEM investigation of annealed silicon rich oxide films

For the XTEM measurements a phillips cm300 electron microscope (Voltage 300 kV,
LaB6 cathode, resolution 0.14 nm) was used to measure the SiOx film thickness and
to probe the presence of crystalline Si NC in SiOx films, annealed at 1050 ◦C using
the imaging modes described on p. 15). Fig. 6.5a is a low-resolution bright field image
of sample B6, as typically used for film thickness measurements. The Si substrate,
the deposited oxide film and remainders of glue used in the XTEM sample preparation
process are clearly distinguished. The substructure in the oxide film is probably caused
by Fresnel fringes which are observed due to discontinuities in the scattering potential
(such as Si NC embedded in the oxide matrix) when the specimen is slightly out of
focus [159]. Figures 6.5b, 6.5c and 6.5d are high resolution images of sample B5, B4
and B8 respectively. In these images the silicon substrate is oriented such that the [110]
direction is perpendicular to the image plane. The [110] direction is, in the diamond
structure of crystalline silicon, the intersection of two (111) planes and one (200) plane.
In the high resolution images the silicon substrate atoms of these planes are piled up
on top of each other and these lattice plane (marked by the white lines in Fig. 6.5d) are
individually resolved. In the same manner Si nano-crystals embedded in the oxide may
show lattice contrast, if the electron beam coincides with a nano-crystal lattice plane.
The plane types are identified by their lattice constants 3. Often, as in the present
work, only (111) lattice plane are observed, in some cases also the (220) planes [69].
Imaging of lattice planes with smaller spacings is limited owing to factors, such as the
spatial (point) resolution of the TEM, which for a state-of-the-art TEM is limited to
about 1.5-2Å. 4 In addition there are problems caused by thermal drift of the sample
and the fact that the contrast from small clusters is easily lost in the noise when the
thickness of the sample is too high.

In case of samples B5 and B8 crystalline Si NC are clearly identified. The three marked
clusters in Fig. 6.6d show (111) lattice planes. No crystallites are observed for sample
B4, having the lowest Si excess of the three shown samples. Fig. 6.6a and 6.6b are dark-
field images of sample B4 and B8 simultaneously using the (111) and (200) reflexes.
Bright spots indicate opportunely oriented nano-crystals in sample B8. Also the oxide
region of sample B4 shows a sub-structure, but no clear indication of nano-crystals.
Fig. 6.6c and 6.6d are electron diffraction images of the oxide region of samples B4
and B8. Because many randomly oriented clusters contribute, a powder-diffraction-
like pattern is expected. Indeed, ring structures due to reflexes from (111), (220), and
(311) Si lattice plane confirm the presence of small randomly oriented nano-crystals
for sample B8. The (400) reflex is barely visible. Sample B4 shows a dot pattern due
to the electron beam grazing slightly the Si substrate with the [110] direction oriented
along the electron beam. An indexed scheme of the diffraction pattern is shown in
the inset. The weak and diffuse radially symmetric diffraction pattern from the oxide
region indicates amorphous material. For all investigated samples, no evidence of
crystalline clusters has been found for oxide compositions x > 1.3 after the 30 s anneal

3(111): 3.1355 Å, (200): 2.715 Å, (220): 1.9201 Å and (311): 1.6375 Å
4The resolution is governed by the instrumental phase distortion of the objective lens, which is largest

for those rays bent furthest from the optical axis, i.e. carrying information about small spacial
details. The fact that these rays cannot be used for the image formation, causes the degradation
in spatial resolution.
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at 1050 ◦C. In contrast, Kahlert [69] observed crystalline Si NC also for annealed
oxides with lower Si excess (x = 1.17-1.63), but he used more extensive anneal (1h at
1000 ◦C). It is anticipated that in his case, the phase separation was nearly complete
for all samples, whereas the 30 s rapid thermal anneal used in the present work did
not lead to complete phase separation in the case of low Si excess samples of set B.
Therefore in Kahlert’s case the average Si NC size was higher, increasing the chances
of successful Si NC imaging. This interpretation is corroborated by investigation of
sample set B by IR-spectroscopy discussed below.
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6. Co-sputtering of SiOx and investigation of Si NC formation by annealing

6.3 Infrared spectroscopy of silicon oxides

Summary of experiment As described in the fundamentals section on p. 19, the
asymmetric oxygen stretching mode (TO3 mode) is sensitive to the structure and com-
position of silicon oxide and can be used to probe the annealing process. Here the effect
of different annealing conditions on the phase separation of SiOx films is investigated,
with the oxide composition x being a parameter.

Experimental For sample set B IR transmittance spectra were acquired under normal
incidence in the range of 450-4000 cm−1. Under these conditions only the transverse
optical modes are observed. Raw spectra were appropriately rationed to a bare silicon
substrate spectrum to compensate the substrate absorption. The sample compartment
was flushed with dry N2.

Effect of annealing on IR absorption of sputter deposited SiO2 Fig. 6.7 shows
representative IR transmittance spectra of sample set B in the region of interest 750-
1270 cm−1, for fresh samples and after 30s anneals at 800 ◦C, 950 ◦C, and 1050 ◦C. For
all as deposited oxide films the TO3 mode is shifted to lower energies compared to a
standard thermal oxide grown at 1000 ◦C. In case of the stoichiometric oxide (sample
B9) the effect is attributed to a compaction of the film owing to the bombardment by
Ar+ ions or reflected neutrals during growth, resulting in compressive films stress and
an increased density. Also the a slight incorporation of Argon found by RBS might
contribute to the disorder in the unannealed film. The compressive stress of the oxide
is partly or completely released during post-deposition annealing, simultaneously the
structural disorder decreases. After the anneal at 1050 ◦C the TO3 peak frequency
νTO3

is close to the value for thermally grown oxide. In the process of annealing both
the intensity and area of the TO3 band increases. This observation is consistent with
those of Garrido [160], who studied the relaxation of stress and disorder in Argon
implanted SiO2. The densification of sputter deposited SiO2 films was confirmed by
Macchioni [129]. Lisovskii [63] linked the lower νTO3

of sputtered SiO2 films with an
increased higher density. A similar behavior was found for the dense low temperature
thermal oxides by Lucovsky [161].

Silicon-rich oxides For silicon rich oxide films apart from the compaction related
shift of νTO3

, a chemical shift is observed (Fig. 6.7, samples B1 to B8). This
chemical shift is proportional to the mean Si excess in the film. The effect is largest
for as-deposited films. As a typical feature of suboxides [161] it is observed that the
chemical shift of the TO3 band is accompanied by an increase in the full width at half
maximum (FWHM), related to the diversity of chemical environments an oxygen atom
may have in SiOx (see p. 23). In contrast the FWHM of the stoichiometric oxide (B1)
stays nearly constant between the anneals, the observed energy shift is therefore most
likely compaction related. Figure 6.8 shows the energies of the TO3 minimum for as
deposited and annealed samples with different compositions x (derived by ERD). Data
points on a vertical line correspond to identically prepared samples, but different an-
neals. For reference, on the right, the data for the SiO2 reference sample B1 are shown.
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The frequency of the TO3 band in case of as deposited SiOx films (for x ≤ 1.6) shifts
nearly linear with silicon excess, according to ν = (30.63 · x + 978.72) cm−1. In the
process of annealing, owing to the phase separation into Si and SiO2, the concentration
of excess silicon decreases, which lowers the chemical shift. Simultaneously the struc-
tural relaxation discussed for stoichiometric SiO2 proceeds, and νTO3

approaches the
values characteristic of pure relaxed SiO2. Considering Fig. 6.8, it is found that for a
certain annealing temperature the annealing effect depends strongly on the initial SiOx

composition x: The process in phase separation (i.e. the extend of the gradual shift
of the TO3 band energy towards the limit of 1090 cm−1) is higher for SiOx samples
with a higher silicon excess (smaller x). In contrast, considering the final νTO3

value,
samples with an oxygen/silicon ratio x > 1 do not complete phase separation during a
30 s anneal even at T = 1050 ◦C 5. One reason for this behavior can be derived from
classical nucleation theory [44]. In order to form a silicon precipitate, a nucleation
energy barrier must be overcome. This barrier rises with declining silicon excess due
to a higher probability for Si atoms to detach from the precipitate and diffuse into
the oxide matrix. Consequently, for a given annealing temperature, the initial precip-
itate density is always higher in films with higher silicon excess. The mean distance
between an excess Si atom and a precipitate is therefore smaller and growth and ripen-
ing processes governed by diffusion proceed faster, compared to samples with a lower
precipitate density. For very high precipitate densities an additional contribution of
Si monomer transport by surface diffusion is expected to accelerate the growth and
ripening processes. This finding is very important for memory applications where two
conflicting requirements must be met: To minimize the conductivity between clusters,
the concentration of excess silicon between the clusters should be minimized, which
requires a high thermal budget. On the other hand the thermal budget is limited
to avoid broadening of narrow or shallow doping profiles in the silicon substrate (i.e.
transistor channels). Figure 6.8 shows that the thermal budget required to achieve
complete phase separation in silicon rich oxides can be lowered, if the silicon excess is
increased.

5This finding is important for the use of annealed SiOx layers as memory nodes in Si NC memories:
As a consequence of oxygen deficiency related defects the effective electronic band gap of SiOx is
much smaller than the band gap of a pure SiO2. On the other hand the energy levels of trapping
centers are fixed. An incomplete phase separation leads therefore to an increased rate of detrapping
of trapped carriers into the oxide conduction band and reduces the retention time of the memory.
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6. Co-sputtering of SiOx and investigation of Si NC formation by annealing

6.4 PL measurements of annealed SiOx films

The PL of Si nanoclusters as optical probe of SiOx decomposition and nanocluster
size The PL from a NC ensemble can be used as a sensitive probe of phase separation
and NC evolution during a thermal anneal. In the initial nucleation phase the density of
silicon precipitates per volume increases rapidly, and so does the PL intensity. Because
of the mentioned size effects, the PL intensity is expected to saturate and later to
decline when the nucleation of new luminescent nuclei is too small to compensate
for the decreasing intensity due to cluster growth (mean diameter L increases) and
ripening (Si NC density decreases). If the cluster diameter exceeds the free exciton
radius the NC related PL drastically decreases as discussed above. This allows to
experimentally distinguish the nucleation and growth/ripening phases. By comparison
to data summarized by Takeoka [80] and shown in Fig. 3.7, p.29 from the energy of the
PL emission the Si NC size can be roughly estimated. Even though there might be a
considerable error in the derived diameters, it should be emphasized that in the limit
of very small (d<2.5 nm) clusters the PL measurement is one of the few non-invasive
techniques containing information on size of Si NC embedded in homogeneous SiO2

films. For example the size measurements by TEM for the smallest clusters (diameter
d < 2 nm) of Fig. 3.7 were possible only because the Si NC were free-standing on a
thin holey carbon film [162]. For Si NC embedded in a thin SiO2 film TEM-based
size measurements of Si NC smaller than 2 nm are not possible because of a lack of
contrast.

Results and discussion The energetic position and height of the NC related PL max-
ima are summarized in Tab. 6.1 on p. 66. The intensity data has been corrected for the
detector response, interference and thickness effects were not corrected. Arbitrary units
are comparable for all samples. Evidently, the effect of the RTA step depends strongly
on the silicon excess. For the sample B1, with a low silicon excess and a composition
of x = 1.78, the energetic position of the PL maximum is nearly constant for all three
temperatures, while the intensity rises with higher temperature: here at the end of all
anneals the nucleation is still the dominant process (Fig. 6.9). A completely different
behavior is observed for samples B4 to B8, with increasing Si excess and compositions x
between 1.63 and 0.52. Here the energetic position of the PL maximum shifts clearly to
lower energies, accompanied by a decrease in intensity, both facts indicating that, after
the 950◦C anneal and during the whole 1050◦C anneal, cluster growth and ripening are
the dominant processes (Fig. 6.9). The temperature needed to obtain a maximum PL
intensity, i.e. to reach the end of nucleation phase, where the number of precipitates
saturates, depends on the sample composition and decreases with rising silicon excess.
This is due to the more rapid phase separation in samples with a higher precipitate
density. One reason for this behavior can be derived from classical nucleation theory
[44]. To form a precipitate, a nucleation energy barrier must be overcome. This energy
barrier rises with declining silicon excess due to a higher probability of Si-NC atoms
to detach and diffuse into the oxide matrix. As a consequence, for a given anneal, the
precipitate density is much higher in films with higher Si excess 6. The mean distance

6An important implication is found for applications where the thermal budget is limited (For example
the thermal budget for preparation of down-scaled memory transistors in a CMOS process is
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from a diffusing Si monomer to a precipitate is much lower, and therefore growth and
ripening processes governed by diffusion will proceed much faster, compared to sam-
ples with a lower precipitate density. For very high precipitate densities an additional
contribution of Si monomer transport by surface diffusion is expected to accelerate the
growth and ripening processes. This interpretation assumes the dominance of struc-
tural effects, but a decreasing density of Si/SiO2 interface defects acting as radiative
recombination killers (Pb centers) might also lead to an increased PL intensity as ob-
served for samples B10 and B1. However lowering the concentration of these interface
defects requires rather long treatments at high temperature [81]. That is why in the
present case, these effects are believed to be dominated by the ongoing phase separation
and precipitation of Si NC.

restricted to rapid (about 1 min) thermal annealing at temperatures of about 950 ◦C): As far as
the Si NC formation is concerned, a low thermal budget can be balanced by an increased Si excess.
Recently PL from Si nanostructures has been observed even in un-annealed sputter-deposited Si
rich oxide [88] - most likely as a consequence of a quite high Si excess (5-11 vol%) resulting in a
low energy barrier for nucleation.
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Figure 6.9: Change of SiOx photoluminescence with increasing Si excess: as deposited, and
after 30 s anneal at 800 ◦C, 950 ◦C and 1050 ◦C. For the same temperatures a
higher Si excess speeds up the Si NC evolution.
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crystalline Silicon amorphous Silicon

Figure 6.10: (a)Modelled electronic energy-band structure, (b) density of states and (c) ε(E)
raw data and ’model dielectric function’ - fit for crystalline and amorphous Si.
Adapted from [163].

6.5 Variable angle spectroscopic ellipsometry (VASE)

of SiOx films

Extraction of composition and thickness of SiOx films For an arbitrary SiOx film,
the thickness tOx and composition x can be roughly obtained using variable angle
spectroscopic ellipsometry. To check the effect of annealing, the samples of set B (see
Tab. 6.1 on p. 66) were alternatively measured by ellipsometry and annealed at tem-
peratures increasing from 700 ◦C to 1050 ◦C. To obtain thickness and composition the
sample was represented by a two layer-model (Model 1), considering a substrate layer
of c-Si [164] and a SiOx layer. The latter was described as two phase Bruggemann
effective medium (see p. 34) of SiO2 [164] and a Bruggemann mixture of a-Si [155] and
c-Si. A mixture of a-Si and c-Si is known to be a good representation of polycrystalline
silicon, and it is also a good representation for the Si NC phase. It introduces some
flexibility to the optical constants. At the same time the optical constants of c-Si and
a-Si can be considered as limiting cases of the average Si NC optical constants. That
is why this approach can be expected to yield the Si excess in the oxide with reason-
able accuracy. A surface roughness layer was omitted to reduce the free parameters
and since it had little effect on the fit quality. The remaining fit parameters are the
oxide thickness tOx, the total excess Si volume fraction fSi and volume fraction of a-Si,
fa−Si, in the Si phase. The volume fraction of c-Si is then fc−Si = fSi-fa−Si. The fit
results are summarized in detail in Tab. 6.2. Fig. 6.3 (p. 71) shows the good agree-
ment between oxide compositions obtained from ERD and ellipsometry results. Also
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Sample fa−Si (%) fc−Si (%) dSiOx (nm) MSE fSi (%) x
B0ad 0±0.30 1.61±0.47 49.1±0.2 2.79 1.6 1.928
B0700 0.63±0.25 0±0.32 46.1±0.1 1.401 0.63 1.971
B0800 0.51±0.29 0±0.38 46.1±0.1 1.684 0.51 1.977
B0950 0.55±0.29 0±0.37 45.7±0.1 1.636 0.55 1.975
B01050 0.50±0.29 0±0.37 45.7±0.1 1.741 0.50 1.977
B01150 0.64±0.25 0±0.32 45.4±0.1 1.396 0.64 1.971
B2ad 3.9408±2.84 0±3.95 65.831±2.18 32.09 6.781 1.716
B3ad 1.66±0.30 4.63±0.39 63.9±0.2 4.456 6.29 1.735
B3700 1.76±0.54 3.73±0.70 60.8±0.3 5.531 5.49 1.767
B3800 1.90±0.41 4.02±0.52 60.4±0.2 6.318 5.92 1.750
B3950 2.90±0.52 3.37±0.68 59.8±0.3 6.012 6.27 1.736
B31050 2.47±0.53 3.89±0.69 59.6±0.3 6.123 6.36 1.732
B4ad 0.52±0.21 9.43±0.25 64.6±0.1 12.62 9.95 1.599
B4700 5.85±0.21 2.16±0.22 64.8±0.1 9.225 8.01 1.670
B4800 5.96±0.17 2.34±0.26 64.4±0.2 8.402 8.29 1.659
B4950 5.51±0.29 3.75±0.44 62.8±0.3 8.643 9.26 1.646
B41050 4.16±0.63 4.84±0.86 62.8±0.4 9.962 9.00 1.633
B6ad 13.14±0.26 9.93±0.37 80.9±0.4 7.369 23.07 1.189
B6700 13.14±0.26 10.60±0.33 78.7±0.3 5.809 23.74 1.171
B6800 15.19±0.25 9.24±0.33 77.9±0.3 6.598 24.43 1.153
B6950 18.16±0.26 7.82±0.33 77.4±0.3 7.134 25.98 1.113
B61050 10.26±0.31 13.40±0.40 75.9±0.3 7.367 23.66 1.173
B7ad 18.76±0.26 11.50±0.36 83.2±0.3 3.811 30.26 1.007
B7700 18.04±0.35 13.03±0.46 82.8±0.4 8.201 31.07 0.988
B7800 19.96±0.39 11.68±0.52 82.8±0.4 9.178 31.64 0.975
B7950 24.16±0.43 9.13±0.54 82.0±0.4 8.944 33.29 0.937
B71050 16.51±0.27 15.51±0.36 78.9±0.3 6.735 32.02 0.966
B8ad 45.30±0.46 8.00 ±0.47 126.7±0.5 2.564 53.31 0.556
B8700 37.71±0.87 16.92 ±0.94 125.6±0.7 10.71 54.64 0.535
B8800 39.87±0.80 16.34 ±0.85 124.2±0.6 9.672 56.21 0.511
B8950 37.80±0.65 20.68±0.72 121.6±0.5 7.32 58.48 0.476
B81050 20.92±0.53 34.61 ±0.63 119.7±0.4 6.388 55.53 0.521
B9ad 0±0.25 0±0.37 91.2±0.3 5.144 0 2
B9700 0±0.28 0±0.41 87.5±0.3 5.49 0 2
B9800 0±0.27 0±0.37 87.4±0.2 2.526 0 2
B9950 0±0.26 0±0.37 87.0±0.2 4.786 0 2
B91050 0±0.26 0±0.37 87.0±0.2 4.659 0 2
B91150 0±0.23 0±0.33 87.0±0.2 4.295 0 2

Table 6.2: Summary of VASE measurement for experiment NC18. RTA temperature is
displayed as subscript. The composition x is calculated using densities of Si and
SiO2 of 2.328 g/cm2 and 2.2 g/cm2 respectively.
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(b) Optical constants of ’excess-Si phase’ of a SiO0.54 film. Optical constants for bulk a-Si [155] and
c-Si [164] are shown for comparison. The spectroscopic changes are attributed to an increasing
fraction of crystalline Si NC for increasing annealing temperature.

Figure 6.11: Effect of annealing on averaged Si NC optical constants. Impact of a 30 s
anneal in Ar/N2 at different temperatures on SiO0.54 film, probed by ellip-
sometry. Fits were obtained using model 2.
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A En C Eg dSiOx drough fcryst. Si in Si MSE
Sample (eV) (eV) (eV) (eV) (nm) (nm) (vol %)
B8ad 204 3.81 3.34 1.52 122.8 2.6 0 (free) 0.8661
B8700 267 3.64 2.87 1.80 121.3 2.4 0 (free) 1.335
B8800 232 3.65 2.50 1.69 120.4 2.0 0 (free) 1.485
B8950 186 3.69 2.13 1.52 120.1 0.8 0 (free) 1.412
B81050 131 3.91 1.49 1.37 119.8 0.1 0 (fixed) 2.632
B81050 132 3.89 1.59 1.36 119.9 0 10.8 2.344

Table 6.3: Fit parameters for the annealing dependent optical constants of a SiO0.54 film
(model 2).

those tOx values determined by XTEM for samples annealed at 1050 ◦C agree fairly
well with the ellipsometry data (see Tab. 6.1, p. 66), slight deviations are within the
typical variance of thickness across the wafer position. For a given sample the total
Si excess volume fraction does hardly change between the anneals, which confirms the
absence of oxidation effects. However the relative weight of a-Si and c-Si shifts between
the anneals. For sample B8 having the highest Si excess (about 55%) for increasing
annealing temperature there seems to be a systematic growth of the c-Si fraction on
expense of the a-Si fraction. This effect is investigated in detail below.

Extraction of the optical constants of the excess Si phase in an SiO0.5 film If the
SiOx thickness and composition are known spectroscopic ellipsometry can be used to
obtain ’effective optical constants’ for the excess Si phase. The latter can be assigned to
the ensemble of Si NC, provided the phase separation of SiOx into Si and SiO2 is almost
complete. For sample B8 investigated in the following, IR spectroscopy confirmed this
to be the case for temperatures above 900 ◦C (Fig. 6.8, p. 78). Changes of these
averaged Si NC optical constants with increasing annealing temperatures are expected.
These changes account for the increasing mean size of Si NC and the transition from
amorphous to crystalline state. Both effects modify the optical transitions of silicon
in the energy range between 2 eV and 5 eV. For illustration, the spectra of optical
constants of amorphous and crystalline Si are shown in Fig. 6.10. Many experimental
reports agree in that the Si NC phase is amorphous for annealing temperatures below
about 900 ◦C [70, 165, 86, 166]. The exact crystallization temperature of amorphous
Si NC embedded in SiO2 as function of size and strain is still an open question. The
onset of crystallization probably occurs at even higher temperature for smaller Si NC
(similar to the behavior of a-Si layers embedded in SiO2 reported by Zacharias [167]).
Due to the size distribution of Si NC a coexistence of amorphous and crystalline Si
NC is likely, unless annealing temperatures near 1200 ◦C and long annealing times are
used to force crystallization of all Si NC. For investigation of these annealing effects
the model flexibility was increased as follows.

Model 2: The SiOx was assumed to be a mixture of SiO2 and an excess Si phase with
unknown optical constants being a mixture of a-Si and c-Si. Instead of using tabu-
lated values for a-Si the optical constants of the a-Si phase were parameterized using
the Tauc-Lorentz (TL) formula, the best known parameterization for the dispersion
of optical constants of amorphous semiconductors in the interband region [92, 93] (see
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page 31). The model fits were further improved by addition of a a surface roughness
layer (Bruggemann effective medium of 50 % SiOx and 50 % voids). The composition
is fixed at the ERD result (54.3 vol% excess Si). Fit parameters are the SiOx and the
roughness layer thickness, the ratio of c-Si and a-Si and the four parameters of the TL
formula. As initial values the XTEM-thickness and the TL-parameters describing bulk
a-Si are used, while roughness and the c-Si/a-Si ratio were initialized with zero. The
model procedure led to good fits, which are together with the raw data (ellipsometric
angles Ψ and ∆) shown in Fig. 6.11a on p. 85. When parameter fc−Si denoting the
volume fraction of c-Si is let free, for all annealing temperatures except 1050 ◦C fc−Si =
0 is obtained. In this case the TL parameters obtained by setting fc−Si = 0 are shown
for comparison. The fit parameters are summarized in Tab. 6.3, the average optical
constants of the excess Si phase are shown in Fig. 6.11b. The effective optical constants
of the excess Si phase are for low annealing temperatures close to the database values
of evaporated amorphous Si. Since the deposition method influences structure and
optical constants of a-Si, slight differences are normal. The fit parameter Eg, denoting
the (indirect) energy band-gap, steadily decreases with increasing annealing tempera-
ture, which could be interpreted as consequence of Si NC growth resulting in weaker
confinement. There is a significant difference between the optical constants obtained
after the 950 ◦C and the 1050 ◦C anneal. The maxima in ε1 and ε2 shift towards higher
energies, into the region of c-Si optical transitions. A plausible explanation would be
that for higher annealing temperatures a higher percentage of the Si NC is crystalline
and/or the mean size of crystalline Si NC is rising. In fact, for sample B8 crystalline
NC with diameters up to 5 nm were observed by XTEM after the 30 s anneal at 1050 ◦C
(p. 74, Fig. 6.5d). Since the TL-model is based on only a single inter-band transition
it cannot reproduce the complex c-Si optical constants accurately. This shortcoming
of the TL model is partly compensated by combination of the TL optical constants
and c-Si optical constants, which apparently helps to improve the fit for 1050 ◦C. The
expected trend of optical constants is shown correctly. The sensitivity of ellipsometric
data to the Si NC optical constants decreases with the Si NC concentration, which
limits the procedure to rather thick oxide films with a high Si excess.
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6. Co-sputtering of SiOx and investigation of Si NC formation by annealing

TAnneal
fSi = fc−Si+fa−Si

(vol%)
fc−Si (vol%) dSiOx (nm) MSE

as dep. 57.97 ±0.18 12.207 ±1.03 442.6 ±1.00 8.235
700 ◦C 56.278 ±0.276 34.35 ±1.89 448.3 ±1.45 20.06
900 ◦C 59.461 ±0.246 38.762 ±1.68 440.85 ±1.25 18.08
1000 ◦C 57.143 ±0.201 71.041 ±1.19 436.75 ±1.01 14.64
1100 ◦C 57.66 ±0.172 84.477 ±0.719 430.94 ±0.796 10.49
1200 ◦C 57.581 ±0.217 88.932 ±0.7 423.11 ±1.01 13.27

Table 6.4: Sequential anneal of SiO0.54 film at different temperature. From ellipsometry
analysis using model 1 (BEMA of SiO2, a-Si and c-Si), the total Si excess and
the sample thickness are determined. The model yields about the same Si excess
after all anneals.

Confirmation with a thicker SiO0.54 sample and higher annealing temperatures
To confirm the change of optical constants, a ∼430 nm thick SiOx film was deposited
the same way as sample B8 and annealed for 2 min at temperatures of 700 ◦C, 900 ◦C,
1000 ◦C, 1100 ◦C and 1200 ◦C. After each anneal the samples were measured by spec-
troscopic ellipsometry between 1.2 eV and 4.9 eV at angles of 65◦, 70◦ and 75◦. The
composition and thickness were determined again using model 1 described above and
yielded results given in table 6.4. For anneals above 900◦ the relative weight of c-Si
increases considerably. For parametrization of the optical constants of the excess Si
phase, based on the composition and thickness derived with model 1, instead of model
2 the parametric semiconductor layer [168] available within the VASE software was
employed. Because within the parametric semiconductor layer about 80 parameters
can be varied, a detailed parameter listing is omitted. The evolution of averaged opti-
cal constants of the Si NC phase is shown in Fig. 6.12. Again for temperatures above
900 ◦C, the optical constants significantly differ from those of a-Si, indicating the onset
of crystallization. For annealing temperatures of 1100 ◦C and 1200 ◦C the evolution
of sharp structures near 3.2 eV is observed. From simulations of SiOx annealing it
is known that in films with a high Si excess from merging Si NC finally extended Si
agglomerates are formed. The evolution of the characteristic double peak structure of
ε2 observed after the anneal at 1200 ◦C is attributed to the long range order in such
extended crystalline agglomerates.
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Figure 6.12: Effective optical constants of excess Si phase in a 430 nm SiO0.54 film after
2 min annealing in Ar/N2 at the indicated temperatures. The optical constants
were fitted using the parametric semiconductor model of the Woollam VASEtm

software. Changes in optical constants reflect the growing Si NC size and
ongoing crystallization.
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7 Simulation of Si NC formation by
annealing of SiO2/SiOx layer-stacks

Because of the experimental difficulties in tracking the evolution of a Si NC ensemble
during ripening, simulations are very useful to develop an understanding of the ex-
perimental annealing results. I hereby acknowledge the beneficial collaboration with
T. Müller, who in response to my request modified the K3DMC code developed by
Dr. K.H. Heinig (both FZ Rossendorf) and triggered a simulation of the evolution of Si
NC in selected SiO2/SiOx layer-stack designs that have been or could be prepared by
sputtering. The resulting data complement my experimental findings and are therefore
presented in this chapter.

7.1 The kinetic 3D lattice Monte-Carlo method

The precipitation in supersaturated solutions is a highly sophisticated problem. In
many practical cases additional difficulties arise from a time- and space-dependent con-
centration of impurity atoms (IA), for example during ion-implantation or in presence
of absorbing interfaces. Atomistic approaches such as the kinetic 3D lattice Monte-
Carlo (K3DMC) method developed by Heinig et al. (see [50] and references therein)
allow to study the evolution of a given distribution of impurity atoms in a neutral
matrix also for a time dependent concentration of IA. A detailed description of this
method was given by Strobel [42].
Also the evolution of excess Si IA in a SiO2 matrix can be treated using the K3DLMC
method: The Si IA are allowed to move on a 3D face centered cubic (fcc) lattice which,
due to its symmetry, is well suited to represent the isotropic diffusion in the amorphous
SiO2 matrix. Each IA has a temperature and binding energy dependent probability to
jump from its site to one of the ξ = 12 next neighbor lattice sites. The period of the
fcc lattice (a = 2.169 Å) is chosen such that the mean atomic density of Si NC in the
model corresponds to the real density of bulk silicon. The top interface of the oxide
matrix is assumed to reflect excess Si atoms, whereas Si atoms reaching the bottom Si
substrate stick to it or evaporate into the oxide matrix depending on the ratio of bond-
strength between two Si next-neighbors J, and the thermal energy kBT. This ratio also
determines the balance between formation and dissolution of precipitates. Because the
experimental value of J is not precisely known, the ratio J/kBT is usually fixed at a
plausible value. The unknown experimental parameter J does not allow to match the
temperature parameter of the simulation to the one of the experiment. This is the main
obstacle for attempts to correlate results of simulation and experiment. Provided that
the temperature in simulation and experiment are the same, the experimental anneal-
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7. Simulation of Si NC formation by annealing of SiO2/SiOx layer-stacks

S0 S1 S2 S3 S4

tCOx (nm) 20 20 20 6 6
tSiOx (nm) 10 10 10 1.5 1.5
tTOx (nm) 3 3 3 3 3
Repetitions of SiOx/TOx 1 1 1 1 3
Si excess in SiOx cSi (at%) 5 12 20 25 25
J/kBT 2 2 2 2 2

Table 7.1: Gate stack-configurations for which the evolution of Si NC was simulated. J is
strength of a Si-Si bond, kBT the thermal energy.

ing time corresponding to a single Monte Carlo step (MCS) is given by ([42] p. 41):

τ =
a2/ξ

Dexp

(7.1)

Here Dexp is the temperature dependent experimental diffusion coefficient. For diffusion
of Si in amorphous SiO2 it has been estimated by Nesbit [169] according to Dexp =
D0·exp(−Ea/[kBT ]) with D0 = 1.2·10−9cm2/s and Ea = 1.9 eV. Since these values have
not been independently confirmed yet, they should be considered with care. Müller
[170] applied the K3DMC method to study the phase separation and formation of Si NC
in low-energy Si ion-implanted SiO2 films. In response to my request he additionally
simulated the formation and evolution of Si NC in selected configurations of SiO2/SiOx

stacks on top of a Si substrate.

7.2 Investigated configurations

The parameters of the simulated SiO2/SiOx stacks are summarized in Tab. 7.1. The
configurations S0, S1, and S2 correspond to the memory capacitors C4, C5 and C6
characterized experimentally (see Tab. 8.1, p. 104). In order to investigate the very
interesting limit of constrained growth of Si NC (width of SiOx layer ≈ Si NC diameter),
which could be realized in follow-up experiments, the arrangements S3 and S4 were
included. In configuration S3, the initial width of the single SiOx layer was chosen to
be only 1.5 nm, whereas set of three 1.5 nm thin SiOx layers is studied in configuration
S4.

7.3 Results

7.3.1 Configurations S0, S1 and S2

The evolution of configurations S0, S1 and S2 is shown in columns a, b, and c of Fig. 7.1
respectively with the simulation time increasing from top to bottom. The excess Si
atoms in the SiOx-layer and the Si substrate atoms are shown as tiny spheres, whose
color is determined by the number of Si next neighbors. For example red corresponds to
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Figure 7.1: Evolution of a Si NC ensemble formed by annealing of a 3 nm SiO2/ 10 nm SiOx

/ 20 nm SiO2 gate stack on Si with (a) 5 at%, (b) 12 at% or (c) 20 at% Si excess
in the SiOx layer. The number of Monte-Carlo steps (MCS) is proportional to
the annealing time. Simulations by T. Müller, FZ-Rossendorf.
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Figure 7.2: Evolution of the Si-excess concentration profile in 3 nm SiO2/ 10 nm SiOx /
20 nm SiO2 stacks on Si with (a) 5 at%, (b) 12 at% or (c) 20 at% Si excess in
the SiOx layer during annealing. At a given annealing temperature the number
of Monte-Carlo steps (MCS) is proportional to the annealing time.
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Figure 7.3: Evolution of (a) effective tunneloxide width and (b) mean distance between
neighboring Si NC with annealing time for configurations S0 to S4.
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Figure 7.4: Evolution of the Si concentration profile of configurations S3 (a) and S4 (b)
with 1.5 nm SiOx layers during annealing. The excess Si atoms are confined
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demonstrate how to prepare single layers of separated uniform Si NC in SiO2.
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Figure 7.5: Evolution of (a) mean Si NC diameter and (b) area-density of Si NC with
annealing time for configurations S0 to S4.
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an uncoordinated Si IA whereas blue is the color of Si IA’s for which all 12 next-neighbor
positions on the fcc-lattice are occupied by other Si atoms. Si atoms initially belonging
to the substrate are grey. In the initial state, the frequency of Si IA’s coordinated with
one, two or more other Si IA’s increases with the total Si excess1 as reflected by the
color change from red for 5 at% Si excess to yellow-greenish for 20 at%2.

After 2000 MCS the highest concentration of Si monomers in the initially stoichiometric
top oxide is found for the configuration with the smallest average Si NC diameter dav

(i.e. S0). This is a consequence of the Gibbs-Thomson relation (Eqn. 2.6, p. 11).

For all three configurations the initial broadening of the box-type Si excess profile leads
temporarily to a rapid decrease of tunnel-oxide thickness. Lateron again a widening
of the tunnel-oxide region by condensation of Si atoms onto the substrate is observed.
Since smaller clusters dissolve faster the condensation effect is most pronounced for S0
(Fig.7.2), but later it also occurs in S1 (Fig. 7.3a). The large Si NC of configuration S2
are most stable, but in the limit of long annealing time all excess Si atoms will finally
condense onto the substrate.

An instability in the concentration profile of Si atoms is observed to gradually grow
from the edges to the center of the SiOx layer3.

The plane-view image after 3·106 MCS shows spherical Si NC for configuration S0,
ellipsoidal ones are observed for S2. The ellipsoids correspond to merging Si NC, that
have not yet minimized their surface energy.

The mean distance between neighbored Si NC is found to be smaller for higher Si
excess (Fig. 7.3b).

Consequently for equal annealing conditions Si NC memory devices prepared from a low
Si excess SiOx layer are likely to show a rather localized charge storage at electrically
isolated Si NC, while those prepared with high Si excess behave similar to continuous-
floating-gate devices. For an Si excess above about 10-15 at% initially isolated Si NC
merge in the process of annealing to form in the late ripening phase wire- or mesh-
like agglomerates [170]. Since charges trapped in such floating gate structures are
delocalized over the agglomerate this case must be avoided, when heading for devices
based on localized charge storage.

With rising Si excess the mean diameter of Si precipitates increases (Fig. 7.5a). For
rather short anneals the area-density of Si NC initially shows a maximum for a concen-
tration between 5 at% and 20 at%. After excessive annealing the Si NC density will
be largest for the highest initial Si concentration due to the condensation of Si atoms
onto the Si substrate (Fig. 7.5b). These effects show, that the spacial distribution of
Si NC is practically hardly predictable when starting with SiOx layers whose thickness
exceed the screening length of diffusion (Eqn. 2.7, p.13).

1See random-bond model discussed on p. 21
2A corresponding experimental report: Hanaizumi [88] observed the red PL typical for Si NC even

for un-annealed sputter-deposited SiOx films. Very likely the high Si excess of 6-11 vol% excess-Si
lowered the nucleation barrier and resulted in the formation of very small Si NC without any
thermal annealing.

3See discussion of instabilities on p. 12.
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7.3.2 Configurations S3 and S4

If instead of the broad initial concentration profile of configurations S0 to S2 spike like
profiles as in S3 and S4 are used, the instabilies of the Si depth profile are effectively
suppressed by the confined growth of precipitates (Fig. 7.4). Because the width of the
SiOx layer is on the order or below the diffusional screening length, only a single layer
of Si NC results from each SiOx layer. This ist the key to the control over the Si NC
location in vertical direction. Since essentially no excess Si atoms from above or below
the SiOx layer feed the precipitates, initially the ripening of Si NC is governed by the
two-dimensional diffusion within the thin SiOx-layer, whereas the interaction between
multiple Si NC layers occurs on another timescale (Fig. 7.5a), which is determined by
the thickness of the SiO2 interlayers. This leads to a more homogeneous lateral and
size distribution of Si NC (for an experimental proof see Zacharias [31]). Furthermore,
in contrast to S0-S2 for S3 and S4 the mean Si NC diameter is insensitive with respect
to the annealing time. In stack S4 the gradual dissolution of the near-interface Si NC
layer efficiently stabilizes the upper Si NC layers, such that even the Si NC area density
varies only by a factor of two throughout the simulation.

7.3.3 Conclusions

From the simulated configurations S0 to S1 one expects the following trends for the
experimental MOS memory capacitors C4 to C6 (Tab. 8.1, p. 104) at a fixed anneal in
the limit of short anneals (low Si condensation on the substrate):

• an increase of Si NC diameter with Si excess

• a decrease of Si spacing with growing Si excess

• a maximum of Si NC density for a Si excess between 5 at % and 20 at%

• localized charge trapping and best charge retention for 5 at% Si excess (widening
of tunnel-oxide, highest mean Si NC separation)

When starting with SiOx layers whose thickness exceeds the screening length of diffu-
sion the spacial distribution of Si NC is hardly controllable, because the 3D diffusional
ripening triggers instabilities in the Si concentration profile.

The opposite holds if the SiOx layers embedded in SiO2 are only 1-3 nm thick. A
consequence of the slower quasi 2D diffusional ripening there is a lower sensitivity of
the Si NC size and vertical Si excess profile to the experimental annealing parameters.
The location, density and size of Si NC are closely coupled to the geometry and Si excess
of the initial SiOx layers. Deposited gate stacks incorporating SiOx/SiO2 superlattices
with layers about 1-3 nm thick are therefore considered as the most promising approach
towards optimized Si NC memory devices.
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8 Si NC memory capacitors prepared
by cosputtering

In the previous chapter a method to prepare SiO2 with embedded Si NC by sputter
deposition and annealing of oxygen deficient silicon oxide films has been established.
Goal of this experiment is to apply this method for the formation of metal-oxide-silicon
(MOS) capacitors with Si NC embedded in the gate oxide. The capacitors are formed
by annealing a SiO2/SiOx stack deposited onto a thermally grown tunnel-oxide on
silicon. The functionality of the resulting structure as a memory device is confirmed
in various electrical tests.

8.1 Sample Preparation

The process flow is illustrated in Fig. 8.1. MOS capacitors (sample set C) were formed
on n-type (100) float zone silicon (FZ Si) wafers 1. FZ Si was selected for two reasons:
the breakdown strength of thermal oxides grown on Czochralski silicon (Cz Si) wafers
is limited by void like surface defects2, resulting from the accumulation of vacancies
during crystal growth [171]. This problem is usually circumvented by deposition of
an epitaxial silicon layer on top of the Cz Si wafer. Here the use of FZ Si eliminates
these defects. In addition the oxygen-free FZ Si is favorable for the characterization of
SiOx annealing by IR spectroscopy (see p. 25). The near surface region (∼50 nm) of
backside surface of the substrate was implanted with phosphorus (50 keV, 5·1015 cm−2)
through a 50 nm thermal oxide, and subsequently annealed (10 min at 900 ◦C in N2)
to generate a heavy n-doped region in the top 50 nm of substrate backside. This is
necessary, since Al may diffuse into the n-type Si during the post-metallization anneal,
where it forms a shallow electron acceptor level 0.067 eV above the Si valence band.
In weakly n-doped Si a pn-junction between the Al-diffused p-type and bulk Si n-type
substrate regions would result, which by heavy n-type doping is either suppressed or
the width of its depletion layer is reduced such that electrons can easily traverse it by
tunneling and virtually no potential drop occurs. After removal of the 50 nm oxide in
hydrofluoric acid (HF), a tunnel-oxide (TOx) with a nominal thickness between 2 nm
and 3 nm was grown by rapid thermal oxidation (RTO) using the process depicted in
Fig. 8.2a. Rapid thermal oxidation allows the use of high temperatures favorable for
oxide quality. While the main fraction of the oxide is grown at 800 ◦C, the short ramp
up to 900 ◦C is introduced to reduce the width of the Si-SiO2 transition layer [172, 38]
and thus the density of interface states.

1diameter: 3 inch, thickness: 0.99 mm, Phosphorus doped: ND = 1 · 1015 cm−3, resistivity: 5 Ω·cm
2crystal originated pits: COP
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Figure 8.1: Sequence for preparation of Si NC MOS-memory capacitors: 1. cleaning,
2. growth of a sacrificial oxide layer, backside implant and activation anneal,
3. removal of sacrificial oxide by etching, 4. growth of tunnel-oxide, 5. depo-
sition of SiO2/SiOx-stack, 6. rapid thermal post-deposition anneal (PDA) in
Ar/N2 for Si NC formation, 7. aluminum deposition and 8. post-metallization
anneal (PMA) in forming gas (N2+ 7% H2) and contact pad formation
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Figure 8.2: Rapid thermal processes used in preparation of memory capacitors.
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8.2 Electron Microscopy

The thickness of the tunneloxide was measured by spectroscopic ellipsometry on a
separately processed test wafer (sample E). On the other wafers, immediately after
RTO, SiOx films of about 10 nm or 20 nm thickness and a target O/Si ratio x of 1.3,
1.6 or 1.9 were sputter deposited using method 1 (defined on p. 65). Finally a 20 nm
SiO2 capping oxide (COx) film was deposited on set C using method 2 (p. 65). For
comparison a homogeneous 50 nm SiO2 reference sample was prepared the same way.
The wafers were then cut to quarters and exposed to different isochronal (2 min) rapid
thermal anneals (RTA) at 800 ◦C, 950 ◦C or 1100 ◦C in an Ar/N2 = 1/1 mixture. The
RTA process is shown in Fig. 8.2b. The samples were sputter-coated with aluminium
on both sides and exposed to a 30 min anneal at 400 ◦C in forming gas (N2 + 7 % H2).
Finally contact pads and windows for optical tests were defined by wet-chemical etching
of the Al film. Simultaneously with set C a set of bare Si pieces (set D) was SiOx coated,
to enable a separate testing of the SiOx film thickness and composition by ellipsometry.

8.2 Electron Microscopy

Those samples of set C, for which the oxide was annealed at 1100 ◦C were investigated
by XTEM. The specimen were cut from the outer edge of the quarter-wafers, where the
film thickness was slightly lower. Fig. 8.3a is a cross section through a MOS-capacitor
of sample C5. The polycrystalline Al gate contact, the gate oxide stack and the Si
substrate are distinguished. Bright field measurements at higher magnification allow
to accurately determine the total thickness tOx of the gate stack. The inhomogeneous
deposition rate will lead to slightly different values on other positions on the wafer. For
all samples, except C3, the SiO2 cap-oxide (Cox), the SiOx layer and the tunnel oxide
cannot be distinguished, because both materials scatter electrons with comparable effi-
ciency (Fig. 8.3b). However, if, as for sample C3, the SiOx region contains a sufficiently
high concentration of crystalline Si NC, a higher fraction of electrons is scattered out of
the primary beam and the SiOx region appears darker than the SiO2 layer (Fig. 8.3c).
The corresponding dark field image (Fig. 8.3d) shows a higher contrast in those re-
gions where nanocrystals either diffract electrons into or out of the (111) reflex used
for imaging, compared to the more homogeneous scattering in the amorphous SiO2

regions. In high resolution mode, (111) lattice planes of crystalline Si NC are only re-
solved for sample C3 (Fig. 8.3f). The absence of nanocrystals for sample C6 (Fig. 8.3e)
which differs from sample C3 basically in the SiOx thickness (C6: 10 nm, C3: 20 nm),
might be an indication of a loss of excess Si either by evaporation of gaseous SiO or
by oxidation during annealing caused by residual (O2 or H2O). Also the condensation
of Si monomers onto the substrate might have a stronger impact on the thinner SiOx

film (C6). The spacing of (111) nanocrystal-lattice planes oriented perpendicular to
the Si interface measured from a cluster oriented along the interface direction is with
3.2±0.01 Å slightly higher than the tabulated value of bulk-Si (3.1355 Å).
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Figure 8.3: Results of XTEM investigation of sample set C
(Measurement by M. Mücklich, FZ Rossendorf).
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8.3 Ellipsometry

8.3 Ellipsometry

The XTEM measurements showed again that other techniques are needed for the
metrology of SiO2/SiOx stacks. By ellipsometry of both, the reference wafers E/set D
and the stacks of set C, the parameters of the single layers in the multi stack can be
extracted.

Tunneloxide For the optical metrology of ultrathin (<5 nm) thermal oxides grown
on silicon, it is necessary to take into account the existence of a silicon rich transition
region between the Si substrate and the bulk of the thermal oxide [173, 174, 175, 176].
The transition region has a higher refractive index than bulk-SiO2 and its width varies
depending on processing between 0.3 nm and 2 nm, where higher values are found
for lower oxide growth temperature. Derived thicknesses of ultrathin oxides therefore
depend significantly on the chosen model. Wafer E was measured by spectroscopic
ellipsometry in the range between 1.54 eV and 4.8 eV at angles of 60◦, 65◦ and 70◦.
The simplest model, SiO2 [164] on bulk Si [164], yielded tOx = 2.167±0.082 nm at
MSE = 1.514, indicating a slight mismatch between fit and measurement. An analysis
using the Sellmeier approach (eqn. 3.24) yields an improved fit: A1 = 0.00247±0.00018,
λ1 = 54.641±2.88 and tOx = 1.63±0.04 nm, MSE = 0.98. When the oxide layer is
assumed to have fix n and k values, a very good fit is obtained (n = 1.5461±0.044, k
= 0.1786±0.0264, tOx = 2.25±0.09 nm, MSE = 0.5123). tOx ≈2 nm is considered a
good estimate.

SiOx and cap-SiO2 layers To confirm the desired film thicknesses and compositions,
sample set D and C were investigated by spectroscopic ellipsometry in the range be-
tween 1.54 eV and 4.8 eV at an entrance angle of 65◦. To measure the individual layers
in the gate stack, samples C0 to C7 were represented by a SiO2/SiOx/SiO2/Si model
stack, set D was represented by a SiOx/Si stack, where the SiOx film was treated as
Bruggemann effective medium (see p. 34) composed of a-Si, c-Si and SiO2 as above
(p. 83). To reduce the ambiguity, introduced by the interdependence of fitting parame-
ters, the parameters of corresponding samples of set C and D were fitted simultaneously
using the multi-sample analysis feature of the Woollam-VASE software. Since, owing
to the simultaneous preparation, the thickness and composition of the SiOx-layer was
the same for the corresponding samples in both sets, this was added as additional con-
straint in the multi-sample analysis. Still, the variance in deposition rate across the
wafer (≈5-10 %) introduces a little error. The TOx thickness was fixed at the sepa-
rately determined value of ∼2 nm. Fit parameters were the COx thickness and the
SiOx composition and thickness. The reference sample C8 was represented by a sim-
ple SiO2/Si stack using database optical constants. The fitted values are summarized
in table 8.1, p. 104. These results independently confirm that the SiOx composition
changes as expected for the changed Si target power while the thickness of the SiOx

layer equals roughly the nominal values of 10 nm or 20 nm. The composition values
x were calculated assuming using the densities of bulk Si and SiO2 (2.328 gcm−3 and
2.2 gcm−3) respectively.
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8. Si NC memory capacitors prepared by cosputtering

C0 C1 C2 C3 C4 C5 C6 C7

PSi (W) 0 50 130 210 50 130 210 0

Gas Ar Ar Ar Ar Ar Ar Ar
Ar/
O2

VASE fSi - 4.63 8.8 15.15 4.37 9.4 14.3 -
x = O/Si 2 1.80 1.64 1.42 1.81 1.62 1.37 2
tCOx (nm) 48.0 21.2 21.2 21.2 21.2 21.2 21.2 47.6
tSiOx (nm) - 20.9 19.2 18.7 10.7 8.0 9.2 -
tTOx (nm) 2 2 2 2 2 2 2 2
tOx (nm) 50.0 44.1 42.4 41.9 33.9 31.2 32.4 49.6

HFCV
tOx,800◦C

(nm)

54-
61

39-
42

39-
40

38-
39

33-
34

32-
33

31-
32

48-
51

XTEM
tOx,1100 (nm)

- 37.5 38.2 39.3 30 30 29.5 -

Si NC - no no yes no no no -

PL
λ800◦C

(nm/eV)
- - -

750/
1.653

- - - -

λ950◦C

(nm/eV)
- - -

790/
1.569

- -
780/
1.589

-

λ1100◦C

(nm/eV)
-

740/
1.675

780/
1.589

806/
1.538

-
738/
1.680

800/
1.550

-

I800◦C (a.u.) - - 20 53 - - - -
I950◦C (a.u.) - - 25 37 - - 18 -
I1100◦C (a.u.) - 55 240 70 - 17 57 -

d800◦C (nm) - - -
2.0-
3.0

- - - -

d950◦C (nm) - -
2.4-
3.3

2.5-
3.4

- -
2.2-
3.2

-

d1100◦C (nm) -
1.9-
2.8

2.3-
3.2

2.8-
3.7

-
1.9-
2.8

2.7-
3.5

-

Table 8.1: Characteristics of sample set C, derived by XTEM, VASE, HFCV and PL mea-
surements. Si NC diameters dTA

, estimated from the PL energy for anneals at
different temperature TA are also shown.
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8.4 Photoluminescence Measurements
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(b) Sample C7: Dependence of substrate peak on
annealing. Excitation at 532 nm. The 810 nm
peak is a sideband of the exciting laser.

Figure 8.4: The PL from the Si substrate corrected for spectral response of CCD detector.

8.4 Photoluminescence Measurements

PL spectra were acquired from as-deposited gate oxides and from completely processed
capacitors. Fig. 8.4 shows the PL spectrum of sample C5 (TA = 1100 ◦C), measured
between the gate contacts of neighbored capacitors. In contrast to the PL spectra
of thick annealed SiOx films, it shows two emission bands, the one between 700 nm
and 950 nm is attributed to Si NC. The other one, at about 1000 nm, is observed for
high excitation power densities obtained by focussing the laser beam with a micro-
scope objective. It is attributed to inter-band transitions in the Si substrate. High
power densities result in a high density of electron-hole pairs in the substrate, which
at these non-equilibrium conditions have a higher probability to radiatively recombine
than in thermal equilibrium [177]. This interpretation is supported by the fact that
the intensity of the 1000 nm band decreases drastically when the power density is de-
creased by a factor of ten while the tenfold collection time is used. The 1000 nm band
is also observed for deposited stoichiometric SiO2 gate stacks (Fig. 8.4b). The effect
of annealing on the intensity of the 1000 nm band is the same for all samples C0-C7:
While the as deposited sample shows a low intensity, a high intensity is observed for
samples annealed at 800 ◦C, which decreases for annealing at higher temperatures.
The low intensity for the as deposited oxides could be caused by surface recombination
due to non-passivated interface defects (all high temperature annealed samples were
exposed also to a low temperature anneal in Ar/H2). The other three spectra are from
completely processed capacitors, treated identically, except of the high temperature
anneal. Considering a change of interfacial stress during the high temperature anneal
as a likely explanation, after the 800 ◦C anneal the stress would be smallest. This is
plausible, because an increasing structural relaxation of the oxide for higher annealing
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8. Si NC memory capacitors prepared by cosputtering
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Figure 8.5: Survey of Si NC related photoluminescence under excitation at 532 nm, mea-
sured between the contacts of completely prepared MOS capacitors C1-C6 with
10 nm (left) or 20 nm (right) SiOx film. The Si excess in the SiOx layer in-
creases from the top to the bottom. Shown are the difference spectra between
the annealed and as-deposited samples, divided by the detector response. The
annealing temperature TA is indicated.

106



8.4 Photoluminescence Measurements

temperatures decreases the interfacial stress at the annealing temperature, but due to
the different thermal expansion coefficients of the Si substrate and SiO2

3 also results
in a higher stress at room temperature. A survey of PL spectra from all prepared
gate stacks before and after the different anneals is shown in Fig. 8.5. For the higher
annealing temperatures, the red PL band confirms the presence of Si NC and allows to
estimate their size by comparison to experimental data, such as those summarized by
Takeoka et al. [80], shown in Fig. 3.7 on p. 29. The Si NC diameters estimated from
the PL peak wavelengths after are summarized in Tab. 8.1 on p. 104. They should
be considered as upper limits, since a too high excitation power density may causes
a broadening of the PL spectrum and an apparent red-shift of the peak energy [76].
According to the XTEM-results shown above, only in sample C3 crystalline Si NC
are present, such that the observed Si NC PL is probably mainly due to amorphous
Si NC. This is consistent with works of Nesbit [169], Rinnert et al. [86] and Kahlert
[69], who assume that annealing a SiOx phase with rather low Si excess initially re-
sults in amorphous Si NC that subsequently grow and eventually, but not necessarily
crystallize. Crystallinity is not a requirement for an efficient PL from Si NC, instead,
a theoretical work by Allan et al. [85], yielded that the radiative recombination rates
of (not-hydrogenated) amorphous and crystalline Si NC are comparable for small clus-
ters (1 nm), but for larger (2 nm) clusters, the rate is about 100 times higher for
the amorphous phase due to disorder induced breaking of selection rules. According
to this findings the crystallization of clusters would actually lower the PL intensity.
When considering the sequence of samples C1, C2, C3, for which the initial Si excess
increases, one observes a drastic increase in intensity between C1 and C2, but again a
decrease for sample C3 containing the Si NC. While the first fact is in agreement with
an increase in the density of amorphous Si NC, the second one has probably several
origins: the density of Si NC decreases and additionally, both, the weaker confinement
in larger Si NC and the partial crystallization of Si NC lower the probability of ra-
diative recombinations. When comparing the corresponding MOS-capacitors with a
∼20 nm/∼9 nm SiOx layer (C1/C4, C2/C5, C3/C6), one finds that the PL bands of
the thinner films are systematically shifted to the blue, indicating on average smaller
clusters. This suggests a relatively higher loss of Si in the thinner samples by either
oxidation (residual humidity or oxygen in the RTA chamber), condensation of excess Si
onto the SiO2/substrate-interface, or by out-diffusion of gaseous SiO [178]. Consistent
with this observation is that in contrast to the investigation of thick SiOx samples (p.
80) with nominally the same composition (same deposition conditions), here the max-
imum PL-intensity is observed always at the highest annealing temperature (1100 ◦C)
and attributed to an ongoing nucleation increasing the Si NC density. A common fea-
ture of both experiments is the red-shift of PL with increasing Si excess and increasing
annealing temperature attributed to the increasing mean size of the Si NC (see p. 26).
As shown below, for samples annealed at higher temperature, simultaneously the PL
intensity and the density of trapping centers increases, which confirms that the Si NC
act as trapping centers. But the electrical tests indicate the presence of amphoteric
neutral traps of a large capture cross section even in those Si NC memory capacitors
that do not show the characteristic Si-NC PL-emission (e.g. all samples annealed at
800 ◦C): a capacitive measurement of charge trapped in Si NC detects them more

3linear thermal expansion coefficient:
Si: 2.6·10−6/K, SiO2: 0.5·10−6/K
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8. Si NC memory capacitors prepared by cosputtering
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Figure 8.6: Current-voltage curves for the stoichiometric SiO2 film (C7), annealed at 800 ◦C,
950 ◦C and 1100 ◦C. Arrow 1 indicates the sweep direction, arrow 2 shows the
effect of increasing annealing temperature.

sensitively then a measurement of the Si NC PL intensity.

8.5 Current-Voltage (IV) Measurements

Reference oxide deposited in Ar/O2 (C7) To characterize the current transport
mechanisms, current-voltage (IV) measurements were performed using a Keithley 237
source measure unit. In addition the oxide thickness tOx was determined from the
accumulation capacitance. Fig. 8.6 shows the effect of annealing temperature on the
current-voltage characteristics of the reference oxide. In accumulation three regimes are
found: a small leakage current at low field (EOx ≤3 MV/cm), a region of higher leakage
currents at medium-fields (EOx ≈3-5.5 MV/cm) decreasing strongly with rising anneal-
ing temperature, and a region of Fowler-Nordheim (FN) tunneling (EOx ≥5.5 MV/cm).
A FN-fit to the curve obtained for TA = 1100 ◦C assuming a relative electron mass
mSiO2

/me = 0.5 results in a Si-SiO2 barrier height ΦB = 2.85 eV. Most likely the leak-
age current in the mid-field region related to traps whose density can be more efficiently
reduced by anneals at higher annealing temperature TA. For the sample annealed at
TA = 800 ◦C, the currents in the mid-field region were measured for electron injection
from the Al gate at temperatures TM of 100 ◦C and 200 ◦C to stimulate the generation
of minorities. If the measured current is displayed in a diagram of current density J
[A/cm2] versus 1/Eox [MV −1cm] the data points are located on straight lines, which is
consistent with a trap-assisted tunneling (TAT) mechanism described on p. 38. Assum-
ing a single trap elastic TAT model as described by eqn. 3.43 [105], the trap energies
ΦT (with respect to the SiO2 conduction band edge) for the two cases are found to be

108



8.5 Current-Voltage (IV) Measurements
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Figure 8.8: IV characteristics of memory capacitors vs. annealing regime.
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8. Si NC memory capacitors prepared by cosputtering

1.65 eV and 1.5 eV. Because more complex TAT models (i.e. the inelastic TAT model
proposed by Chang et al. [179]) might yield different trap energies, these values should
be used with care.

Memory capacitors (C1-C6) For an annealing temperature of 1100◦C the current-
voltage behavior of selected samples (C1: 20 nm Si NC-film, Si excess 4.6 vol%, C4:
11 nm Si NC-film/Si excess 4.4 vol% and C6: 9 nm Si NC-film/Si excess 14 vol% and
48 nm SiO2 reference sample C7) is shown in Fig. 8.7. The IV trace of the reference
sample C7 is dominated by Fowler-Nordheim (FN) tunneling at high electric fields.
The reference sample C7 and samples C1, C4 and C6 have only one common feature:
the FN-injection of electrons from the gate electrode into the stoichiometric control-
oxide layer at large negative field. For fields between -4 MV/cm and zero significant
currents are observed for samples C1, C4 and C6. Because at low fields the control
oxide blocks the currents to and from the gate electrode, the observed low field currents
reflect an exchange of carriers between the substrate and traps in the former SiOx film.
This assumption is consistent with the fact that the current ceases if instead of a
constant voltage ramp a single voltage stair is applied. In addition the injection of
electrons at low positive field from the substrate into the former SiOx film results in
an increased local field across the control-oxide and shifts the onset of FN-tunneling
towards lower fields. For the samples C4 and C6 the Figures 8.8a and b show the
effect of Si excess and annealing temperature on the charging currents: The magnitude
of charging current increases and its onset-field decreases with rising Si excess and
higher annealing temperature, i.e. simultaneously with decreasing spacing between
Si precipitates. Therefore the charging currents are considered in terms of multiple
tunneling processes (MTP) between Si NC. For low Si excess and/or low annealing
temperature the Si NC spacing is large such that MTP are highly unlikely. In this case
only Si NC close to the Si/SiO2 interface are charged at low fields. For higher Si excess
and/or higher annealing temperature the Si NC spacing is smaller and charge is easily
transferred from Si NC near the interface to those closer to the gate. A consequence
of this is the plateau region(3) observed for sample C6 (Fig. 8.8b) and C5. The origin
of this plateau region can be understood as follows: If the potential drop across the Si
NC layer is small, the gate stack can be considered in terms of a two-capacitor model
(Fig. 3.11, p. 3.11). The potential of the floating gate VFG is then [180]:

VFG =
CCOx

CTOx + CCOx

· VCG +
QFG

CTOx + CCOx

(8.1)

In equilibrium the potential drop across the tunnel-oxide is zero, which implies VFG

= 0. Simple transformations yield an expression for the current into the floating gate
IFG:

IFG =
dQFG

dt
= −dVCG

dt
· CCOx = −dVCG

dt
· ε0εOx · A

tCOx

(8.2)

This means, if the injection is not limited by the time constants of tunneling through the
tunnel oxide or the MTP in the Si NC layer, a constant voltage ramp applied to the gate
results in a constant quasi-equilibrium charging current. The mean voltage ramp for the
measurement of sample C6 was dV/dt = 0.14 V/s and the contact area A = 0.01 cm2.
With ε0 = 8.85 · 10−14 F/cm and εOx ∼ 3.9 we find IFG = 2.4 · 10−10 A translating
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8.6 High-frequency capacitance-voltage (HFCV) measurements

into a current density of JFG = 2.4 · 10−8A/cm2. Experimentally a saturation current
density of JFG = 2.5 · 10−9A/cm2 is observed. The discrepancy is due to the fact that
the Keithley 237 voltage source does not really use a constant voltage ramp. Instead
the voltage is increased stepwise. Each increment is followed by a delay (200 ms), then
four current values are acquired and averaged. Owing to this principle, the measured
transient currents are smaller than those one would obtain for a constant voltage ramp.

8.6 High-frequency capacitance-voltage (HFCV)

measurements of uncharged capacitors

High frequency capacitance-voltage (HFCV) curves were acquired using a Keithley 590
CV-meter. Fig. 8.9a shows HFCV measurements of sample C5 after post-deposition
anneals (PDA) at 800 ◦C and 1100 ◦C. The two curves match perfectly and coincide
with a simulation whose parameters are given in the inset of Fig. 8.9a. For details
on the calculations see [101]. The good fit confirms the high quality of the annealed
oxide: both the density of interface states and the density of charges trapped in the
the bulk of the gate oxide are negligible. This also implies that in as prepared samples
the Si NC are mainly uncharged. Fig. 8.9b shows the effect of PDA temperature TA

on the conductance measured for sample C5. The conductance peak systematically
decreases with increasing TA. Conductance peaks arise from Si/SiO2 interface dipoles
([97] pp. 287), near interface traps (such as Si NC) responding to the 100 kHz modula-
tion of the gate bias or from inhomogeneities of the surface potential. Recently Huang
et al. [181] observed a conductance peak for MOS capacitors with Si NC embedded
in the oxide in about 2 nm distance to the Si/SiO2 interface. Since a corresponding
peak was not observed for a reference sample without Si NC, the authors attributed it
to a modulation of the Si NC charge state. To check wether this interpretation holds
also for the samples prepared in this work the conductance peak was investigated as
function of anneal and Si excess. Fig. 8.9c and Fig. 8.9d show the behavior of the
SiO2 reference sample C7 for TA = 800 ◦C and TA = 1100 ◦C respectively. Before the
PMA in forming gas, both samples show a broad conductance peak and a stretched
CV-curve indicating a high density of near-interface defects in the oxide, although
the anneal at TA = 1100 ◦C is slightly more efficient. This is because the formation
of oxide defects is triggered by DUV-radiation occurring during sputter-deposition of
the Al contacts. During the PMA most oxide defects react with the mobile hydrogen
atoms formed at the Al gate and become electrically inactive. While a response from
remaining interface defects is still observed for TA = 800 ◦C, no conductance peak is
detected for TA = 1100 ◦C. Because both samples were exposed to the same PMA, the
differences must be due to the different PDA temperatures, 800 ◦C and 1100 ◦C. A
comparison of Fig. 8.9b and Fig. 8.9c shows that probably the low growth temperature
of the tunnel-oxide gave rise to interfacial defects, that are annealed only at tempera-
tures above the growth temperature of the oxide and are not efficiently saturated by
protons. Hence below PDA temperatures of 1100 ◦C effects of Si NC and interface
defects cannot be distinguished. However, sample C5 still shows a conductance peak
after PDA at TA = 1100 ◦C and PMA (Fig. 8.9b) whereas the stoichiometric reference
sample C7 doesn’t Fig. 8.9d. This is consistent with both of the following possibilities:
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8. Si NC memory capacitors prepared by cosputtering
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Figure 8.9: Reduction of interface state density of MOS (memory) capacitors by post-
metallization anneal and comparison of theoretical and experimental HFCV
curves.
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8.7 Capacitance-voltage cycling test: The memory window of Si NC capacitors

(a) The off-stoichiometric oxide layer getters hydrogen such that the passivation of
near-interface oxide defects is less effective for C5 than for the reference sample C7.
(b) As proposed by Huang the presence of the off-stoichiometric layer causes the for-
mation of near-interface oxygen deficiency related defects (such as Si NC) that may
exchange charge with the substrate at a time constant of 1/100 kHz.

From the MOS capacitance in strong accumulation the effective oxide thickness (EOT)
can be calculated according to tOx = ε0εr/COx. Here ε0 and εr ≈ 3.9 are the permittiv-
ity of vacuum and the relative permittivity of the oxide, COx is the MOS capacitance
per area in strong accumulation. The range of obtained thicknesses is listed in in ta-
ble 8.1 and consistent with ellipsometry results. The thickness variation of about 3 %
across the roughly 4 cm x 4 cm sample area is caused by the inhomogeneous deposition
rate.

8.7 Capacitance-voltage cycling test: The memory

window of Si NC capacitors

Slow capacitance-voltage cycling tests allow to estimate amount of trapped charge at
a quasi-equilibrium condition from the shift of flat-band voltage. In order to check the
effect of SiOx composition and thickness on the obtainable memory window, for samples
annealed at 1100 ◦C CV-measurements were performed repeatedly through widening
voltage intervals (Fig. 8.10). Hereby white light illumination enabled the formation of
minority carriers in the silicon substrate areas between the opaque Al contact pads. At
inversion therefore generation-recombination currents result in an apparently increased
capacitance. While no charging was observed for small sweep amplitudes, higher sweep
amplitudes led to an increasing hysteresis in the CV-curves of samples C1-C6. Hereby
the sign of flat band shift equaled the sign of gate voltage. Because the 20 nm thick
top oxide layer blocks currents from and to the gate for fields below about 3 MV/cm,
the hysteresis is due to charge exchange between the Si NC layer and the substrate or
due to a shift of the charge centroid in the Si NC layer. For the corresponding samples
C1/C4, C2/C5 and C3/C6 the total hysteresis increases with Si excess (higher density
of Si NC) and the SiOx layer thickness (Si NC throughout the SiOx may be charged).
The maximum positive flat-band voltage of the the high Si excess sample C6 is smaller
than that of the moderate Si excess sample C5. The reason for this behavior will be
discussed in the next paragraph. In Fig. 8.11 the flat-band voltages obtained for the
different sweep amplitudes are summarized. The shifts of flat band voltage (up to 20 V)
are very large compared with typical values for Si NC memories with a single layer of
Si NC (<1 V). The reason lies in the high density of very small Si NC achieved by the
used preparation method and the vertical stacking of Si NC. According to eqn. 3.35, a
flat band shift of 1 V corresponds to a charge density in the Si NC layer of 5 ·1011cm−2

for samples C1 to C3 and 8 · 1011cm−2 for samples C4-C6. The sample C0, deposited
like C1-C6 in Ar, but with zero power at the Si target, shows only a weak hysteresis.
Moreover, the flat band shift and gate voltage have opposite sign. Evidently, in this
case a different trapping mechanism (hole trapping) dominates. The reference sample
C7 does not show significant charge trapping.
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8. Si NC memory capacitors prepared by cosputtering
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Figure 8.10: The Si NC memory capacitors C1-C6 annealed at 1100 ◦C: capacitance-voltage
cycling tests.
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8. Si NC memory capacitors prepared by cosputtering

8.8 Current-voltage cycling test: Transient currents

due to charging of Si NC

To investigate transient charging currents the HFCV cycling tests were complemented
by current-voltage cycling tests. During slow sweeps of the gate voltage through an
interval corresponding to a mean electric field of ±4 MV/cm, current transients related
to Si NC charging were measured. The area of the used capacitors was 1 mm2 and
the voltage ramp 0.1 V/s. During the measurements the sample was illuminated with
white light. The Figs. 8.12 and 8.13 show measurements of samples C1-C3 and C4-C6
respectively for anneals at 800 ◦C and 1100 ◦C. Capacitance-voltage traces measured
on a neighbored dot using the same voltage ramp are plotted for reference. Starting
the IV measurement with an uncharged sample, the voltage is swept towards positive
values until a mean field of +4 MV/cm is reached. At this fields according to the
IV-measurements (Fig. 8.7) a Fowler-Nordheim current across the samples enables
charging of the complete Si NC layer. Sweeps to -4 MV/cm and back to +4 MV/cm
follow. Low currents on the initial branch confirm that displacement currents are
negligible compared to the charging currents. In addition the onset of charging current
shifts to lower voltages for higher Si excess in the SiOx layer and higher annealing
temperature.

Magnitude of charging current The area between the current-traces of forward and
backward-scan is proportional to the injected charge. It is evident that the magni-
tude of charging currents increases with the Si excess. But, as clearly observed for the
samples C1 and C4, it also increases with annealing temperature. The reason is that
without annealing or after annealing at low temperatures the SiOx film is dominated
by oxygen deficiency related defects acting as rather shallow traps. In contrast, the
formation of Si NC can be regarded as the formation of a deep trapping center, ap-
proximately homogeneously distributed throughout the SiOx layer. These deep traps
not only enable a more efficient trapping owing to their large capture cross section.
By mechanisms like Poole conduction, Hopping-conduction or trap assisted tunneling
(TAT) described on p. 39 they also cause a more efficient injection at low and moderate
electric fields. In the limit of low Si NC density, before the onset of Fowler-Nordheim
tunneling charge injection is restricted to near-interface Si NC. In contrast for a higher
Si NC density multiple tunneling processes enable charging of precipitates within the
complete Si NC layer. Since time constants of charge injection and vertical spread-
ing depend in a complex manner on the depth distribution and spacing of Si NC the
IV-traces have different shapes depending on Si excess and anneal.

Negative differential resistance region The HFCV-reference curves show that after
trapping of carriers in the Si NC the accumulation/inversion transition of the n-type
Si substrate coincides with a negative differential resistance (NDR) region in the IV-
characteristics. NDR regions are a common feature of floating gate memory devices and
were reported also for Si NC based memories [182, 183, 184]. For example consider
Fig. 8.13b. Let the substrate be strongly inverted while holes are being stored in
the Si NC. When the gate voltage rises, the sample equilibrates and holes gradually
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(c) C2 after anneal at 800 ◦C
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(d) C2 after anneal at 1100 ◦C
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(f) C3 after anneal at 1100 ◦C

Figure 8.12: Current-voltage cycling tests using memory capacitors with 20 nm SiOx layer.
The gate voltage is swept through ±13.5 V (±4 MV/cm). Current transients
indicate Si NC charging. Negative differential resistance regions occur at flat
bands since for sweeps from negative to positive gate voltages at this point an
electron current adds to the discharge currents of holes and enables a sudden
partial recombination (vice versa for the other sweep direction).
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(a) C4 after anneal at 800 ◦C
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(b) C4 after anneal at 1100 ◦C
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(c) C5 after anneal at 800 ◦C
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(d) C5 after anneal at 1100 ◦C
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(e) C6 after anneal at 800 ◦C
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(f) C6 after anneal at 1100 ◦C

Figure 8.13: Current-voltage cycling tests using memory capacitors with 10 nm SiOx layer.
The gate voltage is swept through ±13.5 V (±4 MV/cm). Current transients
indicate Si NC charging. Negative differential resistance regions occur at flat
bands since for sweeps from negative to positive gate voltages at this point an
electron current adds to the discharge currents of holes and enables a sudden
partial recombination (vice versa for the other sweep direction).
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tunnel back into the inversion layer. The equilibrium charge of Si NC depends on
the concentration of holes in the inversion layer, which particularly at weak inversion
changes in a strongly non-linear fashion with gate voltage. The sudden change of
substrate charge density near flat bands enables a momentarily higher discharge current
to flow and leads to the NDR region. With a similar argument also the NDR region
in the backward scan is understood. In Fig. 8.13e and f two additional NDR regions
are observed, apparently at the beginning of carrier injection from the substrate or
the gate respectively. These peaks reflect the recombination of residual trapped charge
with injected carriers of opposite sign. In the considered cases of Fig. 8.13e and 8.13f
the high carrier mobility within the Si NC layer causes the recombination processes
to occur instantaneously for the whole layer. In samples with lower Si NC density
recombination occurs gradually, first for the Si NC closest to the injecting electrode
and later for the more distant ones such that no NDR region occurs.

Effect of high Si excess: formation of agglomerates According to the HFCV
cycling of sample C6 (Fig. 8.10) a sweep through large positive voltages leads to only
a small positive shift of flat-band voltage. This would be consistent with an inefficient
injection. But the large current transients observed in Fig. 8.13e and 8.13f confirm
that electrons are efficiently injected. Although a high density of charge tunnels into
the Si NC layer, most of it is lost again to the substrate before the steep region of the
HFCV curve is reached, which indicates the transition from accumulation to depletion.
Apparently the high Si excess resulted in a very small spacing of Si NC, such that the
injected charge has a high mobility within the Si NC layer. Monte-Carlo-Simulations
of Si NC ripening by Müller et al. [170] showed that the ’percolation limit’ (i.e. the Si
excess concentration above which instead of isolated Si NC, Si agglomerates or wires
are formed) lies roughly between 10 vol% and 25 vol% depending on annealing time
and temperature. With about 14 vol% the Si excess sample C6 is falls in that range,
whereas with about 9 vol% sample C5 doesn’t. Provided Si agglomerates were present
in sample C6, carriers in the Si NC layer would have a much higher mobility, because
the conduction along agglomerates is fast, whereas multiple tunnel from Si NC to Si
NC is slow. The fact, that the electron mobility in silicon is much higher than the
mobility of holes, could explain the asymmetry of the CV characteristics: Electrons
rapidly move across the agglomerates towards the tunnel-oxide and tunnel back to the
substrates, while holes move much slower.
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8. Si NC memory capacitors prepared by cosputtering

8.9 Retention tests

8.9.1 Basics of charge retention test

Conventional non-volatile memories: Dominant loss by thermionic emission The
retention measurement probes the loss of charge trapped in the memory node of the
capacitor with time. If the depopulation of trapping centers involves only optically or
thermally stimulated activation of carriers, it can be described using an extension of
the Shockley-Read-Hall model as discussed by Barbottin [185]. This approximation
is appropriate for conventional non-volatile memories with a floating gate layer sur-
rounded by at least 7 nm pure SiO2. When the gate voltage is zero, and the charge
density on the floating gate is not too high, the tunneling currents from the floating
gate to the gate electrode or substrate are negligible. Charge leakage is then governed
by activation of trapped carriers into the conduction or valence band of the oxide, and
their subsequent drift (in the field of the remaining charge) towards gate or substrate.
If additional assumptions are made, the detrapping kinetics can be described in a par-
ticularly simple fashion. The assumptions are:
1. Only one type of carriers (in the following: electrons) is considered. The contribu-
tion of hole trapping and detrapping is negligible.
2. The only free electrons in the dielectric are those released optically or electrically by
the traps (during the study of detrapping no injection from the electrodes takes place).
3. The traps can only exchange electrons with the conduction band, which has a suffi-
ciently high number of empty states, such that the emission probability is not limited.
4. The density of free electrons in the oxide, n, is zero at the onset of depopulation.
5. Within the considered time interval the density of traps (NT ) and trapped charge
(nT ) is large compared to the density of free carriers n: re-trapping is therefore unlikely
and neglected. This leads to the following equation:

dn

dt
= −dnT

dt
= (et

n + eo
n)nT (8.3)

Here eo
n and et

n [s−1] are the emission coefficients due to optical and thermal stimulation
respectively. The equation states that the loss rate is linear proportional to the number
of trapped carriers. Hence, the density of trapped carriers nT and the trapped oxide
charge per area Qot decay exponentially according to:

nT (t) = nT (t = 0) · exp(t/τe)Qot(t) = Qot(t = 0) · exp(t/τe) (8.4)

τe = (et
n + eo

n)−1 is called emission time constant. If initially all traps were filled with
one charge then the magnitude of stored charge is related with the total density of
traps NT (X) [cm−3] in the oxide at distance X from the top electrode according to:

Qot(t = 0) = q

∫ tox

0

NT (X)dX (8.5)

Here tox is the oxide thickness. The simple time dependence allows extrapolation of long
time charge retention behavior from the measurement of charge loss in rather short time
intervals. If leakage is only due to thermionic emission, rapid retention measurements
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8.9 Retention tests

are more accurately done at high temperatures, where it is possible to employ the
exponential temperature dependence of the thermal emission coefficient, which is for
an electron trap:

et
n = σnvthNCexp

(

−En

kT

)

(8.6)

Here σn is the capture cross section for electrons, vth the thermal velocity of electrons,
NC the density of states in the conduction band, and En is the ionization energy of
the electron trap (with respect to the bottom of the conduction band). From retention
measurements at different temperatures the trap ionization energy can be found. If
the ionization energy is known, from an ’accelerated’ retention measurement at high
temperature one can calculate the retention behavior at typical operational conditions.

Si NC memory: Dominant loss by direct tunneling The above model considered
only thermal and optical detrapping of carriers into the SiO2 conduction band. In
general, both, thermionic and tunneling emission determine the retention behavior. In
a Si NC memory the retention mechanism differs strongly from the one of conventional
non-volatile memories with polycrystalline (poly) Si floating gate. The much thinner
tunnel oxide between Si NC region and substrate (∼1-4 nm) renders direct tunneling to
the substrate the dominant loss mechanism. Thermal detrapping is inefficient for charge
storage in both poly Si and Si NC. According to DiMaria [12] the Si NC behave as deep
traps with large activation energies of ≈3 eV (for activation from Si NC conduction
band to SiO2 conduction band) and ≈4 eV (for activation from Si NC valence band
to SiO2 conduction band). The higher activation energies also distinguish the Si NC
memory from novel flash

TM memories using floating gates based on silicon nitride
with much smaller trap activation energies of 0.82 eV, 0.93 eV, 1.09 eV and 1.73 eV
[14]. Tunneling between laterally an vertically neighbored Si NC has a strong effect on
the retention behavior. Thus, the spacing of Si NC, which determines the tunneling
distance and the tunneling resistance is an important parameter. According to Ohba
et al. [186] multiple (vertically stacked) Si NC, as obtained from SiOx layers thicker
than ≈5 nm yield better charge retention, than a single Si NC layer.

The charge loss by direct tunneling also has consequences on the relation between
stored charge and storage time. In the following it will be shown that in contrast
to depopulation by thermal or optical stimulation, the charge loss rate by the direct
tunneling is not simply proportional to the total trapped charge. This implies that the
dynamics of trap depopulation cannot be described by a simple exponential decay, which
rules out a simple extrapolation from short-time to long time retention behavior 4:

The driving force for loss by direct tunneling is the electric field across the tunnel oxide,
i.e. the potential difference between substrate and Si NC floating gate. When the Si
NC are distributed homogeneously and the resistance between them is small compared
to the resistance of the tunnel-oxide, the potential drop across the Si NC layer is mall
and can be neglected 5. If the substrate is in accumulation (substrate surface potential
is nil), the capacitor can be modelled according to Fig. 3.11, p. 36. The potential of

4For a detailed discussion on numerical modelling of Si NC memory devices see De Salvo[180]. For
a quantum mechanical model of the erase time of a single Si NC memory see Hinds [30].

5Otherwise the potential drop across the depletion layer must be taken into consideration
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8. Si NC memory capacitors prepared by cosputtering

the floating gate is then given by:

VFG =
CCOx

CTOx + CCOx

· VCG +
QFG

CTOx + CCOx

(8.7)

Here VFG and VCG are the voltages at Si NC floating gate and control gate with respect
to the substrate, QFG is the charge per area in the Si NC layer and CTOx and CCOx

are the capacitances between Si NC layer and substrate or gate electrode respectively
(Fig. 3.11). When VCG = 0, VFG ∝ QFG: the potential of the Si NC floating gate
is proportional to the stored charge. Assuming further that the cap-oxide is much
thicker than the tunnel-oxide, at VCG = 0 one can neglect tunneling currents between
Si NC layer and gate electrode. The rate of the charge loss is therefore given by the
electronic direct tunneling current from Si NC layer to the substrate (electron injection
from substrate into Si NC is negligible):

dQFG

dt
= JFG,sub (8.8)

Adapting the analysis by De Salvo et al. (see [180]) JFG,sub is given by:

JFG,sub =
4πq3mSi(kT )2

h3
· exp

(

EF,dot(VFG)

kT

)

· Θdot,sub(kT, VFG) (8.9)

Θdot,sub is the transparency of the tunneling barrier, given in the Wentzel-Kramer-
Brillouin (WKB) approximation by:

Θdot,sub(kT, VFG) = (8.10)

exp

(

4(2qmox)1/2

3~
· tTOx[(ΦB−kT )3/2−H(ΦB−VFB−kT )·(ΦB−VFB−kT )3/2]

VFG

)

(8.11)

mSi and mox are the effective electron masses in the Si NC and SiO2, kT is the thermal
energy, EF,dot the Fermi-level of the Si NC, ΦB the height of the barrier between the
Si and SiO2 conduction bands, ~ = h

2π
is Planck’s constant and H is the Heavyside

function. Together with eqn.8.7 this yields a transcendent differential equation of first
order in VFG which can be solved only numerically:

dVFG(t)

dt
= (CTOx + CCOx) · JFG,sub(VFG) (8.12)

This analysis shows that an extrapolation of long-term retention behavior is not straight-
forward for the case of less than 4.5 nm wide tunnel-oxides.

8.9.2 Ways to test charge retention in MOS memory capacitors

For MOS-transistors, the retention behavior is usually studied by monitoring the
source-drain current. The manufacturing of transistor structures was beyond the scope
of this work, so the investigations are restricted to MOS capacitors. There are several
ways to test charge retention of MOS-capacitors:
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8.9 Retention tests

Repeated measurement of CV-curves Periodically a CV curve is measured from
which the current flat-band voltage is determined. This method is problematic for Si
NC memories with direct tunnel injection, since the CV-measurement itself may alter
the charge state of the device if the measured voltage interval is too large.

Constant voltage mode (CVM) An improved approach is the continuous measure-
ment of the capacitance at a fixed reference voltage and the subsequent interpolation
of the flat-band shift under the assumption that charging of Si NC basically causes the
CV-curve to shift along the voltage axis. This method requires the measurement of the
CV-characteristics of an uncharged sample and can only be applied, if the flat band
shift is small, since an accurate interpolation of VCG(C) is only possible for capaci-
tance values on the steep section of the CV-curve. It is impossible, if at the reference
potential the sample is in inversion or strong accumulation, where C is independent of
VCG.

Constant capacitance mode (CCM) From a CV-curve of an uncharged sample the
substrate doping and the effective oxide thickness are determined. Using these values
the flat band capacitance is calculated (eqn.3.33). Now the initial flat-band voltage is
interpolated from the measured CV-curve. A write pulse is applied to the gate and
shifts the CV-curve along the voltage axis (eqn. 3.35). Next, at the initial flat-band
voltage, the capacitance is measured. From the difference between the measured capac-
itance and the flat-band capacitance the shift of the CV-curve ∆VFB is interpolated.
VCG is increased by ∆VFB, such that the next measured capacitance again roughly
equals CFB. This procedure is repeated by a feedback-loop (Fig. 8.14). Thus that at
each time t from ∆VFB(t) = VCG(CFB,t)-VCG(CFB,t = 0) the stored effective charge
can be calculated using eqn. 3.35. This mode was reported by Shi et al. [187] and im-
plemented in a home-made software. The retention time of a Si NC memory depends
sensitively on the quiescent gate voltage VCG. The longest retention times are obtained
if the substrate is depleted or close to flat-bands [30, 184]. In CCM by variation of
the gate voltage the feedback keeps the sample constantly at flat bands (VFG ∼0) and
the electric field across the tunnel oxide close to zero, which leads to very small direct-
tunneling leakage current. Therefore one may have concerns that a measurement in
CCM corresponds to an unrealistic best case scenario. In a real memory transistor, af-
ter the write pulse the control gate voltage would be tied to ground via a high resistor,
which, compared to the CCM, results in a higher electric field across the tunnel-oxide
and higher tunneling leakage currents. A retention measurement, adapting these more
realistic conditions has been implemented as described below.

Intermittent constant capacitance mode (ICCM) In this mode the feedback loop
(Fig. 8.14) is enabled only intermittently (about 3 times per time decade) for roughly
5 s to determine VFB. Between the measurements VCG is set to zero. When the
bias is switched on again, the first gate voltage used is the previous flat-band voltage.
Therefore the range of applied bias voltages does never exceed the interval between
the previous and the current VFB value and the perturbation of the retention behavior
by the measurement is negligible. The ICCM developed in the course of this work is
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Figure 8.14: Sensing of the flat-band voltage shift (i.e. the stored charge) by the constant
capacitance mode (CCM) or interrupted constant capacitance mode (ICCM).
In both methods a feedback loop adjusts the control gate voltage such that the
measured capacitance equals the flat-band capacitance. In CCM the feedback
operates continuously and keeps the sample at the flat band condition. In
ICCM the feedback loop is switched on intermittently, while VCG = 0 for the
remaining time.

therefore regarded as a simple and favorable way to determine the realistic retention
behavior of MOS memory-capacitors or transistors 6.

8.9.3 Retention measurements

Short-term retention behavior (t<1000 s) Figure 8.15 shows the short term reten-
tion behavior of sample C7 7 and samples C4, C5 and C6 8, after anneals at different
temperatures. Initially, a positive voltage pulse (C4, C5, C6: +11.5 V, 10 s / C7:
+25 V, 10 s ) is applied at the gate contact and results in electron injection from the
substrate. The trapped charge is sensed by a CCM-measurement. Despite higher write
pulses, the pure oxide sample C7 shows only slight hole trapping attributed to oxygen-
vacancy defects (∆VFB <0), whereas in samples containing Si NC, electron trapping
dominates (∆VFB >0). The initial density of trapped charge increases with annealing
temperature for the samples with low (C4) and intermediate Si excess (C5), whereas
the samples with highest Si excess (C6) again shows a smaller positive flat band shift,

6I hereby acknowledge helpful discussions with V. Beyer (FZ-Rossendorf) during the development of
the ICCM and the implementation into the home made Testpoint-based probing software.

750 nm pure SiO2

8total thickness: ∼ 33 nm, ∼ 9 nm Si NC layer with varied Si excess
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Figure 8.15: Test of charge retention at room temperature in constant-capacity mode for
samples C4-C7 and the three annealing temperatures TA.

as observed already in Fig. 8.11b. A possible explanation, corroborated by the results
of PL measurements, is that the density of Si NC increases with annealing temperature
for all samples C4, C5 and C6 since nucleation is the dominant process for all anneals.
The decreasing spacing of Si NC enhances the tunneling processes between them. The
vertical transport within the Si NC layer becomes more efficient. In addition, a higher
mean diameter of Si NC also results in a lower Coulomb barrier, such that in the bigger
Si NC a higher number of electrons are stored. The smaller initial ∆VFB of sample
C6 is in this context explained by the higher charge loss within the 2 seconds between
charging and the establishment of the feedback loop.

Effect of measurement temperature on long-term retention behavior (t>104s)

As discussed above, a strong temperature dependence is not expected, since the charge
loss by direct tunneling dominates over the thermionic emission. Hinds et al. [30] found
for a memory operating with a single Si NC a 1/T2 temperature dependence of erase
time, consistent with the temperature of the density of states in the channel to tunnel
into (T3/2) times the thermal velocity of the stored electron (T1/2). In the present
samples, most of the Si NC exchange charge with the substrate not by a single direct
tunneling event, but instead by tunneling across multiple Si NC. Therefore contribu-
tions from thermally assisted tunneling processes cannot be excluded. Fig. 8.16a and
b show the retention behavior of sample C5 for annealing temperatures TA of 800 ◦C
and 1100 ◦C. The measurements were done using ICCM and a variety of write con-
ditions and measurement temperatures. Despite charge injection by direct tunneling,
the samples show clearly a quasi-non-volatile behavior, i.e. a measured finite memory
window after times of up to 10+5 s (about 1 day). This is comparable to what has
been reported by Tiwari [100] for a Si NC memory with a tunnel oxide thickness of
about 1.8 nm. However, in the present work, owing to the vertically stacked Si NC, the
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8. Si NC memory capacitors prepared by cosputtering

memory window is much wider. At first glance there is no strong impact of measure-
ment temperature for both samples. Instead, the writing conditions have the strongest
impact on the initial charge loss rate. This is expected since the potential drop across
the tunneling oxide, determined by the magnitude and depth distribution of stored
charge, determines the leakage current. The measurements at room temperature are
consistent with those of Fig. 8.15 done using CCM. So a moderate quiescent bias does
not dominate the retention in the present case. All measurements of sample C5 show
two stages: a rapid initial lowering of ∆VFB and following slower process dominating
the long time retention behavior. In sample C4, with a significantly lower density of Si
NC, the turnover to the slow process is observed almost two time decades later, after
several hours. Although the higher Si NC density of sample C5 leads to an initially
higher absolute value of ∆VFB, the charge is initially lost faster than for C4, such that
after about 1h the remainder is of the same magnitude. Assuming that the charge
is stored in centers of the same type, this indirectly rules out a dominant loss by of
thermionic emission. Instead, it is an indication that the higher density of Si NC and
the larger Si NC diameter in sample C5 lowers the average tunneling resistance between
the Si NC. Then, the rapid initial lowering of ∆VFB can be explained by several effects:
(I) When the write voltage is switched off, an equilibrium distribution of charge estab-
lishes in the direction normal to the SiOx layer. This might take less time for smaller
Si NC spacing. Part of the change of ∆VFB could be due to a shifting charge centroid.
However, the initial decrease of ∆VFB is too large for charge redistribution being the
main factor. (II) Initially groups of Si NC, having access to a low resistance current
path to the substrate (e.g. a line of closely neighbored Si NC) will leak the charge
by multiple tunneling processes, delocalized charge on large Si agglomerates leaks by
a single tunneling event. Si NC that are well isolated from those current paths will
hold the charge considerably longer. (III) Large Si NC storing multiple charges lose
them rapidly driven by electrostatic repulsion. The last charge in a single Si NC ”feels”
interacts only with charges in distant Si NC and is therefore on an energetically lower,
more stable level.

The interpretation in terms of Si NC density is supported by the fact that samples with
higher Si excess (C5) annealed at only 800 ◦C (Fig. 8.16c) behave similar to samples
with low Si excess (C4) annealed at the higher temperature of 1100 ◦C.

8.10 Effect of height and duration of write/erase pulses

For gate voltages corresponding to an average electric field of 5 MV/cm the dependence
of the flat-band voltage shift (memory-window) on the duration of the write pulse is
shown in Fig. 8.17. The flat-band voltages were determined in the erased states (VFB−)
and in the written states (VFB+). The memory window was then calculated as ∆VFB+

= VFB+-VFB−. A strong dependence of ∆VFB+ on the write time is observed in the
limit of a small Si excess (Fig. 8.17a and b). For the samples C1 and C4 with the
lowest Si excess the anneal at 1100 ◦C yields a higher memory window then the anneal
at 800 ◦C. For annealing at 800 ◦C also a higher Si excess leads to a higher memory
window. This is consistent with the fact that the Si NC nucleation barrier decreases
with Si excess. Consistently a wider Si NC layer in the gate oxide leads to a wider
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Figure 8.16: Retention tests in intermittent constant capacity mode (ICCM). The write
conditions and measurement temperature are indicated in the graphs.
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Figure 8.17: Effect of write pulse duration on flat-band voltage shift. A strong dependence
is observed only for low Si NC densities (Samples C1 and C4). Large flat-band
shifts even at pulse durations of only 1 ms are obtained for all samples.
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memory window. Finally the widest memory windows are found for the intermediate
Si excess of about 9 vol% (oxide composition ≈ SiO1.6).

8.11 Endurance tests

The endurance denotes the number of write/erase cycles performed until the memory
device fails due to dielectric breakdown. This figure depends considerably on the used
write/erase voltage, since the energy of injected electrons determines the mechanisms
of defect generation in the oxide. The physics of trap generation in oxides is not com-
pletely understood. It has been proposed that during high voltage stress, possibly
catalyzed by the release of hydrogen by the anode, the electric field causes a displace-
ment of the bridging oxygen atom in Si-O-Si structures, leading to the formation of
oxygen vacancy defects or E’ centers. These traps can be either positive, negative or
neutral. The field, time and current dependencies of trap generation have been in-
vestigated by Qian et al. [188]. For a demonstration of the endurance behavior, the
on-state of the memory was assigned to Si NC charged with electrons, the off state
was selected to correspond to discharged neutral clusters. The CCM technique was
used to sense the flat band potential after applying an increasing number of step-like
write/erase pulses with a programmable function generator. Appropriate operating
conditions for sample C5 (TA = 800 ◦C) were found to be +13 V/2 ms for write and
-13 V/15 ms for erase as demonstrated in Fig. 8.18. No degradation was observed
up to device failure between 3 · 106 and 1 · 107 cycles (Fig. 8.19a). Useful operating
conditions for sample C2 (TA = 1100 ◦C) were found to be +12.2 V/1 ms for write
and -12.2 V/9 ms for erase. The slight variation of the ”written” and ”erased” states
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Figure 8.19: Endurance measurements of selected random samples.
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are artefacts introduced by the measurement. Failure occurred between 5.2 · 106 and
1 · 107 cycles (Fig. 8.19b). The device performance seems to be limited by the quality
of the tunnel oxide, not by a decreasing memory window. It should be noted that the
presented endurance tests are the only measured random samples. For statistically
significant results automated parallel testing of large sample sets was required, but for
such tests there were no technical capabilities.
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9.1 Summary

Aim of this work was to investigate an alternative technology for a novel EEPROM-like
memory device relying on charge trapping in silicon nanoclusters (Si NC) embedded
in the gate oxide of a field-effect transistor, the ”Silicon nanocrystal-memory”. In the
selected new approach one first prepares a dielectric gate stack by sputter-depositing
SiOx (x<2) and SiO2 layers onto a thermal tunnel-oxide on silicon. Thereafter a
high temperature anneal transforms the homogeneous SiOx layer into a layer of SiO2

with embedded Si NC and completes the processing of the dielectric gate stack. The
realization of this approach was split into the following steps:

Two sputtering techniques for SiOx deposition were evaluated: reactive rf sputtering
from a Si target and rf/dc co-sputtering from SiO2 and Si targets respectively. The first
technique allowed to control the SiOx composition by adjusting the O2 partial pressure
during deposition using a feedback based on optical emission spectroscopy as described
in [124]. However a co-sputtering technique for SiOx was found to be more suitable
with respect to a reliable composition control at low deposition rates and negligible
particle generation. SiOx films as thin as 10 nm with compositions x between 2 an 0.5
were prepared. SiO2 films were rf sputtered from a SiO2 target.

The composition of SiOx thin films has been investigated by variable angle spectro-
scopic ellipsometry (VASE), elastic recoil detection (ERD), Rutherford backscattering
(RBS), and Fourier-transform infrared (FTIR) spectroscopy. ERD and, in particular
VASE turned out to be well suited to characterize the SiOx thin films, while RBS
results were less accurate due to the rather low mass of the measured elements silicon
and oxygen. Because of a superposition of density- and composition-related effects,
the energy of the IR-active Si-O stretch vibration was found to be only a qualitative
measure of SiOx composition.

To select suitable thermal anneals, the nucleation and growth of Si NC were probed by
cross-section transmission electron microscopy (XTEM), photoluminescence (PL) spec-
troscopy, FTIR spectroscopy and VASE. While Si NC smaller than 2.5-3 nm showed
too little contrast for imaging by XTEM, energy and intensity of the Si NC-related PL
band at 1.2-1.75 eV and of the the IR-active Si-O stretch vibration at 900-1100 cm−1

were found to be good probes of the progress in SiOx phase separation. The charac-
teristic differences in the optical constants of amorphous and crystalline Si were used
to investigate the transformation of small amorphous Si NC into larger crystalline Si
NC in the course of multiple anneals at successively higher temperature by VASE.

Rapid thermal anneals at temperatures in the range of 800-1100◦C were found suitable

133



9. Summary and outlook

for the formation of a high density of isolated Si NC in SiOx films. A systematic
study of the red Si NC PL band showed that, to obtain Si NC of a given size, lower
temperatures can be used for SiOx films with higher Si excess. At fixed annealing
temperature, a higher Si excess results in a lower critical size of stable precipitates,
resulting in a higher density of precipitates and a more rapid condensation of excess
Si atoms onto them. The effect of a more rapid phase separation for a higher Si excess
but fixed temperature has been confirmed also by FTIR spectroscopy.

By means of a kinetic 3D Monte-Carlo code developed by Heinig et al. [50], the anneal-
ing process of differently designed SiO2/SiOx gate stacks was simulated to complement
corresponding experiments, but also to compare two limiting cases: The growth of
1-2 nm wide Si NC in comparably thick (10-20 nm) or thin (1.5 nm) SiOx films em-
bedded in SiO2. In the first case the mean Si NC parameters were strongly dependent
on annealing time. The vertical Si NC distribution showed oscillations growing from
the interfaces of the SiOx film. Contrary, in the second case the Si NC size and ver-
tical position were governed by thickness and position of the SiOx film. Therefore a
superlattice of ultrathin SiO2/SiOx films is considered as an even more favorable gate
stack design for a Si nanocrystal memory. It guarantees a high density of isolated Si
NC with a narrow size distribution, is rather insensitive to the annealing regime and
allows the highest degree of control over the resulting gate stack structure. In addition
the vertical and in-plane separation of Si NC can be adjusted separately by adjusting
the SiO2 interlayer thickness and the SiOx composition respectively.

Finally MOS capacitors with Si NC embedded in the gate oxide were prepared: Onto
a 2 nm thermal tunnel oxide 10 nm or 20 nm SiOx films (x = 1.8, 1.6, 1.4, 2) were
deposited and covered with a 20 nm SiO2 layer. Si NC were formed by a 2 min
rapid thermal annealing (RTA) step in Ar/N2 at temperatures of 800 ◦C, 950 ◦C or
1100 ◦C. After annealing and formation of Al-electrodes the capacitors were electrically
characterized by means of a developed Testpoint-based software. The charge trapping
and retention behavior were evaluated using the constant-capacity method. In addition
the samples were characterized by XTEM, VASE, and PL.

Reference capacitors without SiOx interlayer showed small leakage currents, and break-
down fields as high as 8 MV/cm. For capacitors with SiOx interlayer the effective sheet
density of electron and hole-traps increased with annealing temperature. The growth
of Si NC related PL intensity with annealing temperature indicated a correlation with
an increasing density of Si precipitates. From the PL energy, the mean Si NC size
was estimated to lie between 1.9 nm and 3.7 nm, depending on Si excess and anneal.
Charging tests showed that a reasonable memory window (1 V) can be achieved using
2 ms write pulses of 12.5 V, while the charge retention time was measured to exceed 1
day. Since for the investigated samples the charge loss was governed by direct tunnel-
ing, a simple extrapolation of the long term retention was not possible. The stability
of the tested capacitors was very good. Random-samples selected for endurance tests
showed virtually no degradation after 107 write/erase cycles. Increasing Si excess or
increased annealing temperatures resulted in higher charging currents, but also in a
rapid loss of trapped charge: The growing density of Si NC caused a transition from
local charge storage in isolated Si NC to a continuous-floating-gate-like behavior (The
trapped charge is delocalized over groups of neighbored Si NC).
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9.2 Outlook

According to the summarized results, the developed sputtering method is well suited
for preparation of Si nanocrystal memories. All processing steps including the ther-
mal anneal required for Si NC formation are fully compatible with the constraints
of advanced CMOS technology. Follow-up experiments should take place in a in a
production-environment and focus on the integration of the method in the technology
of commercial memory devices.

In order to further improve the device properties, in particular the charge retention
behavior, it is suggested to replace the homogeneous 10-20 nm SiOx layer by a sequence
of 3-4 SiO2/SiOx (Si excess ≈ 25 at%) double-layers with SiOx and SiO2 layer thick-
nesses of 1-2 nm and 2-5 nm respectively. Thermal annealing will in this case lead to
constrained growth of single layers of Si NC in the SiOx regions, which enables a better
control over location, diameter and lateral distribution of Si NC. Such superlattices
could be applied not only in Si nanocrystal memories, but also in the field of Si-based
light emitters and optical interconnects.
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silicon nanocrystals based memory,” Appl. Phys. Lett., vol. 68, no. 10, pp. 1311–
1435, 1996.

[101] G. Barbottin and A. Vapaille, Instabilities in silicon devices - silicon passiva-
tion and related instabilities, G. Barbottin and A. Vapaille, Eds. Amsterdam:
Elsevier Science Publishers B.V., 1986, vol. 1.

[102] K. F. Schuegraf and C. Hu, “Reliability of thin SiO2,” Semicond. Sci. Technol.,
vol. 9, pp. 989–1004, 1994.

[103] R. H. Fowler and L. W. Nordheim, “Electron emission in intense electric fields,”
Proc. R. Soc. A, vol. 119, pp. 173–181, 1928.

[104] M. Lenzlinger and E. H. Snow, “Fowler-Nordheim tunneling into thermally grown
SiO2,” J. Appl. Phys., vol. 40, no. 1, pp. 278–283, 1969.

[105] M. P. Houng, Y. H. Wang, and W. J. Chang, “Current transport mechanism in
trapped oxides: A generalized trap-assisted tunneling model,” J. Appl. Phys.,
vol. 86, no. 3, pp. 1488–1491, 1999.

[106] B. D. Salvo, G.Ghibaudo, G. Pananakakis, B. Guillaumot, and G. Reimbold,
“A general bulk-limited transport analysis of a 10 nm-thick oxide stress-induced
leakage current,” Solid State Electronics, vol. 44, pp. 895–903, 2000.

[107] J. S. Chapin, “Sputtering process and apparatus,” U.S. Patent 4,166,018 (filed
Jan. 1974), August 1979.

[108] H. Conrads and M. Schmidt, “Plasma generation and plasma sources,” Plasma
Sources Sci. Technol., vol. 9, pp. 441–454., 2000.

[109] S. M. Rossnagel, J. J. Cuomo, and W. D. W. W. D, Eds., Handbook of Plasma
Processing Technology. Park Ridge: Noyes, 1990.

[110] J. M. Schneider, S. Rohde, W. D. Sproul, and A. Matthews, “Recent develop-
ments in plasma assisted physical vapour deposition,” J. Phys. D: Appl. Phys.,
vol. 33, pp. R173–R186., 2000.

[111] J. A. Thornton, “Influence of substrate temperature and deposition rate on struc-
ture of thick sputtered Cu coatings,” J. Vac. Sci. Technol. A, vol. 12, no. 4, p.
830, 1975.

144



Bibliography

[112] L. Maissel, Application of sputtering to the deposition of films, ser. Handbook of
Thin Film technology, eds L. I. Maissel and R. Glang. New-York: McGraw-Hill,
1970, ch. Chapter 4.

[113] W. A. Pliskin and R. A. Gdula, Passivation and insulation, ser. Handbook on
Semiconductors (ed. by T. S. Moss, vol. 3 ed. by S. P. Keller). IBM East Fishkill
Facility, Hopewell Junction, NY 12533, USA: North-Holland, 1980, vol. 3, ch. 11,
pp. 641–687.

[114] J. Struempfel, G. Beister, D. Schulze, M. Kammer, and S. Rehn, “Reactive dual
magnetron sputtering of oxides for large area production of optical multilayers,”
Presentation on the 40th Annual Technical Conference of the Society of Vacuum
Coaters, New Orleans, USA, April 12 - 17 1997.

[115] N. Kaiser and H. K. Pulker, Eds., Optical interference coatings, 1st ed., ser.
Springer Series in Optical Sciences. Berlin, Heidelberg, New-York: Springer,
2003.

[116] T. Serikawa and F. Omata, “High mobility poly-Si thin film transistors fobricated
on stainless steel-foils by low temperature processing using sputter depositions,”
Jpn. J. Appl. Phys. Part 2, vol. 39, no. 5A, pp. L393–395, 2000.

[117] T. Serikawa and S. Shirai, “Ultra-thin silicon-oxide films by sputter-deposition
and their application to high quality TFTs,” Vacuum, vol. 51, no. 4, pp. 781–783,
1998.

[118] S. Berg, H. O. Blom, T. Larsson, and C. Nender, “Modeling of reactive sputtering
of compound materials,” J. Vac. Sci. Technol. A, vol. 5, no. 2, pp. 202–207, 1987.

[119] S. Berg, H. O. Blom, M. Moradi, and C. Nender, “Process modeling of reactive
sputtering,” J. Vac. Sci. Technol. A, vol. 7, no. 3, pp. 1225–1229, 1989.

[120] S. Berg, T. Larsson, C. Nender, and H. O. Blom, “Predicting thin-film stoi-
chiometry in reactive sputtering,” J. Appl. Phys., vol. 63, no. 3, pp. 887–891,
1988.

[121] S. Berg, T. Nyberg, H. O. Blom, and C. Nender, “Computer modeling as a tool to
predict deposition rate and film composition in the reactive sputtering process,”
J. Vac. Sci. Technol. A, vol. 16, no. 3, pp. 1277–1285, 1998.

[122] T. Larsson, H. O. Blom, C. Nender, and S. Berg, “A physical model for process
instabilities in sputtering,” J. Vac. Sci. Technol. A, vol. 6, no. 3, pp. 1832–1836,
1988.

[123] A. Ershov and L. Pekker, “Model of d.c. magnetron reactive sputtering in Ar-O2

gas mictures,” Thin Solid Films, vol. 289, pp. 140–146, 1996.

[124] H. Seifarth, J. U. Schmidt, R. Groetzschel, and M. Klimenkov, “Phenomenolog-
ical model of reactive r.f.-magnetron sputtering of Si in Ar/O2 atmosphere for
the prediction of SiOX thin film stoichiometry from process parameters,” Thin
Solid Films, vol. 389, no. 1-2, pp. 108–115, 2001.

145



Bibliography

[125] H. Seifarth, R. Groetzschel, A. Markwitz, W. Matz, P. Nitzsche, and L. Re-
bohle, “Preparation of SiO2 films with embedded Si nanocrystals by reactive r.f.
magnetron sputtering,” Thin Solid Films, vol. 330, pp. 202–205, 1998.

[126] G. Este and W. D. Westwood, “Reactive deposition of low loss Al2O3 optical
waveguides by modified dc planar magnetron sputtering,” J. Vac. Sci. Technol.
A, vol. 2, no. 3, pp. 1238–1247, 1984.

[127] P. D. Davidse and L. I. Maissel, “Dielectric thin films through rf sputtering,” J.
Appl. Phys., vol. 37, no. 2, pp. 574–579, 1966.

[128] C. V. Macchioni, “Mechanical properties of high deposition rate SiO2 films,” J.
Vac. Sci. Technol. A, vol. 8, no. 3, pp. 1340–1343, 1990.

[129] ——, “The effect of substrate temperature and bias on stress, chemical etch rate,
and microstructure of high deposition rate sputtered SiO2 films,” J. Vac. Sci.
Techn. A, vol. 9, no. 4, pp. 2302–2308, 1991.

[130] L. I. Maissel, R. E. Jones, and C. L. Standley, “Re-emission of sputtered SiO2

during growth and its relation to film quality,” IBM J. Res. Develop., pp. 176–
181, 1970.

[131] S. Suyama, A. Okamoto, and T. Serikawa, “The effect of oxygen-argon mixing
on properties of sputtered silicon dioxide films,” J. Electrochem. Soc., vol. 134,
no. 9, pp. 2260–2264, 1987.

[132] T. W. Hickmott, “Defect centers in oxygen-deficient rf-sputtered SiO2 films. 1.
electron spin resonance,” J. Appl. Phys., vol. 45, no. 3, pp. 1050–1058, 1974.

[133] T. Serikawa and T. Yachi, “Magnetron-sputtered SiO2 films in hydrogen-argon
mixtures,” J. Electrochem. Soc., vol. 131, no. 9, pp. 2105–2109, 1984.

[134] T. Serikawa and S. Shirai, “Deposition characteristics and properties of SiO2

films prepared by reactive sputtering in hydrogen-, oxygen- and nitrogen-argon
mixtures,” Jpn. J. Appl. Phys. Part 1, vol. 33, no. 7B, pp. 4465–4468, 1994.

[135] F. Gourbilleau, X. Portier, C. Ternon, P. Voivenel, R. Madelon, and R. Rizk, “Si-
rich/SiO2 nanostructured multilayers by reactive magnetron sputtering,” Appl.
Phys. Lett., vol. 78, no. 20, pp. 3058–3060, 2001.

[136] G. Eftekhari, “Stability of rapidly annealed reactive sputter deposited nitrided
silicon dioxide,” J. Vac. Sci. Technol. A, vol. 15, no. 2, pp. 433–435, 1997.

[137] S. Suyama, A. Okamoto, and T. Serikawa, “Electrical characteristics of MOS-
FET’s utilizing oxygen-argon sputter-deposited gate oxide films,” IEEE Trans.
Electr. Dev., vol. ED-34, no. 10, pp. 2124–2128, 1987.

[138] W. D. Westwood, Reactive sputtering, ser. Physics of thin films: Advances in
research and developement - Contemporary preparative techniques. London:
Academic press, 1989, vol. 14, ch. 1, pp. 1–73.

146



Bibliography

[139] E. V. Jelenkovic and K. Y. Tong, “Stability of nitrided silicon oxide deposited
by reactive sputtering,” Appl. Phys. Lett., vol. 67, no. 18, pp. 2693–2695, 1995.

[140] J. S. Logan, F. S. Maddocks, and P. D. Davidse, “Metal edge coverage and control
of charge accumulation in rf sputtered insulators,” IBM J. Res. Develop., vol. 14,
pp. 182–191, 1970.

[141] S. Petersson, G. Linker, and O. Meyer, “Impurity incorporation during rf sput-
tering of silicon oxide layers,” phys. stat. sol. (A), vol. 14, pp. 605–611, 1972.

[142] T. N. Kennedy, “Sputtered insulator film contouring over substrate topography,”
J. Vac. Sci. Technol., vol. 13, no. 6, pp. 1135–1137, 1976.
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Anteil. bernd scheumann möchte ich insbesondere für seine Unterstützung bei der
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Major statements (Thesen)

• Aim of this work was to investigate an alternative technology for a novel EEPROM-
like memory device whose operation principle is based on charge trapping in sil-
icon nanoclusters (Si NC) embedded in the gate oxide of a field-effect transistor
(”Silicon nanocrystal-memory”). In the proposed new two-step approach first
a dielectric gate stack is prepared by sputter-depositing SiOx (x<2) and SiO2

layers onto a thermal tunnel-oxide on silicon. Later a high temperature anneal
transforms the homogeneous SiOx layer into a layer of SiO2 with embedded Si
NC and completes the processing of the dielectric gate stack.

• Different sputtering techniques for SiOx deposition were evaluated: reactive rf
sputtering from a Si target and rf/dc co-sputtering from SiO2 and Si targets
respectively. The co-sputtering technique for SiOx was found to be most suitable
with respect to a good composition control at low deposition rates and negligible
particle generation. SiO2 films were rf sputtered from a SiO2 target.

• SiOx thin films were investigated with respect to composition by variable angle
spectroscopic ellipsometry (VASE), and ion beam techniques like elastic recoil
detection (ERD), and Rutherford back-scattering (RBS). Structure and the effect
of film composition on the nucleation of Si NC were probed using cross-section
electron microscopy (XTEM), and optical methods, such as photoluminescence
(PL), Fourier transform infrared spectroscopy (FTIR) and VASE.

• Annealing conditions enabling the formation of a high density of small isolated Si
NC were derived. XTEM and PL were used to estimate the mean size of Si NC. It
was found that for decreased annealing times or lowered annealing temperatures
an unchanged mean Si NC size can be obtained if the Si excess is increased. The
growth and crystallization of Si NC was confirmed by an investigation of the
mean optical constants of Si NC after different anneals using VASE.

• Using the Kinetic 3D Monte-Carlo method developed by Heinig et al. [50], the
annealing process of differently designed SiO2/SiOx gate stacks was simulated to
complement corresponding experiments, but also to compare two limiting cases:
The growth of 1-2 nm wide Si NC in comparably thick (10-20 nm) or thin (1.5 nm)
SiOx films embedded in SiO2. In the first case the mean Si NC parameters were
strongly dependent on annealing time. The vertical Si NC distribution showed
oscillations growing from the interfaces of the SiOx film. In contrast in the second
case the Si NC size and vertical position were governed by thickness and position
of the SiOx film instead of the annealing regime. Consequently a superlattice
of ultrathin SiO2/SiOx films is considered as an even more favorable gate stack
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Theses

design for a Si nanocrystal memory. It guarantees a high density of isolated Si
NC with a narrow size distribution, is rather insensitive to the annealing regime
and allows the highest degree of control over the resulting gate stack structure. In
addition the vertical and in-plane separation of Si NC can be adjusted separately
by adjusting the SiO2 interlayer thickness and the SiOx composition respectively.

• Finally MOS capacitors with Si NC embedded in the gate oxide were prepared:
Onto a 2 nm thermal tunnel oxide 10 nm or 20 nm SiOx films (x = 1.8, 1.6,
1.4, 2) were deposited and covered with a 20 nm SiO2 layer. Si NC were formed
by a 2 min rapid thermal annealing (RTA) step in Ar/N2 at temperatures of
800 ◦C, 950 ◦C or 1100 ◦C. The samples were investigated using XTEM, VASE,
PL and various electrical tests implemented in an accordingly developed test-

point application. In particular the charge trapping and retention behavior were
evaluated using the constant-capacity method. The main experimental results are
summarized below.

• MOS reference capacitors without SiOx interlayer showed small leakage currents,
and breakdown fields as high as 8 MV/cm. For MOS capacitors with SiOx inter-
layer the effective sheet density of both electron and hole-traps increased with
annealing temperature. The growth of Si NC related PL intensity with annealing
temperature indicates that this effect corresponds to an increasing density of Si
precipitates. From the PL energy, the mean Si NC size was estimated to range
between 1.9 nm and 3.7 nm, depending on Si excess and anneal. Charging tests
showed that a reasonable memory window (1 V) can be achieved using 2 ms write
pulses of 12.5 V, while the charge retention time was measured to exceed 1 day.
Since for the investigated samples the charge loss was governed by direct tun-
neling, the field of the stored charge acted as driving force of the current, which
rendered a simple extrapolation of the long term retention behavior (as common
practice for memories with tunnel-oxides above 5 nm) impossible. The stability
of the tested capacitors was very good. Random-samples selected for endurance
tests showed virtually no degradation after 107 write/erase cycles. At high Si
excess, increased annealing temperatures resulted in higher transient charging
currents, but a faster de-trapping of charge carriers. The increasing density of
Si NC causes a transition from localized charge storage in isolated Si NC to a
continuous-floating-gate-like behavior (electrons delocalized over sets of Si NC).

• In summary, the developed sputtering method was shown to be well suited for
preparation of Si nanocrystal memories. All processing steps, including the ther-
mal anneals for Si NC formation, are fully compatible with the constraints of
advanced CMOS technology.

• Outlook: In order to further improve the device properties, in particular the
charge retention behavior, it is suggested to replace the homogeneous SiOx layer
by a sequence of 3-4 SiO2/SiOx layers with a SiOx layer thickness of 1-2 nm
and a Si excess of 25 at%. Rapid thermal annealing will in this case lead to
constrained growth of single layers of Si NC in the SiOx regions, which enables
a better control over location, diameter and lateral distribution of Si NC. Such
superlattices could be applied not only in Si nanocrystal memories, but also in
the field of Si based light emitters and optical interconnects.
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