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Abstract

It is known that bulk silicon is the dominant semiconductor material in
microelectronics. However, its use in reliable and low cost integrated circuits (IC)
fabrication which carry out opto-electronic functions has not been appropriate due to

the fact that silicon is an indirect band gap material.

Observation of luminescence in porous silicon seemed to solve the physical inability of
the silicon (Si) to act as light emitter; however its poor chemical stability, weak
robustness and luminescence degradation made it unsuitable for such applications.
Other Si-based materials such as hydrogenated silicon rich oxynitride, Si/SiO,
multilayers, and silicon rich oxide (SiO,, x<2) films have been reported to solve the
physical incapacity of silicon to act as light emitter. The key for the excellent light
emission properties of these materials are the embedded silicon nanoparticles (Si-nps).
With this approximation the quantum confinement of carriers is maximized, the
probability of radiative recombination is improved, and the emission wavelength is
shifted to the visible range and controlled with the Si-np’s size. These nanometre-sized
silicon particles either embedded in a SiO, or Si;N, matrix have shown a strong and
stable luminescence seeming as a better alternative for light emitting devices (LED’s)

fabrication.

In this thesis, silicon rich oxide [SRO, (SiO,, x<2)] films with different silicon excesses
were deposited by low pressure chemical vapor deposition (LPVCD). Besides, Si
implanted SRO (SI-SRO) films were also fabricated. Si-nps in these films were created
after a thermal annealing at high temperature (1100 and 1250° C). The composition,
microstructure and optical properties of these SRO and SI-SRO films were analyzed as
a function of the different technological parameters, such as silicon excess, Si ion

implantation dose, and thermal annealing temperature.

Once the microstructure, composition as well as the optical properties of these materials
is known, SRO films which exhibited the best photoluminescent (strongest PL)

properties were chosen in order to analyze their electrical and electro—optical properties.



Simple Metal-Oxide—Semiconductor (MOS) structures using the SRO films as the
dielectric layer were fabricated for these studies. SRO films with Si-excess of ~4.0 and
~2.2 at.% and thickness ranging from 24 to 80 nm were deposited. The conduction
mechanism in these films is analyzed by making use of trap assisted tunnelling (T'AT) in

low electric field as well as Fowler—Nordheim (FN) tunnelling in high electric fields.

The electrical measurements exhibited important results, such as a reduction in
capacitance and current during the sweep or after applying a constant bias. These effects
are ascribed to the annihilation of conduction paths created by silicon clusters (Si-cls)

inside the SRO films.

A part from that, some devices exhibited current fluctuations in the form of spike-like
peaks and a clear staircase at room temperature. These effects were related to Coulomb
blockade (CB) effects in the silicon nanoparticles embedded in the SRO films. And

from the current plateaus, the size of the Si-nps (about 1 nm) was calculated.

Field effect luminescence of these SRO films was studied by alternating negative
(positive) to positive (negative) voltages (pulsed excitation). Moreover, it is
demonstrated that these SRO films show EL emission in continuous current voltage,
observed at naked eye. Multiple shining spots of several colours are seen on the MOS-

like structure surface when reversely biased.
These devices display a broad electroluminescent emission spectrum which goes from

400 nm up to 900 nm. Finally, a correlation between the structural, electrical and

luminescent (PL and EL) properties is discussed.
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Chapter T

Introduction

The high integration levels reached by the Si microelectronics industry have permitted
high speed performance and unprecedented interconnection levels. However,
interconnect propagation delays, overheating, and information latency between single
devices are produced by this interconnection degree. To overcome these phenomena,
photonic materials in which light can be generated, modulated, amplified and detected
as well as integrated with standard electronic circuits are needed. Although the detector
and optical component integration has been demonstrated, the main limitation of the

silicon (Si) photonics is the lack of suitable light emitters.

In this sense, currently one of the most ambitious scientific and technologic goals is the
development and realization of light emitters compatible to the complementary metal

oxide semiconductor (CMOS) technology.

1.1. Bulk Silicon

It is an undeniable fact that silicon is the leading semiconductor in the microelectronic
industry; however, it is an indirect band-gap material, that is, the bottom of the
conduction band and the top of the valence band are not aligned in the £ space as

depicted in figure 1.1(a). This implies that for the electron-hole (e-h) radiative



recombination occurs the assistance of a further process (usually a phonon) is necessary
to conserve the momentum. Such a three particle process is quit inefficient if compared
with the recombination in direct band-gap, where the bottom of the conduction band
and the top of the valence band are aligned as shown in figure 1.1(b). In this kind of
materials the recombination does not need the participation of a third process. Besides,
the radiative lifetime in Si is very long, in the milliseconds range, meanwhile in direct
band-gap semiconductors the radiative lifetime is significantly slower, in the

nanoseconds range.

Eil

\
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L LAVAY Photon
AN
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Figure 1.1. Recombination process in (a) indirect and (b) direct band-gap materials in the k space.

The presence of defects or impurities in the crystal produces new levels into the band-
gap, where the excited carriers can relax or being trapped, and then the recombination
in these levels can dominate. In addition to the radiative recombination processes, the
non-radiative recombination processes can contribute to the annihilation of electrons
and holes. In these processes, the energy is released as phonons in most of cases. Then,
there exist a competition between the non-radiative recombination and the radiative
recombination. This competition is strongly dominated by the non-radiative phenomena
in Si causing very low luminescence efficiency. Therefore, the absence of linear electro-
optic effects makes the Si a poor light emitter and unsuitable for optoelectronic

applications.

1.2. Nanoparticles

Observation of visible luminescence in porous silicon by Canham in 1990 [1] seemed to

solve the physical inability of silicon to act as light emitter. This novel characteristic was



the result of the dramatic two-dimensional quantum size effects which can produce

emission far above the band gap of bulk crystalline Si.

This discovery attracted a new effective way of obtaining light emission in Si-based
materials. However, it was found that the porous silicon suffers from poor mechanical
and chemical stability [2, 3]. Since then, many strategies have been researched to
overcome this limitation as well as to understand and optimize the light emission

phenomena with more stable materials.

One of the approaches was nanometre-sized silicon (S1) and germanium (Ge) crystallites
(nanoparticles) embedded in a dielectric matrix. Both Si-nanoparticles (Si-nps) and Ge-
nanoparticles (Ge-nps) have shown a strong and stable luminescence at room

temperature seeming a better alternative for light emitting devices fabrication [4-9].

Another approach is impurity-mediated luminescence from the addition of rare earth
ions [such as erbium (Er)] into a silicon rich oxide film in order to change their
luminescence properties [10, 11]. With this approach, the wavelength emission is shifted

toward ~1.5 um, which is a common wavelength for telecommunication applications.

1.3. Quantum confinement

The visible light emission in nanoparticles has been related to quantum confinement
phenomena. Quantum confinement is obtained when electrons and holes in a
semiconductor are confined by a potential well with size 4, as illustrated in figure 1.2.
This quantum phenomena can be observed in either in two-dimensional (2D, quantum
well), one-dimensional (1D, quantum wires), or zero-dimensional (0D, quantum dots)

and it occurs when one or more of the dimensions of a particle are made very small so

that it approaches the size of the Bohr exciton radius (~5 nm).



€ d-)
Figure 1.2. Band-gap increasing of a Si-np with size d (<5nm) due to quantum confinement.
Confinement raises the energy of the ground state, tends to create a discrete density of
states at low energies, and introduces uncertainty into the momentum of the particle.
The last of these effects can also be understood by considering only the uncertainty

principle, to the extent that the potential well localizes the particle in a small volume.

An analytic model based on the effective mass approximation predicts that this size-

dependent effective band-gap varies according to [12]:

1 1 1)1 1 )\rz?
E. =EQ+|—+—+— —+— 1.1
si-np = £ (LZ |2 LZJ(m mh] 2 (1)

Where 7, and 7, are the effective masses for electron and hole, respectively, L, L, and

L, are the linear dimensions of the Si-np, and E, = 1.1 €V is the bulk band-gap. It is
clear that this model neglects any surface/interface related defects and relies heavily on
the effective mass approximation. Some experimental results have demonstrated that
there is no correlation with theoretical studies. This fact has been attributed to the
existence of some radiative recombination centres at the Si-np/SiO, interface [13, 14].
Some of these centres have been related to the presence of double bonds Si=O [15, 16]
and excitons confined on the spherical shell, which is an interfacial layer between the Si-
np core and the a-SiO, surface layer [17]. Moreover, a SiO, shell at the surface of Si-nps
has been observed and therefore it is expected to have some kinds of defects inside and

therefore affecting the luminescence emission [17, 18].



1.4. Contents of this thesis

The aim of this thesis is to investigate the structural, optical and electrical properties of
silicon rich oxide films in order to obtain a Si-based light emitter device. Chapters are

organized as follows:

Chapter 2 is focused on the luminescence nanomaterials such as silicon porous and
silicon nanoparticles as well as the main preparation processes. Techniques focused on
the materials characterization, such as ellipsometry, Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), transmission electron

microscopy (TEM) and photoluminescence are also presented in this chapter.

In chapter 3, the composition, microstructure and optical properties of SRO and SI-
SRO films are analyzed as a function of the different technological parameters as silicon

excess, S ion implantation dose, and thermal annealing temperature.

In chapter 4, the fabrication of Metal-Oxide—Semiconductor (MOS) structures using
the SRO films as the dielectric layer is reported. Their electrical properties are presented
as C-f, C-V and I-V curves. The conduction mechanism in these films is analyzed by
making use of trap assisted tunnelling (TAT) in low electric fields as well as Fowler—
Nordheim (F-N) tunnelling in high electric fields. Field effect luminescence and
continuous electroluminescence results measured from these MOS-like structures are

reported. Furthermore, images of EL which is observed at naked eye are shown.

In chapter 5, the structural, electrical and luminescent (PL and EL) properties are
discussed. A possible mechanism for the film composition that clarifies the origin of all
properties is proposed. Finally, conclusions of the work done as well as the further

studies are discussed in chapter 0.

References

[1] L. T. Canham, “Silicon quantum wire array fabrication by electrochemical and chemical

dissolution of wafers” Appl. Phys. Lett. 57, 1046 (1990).



(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

M. A. Tischler, R. T. Collins, J. H. Stathis, and J. C. Tsang, “Luminescence
degradation in porous silicon”, Appl. Phys. Lett. 60 (5), 639 (1992).

I. M. Chang, S. C. Pan, and Y. F. Chen, “Light-induced degradation on porous silicon”,
Phys. Rev. B 48 (12), 8747 (1993).

Y. Maeda, N. Tsukamoto, Y. Yazawa, Y. Kanemitsu, and Y. Masumoto, “IZsible
photoluminescence of Ge microcrystals embedded in Si0, glassy matrices”, Appl. Phys. Lett.
59 (24), 3168 (1991).

K. S. Min, K. V. Shcheglov, C. M. Yang, Harry A. Atwater, M. L. Brongersma,
and A. Polman, “The role of quantum-confined excitons vs defects in the visible luminescence
of Si0, films containing Ge nanocrystals”, Appl. Phys. Lett. 68 (18), 2511 (1996).

X. Liu, X. Wu, X. Bao, and Y. He, “Photoluminescence from nanocrystallites embedded in
hydrogenated amorphous silicon films prepared by plasma enbanced chemical vapor deposition”,
Appl. Phys. Lett. 64 (2), 220 (1994).

T. Inokuma, Y. Wakayama, T. Muramoto, R. Aoki, Y. Kurata, and S. Hasegawa,
“Optical properties of Silicon clusters and Si nanocrystallites in high temperature annealed
SiOx films”, ]. Appl. Phys. 83 (4), 2228 (1998).

S. Tong, X. Liu, T. Gao, and X. Bao, “Intense violet-blue photoluminescence in as-
deposited amorphous Si:-H:O films”, Appl. Phys. Lett. 71, 698 (1997).

H. Z. Song, X. M. Bao, N. S. Li, and ]. Y. Zhang, “Relation between
electroluminescence and photoluminescence of Si'-implanted 5i0,”, J. Appl. Phys. 82 (8),
4028 (1997).

M. Fujii, M. Yoshida, Y. Kanzawa, S. Hayashi, and K. Yamamoto, “7.54 wm
photoluminescence of Er'" doped into SiO, films containing Si nanocrystals: Evidence for
energy transfer from Si nanocrystals to Er’*”, Appl. Phys. Lett. 71 (9), 1198 (1997).

D. Pacifici, A. Irrera, G. Franzo, M. Miritello, F. Iacona, and F. Priolo, “Erbium-
doped Si nanocrystals: optical properties and electroluminescent devices”, Physica E 16, 331
(2003).

C. Deleure and M. Lannoo, “Nanostructures: Theory and modelling”, NanoScience
and Technology, Springer 2004.

A. Puzder, A. J. Williamson, J. C. Grossman, and G. Galli, “Swurface Chemistry of
Stlicon Nanoclusters”, Phys. Rev. Lett. 88, 097401 (2002).

N. Daldosso, M. Luppi, S. Ossicini, E. Degoli, R. Magri, G. Dalba, P. Fornasini,
R. Grisenti, F. Rocca, L. Pavesi, S. Boninelli, F. Priolo, C. Spinella, and F.



[15]

[16]

[17]

[18]

lacona, “Role of the interface region on the optoelectronic properties of silicon nanocrystals
embedded in 570,”, Phys. Rev. B 68, 085327 (2003).

M. V. Wolkin, J. Jorne, and P. M. Fauchet, “Electronic States and Luninescence in
Porous Silicon Quantum Dots: The Role of Oxygen”, Phys. Rev. Lett. 82 (1), 197
(1999).

M. Luppt and S. Ossicini, “Multiple Si=0 bonds at the silicon cluster surface”, ]. Appl.
Phys. 94 (3), 2130 (2003).

Y. Kanemitsu, T. Ogawa, K. Shiraishi, and K. Takeda, “V7sible photoluminescence
Sfrom oxidized Si nanometer-sized spheres: Exciton confinement on a spherical shell”, Phys.
Rev. B 48 (7), 4883 (1993).

F. Tacona, C. Bongiorno, C. Spinella, S. Boninelli, and F. Priolo, “Formation and
evolution of luminescent Si nanoclusters produced by thermal annealing of SiOx films”, ]. of

Appl. Phys. 95 (7), 3723 (2004).






Chapter 2

L.uminescence 1n nanostructures

Since the observation of light emission in porous silicon by Canham in 1990, Si-based
nanostructures embedded in a dielectric matrix have been the most studied materials for
the fabrication of light emitting silicon devices. The interest in these Si-nanostructures is

due to their novel quantum phenomena that results when their diameter is less than the

size of the Bohr radius (~5 nm).

2.1. Porous silicon (PS)

Porous silicon was discovered by A. Uhlir at the Bell laboratories (US) in 1956 [1].
Despite of this discovery, the scientific community was not interested in PS until the
late 80’s, when Canham proposed that porous silicon could display quantum
confinement effects [2]. In his published experimental results, strong light emission
from silicon was obtained after subject the Si-wafers to an electrochemical and chemical
dissolution. Different PL peaks were observed depending on the porosity of the layer,
as observed in figure 2.1. These novel results stimulated the interest of the scientific
community in the non-linear optical and electrical properties of silicon, especially due to

its potential applications.



Despite of the strong room temperature luminescence observed in PS, it was found that
it suffers from poor mechanical and chemical stability producing degradation in the PL

properties [3, 4].
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Figure 2.1. Photoluninescent spectra from anodizged p wafer after immersion in 40 % aqueons HF for
different times. After [2].

2.2. Silicon nanoparticles (Si-nps)

St nanoparticles inside a dielectric matrix have shown a strong and stable luminescence
seeming a better alternative for light emitting devices fabrication. Si-nps can be obtained

from a gas phase or indirectly by recrystallization within a matrix.

The most popular approach is to produce Si-nps in a silica matrix to exploit the stability
of the SiO,/Si interface and the improvement emission properties of quantum confined
Si. Si-nps are obtained when the corresponding dielectric layers super enriched with
silicon are subjected to thermal annealing in high temperature. Here, the technological
parameters such as the duration of the thermal treatment, the annealing temperature,
and the Si excess content all determine the final size of the cluster, the size dispersion,

as well as their nature (amorphous or crystalline).
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2.3. Fabrication techniques

Different techniques have been reported in order to obtain silicon nanoparticles (Si-
nps). However, since compatible techniques with complementary metal oxide
semiconductor (CMOS) technology are required, the most employed techniques to
obtain Si-nps are silicon ion implantation into silicon-based dielectrics, plasma enhanced
chemical vapor deposition (PECVD), and low pressure chemical vapor deposition
(LPCVD). However, techniques based in CVD method allow obtaining thick SRO

layers which are more stable as well as containing uniform silicon excess.

Ion implantation

It is a process by which ions of a material can be implanted into another solid, changing
its physical properties, as shown in figure 2.2(a). Ion implantation is a common
technique used in semiconductor device fabrication. With this technique, both chemical
and structural change are introduced by the implanted ions. To activate the implanted

ions and restore the damage produced, a thermal annealing is necessary.

In the case of Si ions implanted into silicon dioxide matrix, a silicon agglomeration in

the form of Si-nps is obtained after the thermal annealing process.

. o o ’. .o. .-.o

Bulk-Si Bulk-Si

a) b)

Figure 2.2. a) Si-ion implantation into Si0, and b) SRO films deposited using CV'D by the reaction
of N,O and SiH, reactant gasses.

11



Chemical vapour deposition (CVD)

CVD is a chemical process used to produce high-purity, high-performance solid
materials. The process is often used in the semiconductor industry to produce thin
films. In a typical CVD process, the wafer or substrate is exposed to one or more
volatile precursors, which react and/or decompose on or near the substrate surface to
produce the desired deposit (see figure 2.2(b)). Frequently, volatile byproducts are

obtained, but they are removed by the gas flow through the reaction chamber.

Types of CVD processes

There are a great number of forms of CVD. These processes differ in the means by
which chemical reactions are initiated (e.g., activation process) and process conditions.

The main CVD techniques used for Si-nps fabrication are LPCVD and PECVD.

Low-pressure CVD (LPCVD) is CVD processes at sub-atmospheric pressures. Reduced
pressures tend to reduce unwanted gas-phase reactions and improve film uniformity

across the wafer.

Plasma-enhanced CVD (PECVD) is CVD processes that utilize a RF discharge to
enhance chemical reaction rates of the precursors. PECVD processing allows deposition

at lower temperatures, which is often critical in the manufacture of semiconductors.

Silicon rich oxide (SRO) films are easily deposited by PECVD and LPCVD techniques
using oxidant species (like nitrous oxide, N,O) and silicon compounds (i.e. silane, SiH,)
as reactant gasses. After SRO films are thermally annealed at high temperature, a phase
separation between Si and SiO, occurs creating Si-nps. The Si-nps size depends on the
silicon excess inside of the deposited films, as well as of the time and the temperature of

thermal annealing,
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2.4. Characterization techniques [5]

The study of composition and microstructure of SRO films before and after apply a
thermal annealing play an important role in order to understand the luminescence
properties of nanostructures. Several techniques such as null ellipsometry, Fourier
transform infra-red spectroscopy (FTIR), x-ray photoelectron spectroscopy (XPS),
energy filtered transmission electron microscopy (EFTEM) and photoluminescence

(PL) are of great interest to get such characteristics.

Ellipsometry

Ellipsometry is a true contact less, non-invasive technique measuring changes in the
polarization state of light reflected from a surface. It is used predominantly to determine
the thickness of thin dielectric films on highly absorbing substrates, but can also be used

to determine optical constants of films or substrates.

Consider plane-polarized light incident on a plane surface as illustrated in figure 2.3. The
incident polarized light can be resolved into a component p, parallel to the plane of

incidence and a component s, perpendicular to the plane of incidence.

Incident

Figure 2.3. Schematic of polarize light reflection form a plane surface. Lines 1-O and O-R define the
plane of incidence and @ is the angle of incidence.

If the material that reflects the waves has zero absorption, then only the amplitude of

the reflected wave is affected. Linearly polarized light is reflected as lineatly polarized

light. However, the two components experience different amplitudes and phase shifts
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upon reflection for absorbing materials and for multiple reflections in a thin layer
between air and the substrate. The parallel component reflectance is always less than the
vertical component for angles of incidence other than 0° and 90°. The two are equal at
those two angles. The phase shift difference introduces an additional component
polarized 90° to the incident beam, rendering the reflected light elliptically polarized.
Projected onto a plane perpendicular to the reflected beam, the resultant electric field
vector of the elliptically polarized light depicts an ellipse. The key property of polarized
light for ellipsometry is the change of plane-polarized light into elliptically polarized light

ot elliptically polarized light into a plane-polarized light upon reflection.

Light propagates as a fluctuation in electric and magnetic fields at right angles to the
direction of propagation. The total electric field is made of the parallel component &,

and the vertical component &. The reflection coefficients:

_ &p(reflected) n _ &s(reflected)
~ gp(incident) ' ° &g (incident)

) 2.1)

are not separately measurable. However, the complex reflection ratio p, defined in terms

of the reflection coefficients R, and R, or the ellipsometric angles ¥ and A is

measurable. It is given by:

R .
P =R—p —tan(¥)e 2.2)

S

where j=(-1)""%. Since p is the ratio of reflection coefficients, that is, the ratio of the
intensities and the relative phase difference, it is not necessary to make absolute

intensity and phase measurements.

The ellipsometric angles ¥ (0° < ¥ < 90°) and A (0° < A < 360°) are the most

commonly used variables in ellipsometry and are defined as

¥ =tan"|p

; A = differential phase change = A, — A..
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The angles ¥ and A determine the differential changes in amplitude and phase,
respectively, experienced upon reflection by the component vibrations of the electric
tield vectors parallel and perpendicular to the plane of incidence. From these
parameters, the refractive index and the thickness of a film can be calculated using the

equations:

-2i6 —2is
r, — Iy, 1-r.r,e™

tan P *e' = : _
-2i6 =2io 2.3
1- 1pr2pe r-1s _rZSE 23)

5:d27”\/n2—sen2¢ 24

where A is the wavelength of the incident light, ¢ the incidence angle; 1, 1, 1,,, and 1,
the Fresnel’s coefficients for the reflection components at the air-film and film-substrate

interfaces, respectively.

Null ellipsometry

A common ellipsometer schematic is shown in figure 2.4; its principle of operation is as
follows: a collimated beam of unpolarized monochromatic light, typically from a laser, is
linearly polarized by the polarizer. When the unpolarized light is incident on such a

polarizer, total internal reflections allows only linearly polarized light to exit.

The compensator changes the linearly polarized light to elliptically polarized light. The
compensator contains a fast and a slow optical axis perpendicular to the direction of
transmission. The component of incident polarized light whose electric filed is parallel
to the slow axis is retarded in phase relative to the component parallel to the fast axis as
the light passes through the compensator. When the relative retardation is /2, the
compensator is called a quarter-wave retarder or quarter-wave plate. Linear quarter-wave
retarders, made out of birefringent mica or quartz, are most common used in

ellipsometers.
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Figure 2.4. Ellipsometer schematic.

The angles of P and C of the polarizer and the compensator can be adjusted to any state
of polarization ranging from linear to circular. The aim of an ellipsometry measurement
is a null at the photodetector. This is attained by choosing P and C to give light of
elliptical polarization which, when reflected from the sample, becomes linearly polarized
to be extinguished by the analyzer. The linearly polarized light is passed through the
analyzer, which is similar to the polarizer, and the angle A is adjusted for minimum

photodetector output.

Fourier transform infrared spectroscopy (FTIR)

The basic optical component of Fourier transform spectrometers is the Michelson
interferometer shown in a simplified form in figure 2.5. Light from a infrared source is
collimated and directed on a beam splitter. In one path the beam is reflected back to the
beam splitter by a fixed-position mirror, where it is partially transmitted to the source

and partially reflected to the detector.

In the other arm of the interferometer, the beam is reflected by the movable mirror that
is translated back and forth while maintained parallel to itself. The beam from the
movable mirror is also returned to the beam splitter where it, too, is partially reflected

back to the source and partially transmitted to the detector. Although the light from the
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source is incoherent, when it is split into two components by the beam splitter, the
components are coherent and can produce interference phenomena when the beams are

combined.

Source
Y
Beam  Sample
P L, | splitter
~ 1 Detector
M,
Movable mirror \L L
2
A
M,

Fixed mirror

Figure 2.5. FTIR schematic.

The light intensity reaching the detector is the sum of the two beams, which are in
phase and reinforce each another when L, = L,. When M1 is moved, the optical path
lengths are unequal and an optical path difference & is introduced. If M, is moved a

distance x, the retardation is & = 2x since the light has to travel an additional distance x

to reach the mirror and the same additional distance to reach the beam splitter.

Consider the output signal from the detector when the source emits a single frequency

or wavelength. For I, = L, the two beams reinforce each other becasue they are in
phase, & = 0, and the detector output is a maximum. If M, is moved by x = A/4, the
retardation becomes & = 2x = A/2. The two wavefronts reach the detector 180° out of
phase, resulting in destructive interference or zero output. For an additional A/4

movement by M;, 6 = A and the constructive interference results again. The detector
output — the interferogram — consist of a series of maxima and minima that can be

described by the equation:

1(x) = B(f)[1+ cos(27xf )] (2.6)

17



where B(f) is the source intensity modified by the sample. B(f) and I(x) are shown in

tigure 2.6(a) for this simple case. When the surce emits more than one frequency, then:

f
1(x) = j B()[L+ cos(2zxf )|df @.7)
0

If consider a source spectral distribution, B(f) = A for 0 < f < f| in figure 2.6(b). The

interferogram is obatined by elliminating the unmodulated term from last equation:

sin(27xf;)

o, (2.8)

f
1(x) = j Acos(27xf )df = Af,
0

shown in figure 2.6(b). The interferogram becomes narrower as f; is increased by

including more frequencies.

B(f) I(x)

y

BO7 1)
N N\,
)

\ 4

0 f f , 0 1/2f %

Figure 2.6. Spectrum and interferogram for a) cosine wave and b) band-limited signal.

FTIR measures the interferogram containing not only the spectral information of the
source but also the transmittance characteristics of the sample. The spectral response is

calculated from the interferogram using the Fourier transformation:

B(f)= T I (x) cos(2zxf )dx (2.9)

-
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In this equation, B(f) contains the spectral content of the source, the sample and the
ambient in the path of the measurement. H,O and CO, absorption lines are reduced by
purging the apparatus with dry nitrogen. The effect of the sample is eliminated by
making one measurement without the sample (background) and one with the sample.
Storing the two interferograms in a computer allows the ratio of the two to be

calculated, thereby eliminating the background.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is also known as electron spectroscopy for
chemical analysis (ESCA). It is mainly used for identifying chemical species at the

sample surface, allowing all elements except hydrogen and helium to be detected.

The method is illustrated with the energy band diagram in figure 2.7(a) and schematized
in figure 2.7(b).

T e—T—> XPS electron
onduction

Band A E Vac
CEF
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Eizs X-ray

Er1

o o |Fg

A Sample surface
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|:| X-ray source
% Electron Electron |Counter
Samplg S Analyzer $—> Detector | >

Y

Figure 2.7. a) Electronic processes and b) schematic of an X-ray photoelectron spectroscopy.
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Primary X-rays of 1 to 2 keV energy eject photoelectrons from the sample. The
measured energy of the ejected electron at the spectrometer E is related to the binding

energy E,, referenced to the Fermi energy E, by:

Ep =hv—Eg, —ddgp (2.10)

where hv is the energy of the primary X-rays and ¢, the work function of the
spectrometer (3-4 eV). The spectrometer and the sample are connected forcing their

Fermi levels to line up.

The electron binding energy is influenced by its chemical surroundings making E,
suitable for determining chemical states. This leads to a major strength of XPS; it allows
chemical, not only elemental, identification. Although, XPS is a surface-sensitive
method (despite the deeper penetration of the primary X-rays compared to a primary
electron beam), depth profiling is possible by ion beam sputtering. The major use of
XPS is for identification of compounds using energy shifts due to changes in the

chemical structure of the sample atoms.

Transmission electron microscopy (TEM)

Transmission electron microscope is similar to optical microscopes; both contain a
series of lenses to magnify the sample. The main strength of TEM lies in its extremely

high resolution, approaching to 0.15 nm.

A schematic presentation of the microscope is shown in figure 2.8. With an electron
gun, an electron beam is formed, which is accelerated by an electric field formed by a
voltage difference of, typically, 200 kV. By condenser lenses, the electron beam is
focused to a spot of the order of 1 mm on the thin film to be investigated. The first

image, which is formed by the objective lens, is magnified typically x25, and the

following lenses give a final magnification of the image of more than x10°. In addition
to thin-sample images, electron diffraction patterns can also be formed on the final
image screen. The electron rays corresponding to bright field imaging and (selected area)

diffraction are shown in the left and right drawings of figure 2.8, respectively. In bright field
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imaging, the image of a thin sample is formed by the electrons that pass the film without
diffraction, the diffracted electrons being stopped by a diaphragm. In the corresponding

dark field imaging mode, a diffracted beam is used for imaging.

The microstructure, e.g. the grain size, and lattice defects are studied by use of the image
mode, while the crystalline structure is studied by the diffraction mode. In addition, the
chemical composition of small volumes, for example grain boundaries, can be obtained

by detection of x-rays emitted from the film.
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Figure 2.8 .Schematic presentation of a transmission electron microscope

Samples for electron microscopy in form of films mounted on fine-meshed grids are
required to be very thin. In case near-atomic resolution is required film thicknesses have
to be limited to a few tens of A. Therefore, the quality of the electron microscopy work

is sometimes limited by the thinning-down procedure as structural changes may occur

during the thinning.

Energy-filtered transmission electron microscopy (EFTEM) is a technique used in

Transmission electron microscopy, in which only electrons of particular kinetic energies
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are used to form the image or diffraction pattern. The technique can be used to aid
chemical analysis of the sample in conjunction with complementary techniques such as

electron crystallography.

If a very thin sample is illuminated with a beam of high-energy electrons, then a majority
of the electrons will pass through the sample but some will interact with the sample,
being scattered elastically or inelastically (phonon scattering, plasmon scattering or inner
shell ionisation). Inelastic scattering results in both a loss of energy and a change in
momemtum, which in the case of inner shell ionisation is characteristic of the element

in the sample.

If the electron beam emerging from the sample is passed through a magnetic prism,
then the flight path of the electrons will vary depending on their energy. This technique
is used to form spectra in Electron Energy Loss Spectroscopy (EELS), but it is also
possible to place an adjustable slit to allow only electrons with a certain range of

energies through, and reform an image using these electrons on a detector.

The energy slit can be adjusted so as to only allow electrons which have not lost energy
to pass through to form the image. This prevents inelastic scattering from contributing

to the image, and hence produces an enhanced contrast image.

Adjusting the slit to only allow electrons which have lost a specific amount of energy
can be used to obtain elementally sensitive images. As the ionisation signal is often
significantly smaller than the background signal, it is normally necessary to obtain more
than one image at varying energies to remove the background effect. The simplest
method is known as the jump ratio technique, where an image recorded using electrons
at the energy of the maximum of the absorption peak caused by a particular inner shell
ionisation is divided by an image recorded just before the ionisation energy. It is often
necessary to cross-correlate the images to compensate for relative drift of the sample

between the two images.

Improved elemental maps can be obtained by taking a series of images, allowing

quantitative analysis and improved accuracy of mapping where more than one element
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is involved. By taking a series of images, it is also possible to extract the EELS profile

from particular features.

Photoluminescence

Photoluminescence (PL) is the emission of photons generated by a material which is
under an optical excitation. In this technique, the light is directed on the sample, where
it is absorbed and producing an energy excess inside of the material in a process called
photo-excitation. This energy excess can be released by the sample through the light

emission (luminescence).

The photo-excitation produces that the electrons inside the material to move into
permitted excited states. When these electrons come back to their equilibrium states, the
energy excess is released, producing the light emission (radiative process). The energy of
the emitted light (PL) is related to the difference between the energy levels from the
electronic states involved in the transition, that is, the excited and the equilibrium state,

respectively.

A typical PL set-up is shown in figure 2.9. The sample is excited with an optical source
typically a laser with energy hv > Eg, generating electron-hole pairs which recombines
emitting photons. The emitted light from the sample can be analyzed by a grating

monochromator and detected by a photodetector.

Taser
Scan
Mirror
—
K
M h
onochromator Detector/
Electronics Sample

Figure 2.9. Schematic photoluminescence arrangement.
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Chapter 3

Deposition and characterization of

SRO and SI-SRO films

In this chapter, the deposition process and characterization of SRO and Si implanted
SRO (SI-SRO) films is reported. Moreover, the composition, microstructure and optical
properties of SRO and SI-SRO films are analyzed as a function of the different
technological parameters as silicon excess, Si ion implantation, and thermal annealing

temperature.

3.1. Material fabrication

Several different preparation techniques of silicon sub-oxide (SiO,, x < 2)) films have
been reported including ion implantation of Si into thermal silicon oxide [1, 2], Pulsed
Laser Deposition (PLD) [3], thermal evaporation [4, 5], SiO/SiO, muldlayers [6],
Plasma Enhanced Chemical Vapor Deposition (PECVD) [3, 7-10] as well as Low
Pressure Chemical Vapor Deposition (LPCVD) [11, 12]. Silicon rich oxide (SRO) films
produced by techniques based on CVD method have the advantage of being more

stable and compatible with standard MOS technology.

In this work, SRO films were deposited by LPCVD using pure nitrous oxide (N,O) and
5%-nitrogen (N,) diluted silane (SiH,) as the reactant gasses. LPCVD is a simple
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technique and commonly used in microelectronics, therefore compatible with that
complementary metal oxide semiconductor (CMOS) technology. LPCVD equipment

used for SRO deposition is shown in figure 3.1.

Figure 3.1. LPCV'D system used for the deposition of SRO films from this work.

Deposition of SRO films was carried out on 2 in. and N type St wafers ((100)-oriented)
at temperature of 720 °C. Si excess in the deposited films is controlled by a parameter
Ro defined by the equation 3.1, the ratio of partial pressure of the reactant gases of N,O
and SiH,. SRO films with Ro values of 10, 20, 30, and 40 were deposited with the
parameters of table 3.1 and depicted in figure 3.2(a). The expected thickness of the films

was about 550 nm.

« _P(v0)
P(SiH,) 34)
Ro = Pressure of gases (Torr) | Time
N,O / SiH, N,O SiH, (min)
10 0.600 0.600 75
20 1.060 0.053 120
30 1.400 0.047 140
40 1.400 0.035 115

Table 3.1. Parameters of deposited SRO — LPCVD films, T= 720° C.
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The effect of additional silicon excess obtained by silicon ion implantation into SRO
films on the microstructure and photoluminescent properties was also studied. Then, Si
ions were implanted into a set of SRO (SI-SRO) samples with energy of 150 keV and a
dose of 5x10" /cm? as shown in figure 3.2(b). The projected range as calculated by
TRIM simulations is about 250 nm [13].

After deposition and Si ion implantation, both sets of SRO and SI-SRO films were
thermally annealed at 1100 and 1250° C for 60 minutes in a N, atmosphere in order to
induce a Si and SiO, phase separation and therefore the formation of silicon

nanoparticles embedded in a SiO, matrix, as exhibited in figure 3.2(c).
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Figure 3.2. a) Deposited, b) implanted with Si ions, and c) thermally annealed SRO films.
The study of composition and microstructure of SRO films before and after applying a

thermal annealing play an important role in order to understand their luminescence

properties. In this sense, several techniques such as null ellipsometry, Fourier transform
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infra-red spectroscopy (FTIR), x-ray photoelectron spectroscopy (XPS) and energy

filtered transmission electron microscopy (EFTEM) have been used.

3.2. Characterization of the material

3.2.1. Ellipsometry

An easy way to verify the presence of Si excess in SRO films is measuring their
refractive index (n). The refractive index of SiO, and Si is about 1.46 and 3.8 (for the
real part), respectively. It is well known that n values between 1.46 and 3.8 are due to

silicon excess into the film, if no other element or impurity is in the SRO films.

The thickness and refractive index of the fabricated SRO films were measured using a
Gartner LL117 ellipsometer with incident laser wavelength of 632.8 nm. A mapping with
30 ellipsometry measurements was done for each SRO film. Table 3.2-3.4 show the
thickness and refractive index of as-deposited SRO and thermally annealed SRO and

SI-SRO films, respectively.

From table 3.2, on one hand when Ro is small (< 30) the refractive index is higher than
1.46 indicating the presence of silicon excess into the films. On the other hand, as Ro
become higher, the refractive index tends to the SiO, value, as expected by the lower
value of SiH, pressure listed in table 3.1. Thickness was higher than expected and it was
different for each Ro value. Measurements on SRO films after Si implantation were not
done because of the damage produced (by the implantation) to the film makes it

difficult to extract the real thickness and refractive index values.

SRO Refractive Thickness (nm)
Ro = N,0/SiH, index Theoretical | Ellipsometry
10 1.99 + - 0.0900 772.8 +-33.3
20 1.64 £ - 0.0700 726.1+-71.8
30 1.48 £ - 0.0007 550 717.0 £ -18.4
40 1.47 £ - 0.0040 508.7 £-8.8

Table 3.2. Thickness and refractive index from as deposited SRO-LPCLD films.
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As shown in table 3.3 and 3.4, the thickness of SRO and SI-SRO films was reduced, if
compared to the as-deposited films, after thermal annealing (1100 and 1250° C), which
is due mainly to a microstructural re-ordering and densification of the material. By the
contrary, the refractive index was increased, being more evident for samples with higher

silicon excess.

SRO Thickness (nm) Refractive index
Ro =N,0/SiH,| 1100° C 1250° C 1100° C 1250° C
10 619.0 £28.5|658.8 £19.0 | 2.11 £0.090 | 1.99 £ 0.060
20 655.0 £0.9 |636.0 £25.3|1.77 £0.003 | 1.67 £ 0.059
30 696.6 +12.0 | 714.0 +14.3 | 1.48 +£0.001 | 1.48 + 0.002
40 492.3+9.9 | 482.2+7.8 | 1.47 £0.001 | 1.47 +0.002

Table 3.3. Thickness and refractive index from SRO—-LPCV'D films after thermal annealing.

SI-SRO Thickness (nm) Refractive index
Ro =N,0/SiH,| 1100°C | 1250°C | 1100°C | 1250°C
10 098.1 £82 | 621.4£32 |2.09 £0.019 | 2.11 £0.010
20 746.2 £243 (7324 +79.5| 1.62 +£0.02 | 1.85 +0.070
30 687.6+9.3 |690.8 £11.8|1.48 £0.001 | 1.48 £ 0.002
40 507.2+£4.7 | 480.5£3.1 | 1.45£0.004 | 1.46 £ 0.001

Table 3.4. Thickness and refractive index from SI-SRO-LPCV'D films after thermal annealing.

3.2.2. Fourier Transform Infra-red Spectroscopy (FTIR)

Since FTIR is a non-destructive technique, a FTIR BRUCKER Vector 22 spectrometer
was employed to study the composition and structure of the SRO and SI-SRO films.

The scanned range was between 350 cm™ and 3500 cm™ with 2.5 cm™ of resolution.

Figures 3.3 and 3.4 show the IR absorbance spectra obtained from SRO and SI-SRO
films before and after annealing, respectively. It has been reported that SRO films
deposited by the mixture of N,O and SiH, display absorption bands associated with

SiN, NH, SiH and OH vibrations in addition to the three characteristic bands trelated to
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the Si-O-Si bonding arrangement [14]. However, the presence of some nitrogen and
hydrogen characteristic peak was not observed in the IR spectra of the films. Only three
vibration bands related to Si—O-Si rocking (TO,), Si-O-Si bending (T'O,) and Si—O-Si
stretching (T'O,) appeared [8, 14], as observed in figures 3.3 and 3.4.
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Figure 3.3. Infrared absorption spectra of SRO films before and after thermal annealing.
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Figure 3.4. Infrared absorption spectra of SI-SRO films after thermal annealing. IR from SRO as

deposited films is shown for comparison.
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The dominant feature in the IR spectrum is associated to the stretching motion of the
oxygen atoms (TO;). A shifting in the frequency of the TO; mode is associated with the
presence of silicon excess and with a change in the microstructure of the material [8,
15]. It has been reported that the peak position of the TO, mode shifts with the film
thickness. For a thermally grown 400 nm thick SiO, film, the TO; mode and its full
width at half maximum (FWHM) are about 1088 and 85 cm', respectively [16].

For as-deposited SRO films and with the highest silicon excess (Ro = 10), the TO,, TO,
and TO, vibration bands were placed at 458, 818 and 1069 cm ', respectively as
enlisted in table 3.5. The TO,, TO, modes remains almost at the same frequency for all
SRO films with different silicon excess. However, the TO; band slightly shifted toward
higher frequencies and its FWHM was reduced as Ro was changed from 10 to 40
corresponding to a larger oxygen concentration and to the presence of different
bonding arrangement (microstructural disorder), respectively [8, 14, 15]. This effect is
directly related to the decrease in the refractive index (#) of the as-deposited SRO films

where 7 tends to the SiO, value as Ro is varied from 10 to 40.

Ro = Vibration mode (cm™)
N,O/SiH, T0, T0, T0; FWHM
(Si — O Rocking) | (Si— O Bending) | (Si-O Stretching) | (cm™)
10 458.1 818.8 1069.5 210.6
20 452.5 817.9 1072.3 207.8
30 451.6 817.9 1073.2 178.9
40 454.4 819.8 1072.3 125.8

Table3.5. IR Vibration bands of SRO as deposited films.

Another shift and width (FWHM) reduction of the TO; vibration band was obtained
when the SRO and SI-SRO films were subjected to a thermal annealing at both
temperatures of 1100 or 1250° C. On the one hand, the TO; vibration band was placed
at about 1088 cm™ for all films, independently of the flow ratio (Ro) and silicon
implantation, as indicated in tables 3.6 and 3.7. On the other hand, the FWHM was
reduced after thermal annealing indicating a strong arrangement on the microstructure

of the films. In addition, the FWHM decreases as Ro increases (lower silicon excess).
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Due to the silicon excess inside these films, these changes are ascribed to a phase

separation of St and SiO, in the SRO films.

Annealing (N,), t = 60 min. FWHM
1100°C 1250°C (car’)

Ro Vibration Bands (cm™)

TO, TO, TO, TO, TO, TO, | 1100°C | 1250°C
10 | 4614 | 8115 | 10889 | 4614 | 8115 | 10867 | 13431 | 143.12
20 | 4614 | 8115 | 10889 | 4614 | 8115 | 10889 99.08 99.08
30 | 4594 | 8115 | 10889 | 4614 | 8115 | 10889 83.66 83.66
40 | 4594 | 8115 | 10889 | 4592 | 8093 | 1086.7 81.46 81.46

Table 3.6. IR vibration bands of SRO films thermally annealed at 1100 and 1250°C for 60 minutes.

Annealing (N,), t = 60 min. FWHM
1100°C 1250°C (cm”)

Ro Vibration Bands (cm™)

10, | 710, TO, 10, | 71O, 7O, | 1100°C | 1250°C
10 | 4614 | 8115 | 10889 | 4614 | 8115 | 10867 | 13650 | 143.12
20 | 4614 | 8115 | 10889 | 4614 | 811.5 | 1088.9 99.08 | 101.28
30 | 4592 | 8115 | 10889 | 4614 | 8115 | 10889 83.66 83.66
40 | 4592 | 8115 | 10867 | 4592 | 809.3 | 1086.7 79.26 81.46

Table 3.7. IR vibration bands of SI-SRO films thermally annealed at 1100 and 1250°C for 60

minutes.

An important feature is observed in the IR-TO; mode for SRO and SI-SRO films with

Ro = 10. Figure 3.5 shows the evolution of the TO; mode at different temperatures of

anneals. For as-deposited film, a broad peak is observed with a maximum at 1069 cm.

However, as mentioned before, the FWHM reduces after thermal annealing and the

maximum peak shifts towards higher wavenumber. Both, microstructural arrangement

and high silicon excess in the SRO film produced that the TO, mode splits into two

peaks when the temperature of anneal was 1250° C. The fist one placed at ~1088 cm

and the second one at ~1124 cm’', as shown in figure 3.5.
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It has been reported that the shoulder located on the high wave-numbers side of the
TO; mode is the result of the overlapping of higher frequency bands attributed to three
symmetric stretching modes: two longitudinal optical (LO, and LO,) modes at 1150 and
1250 cm™' and one transverse optical TO, mode at 1200 cm™' [15]. Then, the absorption

peak at 1124 cm’ could be a result of larger phase separation between Si and SiO,.
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Figure 3.5. FTIR absorption spectra of SRO films with Ro = 10 before and after thermal annealing
in the 900 to 1500 cni” range.

3.2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS is a technique used for surface chemical analysis which allows obtaining the atomic
percent of different elements of an analyzed sample, besides of information about the

chemical states from each element.

The silicon excess in SRO and SI-SRO films was measured with a PHI ESCA-5500 X—
ray photoelectron spectrometer using a monochromatic Al radiation source with energy
1486 V. Depth composition profiles inside the films were obtained measuring by XPS
in the surface, then etching and measuring again. XPS analysis was done on thermally

annealed samples.
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The silicon (Si) and oxygen (O) concentration in SRO films as measured by XPS are
depicted in figure 3.6(a) and 3.6(b), respectively for different Ro values. As it was
expected, the silicon excess varies depending on the flow ratio (Ro). For SRO films with
Ro = 40, the silicon profile stays about 35.5 at.% and it increases until 46 at.% as Ro
value reduces to 10. A thin silicon dioxide layer is formed at the SRO surface for low Ro

values; which can be explained by the silicon excess oxidation with air.

A nitrogen profile was also observed, however is very low (around 0.8 at.%) as
compared to other works reported for SRO-PECVD films where the N incorporation is
about 10 at.% [10]. Table 3.8 summarizes the silicon excess in the SRO films. It is

observed that Si concentration ranging between 35.5 and 46 at.%.
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Figure 3.6. a) Silicon and b) Oxygen concentration in SRO films with different flow ratio (Ro) values

as measured by XPS.
Ro = Si excess | Concentracion (%) | x =
N,O/SiH, | (at.%) @) Si N |O/Si
10 12.7 54.00 | 46.00 | 0.00 | 1.17
20 5.1 60.81 | 38.46 | 1.00 | 1.58
30 4.0 62.01 | 37.35 | 0.62 | 1.66
40 2.2 64.50 | 35.50 | 0.00 | 1.81

Table 3.8. Silicon excess of thermally annealed SRO films obtained by XPS.
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Figure 3.7 indicates the composition of the thermally annealed SRO and SI-SRO films
with flow ratio, Ro = 30. For the SRO film, the results indicate a uniform silicon and
oxygen profile. The Si and O profiles in the SI-SRO film oscillates around the
corresponding Si and O profiles of non-implanted SRO film. These oscillations were a
feature of all the SI-SRO films. This behaviour could be the result of Si implantation,
because St and O atoms are displaced from their position. Using SRIM [13] simulation,
the expected silicon excess by implantation is estimated to be ~0.4 at.%. Although XPS
measurements showed a silicon excess similar to that SRO films, the SI-SRO films
should have a 0.4 at.% of silicon excess above of the non-implanted SRO films reported

in table 3.8. This effect could be due to the resolution of the XPS equipment.
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Figure 3.7. XPS composition profile of thermally annealed SRO and SI-SRO films with Ro = 30.

Analysis of SiZp-XPS peak

The Si2p peaks obtained from XPS spectra of the SRO films were also analyzed. There
are two models describing the microstructure of S70x (x<2) films. First the random
bonding model (RBM) [3, 9, 12, 17], in which the silicon environment can be
distinguished between five different tetrahedral units, S7—(57,_,—0,) with n = 04,
corresponding to five possible oxidation states of silicon (Si’, Si'", Si**, Si*" and Si*").

The second model, the random mixtures model (RMM) [12, 18], suggests S70x (x<2)
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films consist of Si—Si, (Si’) and Si—0, (Si*") tetrahedras, neglecting the existence of

intermediate states.

Figure 3.8 shows the Si2p-XPS peak of the SRO,,,, SRO;,, SRO, films annealed at
1100° C; the sub-index in the notation refers to the silicon excess. As it is shown, an
almost symmetric peak is observed at 104.3 and 103.8 eV for the SRO, and SRO;, films,
respectively. Then, according to the RMM model, these SRO;, and SRO, films should
be stoichiometric; however, a phase separation must take place in these samples due to
the high annealing temperature (>> 700 °C). Indeed, it has been reported that a phase
separation starts at temperatures of 400-700 °C [9]. As it can be seen, the peak energy
shifts toward a lower energy when the silicon excess is increased, at the same time that
the distribution width becomes broader, indicating the contribution of different

oxidation states, in agreement with the description of the RBM model.
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Figure 3.8. Variation of the Si2p peak in the SRO films thermally annealed at 1100 °C respect to the
silicon excess. Inset: Si2p peak fitting of SRO, film.

The inset of figure 3.8 shows the fitting Si2p-XPS peak for SRO, film using Gaussian
components. It has been found a contribution of two peaks placed at 101.9 and 104.4
eV related to Si** (§i—54,0,) and Si*" (§i-5:~0,), respectively. The strongest component
is associated to pure silicon dioxide, as expected due to the low silicon excess. The
fitting of the Si2p-XPS peak for SRO;, film produced the same oxidation states, Si** and

Si**, but an increasing in the area of the Si** peak was observed, as shown in table 3.9.
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The presence of Si’ was not observed in these SRO, and SRO;, films, indicating the
absence of $7—J57, tetrahedra. The low silicon excess in these films could be the cause of
this behaviour, that is, the phase separation forming Si-nanoparticles inside of a S70,
matrix could be present; however, it is possible that the size of Si-nanoparticles
compared to the $70, matrix surrounding them is relatively small, being easier detect the

§i—87—0, component in the Si2p-XPS peak.

When the silicon excess was increased (SRO,,,), the Si2p spectra displayed an
asymmetrical peak, indicative of the presence of larger concentration of suboxide
components. In this film, the fitting produced as well as the Si** and Si*" peaks, the peak
corresponding to Si” indicating the presence of elemental silicon. Nevertheless, the areas
corresponding to elemental silicon (Si") and suboxide (Si*") were smaller than 570, (Si*")

area. Table 3.9 shows the peaks and area from different oxidation states.

Oxidation SRO,,, SRO;, SRO,
state Peak Area Width | Peak Area Width | Peak Area Width
Si’ (Si-Si,) 98.7 0.52 1.9 - - - - - -
Si** (Si-O,-Si,) | 101.8 22.3 28 |101.8 4.62 1.9 1019 1.4 1.3
Si** (Si-0,) 104.1 325 25 103.9 489 1.9 1044 585 2.0

Table 3.9. Oxidation states obtained from Si2p peaks.

3.2.4. Energy Filtered Transmission Electron Microscopy (EFTEM)

In order to know the microstructure of SRO and SI-SRO films and corroborate the Si-
nanoparticles formed inside of these films after thermal annealing, some samples were
analyzed by means of Energy Filtered Transmission Electron Microscopy technique.
EFTEM images were obtained using a JEOL JEM 2010F electronic microscope. All the

EFTEM images were measured using a Si plasmon of 17 eV and cross-section views.
Cross view EFTEM images from whole SRO films are shown in figure 3.9. The

thickness of these samples is about 605, 780, and 765 nm for Ro = 10, 20, and 30,

respectively. These values are slightly above to the measured by ellipsometry, except for
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SRO,,,. Nevertheless, the EFTEM images indicate the approximate value of only one

point, meanwhile the ellipsometric measurements is the result of an average value.

SRO;2 7

a)

605 + 10 nm

Figure 3.9. Cross view EFTEM images of SRO films with (a) 12.7, (b) 5.1 and (c) 4 at.% of silicon
excoess and annealed at 1100° C for 60 minutes. The image shows the real thickness of SRO films.

Figure 3.10 shows the cross view EFTEM images and the size distribution of Si-
nanoparticles for the SRO films after thermal annealing at 1100° C for 60 minutes. In all

of these images, the bright zones are associated to the presence of silicon in the film.

Figure 3.10(a) indicates the presence of silicon agglomeration forming Si-nanoparticles
in the SRO film with 12.7 at.% of silicon excess. Meanwhile some of the Si-nps show an
elliptical shape, other has an enlarged one, which could be a result of the agglomeration
of neighboured Si-nps. A great dispersion of sizes is observed; the size is in the 0.5 to

7.5 nm range, being the mean size around 4.1 nm as indicated in the histogram.

Figure 3.10(b) shows the EFTEM image for the SRO film with 5.1 at.% of silicon
excess. Si-nps are also observed in this film. The image exhibits Si-nps uniformly
distributed into the SRO film. The Si-nps size extended from 1.5 up to 4 nm, with an

average size of 2.7 nm, as indicated in the histogram. That is, a narrower distribution in
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Si-nps size was obtained in this film compared to the higher Si-excess. In this film, the

Si-nps present a spherical-like shape and agglomeration between Si-nps is not observed.
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Figure 3.10 . Cross view EFTEM images and size distribution of Si-nps in SRO films with (a) 12.7,
(b) 5.1 and (c) 4 at.% of silicon excess annealed at 1100° C for 60 minutes.

Si-nps were not observed at the first instance in the SRO film with 4 at.% of silicon
excess, as seen in the EFTEM image from figure 3.10(c) and 3.11(a). However, silicon
excess exists within the film; therefore Si-nanoparticles could be present inside as

reported in another paper [19]. It is possible that the relatively small size of the Si-nps
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and their probably amorphous nature are the causes that prevented their observation
with EFTEM at first glance. In fact, a detailed study of this sample shows that Si-nps
were observed after the sample remains under the electron beam for a few seconds, as
exhibited in figure 3.11(b) and 3.11(c). These images indicate some slightly bright zones.
However, because of low contrast and sharpness, the contour and size of the Si particles
is not clear, but it is expected to be lower than 2.7 nm because the low silicon excess in

these films.

Figure 3.11. Observation of Si-nps during a) 0, b) 10, and ¢) 15 seconds of electron beam exposure
in EFTEM measurements.

The analysis of the Si2p—XPS peak from SRO, and SRO;, films did not show the
presence of elemental silicon agglomeration (Si), contrary to EFTEM measurements
where Si-nps were observed. This could be ascribed to the low sensitivity of Si2p—XPS
in SRO films with low silicon excess, moreover, it has been reported that the clustered

silicon concentration is significantly lower than the initial silicon excess concentration

(20].

Figure 3.12 shows the EFTEM images and histograms of the Si-nps inside the SRO film

with 5.1 at.% of silicon excess annealed at different temperatures and from that SRO

40



film implanted with silicon (SI-SROs ;) and annealed at 1100° C. On the one hand, the
silicon agglomeration increases when the temperature of annealing increased (1250° C)
forming Si-nps of larger size. On the other hand, the silicon implantation in SRO (SI-

SRO) films produced an increasing in the number of Si-nps.
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Figure 3.12. Cross view EFTEM images and size distribution of Si-nps in SRO films with 5.1 at.%
of silicon excess annealed at (a) 1100, (b) 1250° C and SI-SRO annealed at (c) 1100° C for 60

7inutes.

Si-nps with a mean size of 2.7 nm are clearly observed after 1100° C as shown in figure
3.12(a). However, at 1250° C of anneal, the number and size of Si-nps becomes larger

and with a broader distribution, as observed in figure 3.12(b). The silicon agglomeration
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was also increased when the SRO film was implanted with silicon ions and annealed at
1100° C; see figure 3.12(c). It can be observed that the number of Si-nps with size below
2.7 nm was increased if compared to the non-implanted SRO film. The average size of
the Si-nps inside the SI-SRO film was about 2.6 nm, almost the same that the SRO film

without implantation.

3.2.5. Photoluminescence (PL)

Room temperature PL. and PL excitation (PLE) measurements were carried out with a
Perkin-Elmer spectrometer LS-50B model with a Xenon source. The samples were
excited using a 250 nm radiation and the emission signal was collected in wavelength
region of 400-900 nm with a resolution of 2.5 nm. A cut-off filter to pass only
wavelengths above 430 nm was used to block the light scattered from the source. PLE

spectra were scanned in the 200-400 nm range also with a resolution of 2.5 nm.

Figure 3.13 shows the PL spectra normalized to thickness for the SRO and SI-SRO
films thermally annealed at 1100° C. All the films exhibited a PL. band in the 1.4-2.1 eV

range. A dependence of the PL peak energy and its intensity on the silicon excess is

observed.
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Figure 3.13. PL spectra from a) SRO and b) SI-SRO films with different silicon excess and annealed

at 1100° C for 60 min. Symbols are experimental data and lines are the Gaussian fits.
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The SRO film with the highest (12.7 at.%) silicon excess emitted a PL peak at 1.62 eV,
but with a very low intensity, as observed in figure 3.13(a). As the silicon excess reduces
to 5.1 at.%, the PL intensity increases for 20 times. In spite of a difference in the mean
size of the Si-nps between these two films, 4.1 nm for 12.7 at.% and 2.7 nm for 5.1 at.%
of silicon excess, the PL peak remains at the same energy. On the other hand, the SRO
film with 4 at.% of silicon excess showed a PL peak at 1.69 eV; that is, a redshift took
place when the silicon excess was increased from 4 to 5.1 at.%. Although the PL
intensity is almost similar, Si-nps were not cleatly observed by EFTEM in SRO film
with the 4 at.% of silicon excess. For the SRO film with the lowest Si-excess (2.2 at.%),

the PL peak shifted towards 1.74 eV but with a small intensity.

The PL peaks emitted by the SI-SRO films were at the same energy that non-implanted
SRO films, as exhibited 3.13(b);

photoluminescence (see scales in figure 3.13) was obtained with the Si implantation,

in figure nevertheless, a more intense

which is produced by an increasing in the density of Si-nps, as measured by EFTEM.
When the annealing temperature is increased to 1250° C, PL emission in both SRO and
SI-SRO films practically disappeared, as shown in figure 3.14 (compare scales between

figs. 3.13 and 3.14).
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Figure 3.14. PL spectra from a) SRO and b) SI-SRO films with different silicon excess and annealed
at 1250° C for 60 min.
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The energy of the emission peak does not seem to depend on the silicon excess,
contrary to the intensity. A maximum emission was observed with the SRO, film.
However, as mentioned before, the emission of these films is extremely low compared

to that annealed at 1100° C.

A comparison of the PL emitted by the SRO films with 5.1 at.% of silicon excess with
and without Si implantation annealed at 1100° C and that SRO;, film annealed at 1250°

C is observed in figure 3.15.
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Figure 3.15. PL dependence on the temperature and Si implantation in SRO film with 5.1 at.% of

silicon excess.

A maximum PL peak is observed at the same energy for samples annealed at 1100° C,
which contains Si-nps of 2.6 nm and 2.7 nm in size, however for the SRO film annealed
at 1250° C where larger Si-nps (~6.1 nm) were created, changes in the PL peak position
are not observed, it remains at ~1.62 eV for all samples. Contrary to this, the PL

intensity seems to depend on the size of the Si-nps.

PL intensity of 35 a.u. was observed in the SRO film annealed at 1100° C (Si-np of 2.7
nm); when the annealing temperature was increased to 1250° C (Si-np of 6.1 nm), the
PL intensity was dramatically reduced by more than 40 times. However, the SRO

implanted with silicon and annealed at 1100° C (Si-np of 2.6 nm) emitted the most
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intense PL. Then, there exist a direct relation between the Si-np size and the PL
intensity rather than with the emission energy. All the SRO and SI-SRO films annealed
at 1250° C exhibited a PL of very low intensity. In these films annealed at 1250° C, the
Si-np size is expected to be larger than the annealed at 1100° C, such as depicted by
EFTEM images.

In order to clarify the photoabsorption process of the red PL peaks emitted by the SRO
and SI-SRO films, PL excitation (PLE) spectra were measured. Figure 3.16(a) and
3.16(b) exhibit the PLE spectra from SRO and SI-SRO films annealed at 1100° C,
respectively. All spectra show an intense peak at around 225 nm, independently of the
emission energy and the excess silicon. The peak intensity at 225 nm grows as the
silicon excess increases for both SRO and SI-SRO films; however, it practically
disappears for the highest excess. PL intensity decreases as the excitation wavelength is
larger than 225 nm for all films. An increasing in the PL intensity was obtained in all

SRO and SI-SRO films when they were excited with a wavelength of 225 nm.
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Figure 3.16. PLE spectra from a) SRO and b) SI-SRO films with different silicon excess and
annealed at 1100° C for 60 min.

Although the PL intensity is low when SRO films are excited with wavelength larger

than 225 nm, an intense red PL is observed for SRO;, film when excited with a He-Cd

laser (A= 320 nm), even at naked eye, as shown in figure 3.17.
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Figure3.17. Red emission in the SRO; , film excited with a He—Cd ultraviolet laser (A,.,= 320 nm).

exc

3.3 Summary

In this chapter, the composition, structure and optical properties of SRO and SI-SRO
films fabricated by LPCVD have been studied by ellipsometry, FTIR, XPS, EFTEM, as
well as PL.

Ellipsometry measurements and XPS studies on both SRO and SI-SRO films showed
the presence of Si excess (81 > 33.3%). In addition, the compositional analysis obtained
from FTIR did not exhibit vibration bands related to impurities such as H or N neither
before nor after thermal annealing. Although, XPS measurements showed the presence

of N in these films, its profile was relatively low, about 0.8 at.%.

From FTIR spectra, it was deduced that a phase separation took place when the films
were thermally annealed due to a displacement of the TO; band to higher frequencies

(~1088 cm™ for SiO,), and then corroborated by EFTEM images.

EFTEM analysis showed Si-nanoparticles in the samples with silicon excess higher than
5.1 at.%, which were thermally annealed at 1100° C. The average size of the Si-nps
increased when both the silicon excess and the thermal annealing temperature were

increased.
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A strong PL was observed in films with 4 and 5.1 at.% of silicon excess. However, the
photoluminescence was strongly reduced when the silicon excess was around 12.7 at.%,
where the most of Si-nps have an average size of ~4.1 nm. A redshift only took place
when the silicon excess was increased from 4 to 5.1 at.%, but no redshift was observed
when the silicon excess was further increased to 12.7 at.%. Finally, it was found that
SRO and SI-SRO films with Si-nps of different sizes emitted a PL peaked at the same

energy.
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Chapter 4

Fabrication and characterization of

MOS-like devices

Metal-oxide—semiconductor (MOS) structures were fabricated to study the electrical
and electro—optical properties of SRO films. SRO films with Ro = 30 and 40 were
deposited by LPCVD on p type silicon wafers ((100)-oriented, resistivity 0.1-1.4 Q-cm)
as discussed in chapter 3. The fabrication process developed to obtain the MOS

structures and their electrical characterization are described below.

4.1. Fabrication process

Figure 4.1 shows the main fabrication steps for the MOS-like structures studied in this

work.
a) The process starts with the substrates. For this experiment P type Si-wafers
((100)-oriented) four inches in diameter and with resistivity of 0.1-1.4 Q-cm

were used.

b) Once the wafers were cleaned, 400 nm thick SiO, film was thermally grown on

the Si substrate, which will work as a field oxide to isolate the devices.

49



SRO - LPCVD

210 SiO,

SiO,

R SRO - LPCVD

SRO - LPCVD -

SO, L

SRO - LPCVD SRO - LPCVD

Figure 4.1. Fabrication steps of MOS-like structures.

50

SRO - LPCVD

>0 SiO,

|

SRO - LPCVD

A

SiO, S0,

SRO - LPCVD

sio, NEEEE 1 sio,

SRO - LPCVD




¢) The thermally grown SiO, film is etched to define the region of the active layer
(SRO film) by means a photolithographic process followed by a wet etching

process. At the same time, the back SiO, film was also eliminated.

d) Then, a silicon rich oxide film (SiO,, x<2) was deposited by low pressure
chemical vapor deposition as described in chapter 3. The parameters of the

deposited SRO films are enlisted in table 4.1.

Pressure of gases| Time
Wafer (Torr)
N,O SiH, |(minutes)
3390-1| 1.5 0.050 5.5
133902 110
3390-3| 1.8 0.045 7.0
133904 | 140

Table 4.1. Parameters of the deposited SRO films, T = 720° C.

Two different Si-excesses and thicknesses were deposited. In this step, ellipsometry
measurements were performed on monitor samples in order to obtain the thickness and
refractive index value, which are summarized in table 4.2. The number of monitor
samples corresponds to the wafer’s number. As observed, the refractive index values are
very close to the samples analyzed in chapter 3 (see section 3.2.1, table 3.3). The silicon

excess is also listed in the table 4.2.

Sample | Thickness | Refractive index | Si-excess
(nm) (at.%)
1 241 %32 1.49 +0.060 4.0
2 53.4+26 1.48 +0.001
3 41.0%59 1.47 +£0.008 22
4 80.0 2.1 1.47 +0.004

Table 4.2. Thickness, refractive index and Si-excess of the annealed SRO films in MOS-like

structures.
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e) After deposition, a thermal annealing at 1100° C in N, atmosphere was carried
out for 180 minutes to induce the Si and SiO, phase separation and therefore

the Si-nps formation.

f) Boron ions were implanted at backside of the wafers with a dose of 5 x 10"
/cm® with an energy of 80 keV to ensure a good semiconductor/aluminium

(ohmic) contact.

2) Then, 140 nm thick SiO, film was deposited at the backside of the wafer by
plasma enhance chemical vapor deposition to isolate it of the subsequent

polysilicon layer deposition.

h) After that, a 350 nm thick n+ polysilicon layer was deposited by LPCVD onto
the SRO film to form the top contact of the devices. Polysilicon was highly
doped with POCI3.

i) A photolithographic process was used to define and etch the polysilicon layer as
the top contact. At the same time, the polysilicon which was deposited at the
backside of the wafer was also etched. A thermal annealing at 800° C for 30

minutes was done to activate the impurities in the backside of the wafer.

i) A 1.0 pm thick Al/Cu layer was deposited onto the wafer surface by sputtering.

k) Then, this Al/Cu layer was etched using a photolithographic process to define

the contact pads, which will be used for biasing the devices.

1) Finally, the backside SiO, film was removed and a 1.0 pum thick Al/Cu layer was
deposited by sputtering to act as a backside contact. The MOS-like structures

were sintered in forming gas by a thermal annealing at 350° C.
Figure 4.2 exhibits an image of a dice in which different MOS-like structures are

observed. The dimensions of the dice L; and L, are 1.95 mm and 2.79 mm, respectively.

About ~1100 dices were fabricated on each wafer.
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As it can see, each dice contains five MOS-like devices with different gate areas:

1. 9.604 x 10” cm®
2.304 x 10° cm?
3.24x 10" cm®
6.4 x 10” cm’

CANE S S

2.6 x 10 cm?, for devices marked as 1-5, respectively.

Figure 4.2. Image from devices fabricated with different area of gate electrode.

4.2. Electrical characterization set-up

Two different set-ups have been used to electrically characterize the fabricated MOS-

like devices.

4.2.1. Electrical set up

Capacitance—frequency (C-») curves were done using a computer-controlled HP4192A
impedance analyzer biasing the devices in the accumulation region. C-» curves

demonstrate that the capacitance is more stable for a frequency of 100 kHz. Then, high

frequency capacitance—voltage (C—1) measurements were performed at 100 kHz using a
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computer-controlled HP4192A impedance analyzer and current—voltage (I-1)

measurements were done with a semiconductor parameter analyzer HP4155B.

Electrical stress was applied between the gate electrode and the back contact in order to
study the electrical properties of the SRO films. All the electric measurements were
carried out at room temperature in the dark using a Karl Suss PA200 probe system, as

shown in figure 4.3.

Figure 4.3. Electrical equipment used for the electrical characterization.

4.2.2. Electro-optical set up

Pulsed voltage set-up

EL studies were carried out by biasing the devices with voltage pulses using an Agilent
8114A pulse generator. Time-resolved electroluminescence was acquired with a
photoncounting set-up composed by a Hamamatsu thermoelectric cooled H7422-50
photomultiplier and a Stanford Research SR430 multi-channel scaler. The EL spectra
were measured by means of a Princeton Instruments LN (liquid nitrogen) cooled 100B

CCD camera and an Oriel MS257™ 1 /4 m monochromator.

The set-up used for the pulsed electroluminescence studies is shown in figure 4.4. This
set-up is located at the Electronics department of the University of Barcelona (Group of

Prof. Blas Garrido).
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Figure 4.4. Schematic of the set-up used for pulsed EL measurements.

Continuous voltage set-up

The continuous EL. measurements were carried out by biasing the devices with a
constant gate voltage using a standard voltage source. Light emission was collected with
an optical fiber with a core of 50 pum, which was located just onto the shining spots and
connected to a high resolution spectrometer model HR4000 and analyzed with a
computer, as schematized in figure 4.5. The electrical measurements were carried out at

room temperature using a Karl Suss PA200 probe system.

-

Probe

[

Source

]

Figure 4.5. Schematic of the set-up used for continnous EL measurements.
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4.3. Electrical characterization results

4.3.1. C=w and C-V characteristics

Figure 4.6 reports the normalized capacitance as a function of the frequency for

different MOS-like structures with gate area of 9.604 x 10° cm?® C-w curves were

measured biasing the devices with a gate voltage of V; = -5 V and an oscillation of 30

mV, that is, remaining the devices in the accumulation region. The capacitance oscillates

at low operation frequencies and it decreases when the frequency is higher than 100

kHz. These effects are more evident for MOS-like structures with higher Si-excess, see

tigure 4.6(a). MOS-like structures with lower Si-excess (2.2 at.%) exhibit a more stable

behaviour in the C-w, as observed in figure 4.6(b). Nevertheless, all C-V measurements

reported in this work were done at a frequency of 100 kHz in order to obtain repetitive

data.
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Figure 4.6. Normalized C-w curves of MOS-like structures with a) 24 nm and 53 nm and b) 41 nm

and 80 nm thick SRO films with 4 and 2.2 at.% of Si-excess, respectively. All measurements were

done with a gate voltage of V. = -51" and an oscillation of 30 m1/.

Figure 4.7 shows the C-V curves measured from different MOS-like devices with gate

area of 9.604 x 10° cm”. Variations on the maximum capacitance are observed for

different thickness and composition of the SRO films.
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Figure 4.7. C=V" curves of MOS structures with a) 24 nm and b) 53 nm thick SRO, and ¢c) 41 nm
and d) 80 nm thick SRO,, films as the active layer at 100 £Hz. All measurements were done from

inversion to accumulation and a sweep rate of 0.1 17/ s.

Table 4.3 lists the statistical data of the maximum capacitance (Cgp), SRO thickness
(tsro)> substrate doping (N,), the flat band voltage (V), and the interface trap density

(N,) obtained from measurements done on 10 different devices for each SRO film.

3390-1 3390-2 3390-3 33904
Csro (PF) | 1297.0 £55.3 755.7 £14.9 708.4 £ 32.1 305.9 £ 12.4
tsro (hm) | 256+ 1.1 43.9 +0.87 50.2+2.3 108.5 £ 4.28
Na(emd) | 1.4x1017 £9.1x101¢ | 7.1x1017 £ 2.7x1017 | 2.1x1017 + 6.5x10!5 | 3.09x1017 + 2.35x1016
Ves (V) | -1.1+0.16 -2.240.16 -2.05+0.1 -4.02+0.28
Nic (em2) | 1.2x1011 +1.2x1010 | 6.2x1011 £ 6.9x1010 | 4.4x1011 £ 3.6x1010 | 6x101! £ 4.28x1010

Table 4.3. Data obtained from electrical characterization for different MOS' structures.
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The thickness of the SRO films as estimated from electrical measurements is 25.6, 43.9,
50.2, and 108.5 nm for wafers 1-4, respectively. These values are close to the obtained
by ellipsometry (except wafer 4, where an 80 nm thick SRO film was measured), as

measured on monitor samples and reported in table 4.2.

As the resistivity of the wafers is about 0.1 to 1.4 Q-cm, the doping density (Na) is
expected to be in the range 1.01 x 10" - 2.77 x 10" cm”. From table 4.3, it can be seen
that this value is within this doping range. The flat-band voltage (V) varies depending
on the Si-excess and on the SRO thickness. The interface trap density (N,) is about 10"

-2
cm™ for all wafers.

Figure 4.8 shows the hysteresis C-V curve performed with the sweep voltage at both
directions, that is, from inversion to accumulation and back to inversion. As it can be
seen, no flat-band voltage shifting is observed. This effect could be due to charges flow
through the SRO films without being trapped. Moreover, no Vi shifting was observed

for all MOS-like structures with different Si-excess under this condition.
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Figure 4.8. Hysteresis C=1" curve at 100 kHz, measured from the MOS-like structure with 24 nm

thick SRO film and 4 at.% of Si-excess.

Even though no hysteresis is found on these devices, one of the remarkable electrical

characteristics of SRO films containing Si-nps is the charge trapping capability under a

58



constant electrical stress. Then, C-V measurements were done before and after applying

different gate voltages on as-fabricated devices for each capacitive structure.

Figure 4.9 shows the C-V curves before and after a constant electrical stress is applied
on the MOS like structures with 4 at.% of Si-excess. Instead of a Vi shifting, the
capacitance reduces when the devices with 24 and 53 nm thick SRO films are electrically
stressed. As shown in figure 4.9(a), the accumulation capacitance for the thinness SRO
film (24 nm) decreases from 1200 pF to 180, 160 and 40 pF when the device is biased
with -4, -8 and -17 V, respectively. However, no capacitance drop was observed in the
inversion region. On the other hand, from figure 4.9(b) can be seen that both the
accumulation and inversion capacitance of the thicker SRO film reduces from 679 and
534 to 502 and 362 pF, respectively, after biased with V; = -20 V. As mentioned before,
in spite of the electrical stress, no flat band voltage difference was measured. These
effects were not observed for MOS like structures with the lowest Si-excess (2.2 at.%,

wafers 3 and 4).
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Figure 4.9. C=17 characteristic before and after applying constant electrical stress 1/, for 60 seconds on

the MOS-like structures with a) 24 nm and b) 53 nm thick SRO and gate area of 9.604 x 107 cnr’.
C-V measurements were done on MOS-like structures with 24 nm thick SRO but

smaller gate area (3.24 x 107 e#7), as shown in figure 4.10. The accumulation capacitance

reduces when the device is electrically stressed with -3 V. After the device is biased with
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Vi = -6V, both the accumulation and inversion capacitance decreases from 100 pF and

88.4 to 47.6 and 23.8 pF, respectively, such as the thicker SRO film (53 nm).
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Figure 4.10. C=17 characteristic before and after applying constant electrical stress 1. for 60 seconds
on the MOS-like structures with a) 24 nm and gate area of 3.24 x 107 enr’.

Since the capacitance dropping depends on the gate area and probably of the thickness,
a more detailed study about this behaviour is done on the devices with Si excess of 4
at.% and 53 nm thick SRO film (wafer 2) and with different gate area, as shown in
figure 4.11. These measurements were done before and after applying a constant gate

voltage on as-fabricated devices for each capacitive structure.

Measurements on devices without any electrical stress (as-fabricated devices) showed a
maximum capacitance of 732.3, 275.6, and 208.5 pF for each gate area of 9.604 x 10”
cm?, 2.304 x 107 cm?, and 3.24 x 10" cm?, respectively. However, the capacitance value
is reduced after stressing the devices with a gate voltage V; = -22, -18, and -13V for
each gate area of 9.604 x 10° cm?, 2.304 x 10” cm®, and 3.24 x 10 cm?, respectively. As

it can be seen, the gate voltage needed to obtain the capacitance dropping varies

depending on the gate area.

Although such capacitance dropping might be related to a charge trapping

phenomenon, no changes have been measured on the flat-band voltage (V).
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Figure 4.11. C=1 characteristic before and after applying a constant electrical stress V', for 60 seconds
on the MOS-like structnres with gate area of (a) 9.604 x 107 cn’y (b) 2.304 x 107 cn’y and (c)
3.24 x 107 ent’ and 53 nm thick SRO film (4 at.% of Si-excess). All measures were done from

inversion to accumnlation with a sweep rate of 0.1 17/ s.

Similar effects to the capacitance dropping have been observed by other authors [1]
ascribing them mainly to the charge trapping in Si-ncs. However, if charge gets trapped
in a SiO, matrix with Si-nps embedded it should produce a 17 shift in the C-1” curves
[2, 3]. In this experiment, a |7 shifting is only obtained after the capacitance has
dropped at a lower value and applying gate voltages higher than that where the
capacitance dropping is obtained, that is | Vs[> 20, 18, and 13 V for the MOS-like
structures with gate area of 9.604 x 107 cm’, 2.304 x 107 cm® and 3.24 x 10" cm?,

respectively.

Figure 4.12 displays C-V curves from as-fabricated devices with 53 nm thick SRO film

and Si excess of 4 at.% (wafer 2) and gate area of 9.604 x 10 cm’ before and after
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electrical stress. As in figure 4.11, the capacitance drops after the device is electrically
stressed with V; = -25 V. After that, the device was biased with several voltages and
two behaviours can be clearly observed: first, the C-1” curve exhibits a positive shift for
gate voltages of V; = 20 to 30 V, indicating electrons trapping. Second, the C-1” curve
shifts toward negative voltages for higher electrical stresses, e.g. gate voltages of V =

+48 and -48 V, indicating holes trapping.
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Figure 4.12. C=1" curves before and after applying a constant electrical stress for 60 seconds on the
MOS-like structures with 53 nm thick SRO film (4 at.% of Si-excess) and gate area of 9.604 x 107

o’ All measures were done from inversion to accummlation with a sweep rate of 0.1 17/ s.

This capacitance dropping is not only observed at negative voltages, but also at positive
voltages. Figure 4.13 exhibits the typical C-V curve measured from as-fabricated devices
with the largest gate area before and after positive stress. It can be seen that the
accumulation capacitance decreases after the MOS-like structure is biased with a gate
voltage of V; = + 15 and 25 V. For a gate voltage V; = + 30 V, the accumulation and
inversion capacitances drop at a lower value, which is close to the obtained with

negative voltage.
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MOS-like structures with 53 nm thick SRO film (4 at.% of Si-exess) and gate area of 9.604 x 10’

on’. All measures were done from inversion to accummlation with a sweep rate of 0.1 17/ s.

4.3.2. I-V characteristics

The current density versus electric field (J-E) curves measured from devices with a gate
area of 9.604 x 107 cm® is reported in figure 4.14. High current densities were measured
in devices with higher silicon excess (4 at.%, wafers 1 and 2) at low electric fields, as
shown in figure 4.14(a). Meanwhile the current density is at a lower level for devices
with silicon excess of about 2.2 at.% and for both thicknesses (wafers 3 and 4), as
depicted in figure 4.14(b). High currents in these structures are only observed when the
electric field is high enough (> 6 MV/cm) to see the F-N conduction such as in a SiO,
film. Therefore, the decreasing of the electric field needed for high conduction can be

associated with the silicon excess within the SRO films.

In figure 4.14(a), a current drop is observed in devices with 53 nm thick SRO film and
Si-excess of 4 at.% (wafer 2) at both biases (forward and reverse bias). Moreover, the
electric field (gate voltage) where the current dropping is observed (at both positive and
negative V) correlates with that where the capacitance dropping was observed.

Therefore, there is a clear relation between the capacitance and current dropping,.
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Figure 4.14. 1=V curves of MOS' structures with a) 24 nm and 53 nm and b) 41 nm and 80 nm
thick SRO films with 4 and 2.2 at.% of Si-excess, respectively. All measurements were done with a
sweep rate of 0.1 17/ s.

Since the SRO films used in devices from wafer 1 and 2 have the same silicon excess,
similar behaviours are expected. However, no current drop is observed for the thinner
SRO film (24 nm). This could be related to both, the SRO thickness and the gate area.
In fact, it was observed that the gate voltage where the capacitance dropping occurs
increases as the gate area is larger. Because of this, I-V curves are measured on the

MOS-like devices with a smaller gate area.

Figure 4.15 exhibits the I-V curves from devices with 4 at.% of Si-excess and 24 nm
thick SRO film (wafer 1) with gate area of 3.24 x 10" cm® For as-fabricated devices, a
current drop is observed at ~ -6.8 V and then it oscillates around 10" A. This current
drop (I,,) is also related with the capacitance dropping reported before (see figure
4.10). Moreover, the current dropping is also observed at positive voltages (Vi = 16.7
V). At high voltages, the current enters in a high field conduction regime such as the
behaviour of devices with thicker SRO film (see figure 4.14(a)). Once the current
dropping is obtained, a new I-V measurement (figure 4.15, curve 2) shows that it
remains at a low level current (10" A) for low gate voltages, until a high field

conduction regime is obtained.
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Figure 4.15. 1=V characteristic in as-fabricated devices (1) and after 1,

wp (2) 0 the MOS-like

structures with 24 nm thick SRO and gate area of 3.24 x 107 eni’. All measurements were done with

a sweep rate of 0.1 17/ s.

A more detailed study about this behaviour is newly done on the MOS-like devices with
53 nm thick SRO film, Si-excess of 4 at.% (wafer 2) and with different gate area, as

observed in figure 4.16.

Figure 4.16(a) shows the typical I-V characteristics measured in devices with three

different gate areas in accumulation regime (forward bias). According to 17, four
different regions can be identified in .4, B, C, and D corresponding to [0 to ~-21 V], [-21
to ~-32 V], [-32 to ~-44 V] and [-44 to ~-50 V], respectively. The width of “.4” zone

reduces (less negative V) as the gate area of MOS-like device becomes smaller. B
zone is defined as the region where the current remains at ~ pA after dropping from 10°
? and until entering in a high field conduction regime (C and D zones). Figure 4.16(b)
depicts the occurrence of each zone as a function of the gate area. The current
dropping, which splits .4 and B zones, is observed at a more negative gate voltage as the
gate area becomes larger; meanwhile C and D zones does not seem to depend on the
gate area. Moreover, the gate voltages where the current drops are close to the gate
voltage in which the capacitance dropping was obtained. Figure 4.16(c) exhibits the
current through the SRO films as a function of time for the MOS-like structures with

different gate area and at gate voltage Vg = V... A high current (1 0° A) is observed for
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a period of time until it drops at a low level at 10.3, 25.8 and 40.7s for each gate area of
9.604 x 10° cm?, 2.304 x 10 cm? and 3.24 x 10" cm?, respectively. Then, the current

dropping can be obtained either during the voltage sweep or by applying a gate voltage

VG = Vdrop‘
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Figure 4.16. a) I-1 curves done with a sweep rate of 0.1 17/, b) Occurrence of the different zomes as a
Junction of gate area (lines are plotted as an eye-guide), and c) I-¢ curves at a gate voltage V=17, of

MOS-like structures with different gate area and Si-excess of 4 at.%.

The switching behaviour between 10° to 10* A current has been observed before by
other authors and it is known as negative differential resistance (NDR) [4]. In this
experiment, a very high peak to valley current ratio is observed. Theoretical studies on
the transport properties through a clusters’ array have shown similar results [5]. A
“Conlomb Blockade Gap” (CBG) was observed, similar to the B zone from figure 4.16(a).
Its origin was attributed to the formation of a trapped-electron configuration or the
stationary charge configuration (SCC) where charge trapped on the Si-nps blocks the

electrical conduction.
Cand D zones are obtained when the electric field inside the oxide is strong enough (>

6 MV/cm) to have a strong band bending, so electrons tunnel through a triangular

barrier from the polysilicon gate towards the silicon substrate. On the other hand, in the
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A zone (low electric fields) the current exhibits a strong dependence on the gate voltage.
In this region, tunnelling mechanisms such as Fowler—Nordheim (F-N) [2, 6] or Pool—
Frenkel (P-F) [6, 7] should be excluded because of the SRO thickness. Other
conduction mechanism should be responsible for that current observed; the trap-
assisted tunnelling (TAT) [8] being the most probable. As these SRO films are
composed by very small Si-nps due to the low silicon excess [9], these characteristics

may be strictly related to the SRO films properties.

Figure 4.17 reports the I-V curves measured from devices with 53 nm thick SRO film
(4 at.% of Si-excess) and different gate area, before and after applying a similar electrical

stress to C—V measurements, where the capacitance reduction was observed (see figure

4.11).
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Figure 4.17. I=1" characteristic before (1) and after applying a constant electrical stress Vo = V., (2)
Jor 60 seconds on the MOS-like structures (53 nm thick SRO film with 4 at.% of Si-excess) with gate

area of (a) 9.604 x 10”7 enf’, (b) 2.304 x 107 cnr’, and () 3.24 x 10" eni’. All measures were done
with a sweep rate of 0.1 17/ s.
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In as-fabricated devices, the current exhibits the same behaviour than reported in figure

4.16(a). However, after the V, =V,

arop Stress was applied, a very low level current of

about 10" A was measured in the A4 and B zones. Then, this effect could be explained
by the annihilation of conduction paths in the SRO film, which connect the silicon
substrate with the polysilicon gate. As the gate voltage becomes more negative, C and D

regions are observed.

As mentioned before, the current drop is not only obtained at negative voltages, but
also at positive voltages. Figure 4.18(a) exhibits the typical I-V curve measured from as-
fabricated devices with 53 nm thick SRO film (4 at.% of Si-excess) and for three
different gate areas in inversion regime (reverse bias, RB). The gate voltage (V,,,) where
the current dropping occurs is also observed to depend on the gate area, such as in
forward bias measurements. Once the current drops, C and D regions are observed,

such as in forward bias.
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Figure 4.18. I-1" characteristic under inversion a) before and b) after applying a constant electrical
stress Ve, = 17, for 60 seconds on the MOS-like devices with 53 nm thick SRO film (4 at.% of Si-

excess) and different gate area. Inset of figure (b) shows the staircase-like current measured for the

MOS-like structure with gate area of 2.304 x 107 cnr’.

Figure 4.18(b) shows the I-V curves from MOS-like devices with different gate area

after applying a constant electrical stress Vg = V. for 60 seconds. This current

drop

behaviour was obtained by making the sweep in positive voltages (RB) after the current
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has dropped. At low voltages (< 20 V), the current oscillates at a low level (< 10" A)
for all gate areas. For gate voltages V = 20V, the current increases until a step-like

behaviour is observed at about 29 V for devices with the largest gate area (9.604 x 70’
on’) and ~32 V for the two smaller ones. This step-like current is almost constant (as
marked by the arrow in figure) until the current enters to the high field conduction
regime. Such step-like current behaviour has been reported [7, 10] and ascribed to
charge trapping in a Si-ncs layer through tunnelling and a consequent Coulomb
blockade effect on the charges trying to tunnel behind. In fact, the I-]” measured from
the device with gate area of 2.304 x 10” cm” exhibits a staircase-like behaviour between
16 and 28 V, as shown in the inset of figure 4.18(b). This quantum phenomenon is
related to Coulomb blockade (CB) effects and they are the result of single electron
trapping in the silicon nanoparticles embedded in the SRO films [11]. Moreover, the
voltage range for this staircase current correlates with that voltage range where the
electrons’ trapping is obtained (see figure 4.12). Therefore, that behaviour is correlated

with electrons trapped in Si-nps.

4.4. Electro-optical characterization results

Electroluminescence has been observed in the fabricated devices with 53 nm thick SRO
film and Si-excess of 4 at.% under pulsed (positive to negative) and continuous voltage

stimulation.

4.4.1. Pulsed electroluminescence

Measurements were done on MOS-like devices from all wafers, however pulsed EL was
only observed for devices with 53 nm thick SRO film, Si-excess of 4 at.%, and for all

gate areas.

Figure 4.19 shows the time resolved EL for a driving voltage of 20 V. As it can be seen,
a stretched exponential EL behaviour is observed after alternating the voltage bias from
negative (positive) to positive (negative). However, a low intensity EL. was observed
when the bias was changed from positive to negative voltage contrasted to the contrary

switching.
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Figure 4.19. Time resolved EL of 53 nm thick SRO film in MOS-like devices biased with a pulsed

voltage of V', = £20 1.

The dependence of the EL intensity on the driving voltage with a pulse width of 50 ms

was also studied, as showed in figure 4.20(a).
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Figure 4.20. EL intensity as a function of the a) driving gate voltage (pulse width of 50 ms) and b)
pulse width for a driving gate voltage of 20 1.

The EL emission is observed after a threshold voltage of 15 V and it increases as the

voltage of the pulse excitation is higher. However, the maximum EL intensity is
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observed with 28 V and then quenches with 29 V. The EL intensity was also found to
depend on the pulse width, for a driving gate voltage of 20 V, as shown in figure
4.20(b). As it can be observed, the EL is more intense as the pulse width is increased. As
the frequency increases, the number of e-h pairs formed in the switching of negative to
positive (positive to negative) voltage decreases due to there is not time enough to inject

charges into the SRO film.

Figure 4.21 shows the EL spectra measured on these devices at different driving gate
voltages. A broad spectrum is observed with several maximum peaks. Gaussian fits were
done and four different EL peaks at 503, 567, 653, and 784 were obtained for all driving

voltages, as observed in figure 4.22(a).
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Figure 4.21. EL spectra measured from MOS-like devices with 53 nm thick SRO film at different
gate voltages. Inset exchibits an EL peaked at 422 nm for a gate voltage of 22 and 26 1.

On the one hand EL peaks slightly shift towards longer wavelengths as the voltages
increases. In addition to these EL peaks, a tail from a luminescent peak at longer
wavelengths is also observed (~900 nm), which can be related to the emission of silicon
substrate. On the other hand, an emission peak at 420 nm is also observed for driving

voltages higher than 22 V, as shown in the inset of figure 4.21.
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Figure 4.22. a) Wavelength and b) intensity of the EL emission peaks as a function of the driving gate

voltage. Numbers indicate the emission peak at both position and intensity.

Figure 4.22(b) depicts that the intensity of these peaks becomes stronger by increasing
the driving voltage, being more evident for the EL peaks at longer wavelengths (peaks 3
and 4). This emission is different from that observed in PL. measurements for these kind
of SRO films because only one peak was observed at about 733 nm (1.69 eV), as

reported in chapter 3.

4.4.2. Continuous electroluminescence

EL at continuous voltage was also studied and shining spots were clearly observed at
naked eye when devices were reversely biased (RB, positive voltage applied to the gate
respect to the Si-substrate). Measurements were done on several MOS-like devices with

24 and 53 nm thick SRO film, which contain a Si-excess of 4 at.% (wafer 1 and 2,

respectively).

Figure 4.23 shows an image from the light emission in a MOS-like device with 24 nm
thick SRO film when reversely biased with 5 V (RB). As it can be seen, the light emitted
is clearly observed at naked eye. The emission is observed as a line of shining spots at

the middle of the gate area, as shown in the inset of figure 4.23.
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Figure 4.23. MOS-like device with a 24 nm thick SRO filp emitting when biased with 51/, Inset
shows the same device but taken from one lens of the microscope. Images were taken using a typical

digital camera.

Figure 4.24 exhibits the EL spectra from the MOS-like structure with 24 nm thick SRO
film at different gate voltages when the device is reversely and forwardly biased. The
optical fiber was put on a part of the line of shining spots, as shown in the inset of
figure 4.23. A broad spectrum with maximum peaks is observed for all gate voltages
when the device is at RB, as shown in figure 4.24(a). Moreover, the emission is observed

at very low voltages as 1 V.
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Figure 4.24. EL spectra measured from the line of shining spots from figure 4.27 at different gate
voltages when device is a) reversely and b) forwardly biased.
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Light emission was not observed between 400—900 nm when the device is B, as shown
in figure 4.24(b). Nevertheless, an EL peak at about ~1000 nm with low intensity is
observed. This emission could be produced by the recombination of electrons flowing

from the polysilicon gate with holes from the accumulated layer at the Si-substrate

surface.

All spectrums from figure 4.24(a) were fitted to Gaussians curves and five different EL
peaks were obtained at about 450, 500, 550, 640, and 750 nm, as observed in figure
4.25(a). These EL peaks do not seem to depend on the gate voltage because they appear
at the same wavelength. The intensity of the EL peaks as a function of the gate voltage
is shown in figure 4.25(b). The emission at 450 nm (peak 1) remains almost constant for
all gate voltages, contrary to others EL peaks, which are more intense as the gate voltage
is raised. A maximum EL intensity is observed with 12 V and then remains almost
constant. It can be seen that the most intense EL peaks are those placed at 550 and 640

nm (peaks 3 and 4).
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Figure 4.25. a) Wavelength and b) intensity of the EL emission peaks as a function of the gate voltage

at RB. Numbers indicate the emission peak at both position and intensity.
Light emission from a MOS-like device with the thicker SRO film (53 nm) when biased

with 25 V (RB) is shown in figure 4.26. The emitted light is clearly observed at naked

eye, as well. The emission is observed as three shining spots separated on the gate area,
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as observed in the inset of figure 4.26. The optical fiber is also observed onto the

shining spot marked as 3 to collect its spectra.

Figure 4.26. MOS-like device with a 53 nm thick SRO film emitting when biased with 25 17 (RB).
Inset shows the same device but taken from one of the lens of microscope. Images were taken using a

typical digital camera.

The spectra of the light emitted from shining spots marked as 1 and 3 is shown in figure
4.27. As it can be seen, the EL spectrum of both shining spots is quite similar. There

appear the same three main EL peaks for both spectra.
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Figure 4.27. EL spectra measured from the shining spots marked as 1 and 3 for a gate voltage of 25
V" (RB) in the figure 4.32.
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The EL spectra as a function of the gate voltage at RB and measured from the shining
spot marked as 3 is shown in figure 4.28(a). A broad spectrum with maximum peaks is

observed for all gate voltages.
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Figure 4.28. EL spectra measured from the device with 53 nm thick SRO when a) reversely and b)
Jforwardly biased.

At FB, light emission is not observed between 400—900 nm, as shown in figure 4.28(b),
but, an EL peak at about ~1000 nm with low intensity is observed. As mentioned
before, this emission could be produced by the recombination of e-h pairs at the Si-

substrate surface.

Gaussian fits to the EL spectra measured at RB were done and four EL peaks were
obtained, as shown in figure 4.29(a). Three EL peaks at about 550, 650, and 770 nm are
obtained for gate voltages of 20 and 23 V. However, for gate voltages above 23 V, other
EL peak is activated at about 500 nm. All these luminescent peaks remain at the same
wavelength when the gate voltage is increased. Nevertheless, their intensity is stronger
as the gate voltage increases, as observed in figure 4.29(b). The intensity of the EL peaks
increases in a linear way from 20 to 30 V and saturates when higher gate voltages are

applied.
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Figure 4.29. a) Wavelength and b) intensity of the EL emission peaks at RB and as a function of the

gate voltage. Numbers indicate the emission peak at both position and intensity.

Figure 4.30 exhibits the EL intensity as a function of time when the MOS-like device
with 53 nm thick SRO film and Si-excess of 4 at.% is reversely biased with 18.5 V. EL

intensity remains stable at about 207 a.u. in the time and after 15 hours of operation.
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Figure 4.30. EL as a function of time measured from the MOS-like device with 53 nm thick SRO (4
at.% of Si-excess) when reversely biased with 18.5 1.
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4.5. Summary

Metal-oxide—semiconductor (MOS) structures with five different gate areas and using
the SRO films with 4 and 2.2 at.% of Si-excess as the dielectric layer were fabricated.

The electrical and electro-optical properties of these devices were measured.

For SRO films with low Si-excess (2.2 at.%), electrical properties similar to the SiO,
films were obtained. Nevertheless, C-V and 1-V anomalous behavior where the current
and capacitance drops were observed in the MOS-like structures with higher Si-excess

(4 at.%).

These electrical properties were studied as a function of the gate area in the MOS-like
devices with 53 nm thick SRO film. A clear correlation between capacitance and current
dropping was observed. This capacitance and current dropping was obtained when the
devices were forwardly and reversely biased or during the sweep voltage in the I-V

measurement.

The conduction mechanism in these SRO films with 4 at.% of Si-excess was split in
four different regions (A, B, C and D) depending on the operation voltage zone. The

occurrence of each zone was studied as a function of the gate area.

Electro-optical studies were done under pulsed and continuous stimulation on devices
with 4 at.% of Si-excess. For pulsed stimulation, a broad electroluminescent emission
spectrum (400-900 nm) with maximum peaks was measured. The EL intensity was
found to depend on the pulse width, being more intense as the pulse width was
increased. However, a maximum and then switching-off of the EL intensity was

observed.

At continuous stimulation, luminescent spots (seen with the naked eye) on the MOS-
like devices appeared when the devices were reversely biased. A broad
electroluminescent emission spectrum (400-900 nm) with maximum peaks was also
measured. Fitting the EL spectra, peaks at about 450, 500, 550, 640, and 750 nm were

obtained.
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When the devices were forwardly biased, an EL peak at about ~1000 nm with low

intensity was observed, which could be produced by the recombination of electrons

flowing from the polysilicon gate with holes from the accumulated layer at the Si-

substrate surface.

The EL intensity increased when the gate voltage was higher for both pulsed and

continuous stimulation.
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Chapter 5

Correlation between optical and

electrical properties

A discussion about the experimental results obtained and reported in chapter 3 and
chapter 4 is presented with the aim of elucidate the mechanism that give rise in the

optical and electrical properties of SRO films.

5.1. Composition, microstructure, and optical properties

The mechanism of light emission observed in silicon based materials has not yet been
completely understood, specially the red one of the visible spectra. Depending on the
emission wavelength, multiple luminescence centers (LC’s) have been reported to act as
radiative recombination centers. Defects, Si-nps, as well as interaction between defects
at the SiO,/Si-nps interface and Si-nps have been proposed. Luminescent (PL) peaks at
415, 450, 520, and 620 nm are mainly due to defects such as weak oxygen bond (WOB),
neutral oxygen vacancy (NOV, O=Si-Si= O,), E’s defect (SiTSiESi), and the non-
bridging hole center (NBOHC, (O;=Si—Oe), respectively [1-6]. However, due to
differences in experimental results, the emission in longer wavelengths (red region) is
still controversial and two main models have been proposed to explain that emission:
the first one describes that the luminescence takes place in silicon nanocrystals (Si-ncs)

by quantum confinement effects (QCE) where the emission is given as a band to band
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radiative recombination of electron-hole pairs which are confined inside the Si-ncs [7-
10] meanwhile the second model relates the PL with the presence of defects in the

SiO,/Si-nc interface [1, 3, 11-13].

It is widely accepted and demonstrated that Si-nanoparticles are created when SRO
films are subjected to high temperature anneal because the thermal annealing produces a

phase separation between Si and SiO, following the equation [7, 14]:
. X Q- X\a:
SIOX—)E SiO, + [1— Ej& (5.1)

Then, when SRO films are thermally annealed, the silicon atoms diffuse creating silicon
nanoparticles (Si,, n = 3) around of a nucleation site [1]. In this work, SRO films with
different Si-excess were deposited varying the flow ratio between the reactant gasses
(N,O and SiH,). Analyzing the obtained FTIR spectra of as-deposited films, it was
observed that the TO; band slightly shifted toward higher frequencies as Ro was
changed from 10 to 40 corresponding to a larger oxygen concentration. This
assumption is confirmed with XPS, where Si-excess of 12.7, 5.1, 4.0, and 2.2 at.% was

measured for Ro =10, 20, 30, and 40, respectively.

It can be deduced that a phase separation took place when the SRO and SI-SRO films
were thermally annealed due to a displacement of the TO; band toward higher
frequencies. Moreover, the FWHM is reduced after the thermal annealing, indicating
that a microstructural arrangement is created in these films. Other important point is
that impurities such as hydrogen (H) and nitrogen (N) were not observed in the SRO
films according to the IR and XPS studies. This could be related to the temperature of

deposition, about 720° C [15].

Based on the analysis of the XPS-Si2p spectra, the microstructure of SRO films was
studied. The XPS-Si2p spectra indicated a combination of different coordinations of Si
in the SRO films. Although the fitting of the XPS-Si2p peak of the SRO, and SRO;, did
not show the presence of a silicon phase, the FTIR results indicated that a complete
phase separation took place after thermal annealing. EFTEM images corroborated the
presence of Si-nanoparticles inside of the SRO and SI-SRO films, where their mean size

and density increased as the silicon excess was greater, according to other results [7, 16].
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Si-nps inside the SRO, film were slightly observed after it was remained under the
electron beam for a period of time; apparently, with a smaller mean size than the

observed in the SRO;, (< 2.7 nm), as expected due to the lower silicon excess.

The fact that the Si2p—XPS peak from SRO, and SRO;, films did not show the
presence of elemental silicon agglomeration (Si’), could be ascribed to the low sensitivity
of Si2p—XPS in SRO films with low silicon excess, moreover, it has been reported that
the clustered silicon concentration is significantly lower than the initial silicon excess

concentration [17].

A strong PL was observed in these SRO and SI-SRO-LPCVD films. Different emission
peaks were obtained depending on the silicon excess as shown in figure 5.1(a). As it can
be seen, as the silicon excess increases the emission peak tends towards lower energy,
that is, PL peak shifts from 1.74 and 1.71 eV to 1.62 when the silicon excess increases

from 2.2 to 5.1 and 5.5 at.%, respectively.
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Figure 5.1. a) Energy and b) intensity of the emission peaks observed in the SRO and SI-SRO films
annealed at 1100° C.

In [18], the authors related the PL of SiO, (x < 2) films to quantum confinement effects
(QCE) in materials which contain Si-ncs with a similar size of the Si-nanoparticles
obtained in the SRO film with 5 at.% of silicon excess. Then, in our results, the PL band
at 1.62 eV could be correlated to the Si-nanoclusters inside of the SRO;, film; however,

in the SRO,,, film (highest silicon excess) where the size of the Si-nanoparticles
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increased, the PL band was strongly reduced (see figure 5.1(b)) and no redshift was
observed, contrary to the QCE model. Therefore, other mechanism should be the

responsible for the emission in these SRO and SI-SRO films.

A possible explanation is the presence of defects at the Si-nps/SiO, interface. In fact, it
has been reported that a SiO, shell exists at the surface of the Si-nps and then a SiO,
matrix [19, 20]. Then, some defects in the SiO, shell could exist. The participation of
localized surface states or defects in the oxide has been suggested to influence the
luminescent peak energy [12, 13]. Then these localized states, which can be induced by
an atomic disorder, either compositional or structural, exist at the Si-nps’ surface and are
energetically placed within the band gap. As a result, there exists a direct relation

between the Si-np’s size and the PL intensity rather than with the emission energy.

Figure 5.2 depicts the mean diameter of the Si-nps and the PL intensity as a function of
the silicon excess. It can be seen that the Si-nps’ mean diameter becomes larger as the
silicon excess increases, at the same time the PL intensity decreases. Then, there is a
relation between Si-np’s size and its surface. Therefore, since the surface to volume ratio
increases as the Si-np’s size decreases, the influence of surface states on the PL from
smaller nanoparticles is highly enhanced. Furthermore, the PL peak was placed at the

same energy (1.62 eV) independently of the Si-np’s size.
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Figure 5.2. Relation between Si-nps mean diameter and PL. intensity on the silicon excess in SRO and

SI-SRO films emitting at 1.62 el
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A maximum PL intensity was observed in the SRO and SI-SRO films where the mean
size of Si-nps is about 2.7 £ 0.1 nm and 2.6 = 0.1 nm (respectively), so 2.6 nm could be
considered as the optimum size for these experiments. Figure 5.3 shows the dependence
of Si-nanoparticles with mean size below 2.7 nm and the PL intensity on the silicon

excess in SRO and SI-SRO films emitting at 1.62 eV.
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Figure 5.3. Dependence of the PL. intensity and density of Si-nanoparticles with mean sige below 2.7
nm on the silicon excess in SRO and SI-SRO films emitting at 1.62 el

For SRO films (SRO,, and SRO,), the number of Si-nanoparticles reduces as the silicon
excess increases, as a consequence, a strong reduction of the PL intensity in the SRO
film with 12.7 at.% of silicon excess was observed. When the SRO,, film was implanted
with silicon (SI-SRO,), the number of Si-nps increased producing a more intense

photoluminescence.

It is known that the implantation produces a scattering of atoms, then when the SRO
films are implanted with silicon (SI-SRO films), Si and O atoms are scattered.
Therefore, after the SI-SRO films are subjected to the thermal annealing, a higher
density of Si-nanoparticles is obtained to interact with defects and therefore obtain a
stronger PL intensity. Then, the silicon implantation rather than increasing the size of

the Si-nps, it appears to increase the density of Si-nps.
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As explained before, when the SRO films are thermally annealed, silicon tends to
agglomerate, and then Si-nps and defects at their surface are created. Therefore, it can
be considered that the Si nanoparticles are surrounded by defects and they could be
acting as localized states. As a result, the mechanism of emission can be explained as
follows: The e-h pairs are generated inside the Si-nps. Then, electrons are excited to the
defects, and the emission takes place when electrons in the localized state return to the
positive Si-nps, or the ground state. When the size of the Si-nps is small, the band gap
energy is large, and then the energy difference between the localized state and the
ground state is big enough to produce the emission. This is similar to the donot-
acceptor mechanism of emission in semiconductors. As their size increases, the energy
difference is reduced, and eventually, when the size exceeds an optimum size, the energy
of the localized state will be such that electrons decay will not produce emission, and
then PL will not be observed. The optimum size of Si-nps required in which a

maximum PL intensity is observed for these experiments is about 2.6 nm.

5.2. Electrical properties

MOS-like structures using SRO films with 4 and 2.2 at.% of Si-excess as the dielectric
layer were fabricated and electrically characterized. In the fabrication process, the SRO
films were thermally annealed in order to produce the agglomeration of Si-excess and
therefore Si-nps. SRO films with Si-excess of 2.2 at.% showed an electrical behaviour
similar to a SiO, film. Nevertheless, C-V and I-V anomalous behaviours were obtained
in the MOS-like structures with 4 at.% of Si-excess. In this SRO films, Si-nps with size
below 2.7 nm must be embedded, as evidenced by EFTEM images. Moreover, due to
the low silicon excess and assuming a dispersion in the Si-nps’ size, other very small Si-

nps (< 1 nm, with few Si atoms bonded) could exist.

C-V and I-V anomalous behaviors were obtained in the MOS-like structures with 4 at.%
of Si-excess, where the current and capacitance drops. The anomalous CV and IV could
be owing to the existence of the very small Si-nps connecting the larger ones or possibly
due to the distance between Si-nps. It could happen that the distance between Si-nps be

quite small making that the charges flow without being trapped.
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To understand our results, we will call “custers” to the very small Si-particles (< 1 nm)
and “Sz-nps” to the more stable nanostructures (= 1 nm). It is expected that all of these
Si-nps and Si-clusters (Si-cls) would be randomly distributed; such as some of the Si-
clusters could be placed between stable Si-nps, as shown in figure 5.4(a). In this system,
it is assumed that the charges do not flow uniformly through the whole capacitor area,

but instead, it passes through narrow conductive paths within the oxide.
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Figure 5.4. Scheme of the MOS-like structure a) before and b) after the capacitance and current
dropping.

As mentioned before, it is expected that all of these Si-nps and Si-cls could be randomly
distributed; such some of the Si-cls could be placed between Si-nps. If the distance
between them is small, they can act as conduction paths between the polysilicon gate
and the Si-substrate and then making possible a high current conduction at low voltages.
Therefore, the only possible reason for the capacitance and current dropping is a change
in the conductivity of the films by the annihilation of the Si-cls’ effect, as shown in

figure 5.4(b).

A particular case may be depicted by the E’ centers formation [21] in our SRO films. E’
centers can be created in the SRO films when charges are injected into the film
breaking-off Si-Si bonds during the negative (positive) voltage sweep or during the
negative (positive) electrical stress. This would explain why the capacitance drops to a

low value without a noticeable V; shifting.

The accumulation capacitance values measured before and after stressing the MOS-like
structures with 53 nm thick SRO film and 4 at.% of Si-excess are shown in table 5.1.
The theoretical value of the silicon oxide capacitance of an equivalent MOS structures

(Csy00) 1s also listed and it would be 620.7, 148.9 and 20.9 pF for each gate area of 9.604
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x 107, 2.304 x 107, and 3.24 x 10" cm’, respectively. These values of capacitance for a
SiO, film, as calculated for each gate area, are smaller than the SRO capacitance
measured from as-fabricated devices. However, the theoretical capacitance is slightly
closer to the mean value of the capacitance measured after apply a V; =V, for each

gate area (measure 2).

Table 5.1. Experimental accumulation capacitance from MOS-like structures with 53 nm thick SRO
Sl and 4 at.% of Si-excess before and after applying a constant gate voltage. A theoretical maximum
capacitance of a 870, film with the same thickness than SRO film is also reported.

Gate area Csro (PP Theoretical
(cm?) Measure 1 Measure 2 Csion
As-fabricated After Vi = V0 ()
9.604 x 10° | 707.6 £ 26.02 494.8 £ 6.65 620.7
2304 x 107 | 269.2+7.08 131.2£0.82 148.9
324 x 10" | 2122+ 6.84 18.1 £1.69 20.9

Therefore, the total capacitance (C)) of these MOS-like structures could be given by the
combination of the capacitance of the SRO film (Cyy) in series with the capacitance of
silicon substrate surface (Cy), where Cyy,, is represented by the sum of Si-nps (C,), Si-cls
(C,), and SiO, (Cy,,,) capacitances, as depicted in the equivalent circuit shown in figure

5.5(a), where the total capacitance is given by:

_ CeroCs (Cnp +Cq +Csio, )'Cs

“r = Csro +Cs B Cnp +Cqi +Csio, +Cs 62
| |
C”%: Ccﬂ_ J_CSiOZ R C”%: C‘ﬂ_ J_CSiOZ R C”%: ::CSiOZ R,
I T 1 |T

a) b) c)
Figure 5.5. Equivalent circuit of MOS-like structures with 4 at.% of Si-excess a) without any electrical

stress and in accumulation region b) before and c) after the current and capacitance drop.
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At negative gate voltages (I, < 0), that is, when the devices are in accumulation region,
C; is much higher than Cy;, and thus, the total capacitance is dominated by the SRO
capacitance, i.e., Cp = Cirp = C,, + C; + Cy5, as depicted in figure 5.5(b), where the
resistance R is the sum of Si-nps, Si-cls, and SiO, resistances as R'= Rﬂ/ + R, + Ry,
As the silica resistance is expected to be quite high, R, < R, << Ry;,,, we can assume
that the Si-nps and Si-cls contribution to the total resistance should be prevalent, such

asR=~R, +R,

In as-fabricated devices there is a plenty of Si-nps and Si-cls which contribute with large
capacitance, therefore the total capacitance is high as well. However, an electrical anneal,
which drastically diminishes the Si-cls contribution (E’ centers formation), can be
produced by applying Vi, = V,,,, for 60 seconds or during a sweep voltage in the I-V
measurements. As a result, C, becomes very small and the total capacitance is also
decreased getting close to Cy,,, as depicted by the equivalent circuit from figure 5.5(c).
Now, R = R, = ~R, + Ry, Then, R increases and the capacitance effect in the MOS-

like devices become now dominant.

The conduction mechanism in these SRO films with 4 at.% of Si-excess was split in
four different regions (A, B, C and D) depending on the operation voltage zone, as
shown in figure 4.16 and repeated as figure 5.6 below in order to clarify. Moreover, it
was found that the reduction of capacitance is directly correlated to the reduction of

current.

In the A zone, the current exhibits a strong dependence on the gate voltage, as shown in
figure 5.6(a). Then, in this zone Si-cls could be acting as traps near to the mid-gap of

SRO film making possible the high current conduction at low voltages. Indeed, current

fits well to the TAT model as [22]:

321, A (5.3)

Where E is the electric field through the SRO film. Values of ], = 0.6 and 2.32 A/cm’
and B = 1.435 x 10° and 8.82 x 10° MV/cm were found for negative and positive biases,

respectively.
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Junction of gate area (lines are plotted as an eye-guide), and ¢) I-t curves at a gate voltage V.=V, of

MOS-like structures with different gate area and Si-excess of 4 at.%.

The breaking-off of Si-Si bonds in the Si-cls (< 1 nm) embedded in SRO films lead to a
strong decreasing in current by the annihilation of conduction paths. In as-fabricated
devices, these Si-cls are undamaged and then conduction paths are available for the
current flow. During the sweep at negative (positive) voltage, electrons from polysilicon
gate (Si—substrate) tunnel into the SRO film through such conduction paths. When
charges are flowing through the Si-cls, they break-off some of their Si-Si bonds (E’
center), annihilating in that way the conduction paths and leading to current drops. The
difference between the voltage needed to obtain the current dropping at forward and

reverse bias is due to the P-type Si-substrate.

For high electric fields -C and D voltage regions- at both forward and reverse biases,
Fowler-Nordheim plots were used to fit data, see figure 5.7. Data fits quite well at both
C and D regions with F-N conduction regimes, as shown in figure 5.7(a) and figure
5.7(b), respectively. At C region, the conduction could be dominated by the flow of

electrons from the polysilicon gate (Si-substrate) towards the Si-substrate (polysilicon
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gate), meanwhile as the electric field is higher (D region), the flow of holes is enhanced

and an increase in the conductivity is obtained.
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Figure 5.7. F=N plots at a) FB and b) RB from devices with 53 nm thick SRO (4 at.% of Si-excess)
and three different gate areas where a linear region in high voltages is observed. Symbols and lines are

the excperimental data and linear fits, respectively.

Once the current has dropped, the current conduction is observed at high electric fields

and due to Fowler—Nordheim tunnelling.

The results showed above and their analyses have been exposed taking into account the
existence of Si-cls and that their separation is quite small. However, when the distance
between Si-nps and Si-cls is large, the flow of charges is not in a continuous way.
Instead, charges flow from Si-np to Si-np or Si-np to Si-cl and in that process, charges
can get trapped in Si-nps. This phenomenon has been demonstrated to dependent on

the sweep rate.

Figure 5.8 shows the C-1” curves measured from inversion to accumulation and at
different sweep rates in both SRO films (24 and 53 nm thickness) with 4 at.% of Si-
excess. In these C—17 curves, the charge trapping (Ch) is observed in the form of

downward valleys.
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Figure 5.8. Charge trapping (Ch) and de-trapping (D) effects observed in C-17 curves of MOS-like
structures with gate area of 9.604 x 107 cni’ and using SRO films 4 at.% of Si-excess) as the active

layer and thickness of a) 24 nm b) 53 nm for two different sweep rates.

The C-1" curves of the MOS structure with 24 nm thick SRO film are depicted in figure
5.8(a). When the sweep was done at a rate of 0.1 V/s, a downward valley was obtained
in the capacitance between —4.5 and —6.5 V. As the gate voltage becomes more
negative, the capacitance tends to increase to a maximum value. However, when voltage
is even more negative, the capacitance decreases three times in an abrupt way (until 500
pE). For a sweep rate of 0.05 V/s, the maximum capacitance value is not reached, but a
downward valley is observed at a lower capacitance value and at a lower voltage.
Afterwards, the capacitance tends to rise as the negative gate voltage becomes larger, but

finally decreases.

Similar behaviour was observed in the MOS-like structure with 53 nm thick SRO films,
as depicted in figure 5.8(b). A downward valley between —4.2 and —5.8 V and an abrupt
decreasing in capacitance at —8.4 V were measured for a fast sweep. When the sweep
rate was reduced to 0.05 V/s, then the accumulated capacitance jumps to a lower value

at a small voltage of about —0.5 V.
As mentioned before, Si-nps inside these SRO films create conduction paths between

the substrate and polysilicon gate. Therefore, these effects would be associated with the

charge trapping (Ch) and de-trapping (D) in the Si-nps during the voltage sweep, as
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indicated in figure 5.8. A possible explanation will be discussed later. Figure 5.9(a)
shows the current—voltage characteristics of both MOS-like devices with 4 at.% of Si-
excess (24 and 53 nm thick SRO) for a sweep rate of 0.05 V/s. Different anomalies are
observed for both thicknesses, such as the spike-like peaks, current jumps and a very

clear staircase current.
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Figure 5.9. a) Current—voltage characteristics of MOS-like structures with gate area of 9.604 x 107

on’ and z00m-in showing the clear staircase current in b) 24 nm thick SRO and ¢) 53 nm thick SRO

(4 at.% of Si-excess).

For the thin SRO film (24 nm), current fluctuations, sudden current jumps and staircase
current were observed in the voltage ranges of 0 to —3.4 V, —=3.5 to =7 V, and —7 to
—10 V, respectively. For the thick SRO film, current fluctuations and staircase current

were observed in voltage ranges of 0 to —12 V and —12 to —16 V, respectively.

As it can be seen, the stair width for the thin SRO film is smaller than that of thicker
SRO, although it varies for each kind of device, as shown in figures 5.9(b) and 5.9(c).
These effects could be associated with that charge trapping and de-trapping effects

observed in the form of downward valleys in C-1” curves during the sweep voltage.
It has been stated that the total capacitance (C)) of the MOS-like structure is given by

the combination of the capacitance of the SRO film (C) in series with the capacitance

of silicon substrate surface (Cy) as equation 5.2. Moreover, the total capacitance in the
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accumulation region is dominated by the SRO capacitance as C; = Cy,. Therefore, the
observed effects such as downward peaks in the C-V curve during the voltage sweep

would be related to changes in Ciy,.

Then, during the voltage sweep, when 17 is negative, holes accumulate at the substrate
surface meanwhile electrons do in the polysilicon gate. These charges, whether electrons
or holes tunnel into the SRO film through the conduction paths. Charges close to Si-
nps can get trapped in the Si-nps and if charge-trapping occurs, some conduction paths

will be switched-off due to the Coulomb blockade effect.

At a fast sweep rate (0.1 V/s), most of the carriers can transport through the entire SRO
layer. However, at a slow sweep rate (0.05 V/s) and when the bias is larger than a
threshold value, charge-trapping will occur and in this case, most of the conduction

paths will be blocked, making the capacitance at a lower value.

The transport mechanism for the staircase observed in I-1” curves (figure 5.9) could be
explained in a similar way: In zero bias, the Si-nps are uncharged and therefore the band

diagram does not present bending as shown in figures 5.10(a) and 5.10(b), respectively.
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Figure 5.10. Schematic of MOS-like structure with SRO film and band diagram at a), b) zero bias
and ¢), d) with negative voltage applied at gate, respectively.
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However, at a certain negative voltage, -7 and -12 V for 24 and 53 nm thick SRO film,
respectively, holes at the SRO/Si interface tunnel towards the polysilicon gate through

adjacent Si-nps (conduction path) as shown in the schematic of figures 5.10(c) and

5.10(d).

At the same time, electrons at the polysilicon/SRO interface could tunnel towards the
silicon substrate through adjacent Si-nps as well. In this transport mechanism, when a
Si-np is charged, this charge blocks other charges trying to tunnel to or through this Si-
np. As the voltage becomes more negative, the band bending is even larger, more
electrons and holes accumulate at the polysilicon/SRO and SRO/Si interface,
respectively, forcing finally to that trapped charge in the Si-np to tunnel out, switching
on the current path and as a result a current jump is observed. Different charged Si-nps
require a different amount of accumulated charge, i.e. voltages to discharge, so between
two discharges, a current plateau is observed (see figure 5.9). Therefore, the observed

staircase behaviour is due to the concatenation of these two phenomena, i.e. current
jumps and plateaus. Variations in the width of plateau (8)) obsetved in figures 5.9(b) and

5.9(c) are produced by the Si-nps’ size and their separation.

Since the SRO films contain embedded Si-nps, it would expect that properties such as
the dielectric constant must to be different from that of SiO, films. It is known that Si-
nps inclusion produces differences in the electrical properties such as current

conduction, shifts in the flat band voltages, and some others [23].

The expression of the SRO capacitance in accumulation is given by equation 5.4, where
A is the gate area, & = 8.854 x 10" F/cm? Cgo and 7, are the capacitance and
thickness of the SRO film, respectively. £, is estimated to be 4.9, as calculated using
equation 5.4. This value is slightly larger than the SiO, value (3.9), as expected by the

silicon excess in the film.

Aksro€o

" (5.4

CSRO =
0ox

ksro would represent an average value for Si-nps embedded in the SRO film. A relation

between the dielectric constant of Si-nps and their size has been reported [24] as:
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_ (8Si _1)
Esro —l—i—{ /ﬁ—k (l.38/d )1.37]}. (5.5)

Where &, is the dielectric constant of bulk crystalline silicon, & is the Si-np’s size and

Ero the permittivity of SRO film calculated from equation 5.6. The Si-nps’ size as

estimated from equation 5.5 is about 4 = 0.95 nm.

&spo = Ksro * €0 (5.6)

Since silicon excess is low, we could expect the separation between two nearby Si-nps
(4,5 to be larger than the mean size of Si-nps. Actually, as reported in other works for
SRO films with silicon excess below 6 at.% [22] 7,,,, should be ~ 10 nm.

Taking into account nearly spherical Si-nps with diameter 4, the self-capacitance of the
nanoparticles and the inter-capacitance between two nearby Si-nps can be estimated

from equations 5.7 and 5.8, respectively.

Cpp = 2754d 5.7)

Cop-np = A0 /tup-np (5.8)
where

Ay =d°/4 (5.9)

The corresponding Coulomb charging energy (E.) and the stair width (17

tair)

are

obtained by using equations 5.10 and 5.11, respectively, with ¢ as the elementary charge.

Ec =0%/2(2Cp_np +Cpp) (4.10)

Vstair = Q/2(2Cnp,np + Cnp) (4.11)
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= 1.04 eV and 1

stair

Thus, with 4 = 0.95 nm; C = 1.04 V are

p = D28 X 10 F, E,

obtained.
Table 5.2 reports the stair width 81 (i = 1,...n) values from the staircase cutrent
observed in figure 5.9. Making the stair width 6, to be equal to 1,

stair

) and the Coulomb

the Si-np size (d),
self-capacitance (C,,), capacitance between two nearby Si-nps (C,,,

charging energy (E,) can be calculated according to the equations above for each J.

Results are also listed in table 5.2.

Sample | Stair d Cnp Cnp-np E.
v |@m) ] (F) (F) | (meV)

8,049 ] 1.64 [912x10% | 3.63x 102 | 490
8,068 | 1.30 | 723 x10% | 2.28 x 10% | 680

24 nm 5,10.78 | 1.18 | 6.56 x 10% | 1.88 x 10 | 780
8,077 | 118 | 6.56x 10% | 1.88 x 102 | 780

5. 1057 | 148 | 823 x 10 | 296 x 10% | 570

§, | 1.10 | 091 | 506 x 10% | 1.12x 10 | 1100

53nm |5 | 1.30 | 0.80 | 4.45x 107 | 8.65x 10% | 1300
8, 1.05] 094 |523%x10% | 1.19x 10% | 1050

Table 5.2. Theoretical results calenlated from Oi of figure 5.9.

It can be seen that the average size of Si-nps is around 1.36 and 0.89 nm for the
structures with 24 and 53 nm thick SRO films, respectively. These values are very close
17 from 0.49 to 0.78

stair

V and from 1.05 to 1.3 V can be observed for the 24 and 53 nm thick SRO film,

and agree with that obtained before. Nevertheless, a variation in

respectively. This variation is ascribed mainly to the variation in the size of Si-nps as
well as variations in their separation, as observed in the calculated size of Si-nps and
reported in table 5.2. Because the charging energy of the Si-nps is much larger than the
thermal energy at room temperature (26 meV), Coulomb blockade effects were

observed at room temperature in the MOS-like devices from this work.

A staircase current was also observed after the current dropped (see figure 4.18(b), page

68). As the current dropping was ascribed to the annihilation of conductive paths
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produced by Si-cls, and more stable Si-nps remained embedded in the SRO films. Then,
once the current has dropped, the conductive paths are available through these more

stable Si-nps. It can be assumed that the conduction will be through Si-nps. The mean

stair width (17,,,) value obtained from that stair current is about 1.21 £ 0.06 V. If 7, is

tair;

close to ~ 10 nm, then the size of Si-nps is about 1.15 £ 0.06 nm. This value is in
accordance with the obtained before. Moreover, it is demonstrated that Si-nps with ~1.1
nm are inside the SRO films with 4 at.% of Si-excess and this effect could explain why

they were not observed at first glance with EFTEM.

5.3. Electro-optical properties: Model verification

The model exposed above involving Si-nps, and Si-cls may correlate the optical and
electrical properties of the SRO films presented in this work. A broad
electroluminescent emission spectrum was observed in MOS-like devices with SRO
films (4 at.% of silicon excess) at both, alternating the gate voltage in pulsed way and
direct current voltage. Unlike the EL peaks were observed at 450, 500, 550, 640, and

750 nm, in PL. emission only one peak was observed at 734 nm.

In order to understand the light emission process in these devices the time resolved EL

measured at a driving voltage of 20 V is analyzed, as shown in figure 5.11.
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Figure 5.11. Time resolved EL of 53 nm thick SRO film in MOS-like devices biased with a pulsed
voltage of V', = £20 1.
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A stretched exponential EL behaviour is observed after alternating the voltage bias from
negative (positive) to positive (negative). However, a low intensity EL. was observed
when the bias was changed from positive to negative voltage compared to the contrary

switching.

This can be understood as follows: when the pulse excitation is at negative voltage,
electrons from the polysilicon gate flow toward the Si-substrate through the SRO film
(I). At the same time holes do from the Si-substrate towards the polysilicon gate (I,).
However, as observed in the electrical characterization, the electrons conduction
domains. When the pulse changes from negative to positive voltage, an inversion layer
at the Si-substrate surface is formed. Then, electrons are now injected into the SRO film
from the inverted layer meanwhile holes are supplied from the polysilicon gate.
Electrons which were flowing during the positive pulse towards the Si-substrate come
back to the polysilicon gate and add to the electrons coming from the Si-substrate,
recombining with that holes supplied from the gate, and then light is emitted. At the
same time, holes which were flowing towards the polysilicon gate from the Si-substrate
come back to the Si-substrate recombining with that electrons supplied from the
inverted layer, and then light is emitted. Therefore, the emission is obtained at both
inside the SRO film and at the Si-substrate surface, because of this, the EL spectra

exhibit the visible (~450-800 nm) and infrared (~1000 nm) emission bands, respectively.

When the pulse excitation comes back to negative, electrons are newly injected from the
polysilicon gate and holes from the accumulation layer, e-h pairs are created again. EL
emission is observed, but with a lower intensity. This difference in EL intensities could
be due to the electrons tunnel directly toward the substrate and recombine with holes

from the Si-substrate.

Other explanation is the exposed by Walters [25], where holes and electrons trapping in
Si-nps are obtained during the negative and positive pulse, respectively. This charge
trapping creates e-h pairs, which recombine emitting light. However, from the electrical
characterization, it has been observed that the resistivity of SRO is low, producing that
the charges flow directly from the polysilicon gate (Si-substrate) towards the Si-substrate

(polysilicon gate) at negative (positive) voltages.
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This can be clarified if the bipolar stimulation pulse is separated at both positive and
negative pulsed stimulation. Figure 5.12(a) exhibits the EL spectra from the MOS-like
structure when it is biased with a positive stimulation pulse of 26 V. It shows a broad

emission which goes from 450 to 900 nm, such as the observed in continuous EL.
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Figure 5.12. EL spectra measured from MOS-like devices with 53 nm thick SRO film at a) negative
and positive stimulation pulse, b) sum of both EL spectra and EL spectra obtained with a bipolar

stimulation pulse.

For the negative pulse stimulation, the emission at 450 to 900 nm is strongly reduced
and an emission peak at wavelength above of 900 nm is observed. Moreover, when the
EL spectra obtained from the positive pulse is added to that obtained with the negative
pulse, an EL spectra quit similar to the measured with bipolar stimulation is obtained, as

shown in figure 5.12(b).

The mean lifetime was also analyzed by fitting the EL decay with a stretched

exponential [26]:

1(t) = |0e(‘%)

(5.12)
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A mean lifetime of 109 ps has been found for a driving voltage of 28 V and pulse width
of 50 ms, as observed by the fitting from figure 5.13. This value is a typical mean

lifetime for Si-ncs’ systems.
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Figure 5.13. EL decay from device biased with 28 V" and pulse width of 50 ms. Inset shows the mean

lifetime (T) as a function of the pulsed gate voltage.

The dependence of the mean lifetime on the driving voltage showed two behaviours as

observed in the inset of figure 5.13. First, the mean lifetime decreases from 2.23 ms to
201 ps as the driving voltage is increased from 15 to 21 V, and second, the mean

lifetime remains constant at about 109 s for driving voltages above 21 V. Due to the
light was collected without analysing it with a monochromator, that is, light at different
wavelengths is collected, these two behaviours could be related to the emission of the
Si-substrate as well as Si-nps and Si-cls (traps) in the infrared (~1000 nm) and the visible

red (~600-800 nm) wavelengths, respectively.

Si-nps (~1 nm, as theoretically calculated) and Si-cls (< 1 nm in size) are embedded in
these SRO films. Nevertheless, probably weak oxygen bonds (WOB), neutral oxygen
vacancy (NOV) and non-bridging oxygen hole center (NBOHC) defects could be also
present due to the silicon excess or created by the electrical stress; however, it is possible
that these defects are not stimulated by light excitation in our SRO films during the PL

measurements. In fact, cathodoluminescence (CL) studies on SRO films with the same
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silicon excess as SRO films from this work exhibit an emission band with a maximum

peak at about 460 nm and a tail at longer wavelengths [1, 27].

Figure 5.14 shows the normalized EL (pulsed and continuous), PL and CL spectra from
SRO films with the same silicon excess (4 at.%). The CL spectrum can be well fitted by
four Gaussian components at about 446, 479, 523, and 626 nm. These CL peaks

correlate with those peaks at 450, 500, 550, and 640 nm observed in EL. measurements.
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Figure 5.14. Pulsed and continnous EL, PL and CL spectra measured from SRO film with 4 at.%
at 25 1 driving gate voltage, excited with 250 nm and excited with 5 k1 acceleration voltage and 0.3

mA current [1], respectively.

It is well known that such radiative WOB, NOV, and NBOHC defects mentioned
before emit at about 415, 455, and 600 nm, respectively [1, 5, 27-34]. Since CL
measurements have shown luminescent peaks close to those wavelengths, such defects
could be inside the SRO films, which are only excited with carriers of high energy or

with the applying of high current (107 A) in MOS-like structures as reported in this

work.
On the other hand, the luminescence at 520 nm has been associated with E’s defects

[30, 31, 35, 36|, one of the at least four different E’ centers [37]. The E’s center

comprises an unpaired spin delocalized over five silicon atoms and suggest the presence
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of very small Si-nps in the films [36]. This 520 nm luminescence peak has been observed

as in CL as ELL measurements in the SRO films from this work.

As E’ centers in SiO, (x<2) films disappear after a thermal annealing at above of 600 °C
[35] and given that the SRO films from this work have been thermally annealed at 1100°
C, E’ centers should not exist. Then, E’ centers in the SRO film could be created during
the charge injection toward the SRO film during the electrical stress (pulsed and

continuous).

From the electrical characterization, it was mentioned that E’ centers generation could
be activated by the breaking of Si-Si bonds when charges are flowing through the Si-cls,
creating some of the types of E’ center including the E’s center. Moreover, from the

electrical characterization, a current dropping was observed.

Figure 5.15 shows the current at RB and the normalized EL intensity (pulsed and
continuous) as a function of the gate voltage applied to the MOS-like structure with
SRO film of 4 at.% of Si-excess. As the voltage increases from zero, the current through
the SRO film increases and at a certain gate voltage where the current reaches a value of
1 mA, the emission (both pulsed and continuous) is observed. Nevertheless, after a gate

voltage V; =V, is reached, the current drops switching-off the EL.
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Figure 5.15. Correlation between current and EL (pulsed and continuons) in MOS-like devices with
SRO films 4 at.% of Si-excess) as the active layer.
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The emission mechanism could be explained using the band energy diagram showed in

tigure 5.16.
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Figure 5.16. Band energy diagram of the MOS-like structure at reverse bias and gate voltages of a) 17,
<Vup ) Ve>Vipando) Ve >> 1, .

As mentioned before, a trap level created by the Si-cls is assumed to be placed near the
mid-gap of SRO film. When a positive gate voltage (RB) is applied to the MOS-like
structure, electrons are attracted to the silicon surface creating an inverted layer. As
shown in figure 5.16(a), electrons from this inverted layer and holes from the polysilicon
gate are injected toward the Poly/SRO and SRO/Si intetfaces through traps (Si-cls),
respectively. However, since the mobility of electrons in silica is higher than the mobility
of holes, electrons reach the Poly/SRO interface faster and then recombine themselves
emitting light. As the gate voltage is raised, the current and the EL intensity increase.
Since it is assumed that the charges do not flow uniformly through the whole capacitor
area, instead, it passes through narrow conductive paths within the oxide, the light is

observed as shining spots on the surface of the MOS structure.

When the gate voltage becomes higher, charges which are flowing through the Si-cls
break off some of their Si-Si bonds (E’ center), annihilating the conduction paths and
leading to current drops. Then, flow of charges toward the SRO film is not obtained
and as a consequence, the EL intensity is switched-off.

Once the current dropping occurs (at V. the SRO conductivity changes. Conductive

drop))
paths are now available through more stable Si-nps and higher voltages are needed to
inject charges toward the SRO film. Then, when a gate voltage higher than V,, is
applied to the MOS-like structure, electrons from the inverted layer are injected to the

SRO film where they can get trapped into the Si-nps, as shown in figure 5.16(b) and
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demonstrated by the Vi shifting in the C-V curves. As the gate voltage increases even
more, electrons tunnel directly toward the polysilicon gate from the inverted layer as F-
N conduction and holes which are injected from the polysilicon gate toward the Si-
substrate are trapped in Si-nps (see figure 5.16(c)), as demonstrated by the Vi shifting

in the C-V curves (see figure 4.12, page 62).

The EL peak observed at ~1000 nm can be explained in a similar way: When a negative
gate voltage (IB) is applied to the MOS-like structure, holes are attracted to the silicon
surface creating an accumulation layer. As shown in figure 5.17(a), holes from this
accumulated layer and electrons from the polysilicon gate are injected toward the
Poly/SRO and SRO/Si interfaces through traps, respectively. However, as mentioned
before, since the mobility of electrons in silica is higher than the mobility of holes,
electrons reach the SRO/Si interface faster and then recombine themselves emitting
light at the Si- substrate surface. As the gate voltage becomes more negative, the EL

increases and at a certain voltage Vi = V,

arop the current is quenched. Then, conductive

paths are then available through more stable Si-nps and higher voltages are needed to

inject charges toward the SRO film. When a gate voltage Vi > V... is applied to the

drop
MOS-like structure, electrons from the polysilicon gate are injected to the SRO film
where they can get trapped into the Si-nps, as shown in figure 5.17(b). As the gate
voltage becomes even more negative, electrons tunnel directly toward the Si-substrate

from the polysilicon gate as F-N conduction and holes which are injected from the Si-

substrate toward the polysilicon gate are trapped in Si-nps, see figure 5.17(c).
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Figure 5.17. Band energy diagram of the MOS-like structure at forward bias and gate voltages of a)
Vel < Vi 0) | Vel > Vi and o) | V| >> 1,

As observed, the red emission in EL (774 nm) and PL (734 nm) are not placed at the
same energy. This fact could be due to the optical propetties of the poly/SRO film stack
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[26]. Therefore, both red EL and PL could be due to the same origin, where the
interaction between defects and Si-nps are taken into account, as reported before.
However, studies of EL measurements on devices with a transparent gate material
which permits the light to be observed without disturb the real luminescence peaks is

necessary.

Above, we have been assuming that the charges do not flow uniformly through the
whole capacitor area, instead, it passes through narrow conductive paths within the
oxide, therefore light is observed as shining spots. Moreover, these conductive paths are
annihilated with electrical stress. Nevertheless, if multiple conductive paths are available
in the SRO film, the SRO resistance is so small that a current dropping is not observed,
such as in the 24 nm thick SRO film with the largest gate area (9.604 x 107 cm?, figure
4.14(a), page 64). This behaviour was also observed in the 53 nm thick SRO film as
observed in figure 5.18(a). High current conduction is reached at low voltages and no
current drop is observed. EL. measurements under positive pulsed stimulation in these
devices are shown in figure 5.18(b). For a gate voltage of 26 V, a broad EL spectra with
maximum peaks is observed, meanwhile for higher gate voltages, Vi, = 45 and 48, the

EL intensity is increased in almost 4 times and a more defined peak at ~720 nm is

observed.
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Figure 5.18. a) I-17 curve from MOS-like devices with 53 nm thick SRO film and 4 at.% of Si-

excess and b) EL spectra measured with positive pulsed stimulation.
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Images of the MOS-like structure without bias and biased with 26 V are shown in figure

5.19(a) and 5.19(b), respectively, where multiple shining spots are clearly observed.

Figure 5.19. Image of the MOS-like devices with 53 nm thick SRO film and 4 at.% of Si-excess a)
without bias (OFF) and b) biased with 251 (ON).

When high voltages are applied to the MOS-like structures, electrons from the Si-
substrate (polysilicon gate) and holes from the polysilicon gate (Si-substrate) are injected
to the SRO film through Si-nps, Si-cls and defects, these charges recombine and light is
emitted showing a broad spectrum. Moreover, the maximum EL peak is quite similar to
the maximum PL peak, as shown in figure 5.20. This indicates that the red EL and red

PL emission are due to the same effect.
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Figure 5.20. EL. and PL. spectra measured at a gate voltage of 48 1 and exited with 250 nm,

respectively.

107



References

[1] F. F. Gracia, M. Aceves, ]. Carrillo, C. Dominguez, and C. Falcony, “Photoluniinescence
and cathodoluminescence characteristics of $i0, and SRO films implanted with Si”, Superficies y
Vacio 18 (2), 7 (2005).

[2] H. Z. Song, X. M. Bao, N. S. Li, and J. Y. Zhang, “Relation between electroluminescence
and photoluminescence of St-implanted S:0,”, J. Appl. Phys. 82 (8), 4028 (1997).

[3] T. Shimizu-lwayama, K. Fujita, S. Nakao, K. Saitoh, T. Fujita, and N. ltoh, “I7sible
photoluminescence in Si*-implanted silica glass”, ]. Appl. Phys. 75 (12), 7779 (1994).

[4] K. Kim, M. S. Suh, T' S. Kim, C. J. Youn, E. K. Suh, Y. J. Shin, K. B. Lee, H. J. Lee,
M. H. An, H. J. Lee, and H. Ryu, “Room-temperature visible photoluminescence from silicon-
rich oxide layers deposited by an electron cyclotron resonance plasma source”, Appl. Phys. Lett.
69 (25), 3908 (1990).

[5] R. Tohmon, Y. Shimogaichi, H. Mizuno, and Y. Ohki, “2.7-el” luminescence in as-
manufactured high-purity silica glass”, Phys. Rev. Lett. 62 (12), 1388 (1989).

[6] L. S. Liao, X. M. Bao, X. Q. Zheng, N. S. Li, and N. B. Min, “Blue luminescence from
Si*-implanted SiO, films thermally grown on crystalline silicon”, Appl. Phys. Lett. 68 (6), 850
(19906).

[7] X. Y. Chen, Y. Lu, L. Tang, Y. Wu, B. Cho, X. Xu, J. R. Dong, and W. D. Song,
“Annealing and oxidation of silicon oxide films prepared by plasma-enbanced chemical vapor
deposition”, ]. Appl. Phys. 97, 014913-1 (2005).

[8] F. Iacona, G. Franzo, and C. Spinella, “Correlation between luminescence and structural
properties of Si nanocrystals”, ]. Appl. Phys. 87 (3), 1295 (2000).

[9] G. R. Lin, Ch. J. Lin, Ch. K. Lin, L. J. Chou, and Y. L. Chueh, “Oxygen defect and Si
nanocrystal dependent white-light and near-infrared electroluminescence of Si-implanted and plasma-
enhanced chemical-vapor deposition-grown Si-rich $0,”, ]. of Appl. Phys. 97, 094306 (2005).

[10]  F. Iacona, C. Bongiorno, C. Spinella, S. Boninelli, and F. Priolo, “Formmation and
evolution of luminescent Si nanoclusters produced by thermal annealing of SiOx films”, ]. of
Appl. Phys. 95 (7), 3723 (2004).

[11] H. Z. Song, X. M. Bao, N. S. Li, and J. Y. Zhang, “Relation between
electroluminescence and photoluminescence of Sil-implanted Si0,”, J. Appl. Phys. 82 (8), 4028
(1997).

[12]  Md. N. Islam and S. Kumar, “Influence of surface states on the photoluminescence from
silicon nanostructures™, ]. of Appl. Phys. 93 (3), 1753 (2003).

108



[13] Y. Kanemitsu, “Luminescence properties of nanometer-sized Si crystallites: Core and surface
states”, Phys. Rev. B 49 (23), 16845 (1994).

[14]  E. Fazio, E. Barletta, F.0 Barreca, and F. Neri, “Investigation of nanocrystalline Silicon
phase embedded in SiOx thin films grown by pulsed laser deposition”, ]. Vac. Sci. Technol. B
23 (2), 519 (2005).

[15] I Pereyra and M. 1. Alayo, “High quality low temperature DPECVD Silicon dioxide”,
J. Non-Crystalline Solids 212, 225 (1997).

[16]  T.Inokuma, Y. Wakayama, T. Muramoto, R. Aoki, Y. Kurata, and S. Hasegawa,
“Optical properties of Silicon clusters and Si nanocrystallites in high temperature annealed SiOx
Silms”, ). Appl. Phys. 83 (4), 2228 (1998).

[17]  A. La Magna, G. Nicotra, C. Bongiorno, C. Spinella, M. G. Grimaldi, E. Rimini,
L. Caristia, and S. Coffa, “Role of the internal strain on the incomplete Si/SiO, phase
separation in substoichiometric silicon oxide films”, Appl. Phys. Lett. 90, 183101 (2007).

[18]  E. Kapetanakis, P. Normand, D. Tsoukalas, K. Beltsios, J. Stoemenos, S. Zhang,
and J. Van den Berg, “Charge storage and interface states effects in Si-nanocrystal memory
obtained using low-energy Si* implantation and annealing”, Appl. Phys. Lett. 77 (21), 3450
(2000).

[19] X. L. Wu, G. G. Siu, S. Tong, X. N. Liu, F. Yan, S. S. Jiang, X. K. Zhang, and
D. Feng, “Raman scattering of alternating nanocrystalline silicon/ amorphous silicon multilayers”,
Appl. Phys. Lett. 69, 523 (1990).

[20]  P.T. Huy, V. V. Thu, N. D. Chien, C. A. J. Ammerlaan, and J. Weber, “Structural
and optical properties of Si-nanoclusters embedded in silicon dioxide”, Physica B 376377, 868
(2000).

[21]  A. J. Lelis and T. R. Oldhan, “Iime Dependence of Switching Oxide Traps”, IEEE
Transactions Nuclear Science 41 (6), 1835 (1994).

[22]  Z.Yu, M. Aceves, ]. Carrillo, and F. Flores, “Single electron charging in Si nanocrystals
embedded in silicon-rich oxide”, Nanotechnology 14, 959 (2003).

[23]  J. Barreto, M. Peralvarez, J. A. Rodriguez, A. Morales, M. Riera, M. Lopez, B.
Garrido, L. Lechuga, and C. Dominguez, “Pulsed electroluminescence in silicon nanocrystals-
based devices”, Physica E 38, 193 (2007).

[24] C.Y.Ng, T. P. Chen, L. Ding, Y. Liu, M. S. Tse, S. Fung and Z. L. Dong, “Static
dielectric constant of isolated silicon nanocrystals embedded in a SiO, thin film”, Appl. Phys.
Lett. 88, 063103 (2000).

109



[25] R. J. Walters, J. Carreras, T. Feng, L. D. Bell, and H. A. Atwater, “Silicon
Nanocrystal Field-Effect 1ight-Emutting Devices”, IEEE J. of selected topics in Quant.
Elect. 12 (6), 1647 (2000).

[26]  A. Irrera, F. Iacona, I. Crupi, C. D Presti, G. Franzo, C. Bongiorno, D.
Sanfilippo, G. Di Stefano, A. Piana, P. G. Fallica, A. Canino, and F. Priolo,
“Electroluminescence and  transport  properties in  amorphous  silicon  nanostructures”,
Nanotechnology 17, 1428 (2000).

[27]  R. Lopez-Estopier, M. Aceves-Mijares, Z. Yu, and C. Falcony,
“Cathodoluminescence of Silicon Rich Oxide with nitrogen incorporated”, in 4th International
Conference on Electrical and Electronics Engineering, 341 (2007).

[28]  Ch. ]. Lin and G. R. Lin, “Defect-Enbanced 1V isible Electroluminescence of Multi-Energy
Silicon-Implanted Silicon Dioxide Film”, IEEE ]. of Quant. Elect. 41 (3), 441 (2005).

[29] H. Z. Song, X. M. Bao, N. S. Li, and J. Y. Zhang, “Relation between
electroluminescence and photoluminescence of Sil-implanted Si0,”, J. Appl. Phys. 82 (8), 4028
(1997).

[30]  G.R. Lin, Ch. J. Lin, Ch. K. Lin, L. J. Chou, and Y. L. Chueh, “Oxygen defect and
Si nanocrystal dependent white-light and near-infrared electroluminescence of Si-implanted and
plasma-enhanced chemical-vapor deposition-grown Si-rich $70,”, J. Appl. Phys. 97, 094306
(2005).

[31] G. R. Lin and Ch. J. Lin, “Tmproved blue-green electroluminescence of metal-oxide-
semiconductor diode fabricated on multirecipe Si-implanted and annealed SiO,/Si substrate”, ].
Appl. Phys. 95 (12), 8484 (2004).

[32]  T. Shimizu-lwayama, K. Fujita, S. Nakao, K. Saitoh, T. Fujita, and N. Itoh,
“Visible photoluminescence in Si*-implanted silica glass”, ]. Appl. Phys. 75 (12), 7779 (1994).

[33] K. Kim, M. S. Suh, T'S. Kim, C. J. Youn, E. K. Suh, Y. J. Shin, K. B. Lee, H. J.
Lee, M. H. An, H. J. Lee, and H. Ryu, “Room-temperature visible photoluminescence from
silicon-rich oxide layers deposited by an electron cyclotron resonance plasma sonrce”, Appl. Phys.
Lett. 69 (25), 3908 (1990).

[34] L. S. Liao, X. M. Bao, X. Q. Zheng, N. S. Li, and N. B. Min, “Blue luminescence
Sfrom Si*-implanted SiO, films thermally grown on crystalline silicon”, Appl. Phys. Lett. 68 (6),
850 (1996).

[35]  G. Franzo, A. Irrera, E. C. Moreira, M. Miritello, F. Iacona, D. Sanfilippo, G. Di
Stefano, P. G. Fallica, and F. Priolo, “Electroluminescence of silicon nanocrystals in MOS
structures”; Appl. Phys. A 74, 1 (2002).

110



[36]  H. Nishikawa, E. Watanabe, D. Ito, Y. Sakurai, K. Nagasawa, and Y. Ohki,
“Visible photoluminescence from Si clusters in g-irradiated amorphous 5i0,”, J. Appl. Phys. 80
(6), 3513 (1990).

[37]  T. Uchino, “Ab initio cluster calenlations on point defects in amorphous Si0,”, Current
Opinion in Solid State and Materials Science 5, 517 (2001).

111



112



Chapter 6

Conclusion

The composition, structure and optical properties of SRO and SI-SRO films obtained
by LPCVD have been studied. Ellipsometry, FTIR, XPS, EFTEM, as well as PL
techniques were used to obtain a basic characterization of the material. Ellipsometry
measurements and XPS studies on SRO films from this work showed the presence of Si
excess (Si > 33.3%) in the films. Nevertheless, the compositional analysis obtained from
FTIR did not exhibit vibration bands related to impurities such as H or N neither
before nor after thermal annealing. Although, XPS measurements showed the presence
of N in the films, its profile was relatively low, about 0.8 at.%. From FTIR spectra, it
was deduced that a phase separation took place when the SRO films were thermally
annealed due to a displacement of the TO, band toward higher frequencies (~1088 cm’'

for Si0,), and then corroborated by EFTEM images.

EFTEM analysis showed Si-nanoparticles in films with silicon excess higher than 5.1
at.%, which were thermally annealed at 1100° C. The average size of the Si-nps varied
according to the silicon excess, being 2.7 nm for the SRO film with 5.1 at.% and it

increased to 4.1 nm for 12.7 at.% of silicon excess.

A strong PL was observed in films with 4 and 5.1 at.% of silicon excess. However, the
photoluminescence was strongly reduced when the silicon excess was about 12.7 at.%,
where most of the Si-nps have an average size of ~4.1 nm. A redshift only took place
when the silicon excess was increased from 4 to 5.1 at.%, but no redshift was observed

when the silicon excess was further increased to 12.7 at. %. A part from that, SRO films
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with Si-nps of different sizes emitted at the same energy, contrary to the QCE. As a

result, the PL origin was related to defects surrounding the Si-nps.

The mechanism of emission was explained as follows: The e-h pairs are generated inside
of the Si-nps. Then, electrons are excited to the defects, and the emission takes place
when electrons in the localized state return to the positive Si-nps, or the ground state.
When the size of the Si-nps is small, the band gap energy is large, and then the energy
difference between the localized state and the ground state is big enough to produce the
emission. This is similar to the donor-acceptor mechanism of emission in
semiconductors. As their size increases, the energy difference is reduced, and eventually,
when the size exceeds an optimum size, the energy of the localized state will be such
that electrons decay will not produce emission, and then PL will not be observed. It was
found that the optimum size of Si-nps required in which a maximum PL intensity is

observed for these experiments is about 2.6 nm.

The density of Si-nps is the main effect affecting the PL intensity on the SRO and SI-
SRO films. Moreover, the silicon implantation increased the density of Si-nps producing
a more intense photoluminescence. The strongest photoluminescence was observed in
the SI-SRO film which is annealed at 1100° C for 60 minutes and having Si-nps with 2.6

nm in size.

Metal-oxide—semiconductor (MOS) structures using the SRO films with 4 and 2.2 at.%
of Si-excess as the dielectric layer were fabricated in order to study their electrical and
electroluminescent properties. For the SRO films with low Si-excess, electrical
properties similar to the SiO, films were obtained. Nevertheless, two main electrical
behaviors were observed in the MOS-like structures with higher Si-excess (4 at.%): first,
a C-V and I-V anomalous behavior where the current and capacitance drops, and the
second one, the Coulomb blockade effects (CBE), where a staircase current was

obtained.

For the first case, the electrical properties of annealed SRO films were studied and
analyzed as a function of the gate area. A clear correlation between a dropping in
capacitance and current of SRO films was observed. The capacitance and current

dropping were the result of an electrical anneal, produced by the annihilation of

114



conductive paths. This anneal was related to the creation of E’ defects in the SRO layer.

The current conduction mechanism though the SRO film was also analyzed. The high
current observed in low voltages was related to trap assisted tunnelling, while for high
voltages Fowler—Nordheim tunnelling were found. After the current dropping, no
current conduction was observed at low voltages, whereas F-N conduction was

observed at high electric fields.

In the second behaviour, current fluctuations and a clear staircase current at room
temperature were observed in different structures and related to Coulomb blockade
effect produced by charge trapped in Si-nps. Si-nps with ~1 nm in size were estimated
from these electrical results (stair width). The variation in the width of the plateaus was

ascribed to the size and separation of Si-nps.

Electro-optical studies were done under pulsed and continuous stimulation.
Luminescent spots (seen with the naked eye) on the MOS-like devices with SRO films
(Si-excess of 4 at.%) appeared when the devices were reversely biased. A broad
electroluminescent emission spectrum (400-900 nm) was measured. Fitting the EL
spectra, peaks at about 450, 500, 550, 640, and 750 nm were obtained and related to
defects such as weak oxygen bond (WOB), neutral oxygen vacancy (NOV, O,=Si-Si=
0O,), E’s defect (SiTSiESi), non-bridging hole center NBOHC, (O,=Si—Oe®), and defects

at the SiO,/Si-nps intetface, respectively.

Although photoluminescence in the blue/green region of the visible spectra was not
observed in this SRO films, catholuminescence peaks at the same wavelengths that EL
peaks have been observed for SRO films with similar Si-excess, indicating the existence
of such defects. A maximum and then switching-off of the EL intensity was observed.
This effect was related with the current drop, which was produced by the annihilation of

conductive paths (B’ centers) during the charge injection in the SRO films.

Nevertheless, when multiple conductive paths were available in the SRO film, no

current dropping was observed, such as in the 24 nm thick SRO film with the largest

gate area (9.604 x 10° cm®). This effect is ascribed to that the multiple conductive paths

produce that the SRO resistance is quite small. In these devices, multiple shining spots
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were clearly observed. Moreover, it was found that the maximum EL peak is quite
similar to the maximum PL peak, indicating that the red EL and red PL emission are

due to the same effect.

Further work

Studies of EL. measurements on devices with a transparent gate material which permits
the light be observed without disturbing the real luminescence peaks is necessary.
Electrical and opto-electronic studies of MOS-like structures with SRO films containing
higher Si-excess. MOS-like structures but with N-type silicon wafers should be studied

in order to improve the electron injection inside the SRO film.
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