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Preface

Photonics research is one of the most exciting and challenging research fields of
electronics. There is a multitude of factors involved. This thesis involves
“Development of novel functional thin films for photonic devices.” The research
topic chosen represents the fabrication and characterization of thin films fabricated

with novel functional materials.

Despite certain limitations, the study tries to address thin film fabrication,
characterization, and applications of such thin films in photonic devices and a lot
more. It also enables the identification of some of the core issues involved in thin film
fabrication with RF-sputtering. The work also highlights the strengths and weaknesses

of these films for light emitting devices.

The data collected and the recommendations made can be further used as a tool in
assessing the possible application of Er-TaOy films for photonic devices, and can also

serve as a basis for further research by interested people.

Last but not the least, this thesis is based on the data and information collected during
Apr.” 2006- Mar.” 2010 and will not be responsible for any changes that may have

taken after this period.
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Abstract

Rare-earth doped thin films are drawing increasing attention for their use in amplifiers
and lasers and their suitability for integrated optics. The optical properties of rare-
earth ions in solids have been investigated widely and are well understood. Er**-doped
materials are attracting much attention because of the search for solid-state-laser
devices operating in the green region, optical devices for 3D displays and for

waveguides, which can work in telecommunication window.

In this dissertation we researched and fabricated different novel functional thin films

for photonics devices fabricated by RF-magnetron sputtering method as —

Erbium-doped SiO;
Tantalum pentoxide [Ta,Os]
Erbium-doped Tantalum pentoxide [Er-TaOy]

Erbium- Ytterbium co-doped Tantalum pentoxide

We fabricated different thin films using the RF-sputtering method and then annealed
them at various temperatures and time durations. PL peaks were observed at
wavelengths of 550 and 670 nm from the Er-TaOy films. We observed the strongest
intensities of the 550 and 670 nm peaks from the samples with 0.96 and 0.63 mol% Er
concentrations after annealing at 900° C for 20 min, respectively. To the best of our
knowledge, this is the first report of light emission from Er-TaOy films fabricated by
the RF-sputtering method. These results demonstrate that Er-TaOy films fabricated by

RF sputtering can serve as high quality luminescent layers.




These can easily be combined with other passive devices to realize novel active
devices (e.g., a green-light-emitting photonic crystal), as only sputtering and

annealing processes are needed for fabrication.

Recent reports of optical waveguides fabricated on Ta;Os, higher nonlinear

susceptibility %’ of Ta,Os, and light emission from thin films makes Ta,Os a

promising material for novel photonic devices.
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Chapter 1
Introduction

1.1.

Silicon i1s a hub of modern life. There are many products that rely on integrated

electronic circuits fabricated on silicon wafers. The grand success of silicon

technology is

manufacturing costs that have kept that performance affordable. Gordon Moore’s

Silicon Technology

mainly because of exponentially decreasing per-component

famous law describing progress in the semiconductor industry:

CPU Transistor Counts 1971-2008 & Moore’s Law
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The complexity for minimum component costs has increased at a rate of roughly a

factor of two per year . . ., this rate can be expected to continue . . . [1.1]

International Technology Roadmap for Semiconductors (ITRS), a public document
prepared every other year by a consortium representing the global semiconductor
industry [1.2]. The roadmap is intended “to provide a reference of requirements,
potential solutions, and their timing for the semiconductor industry” over a fifteen-
year horizon. For many years, the ITRS has highlighted one threat to continued
scaling in particular that must be addressed in the short term future in order to avoid

slowing down the pace of Moore’s Law (Fig. 1.1).

Increasing processor speed has resulted in larger number of gates on the chip die. We
tend to see larger processors as more efficient methods of integrating larger number of
transistors. But due to the interconnect bottleneck there would be a certain upper limit

to which we could go.

Metallic interconnects on chip are typically associated with high time constants and
add to the overheads when it comes to optimizing for high clock speeds. With

increasing component density on chip there would even be a need to have faster

Interconnect between the devices to still enable single clock operation on the chip.

Optical interconnects might be a solution for the scaling process in silicon electronics.
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1.2.  Optical interconnects

Optical interconnects are essential for continued scaling progress in silicon electronics,
they can open an enormous market for integrated photonic circuit technology. Optical
interconnects can give a new direction and future to photonics technology. Novel
products can be made possible by the widespread availability of affordable, high-
density optical systems. Considering the historical development of computing
hardware from the relays and vacuum tubes of early telephone networks, it is possible
that optical interconnects could someday lead to all-optical computers, perhaps
including systems capable of quantum computation [1.3, 1.4]. Unfortunately, there is
at present no clear path to practical on-chip optical data transfer and scalable all-
photonic integrated circuits. The obstacles that currently stand in the way of optical
interconnects are challenges for device physics and materials science. Breakthroughs
are needed that either improve the set of materials available for micro photonic
devices or obviate the need for increased materials performance through novel device

designs. Light emission from silicon is a hindrance on the way to optical interconnect.

1.3. Silicon light emitters

Silicon is not an appropriate material for light emitting devices, including lasers, due
to its indirect band structure (Fig.1.2. adapted from Havard.edu). This means that the
least energetic conduction band electrons in silicon are in motion relative to the most
energetic valence band electron states. In order for silicon to absorb or emit a photon
at visible frequencies, an electron must undergo a band-to-band transition between
two of these states. This transition requires the simultaneous absorption or emission of
a phonon (the quantum of lattice vibration) in order to accommodate the momentum

mismatch, making it much less likely to occur.
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Because a radiative transition is unlikely, competing nonradiative recombination
channels tend to dominate the relaxation of the excited state electrons. Ultimately this
makes photon emission in silicon extremely inefficient (107" — 10™*) unless great
efforts are made to purify the material and to passivate all surfaces [1.5]. The recently
reported “first silicon laser” [1.6, 1.7] did not rely on the emission of photons by
excited conduction band electrons. Instead it is operated by Raman scattering, in

which sub-bandgap photons interact only with phonons.

The crystallinity of silicon makes Raman scattering relatively strong in relation to
amorphous glasses, but intense optical pumping is still required to create a population

inversion of the excited virtual phonon state.

Energy 300K Eg: 112 eV
i E,=20eV
E,=12eV
£ _=0044 eV
E=34eV
E,=42eV
‘h—-___
-
EI'Z El‘l
'y E‘-
<100> | Ex ‘Eg <111>
[ Wave vector
Eso‘ / ‘t‘ Heavy holes
¥
/ Light holes
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Fig.1.2. Indirect bandgap in Silicon
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Under such intense illumination, simultaneous two-photon absorption excites
electrons into the conduction band, which can then attenuate the laser signal through
free carrier absorption. The subsequent “first continuous silicon laser” was achieved
through better management of these free carriers [1.8]. While these results are
impressive, it is clear that Raman lasers do not have a practical future because they
require optical excitation by a pump laser and have a relatively small spectral range in

which gain can be achieved [1.9].

Light emission from silicon is one of the most challenging problems in photonics
research. There are many different approaches and efforts to get light emission from

silicon as-

»  Silicon Nanocrystals
» Photonic-bandgap materials

>  Alternate materials

1.4. Silicon Nanocrystals

The first approach to fabricate silicon light emitter was reported with silicon
nanocrystals. Light emission reported by L. Pavesi [1.10], attracted great attention.
Silicon nanocrystals could be a possible solution because of their tunable indirect

bandgap and more efficient electron-hole recombination.

There are two factors that contribute to improvement in the radiative recombination
rate in silicon nanocrystals. The first can be understood in the context of Fermi’s
Golden Rule for quantum mechanical transitions, which can be derived using time

dependent perturbation theory. In the formalism of Fermi’s Golden Rule, the rate of
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an optical dipole transition is proportional to the magnitude of an off-diagonal matrix
element calculated by evaluating an overlap integral that connects the electron and
hole wave functions together through the dipole operator. Because the nanocrystals
form a potential well that confines the electron and the hole spatially, these wave
functions overlap more in position space and the matrix element, or oscillator strength,

for the transition increases [1.11].

At the same time, the uncertainty in momentum space that confinement introduces
relaxes the momentum conservation rule and allows a greater proportion of the

phonon density of states to assist in the indirect band-to-band transition [1.12].

This effect is thought to be insufficient to make the bandgap of silicon nanocrystals
direct but the optical transitions in small nanocrystals might possibly be described as
quasidirect. Reports claiming direct gap transitions in silicon nanocrystals at blue
emission wavelengths on the basis of decay rate measurements are likely to
correspond to misattributed radiative emission from oxide defect centers or to fast

nonradiative recombination [1.13 - 1.15].

Therefore, it is found that due to quantum confinement the direct bandgap decreases.
In combination with the phonon bottleneck effect, which slows down carrier cooling
by phonon emission and thereby increases the probability of direct recombination for
smaller NCs, this tunable direct bandgap offers new possibilities for efficient and
tunable light emission from Si NCs. In addition, the decrease of the direct bandgap

gives rise to a higher absorption, which is beneficial for Si NC solar cells.
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While silicon nanocrystals alone cannot emit light in the infrared telecom bands, they
can be coupled to the emission of erbium ions to create a promising hybrid optical

material.

1.5. Photonic-bandgap materials

The second major hope for silicon light emitter is from photonic-bandgap materials.
In its intrinsic form, silicon has an indirect electronic bandgap with an optical
absorption edge in the near infrared (IR) at 1.05 um. Because of the indirect character
of the bulk form of silicon it only emits light very weakly. This makes the bulk form
most useful for microelectronic but not for optoelectronic applications where efficient
light emission from silicon is needed. To evoke efficient light emission from silicon,
nano-scale structures smaller than the bulk exciton are required. At this length scale,
spatial and quantum confinement effects enhance the chances of radiative over non-
radiative electron hole recombination processes and luminescence can be seen from

photolytically or electrically stimulated silicon [1.16].

The idea of novel all-optical devices, i.e. switches, modulators, filters and
interconnects, seems to be possible with photonic-bandgap materials: materials
patterned with a periodicity in the dielectric constant, which generates a range of
“forbidden” frequencies, called photonic bandgap. Photons with energies within this
bandgap cannot propagate through the material. This will allow controlling and
manipulating the propagation of light even within compact systems of very small
dimensions. In a photonic band gap (PBG), lasing can occur with zero pumping
thresholds. Lasing can also occur without mirrors and without a cavity mode since

each atom creates its own localized photon mode. This suggests that large arrays of
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nearly lossless micro-lasers for all-optical circuits can be fabricated with PBG

materials.

1.6. Alternate materials

There are various approaches to develop alternate materials for silicon light emitter.
Gallium Arsenide (GaAs) has been suggested as an alternate material for some time.
Prime advantage of GaAs is that it has a direct band gap, which means that it can be
used to emit light efficiently. Silicon has an indirect bandgap and so is very poor at
emitting light. As a wide direct band gap material with high breakdown voltage, and
resulting resistance to radiation damage, GaAs is an excellent material for optical
windows in high power applications. However, the lack of a native oxide, high
processing cost and environmental concerns discourage the industry from

implementing GaAs as a feasible solution.

Although several III-V group materials emit in the 1.33-1.55 um range, the
InGaAsP/InP material system is highly developed. The commonly used light-emitter
in the region of 1.3 um lasers is Ing74Gag26Aso.6Po4, whereas for 1.55 um devices, it
1s Ing¢GagaAsooPo1. For optoelectronic GalnAsP-InP DH lasers, LPE, VPE and
LPMOVPE (low pressure-MOVPE) are potentially useful for the growth of high
quality DH lasers emitting between 1.2 and 1.6 um. Difficulties have been reported
with the growth of phosphorus-bearing alloys by MBE. However, the results obtained
clearly demonstrated that high quality InGaAsP/InP materials suitable for the state-of-
the-art device applications could be routinely prepared by CBE [1.17].
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1.7.  Outline of this thesis

This thesis presents experimental work of developing functional thin films with novel
optical material for applications in silicon photonics devices. The chapters are

organized as follows:

In chapter 2, we discuss Er-doped materials. First we discuss energy diagram of
Er’’/Yb™ jons and their possible up-conversion; next topic covers thin films
fabricated with Er-doped materials and application of such thin films in photonic
devices. In the next topic of the chapter we discuss Er-doped thin films for waveguide
applications fabricated with different host materials. In the last topic we discuss about

the different approaches for Er-doped light emitters.

Chapter 3 presents the fabrication and application of erbium doped tantalum
pentoxide material. We did a comparative study of various deposition techniques for
fabrication of Ta,Os thin films, on the basis of their advantages and disadvantages.
The next topic deals with the physical, optical, and structural properties of Ta,Os. In
next topic we discuss about the fabrication and applications of Er-doped tantalum

pentoxide films.

Chapter 4 describes the experimental design for fabrication and characterization of
thin films used in this dissertation. First, we discuss about different fabrication
techniques available for thin film deposition. Next topic gives the detail about
experimental setup of RF-sputtering machine and other details. Details of RF-
sputtering conditions for fabrication of thin films with different materials are also

presented in tables in this part. Details of annealing furnace, PL measurement setup,
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EPMA, X-ray diffraction, surface profiler, spectrophotometer used in this dissertation

also presented in this chapter.

Chapter 5 presents the results and discussion of the experiments carried out in this
dissertation. First, we presented various experimental results as - PL spectra of
different samples fabricated with different functional materials, XRD spectra of
various thin films, EPMA results of thin films. Discussion is followed by

experimental results.

Chapter 6 describes the conclusion of this dissertation and direction for future works.
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Chapter 2
Erbium Doped Materials

2.1. Introduction

Erbium is a rare earth element belongs to the group of the Lanthanides. When
embedded in a solid, erbium generally assumes the trivalent Erstate, which has an
electronic configuration [Xe]-4f. Fig.2.1. Shows energy diagram of Er’" and their
corresponding transitions. The Er-ion has an incompletely filled 4/-shell, allowing for
different electronic configurations with different energies due to spin - spin and spin-
orbit interactions. Radiative transitions between most of these energy levels are parity
forbidden for free Er'” ions. When Er is incorporated in a solid however, the
surrounding material perturbs the 4f wave functions. This has two important
consequences. First, the host material can introduce odd-parity character in the Er 4f

wave functions, making radiative transitions weakly allowed.
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Fig. 2.1 Energy level diagram of Er**/Yb™ ions and possible up-conversion
luminescence mechanisms [Adapted from ref. 2.1].
Second, the host material causes Stark-splitting of the different energy levels, which

results in a broadening of the optical transitions. Since radiative transitions in Er’" are
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only weakly allowed, the cross sections for optical excitation and stimulated emission
are quite small, typically on the order of 10! cm?, and the radiative lifetimes of the
excited states are long, up to several milliseconds. When Er is excited in one of its
higher lying levels it rapidly relaxes to lower energy levels via multi-phonon emission.
This results in typical excited state lifetimes ranging from 1 ns to 100 us. The
transition from the first excited state (‘I;3) to the ground state (*I;s,2) is an exception
to this rule. Due to the large transition energy (0.8 eV) multi-phonon emission is
unlikely, resulting in lifetimes up to ~20 ms depending on host material, and efficient

emission at 1.54 um [2.2].

2.2.  Erbium Doped thin films

Thin film integrated optics is becoming more and more important in optical
communications technology. The technology for the fabrication of passive devices
such as planar optical waveguides, splitters, and multiplexers is now quite well
developed, and devices based on this technology are now commercially available.
Next step to further improve this technology is to develop optical amplifiers that can
be integrated with these devices. Such amplifiers can serve to compensate for the
losses in e.g. splitters or other components, and can also serve as preamplifiers for

active devices such as detectors.

Erbium doped materials have attracted much attention after the invention of Erbium
doped fiber amplifier (EDFAs) in 1987 due to 4f emission at telecommunication
wavelength. Er’" the preferred bonding state has an incomplete 41 electronic shell that
is covered by closed 5s and 5p shells [2.3]. As a result, rather sharp optical intra-4f
transitions can be achieved from erbium-doped materials. The transition from the

first-excited state to the ground state in Er’ "~ occurs at 0.8 eV, corresponding to 1.54
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um wavelength. This is an important telecommunication wavelength since standard

silica-based optical fibers have their maximum transparency at this wavelength.

In optical fiber technology, erbium doped fiber amplifiers are now commercially used
in long distance fiber communications links. They use an optical transition in Er’” at a
wavelength of 1.54 um for signal amplification, and their success has set a standard of
optical communication at this wavelength. To use the same concept of Er doping for
planar waveguide amplifiers are now being developed. For these devices silicon is
often used as a substrate, so that opto-electronic integration with other devices in or
on Si (electrical devices, or Si based light sources, detectors, modulators) may

become possible.

Erbium doped materials also have great possibilities in thin film integrated
optoelectronic  technology, due to their emission at 1.54 wm (standard
telecommunication wavelength). Er-doped dielectric thin films can be used to
fabricate planar optical amplifiers or lasers that can be integrated with other devices
on the same chip. Semiconductors, such as silicon, can also be doped with erbium. In
this case the Er may be excited through optically or electrically generated charge
carriers. Er-doped Si light-emitting diodes may find applications in Si-based

optoelectronic circuits [2.4].

2.3. Er-doped thin films for photonic applications

There are many efforts for developing new materials for thin film photonic
application. LiNbO; is a key material in integrated optics due to its excellent
nonlinear optical properties.

Optical switches and modulators have been made in LiNbOs and are commercially

available. Rare-earth-doped waveguide amplifiers in LiNbO; could be used to
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compensate for the intrinsic optical losses in such splitters and modulators. In addition,
the electro-optical properties can be used to fabricate rare-earth-doped mode-locked,
Q -switched, or tunable waveguide lasers [2.5,2.6]. Planar and channel waveguides
can be made in LiNbO; by Ti indiffusion or proton exchange, and they show optical

losses as low as 0.1 — 0.2 dB/cm [2.6].

Buchal et al. first reported Er implantation of LiNbO; for optical devices. Optical
amplification was demonstrated on single mode Ti-diffused channel waveguides,
fabricated on a 300 keV Er-implanted and annealed LiNbOs wafer [2.7]. They also
made careful studies of the diffusion of Er implanted in LiNbO; [2.8]. There studies

were later used in the optimization of Er-indiffused LiINbO3; waveguide lasers.

Researchers also tried other materials implanted with various rare-earth ions:

»  Nd-implanted SrTiO3 showed characteristic photoluminescence of Nd** at 1.05 -
1.08 um [2.9]

»  Tb-implanted Y3AlsO0;, YAG showed cathode-luminescence at 544, 590, and
620 nm [2.10].

»  Sapphire single crystals implanted with Eu showed photoluminescence at 622
nm, particularly after additional laser annealing.

»  Si3Ny thin films were also doped with Er by ion implantation [2.11]. This
material has a relatively high refractive index (n=1.97), and therefore
waveguides with small dimensions and highly confined optical modes can be
fabricated. PL from Er’" was observed after annealing and had luminescence
lifetimes at 1.54 wm of 7 ms at low Er concentration.

» Combined Er and Yb implantations were performed into silicon oxynitride

waveguides. In such co-doped waveguides, the aim is to take advantage of the

Page | 16



Chapter 2
Erbium Doped Materials

relatively high absorption cross section of the Yb’'ion, which can then

resonantly transfer its energy to Er’* [2.12].

2.4. Er-doped light emitters

The origin of the room-temperature photoluminescence (PL) from Si-NCs is still
under active debate, and some essential features of this PL signal are still not
understood in detail. Several mechanisms have been suggested to explain the
appearance of this luminescence signal, such as defects within the Si0, [2.13, 2.14] or
at the nanocrystals surface, [2.15-2.18] the formation of siloxane, [2.19-2.21] or
quantum-confinement effects of the excitons caused by their spatial confinement
within the Si- NCs [2.22-2.24]. For porous silicon, the latter mechanism was proved
to be the origin of the observed luminescence by the appearance of silicon phonon-
related structures in the resonantly excited PL signal [2.22, 2.24]. For Si-NC within an
oxide matrix, this discussion is still ongoing and the answer might be different for
different sample systems. Even if, one assumes that quantum confinement is the
origin of this luminescence band, this effect could not easily be separated from other
effects such as the migration of excitons [2.25-2.28] due to the broad size distribution

of the Si-NCs involved.

The situation can become better if one uses the Si-NCs as sensitizers for other active
elements, such as Er’" jons. The Er'" luminescence at 1.54 um is of great
technological interest due to the absorption minimum of SiO,-glass fibers in this
wavelength range. The very small absorption cross-section of erbium prevents
effective application of Er’" in integrated optoelectronics, and so the use of
appropriate sensitizers such as Si-NCs, which can transfer their energy to the Er’* ions,
is highly desirable. The very effective energy transfer to Er’* ions also allows the

fabrication of efficient electrically pumped devices. ST Microelectronics reported an
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Er/Si-NC LED with 10 % efficiency [2.29]. This device does not utilize any
additional control of the crystal size besides the conventional phase separation of bulk
SiOy layers. A device with a narrow Si-NC size distribution should show an even
higher efficiency. This narrow size distribution would also facilitate adjusting the Si-

NC (sensitizer) emission wavelength to the absorption levels of Er** [2.30].

2.5.  Summary

Er-doped materials and thin films are of great interest due to their transition in 1.5um
wavelength. Erbium doped waveguide amplifiers; Erbium doped waveguides, Erbium
doped light emitters can be realized in near future with increasing research in this
field. Er-doped materials could be promising candidate for next generation

communication devices.
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Erbium Doped Tantalum Pentoxide

3.1. Introduction

Tantalum pentoxide (Ta,Os) is well known because of its interesting optical and
electrical properties. It has been extensively studied both experimentally and
theoretically over the past four decades. Historically, Ta,Os emerged in the seventies,
mainly due to its promising properties as an antireflective coating for optical and
photovoltaic applications. During the following decade, a few studies explored
different ways to obtain stable oxide layers and their potential applications. However,
the real emergence of tantalum pentoxide as a dielectric material happened during the
last decade primarily because of an exceptional effort in the development of
electronics devices using tantalum oxide films as dielectric layers. Such an inflation
of studies has been further motivated by the dramatic scaling-down of silicon
integrated circuits that has pushed conventional dielectric films (silicon dioxide or
silicon nitride) close to their physical limit in terms of reduction of thickness and
dielectric strength [3.1-3.6]. This has led to the study of insulators with high dielectric
permittivity, such as TiO,, Y,03, (Ba,Sr)TiOs3, Pb(Zr,T1)O3 and Ta,Os which enable
an increase of the packing density of devices without a further reduction of insulator
thickness [3.7-3.14]. Among these dielectrics, tantalum pentoxide, having a high
dielectric constant (depending upon deposition conditions), appears to have been
adopted for this purpose because it can be readily deposited using conventional
methods which are compatible with equipment already available in process lines (in
particular for dynamic random access memory (DRAM) applications at the present

time).

The increase in the DRAM density up to 1 Gbit creates a serious problem to ensure
the required storage capacitance in trench three-dimensional (3-D) stacked-capacitor
cell and technologies based on the SiO,/Si3N4/SiO, (ONO) stacked capacitor. To
satisfy DRAM requirements of 1 Gbit and beyond higher dielectric constant materials
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are necessary to keep the capacitor cells structures simple and easy to fabricate [3.15-
3.17]. Among those new dielectrics, Ta,Os has received considerable attention,
because of its high dielectric constant (~35), high refractive index and chemical and
thermal stability with the promise of compatibility with microelectronics processing

[3.18].

In the last few years, optical properties of Ta,Os and rare-earth-doped tantalum oxide
films have been studied and researched extensively. Interesting optical properties also
have been reported from Ta,Os beyond these electronic properties. Recently Miura et
al. have reported blue light emission from RF-sputtered thin films [3.19]. Zhu et al.
reported red light emission from amorphous tantalum pentoxide films [3.20]. Also
tantalum pentoxide is transparent in the near UV spectral region (A > 300 nm), which
is an important point for optoelectronic devices that operate in the ultraviolet, such as
terrestrial-based astronomical charge-coupled device (CCD) imagers and space-based
photovoltaic devices. In this dissertation we also observed green light emission from

TaOy thin films.

3.2.  Fabrication of Ta,Os thin films with various deposition techniques

Successful applications of any thin film material require the development of
sophisticated synthesis and processing techniques, the understanding of structure

property relationships and the implementation of various novel devices.

Thin film deposition is one of the key processes used in optoelectronics and
microelectronics manufacturing to fabricate high quality layers for dielectric
applications, photonics application, and contact or protective films. Over the past
decades, various deposition methods for tantalum pentoxide thin films have been

proposed, researched and evaluated. Each deposition method has its advantages and
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disadvantages related to the deposition mechanisms and film properties. Various
efforts have been made to enhance the quality of tantalum pentoxide thin films to

make it suitable for advanced optical and dielectric applications.

Ta,0s films can be fabricated by different techniques such as —

Anodic or thermal oxidation of tantalum layers [3.21-3.31],

Sputtering [3.32-3.49],
Vacuum evaporation [3.50-3.54],

Y V VYV V

Atomic layer deposition (ALD), also referred as atomic layer epitaxy (ALE)
[3.55-3.59],

Ion-assisted deposition (IAD) [3.60-3.65]

» Sol-gel methods [3.66-3.70].

A\

The most commonly used processes are those based on chemical vapor deposition
(CVD) [3.71-3.77], which can currently be considered as a standard method in

silicon-based integrated circuit technology.

We will limit our discussion here on three frequently used deposition techniques CVD,

sol-gel and sputtering.

3.2.1. Chemical vapor deposition (CVD)

Chemical vapor deposition is now a standard method in silicon-based integrated

technology for the production of thin films (especially low-pressure chemical vapor

deposition (LPCVD) and plasma-enhanced chemical vapor deposition (PECVD).
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CVD is generally preferred for insulator manufacture, whereas physical vapor
deposition (PVD) is preferentially used for the fabrication of metallic contacts
(evaporation or sputtering techniques). In the CVD process, the gaseous reactants (or
the vapors obtained from liquid or solid reagents), diluted in an inert gas (hydrogen,
helium, argon, etc.) flow over the substrate maintained at relatively high temperature.
Carrier gas serves to reduce the concentration of each reactive gas so that they can be
safely mixed without spontaneous reactions. These gases also provide sufficient
volume to the mixture to force it over the heated substrate, a condition necessary for
film deposition. Finally, it allows optimization of gas convection and turbulence
conditions necessary to establish good film uniformity. The main advantage of this
technique is that it can be performed over a wide pressure range from atmospheric to

ultra high vacuum. Moreover, uniform, conformal and adherent layers may be formed.

For example, for thickness and step coverage, chemical vapor deposition of Ta,Os
appears to be superior to reactive sputtering for applications such as the three-
dimensional memory capacitors. Furthermore, one can obtain faster deposition rates,
reduction of the cost per wafer and better outputs in mass production using CVD
[3.78-3.79]. The disadvantages of this method are the manipulation of toxic, explosive
or corrosive gases in many processes and the use of comparatively high temperatures
(in the range 400-1100°C). Several chemical vapor deposition methods have been

employed to produce Ta,Os thin films as:

Atmospheric pressure CVD [3.71-3.73],

Low pressure CVD [3.79-3.87],

Plasma-enhanced CVD [3.88-3.94],

Photo-assisted CVD [3.95-3.96],

Excimer laser assisted CVD [3.97-3.103],

LPCVD and PECVD are the most frequently employed.

YV V. V V V V
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3.2.2. Sputtering

Tantalum pentoxide thin films can be fabricated by sputtering from a tantalum or
tantalum oxide target at low pressure in the presence of an oxygen atmosphere with or
without an inert gas (the most commonly employed gas is argon) [3.33-3.49].
Deposition of tantalum pentoxide on silicon substrates has been achieved in two

ways:

» By direct sputtering when the target is tantalum pentoxide and

» By reactive sputtering when tantalum metal is sputtered in an oxygen ambient.

The deposition rate depends mainly on the RF power and on the different gas
pressures. This method has many advantage as it can be performed at relatively low
temperatures (in the range 150°-400°C), this method is suitable for mass production
as single target is required and films are relatively less contaminated. The main
challenge in this technique is: the film stoichiometry is rather difficult to control. If it
can be suitably controlled, sputtering may potentially offer considerable material
flexibility. Sputtered Ta,Os films presents similar characteristics to those of deposited
by CVD. The principle of RF-sputtering method, experimental setup of sputtering

system, and processing conditions has been discussed in detail in chapter 4.

3.2.3. Sol-gel method

The fabrication of thin films by sol-gel method has recently received increased
attention. A number of oxides can be deposited, such as oxides of Ti, Zr, Hf, Ta and
Si. Sol-gel technique has many advantages, such as low temperature processing,
simple and compact equipment, deposition on a substrate characterized by a large area

and a complex structure, and high homogeneity of the deposited films. However, the
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layers are generally porous and contain large amounts of CH-based species, which
can be removed by thermal treatments. The refractive index of the film can also be
controlled within limits by the specific method used during layer formation.
Controlling this protocol allows the formation of transparent and pinhole-free layers,
instead of opaque films with or without pinholes and cracks. This control allows the
sol-gel method to produce a wide variety of thin film materials, ranging from dense
dielectric films for electronic applications to antireflective coatings for optical

applications. Uniform films with different compositions can also be fabricated.

3.3.  Properties of tantalum pentoxide thin films

In this section we will review the main characteristics and properties of tantalum

pentoxide thin films depending on the preparation method:

»  Physical and optical properties (density, refractive index, optical loss, optical
band gap),

»  Structural properties,

»  Chemical properties (etching and resistance to corrosion), electrical properties
(dielectric constant, breakdown strength, trapping phenomena, leakage current
densities, conduction mechanisms of thin layers)

»  Radiation effects on the electrical properties.

3.3.1. Physical and optical properties

Physical and optical properties of tantalum pentoxide thin films were intensively

investigated with respect to their potential applications in solid-state devices, and

optical devices.
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Table-3.1 presents the values of the density, refractive index and optical loss of

tantalum oxide obtained by various techniques.

Table-3.1. Physical and optical properties of Ta,0Os thin films for different

sample preparation techniques

Sample Density Refractive Optical Loss References
Preparation (g cm™) Index (dB cm™)
Thermal 2.28 at 488.0 nm | 4.1 at488.0 nm [3.110]
Oxidatie 225at51450m | 0.9 at 632.8 nm
xidation 2.21 at 632.8 nm
Sputtering 1 at 632.8 nm [3.37]
ALE 1.9 t0 2.25 [3.59]
1.93 to 2.15 at
IAD 6.1t07.5 633 nm [3.64]
2.12to 2.16 at
ECR PECVD 632.8 nm [3.111]
UV-photo-
CVD 2.2 at 546.1 nm [3.112]

3.3.2. Structural properties of the crystalline phase

Crystalline tantalum pentoxide presents in two phases:

»  Orthorhombic phase and
»  Hexagonal phase
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The orthorhombic structure can be divided into two forms, with a reversible transition

occurring at about 1360°C:

» A high-temperature form [3.104-3.105] and

»  Alow-temperature form called L-Ta,Os [3.106-3.107].

The lattice parameters for orthorhombic- Ta,0Os are a = 6.198 A,b=40.290 A and c =
3.888 A. Stephenson and Roth [3.107] studied the structure of the low-temperature
form of orthorhombic-Ta,0s. The orthogonal unit cell of this compound contains 11
formula units. The structure was solved in projection from the Patterson functions.
The ideal structure for L-Ta,Os can be generated from a chain of 8-edge-sharing
pentagons. The plane group of the (001) projection of this ideal structure is pgm, and
the ideal unit cell contains 22 Ta atoms and 58 O atoms. The real structure contains
on the average three distortion planes per unit cell, so that one has a reduction in the
coordination number of some metal atoms: the real unit cell of L-Ta,Os contains 22
Ta atoms and 55 O atoms. The distortion planes are statistically distributed over four

sites; thereby giving the average unit cell a higher symmetry than the real unit cell.

For the hexagonal phase, the lattice parameters are a = 3.62 A and ¢ = 3.87 A.
Fukumoto and Miwa [3.109] used first-principle calculations to predict the crystal
structure of hexagonal Ta,0Os since it is still unknown. Three crystal structures were

chosen for evaluation, after referring to the XRD data: P6/mmm, Pé6m2 and P63/mmc.

Their results show that the predicted structure has the space group of P6/mmm with
two formula units in the unit cell (a = 7.191 A and ¢ = 3.831 A; a is assumed to be
twice as large as the measured value due to the extinction rule), and that the
coordination number of O atoms to Ta atoms is 8 for one Ta atom and 6 for the other

three Ta atoms.

Page | 29



Chapter 3
Erbium Doped Tantalum Pentoxide

3.4. Er-Doped tantalum pentoxide films

Er-doped materials have attracted great attention due to their usability in optical fiber
communication and integrated photonics. The development of integrated optical
amplifiers operating in the 1.55um band, based on glassy planar waveguides activated
by Er’" ions, is now a hot research topic. Silica-based matrices are very attractive
because of the good solubility of rare-earth ions (~6x10°° cm’), of their high optical
quality, and chemical robustness. Various fabrication techniques have been employed
to fabricate silica based Er-doped waveguides as sol-gel, sputtering, and ion-
implantation. Sputtered and sol-gel waveguides seem more suitable for optical
amplifiers to be used in WDM systems, due to their wide bandwidth, while ion-

exchanged ones may be more convenient for integrated optical lasers.

Erbium-doped fiber amplifiers are commercially available but erbium-doped
waveguide amplifiers efficiency can not be compared with EDFAs due to low

absorption cross section of erbium and low solubility of Er’” in silica matrices.

To overcome these two problems many solution have been proposed. To increase the
efficiency of Er’", it is proposed to co-doping with other rare earth-ions as Yb. Yb has

larger absorption area and can transfer its energy to Er.

Tantalum pentoxide can be a possible solution for low solubility of Er in SiO; host
material. TaOx is superior to Si0; and GeO; in terms of both the phonon energy and
Er’" solubility. Amorphous Ta,Os has better Er’" solubility than SiO, because of the

relatively large amount of edge oxygen having a negative charge [3.108].

We fabricated Er-doped thin films with tantalum pentoxide as host material and

observed green light emission. We are presenting these results in this dissertation.
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Details of thin films fabrication and light emission properties can be found in the next
chapters. Such thin films can be possibly used in optical amplification devices in

integrated optics and light emitting devices.
3.5.  Summary

Ta,0s and Er-doped Ta,Os films can be fabricated with various deposition methods.
Physical and optical properties of these materials also depend upon the deposition
techniques used for film fabrication. Sputtering method can be useful for mass
production of thin films. Such deposited films can be used in different photonic

devices.
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4.1. Introduction

Thin-film growth techniques have fundamentally changed both condensed matter
physics and everyday life. Well established thin-film technologies are used to grow
the integrated circuits in computers, cell phones, and many other electronics and
optoelectronics devices. Many of the techniques used to grow thin films are related,
and involve physics and technology of marvelous subtlety. In this chapter, we discuss
the design, fabrication, and characterization of the thin films studied throughout this

thesis.

4.2.  Different fabrication techniques

Various thin film deposition techniques are used for different requirements, such as-

Thermal evaporation,

Pulsed laser deposition,
Radio-frequency (RF) sputtering,
Low-Pressure CVD (LPCVD),
Plasma-Enhanced CVD (PECVD),
Metal-Organic CVD (MOCVD) etc.

YV V. V V V V

We selected RF-sputtering for thin film fabrication in our samples. Sputtering method
has some advantages over the other deposition methods. Sputter deposited films have
a composition close to that of the source material. They have a better adhesion on the
substrate than the evaporated films. In addition sputtering method is more suitable for
mass production as single target is required for sputtering and film are relatively less

contaminated.
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4.3. RF-sputtering

Sputtering is a vacuum evaporation process, which physically removes portions of a
coating material called the target, and deposits a thin, firmly bonded film onto an
adjacent surface called the substrate. Sputtering has proven to be a successful method
of coating a variety of substrates with thin films of electrically conductive or non-
conductive materials. One of the most striking characteristics of sputtering is its
universality. Since the coating material is passed into the vapor phase by a mechanical
rather than a chemical or thermal process, virtually any material can be deposited.
During sputtering process direct current is used to sputter conductive materials, while
radio frequency is used for non-conductive materials. Before starting the sputtering
process a vacuum of 0.5x10™ to 1.0x10™ Pa must be achieved. From this point a
closely controlled flow of an inert gas such as argon is introduced. This raises the
pressure to the minimum needed to operate the magnetrons, although it is still only a
few ten thousandth of atmospheric pressure. During the sputter process a magnetic
field can be used to trap secondary electrons close to the target. The electrons follow
helical paths around the magnetic field lines undergoing more ionizing collisions with
neutral gaseous near the target. This enhances the ionization of the plasma near the
target leading to a higher sputter rate. It also means that the plasma can be sustained at
a lower pressure. The sputtered atoms are neutrally charged and so are unaffected by
the magnetic trap. There are various applications of great importance include thin

films:

»  Optical waveguide materials - Si, Er-doped Silicon, Tantalum, Silicon
nanocrystal

»  Magnetic materials for data storage tape - Co-Ni, Tb-Fe and Co-Ni-Cer.

»  Optical materials for lens characteristics - CeO,, MgO and MgF,.
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Lubricant materials for reducing friction - MoS,, WS,.

Wear-resistant materials to lengthen cutting tool life - TiN, TiC, and ZrB,.
Metalizing materials for microcircuits - Al, W-Ti, Al-Si and Al-Cu.
Transparent conducting materials - xLn,O3 -ySnOs.

Thin-film resistors - Ni-Cr, Cr-Si and Cr-SiO.

YV V. V V V V

Amorphous bubble memory devices - Gd-Co. LusFesO;,, and GdzGasOy,.

4.4. Experimental details of RF-Sputtering system

We used RF magnetron sputtering system, (ULVAC, SH-350-SE) to fabricate thin
films. The pressure in the vacuum chamber of the sputtering system was 0.54x10to
1.06x10™ Pa, the Ar flow rate in the chamber was 10 sccm, and the pressure during
deposition was approximately 1.1 Pa. The RF power supplied to the target was 200 to
300 W in different samples. Fused silica plates (thickness 1 mm) were used as
substrates. The substrates were not heated during sputtering process. Fig. 4.1 shows
the sputtering machine used in film fabrication and Fig. 4.2 shows the schematic
diagram of sputtering machine. Fig. 4.3 explains the sputtering process. During
sputtering process first Ar ions (blue dots in fig. 4.3) hit the target, this collision ejects
particles (yellow dots in fig. 4.3) from the surface. Multiple collisions create a large
number of particles ejected from the target. These particles are deposited on substrate

and give a uniform layer of desired material.
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Fig. 4.1. Sputtering machine used in film fabrication
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Processing
Chamber

Gas

Substrate

Target
Target Shutter 8

Exhaust

Matching Box

RF Power

A

Fig. 4.2. Schematic diagram of sputtering machine

Fig. 4.3. Schematic diagram of sputtering Process
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Fabrication of different thin films

Table-4.1. Details of sputtering processing condition for SiO; / Er,O; samples

Vacuum RF

Sample Pressure Power Time | Thickness | Thickness Tablets
(Material) | X 10° (min) A A /min
W)
Torr

Si0, /Er,0; 0.46 200 135 18433 136.5407 Er,O3x 4
Si0, /Er,0; 0.70 200 183 21867 119.4918 Er,O3 x 4
Si0, /Er,0; 0.69 200 210 24933 118.7286 Er,O3 x 4
Si0, /Er,03 0.44 200 162 22267 137.4506 Er,O3% 3
Si0, /Er,0; 0.61 200 145 19800 136.5517 Er,O3% 2
Si0, /Er,0; 0.59 200 131 19167 146.313 Er,O3 x 1
Si0, /Er,0; 0.55 200 161 11667 72.46584 EryO3x 2
Si0, /Er,0; 0.57 200 303 21033 69.41584 EryO3x 2
Si0, /Er,0; 0.83 200 161 20433 126.913 Er,O3x 2
Si0, /Er,0; 0.59 200 267 19350 72.47191 Er,O3x 2
Si0,/Er,03 0.64 200 174 20467 117.6264 Er,O3x 2
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We fabricated thin films with different materials and different fabrication condition.
We used SiO; and Ta,Os as target materials and put Er,O3 tablets on top of target to

fabricate co-doped films.

Er-doped Silicon oxide films were fabricated by RF magnetron sputtering system,
[ULVAC, SH-350-SE]. Ta,0Os disc [Furuchi Chemical Corporation, 99.99% purity,
diameter- 100 mm] was used as sputtering target. Thin films were deposited by
supplying RF power to target. Pressure in vacuum chamber was 1.6 x 10™, Ar flow
rate in the chamber was 10 sccm and pressure during deposition was around 1.1 Pa.
RF power supplied to the SiO; target was 300 W, fused silica substrates [ATOCK Inc.
1 mm thickness] were used. Films were annealed from 400°-1000°C in ambient air

after fabrication.

Tantalum oxide films were fabricated by RF magnetron sputtering system, [ULVAC,
SH-350-SE]. Ta;Os disc [Furuchi Chemical Corporation, 99.99% purity, diameter-
100 mm] was used as sputtering target. Tantalum oxide films were deposited by
supplying RF power to target. Pressure in vacuum chamber was 1.6 x 10™, Ar flow
rate in the chamber was 10 sccm and pressure during deposition was around 1.1 Pa.
RF power supplied to the Ta,Os target was 300 W, fused silica substrates [ATOCK
Inc. 1 mm thickness] were used, and substrates were heated at 250°C. Films were

annealed from 400°-1000°C in ambient air after fabrication.

Details of processing conditions for different materials are shown in different tables.
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Table-4.2. Details of sputtering processing condition for Ta,Os samples

Sample Vacuum Ar RE Time | Thickness | Thickness
(Material) Pre§6sure X | Pressure | Power ity i A/min
10™ Torr (sccm) (W)
Ta,0s5 0.46 10 300 60 40200 670
Ta,0s5 0.74 10 300 30 19900 663.33
Ta,05 0.75 10 300 120 78300 652.50
Ta,05 0.85 10 300 35 19900 663.33
Ta,05 0.83 10 300 35 19900 663.33
Ta,05 0.53 10 300 35 19900 663.33
Ta,05 0.57 10 300 35 19900 663.33
Ta,0s5 0.8 10 200 60 19900 663.33
Ta,05 0.78 10 200 60 19900 663.33
Ta,05 0.78 15 300 30 19900 663.33
Ta,05 0.66 5 300 30 19900 663.33
Ta,0s5 0.64 10 200 60 19900 663.33
Ta,0s5 0.49 10 100 90 19900 663.33
Ta,0s5 0.64 10 300 70 41300 590
Ta,0s5 0.22 10 300 30 19900 663.33
Ta,0s5 0.47 10 300 35 19900 663.33
Ta,0s5 0.41 10 300 35 19900 663.33
Ta,05 0.38 10 300 35 21900 625.71
Ta,05 0.38 20 300 35 24300 694.29
Ta,05 0.67 10 200 35 15200 434.29
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Table 4.3. Details of sputtering processing condition for Ta,Os /Er,Oz samples

Sample Vacuum RF Time | Thickness | Thickness | Tablets
(Material) | Pressure X | Power | (min) | A A/min
10°Torr | (W)

Ta;05 /Er,05 | 0.79 300 35 11200 320 Er,O3x 3
Ta;05 /Er,O5 | 0.82 300 35 17200 491.4286 Er,O3x 3
Ta;0s5 /Er,03 | 0.73 300 51 25700 503.9216 Er,O3% 3
Ta;05 /Er,05 | 0.70 300 50 25667 513.34 Er,O3% 3
Ta,05 /Er,05 | 0.77 300 58 26800 462.069 Er,O3% 3
Ta;05 /Er,05 | 0.79 300 217 105000 483.871 Er,O3x 3
Ta;0s5 /Er,03 | 0.8 300 35 19433 555.23 Er,O3 x2
Ta;05 /Er,O5 | 0.79 300 35 16333 466.66 Er,O3% 3
Ta;05 /Er,05 | 0.77 300 35 26800 619.06 Er,O;3 x1
Ta,05 /Er,O5 | 0.41 300 35 19600 560.00 Er,O3 x2
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Table-4.4. Details of sputtering processing condition for Ta,Os /Er,03;, Yb,O3; samples

Vacuum
Sample Pressure | RF Power | Sputtering | Thickness | Thickness
. 6 . . . Tablets
(Material) X 10 W) Time (min) A A/min
Torr

Er,O3x2

Tazgi/ 18“03’ 0.58 300 35 17433 498.0857 2
a3 Yb,05x1
Er,O3x2

Tazgi/ 18“03’ 0.51 300 35 14367 410.4857 2
a3 Yb,03x2
Er,O3x3

Ta;05 /Er05, 0.71 300 35 14300 408.5714 2

Yb203

Yb,05x1
Ta,05 / Yb,05 0.66 300 35 17500 500 Yb,0;5%2
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Er,0O3Table

Ta,05 Disc

Fig. 4.4. Target Setup for sputtering

4.5. Annealing

Annealing is a heat treatment process that changes physical and optical properties
significantly. There are many reported works related to effect of annealing on

structural and optical properties of thin films and devices [4.1-4.5].

We used electric furnace (DENKEN Co., Ltd., KDF-S70) for annealing the samples.
Fig. 4.5 shows the KDF-S70 electric furnace. Fig.4.6 shows the heating chamber of
electric furnace KDF-S70. The samples were placed in the heating chamber of electric
furnace DENKEN KDF-S70, which can be heated to a maximum of 1150°C.
Typically the samples were heated slowly into a pre-heated state. It takes
approximately 40 min to reach the desired temperature. After reaching the desired
temperature, chamber’s temperature was constant for 20 min. Cooling process takes
about 5-6 hours. It is also possible to increase the temperature while the sample is in
the furnace. In our experiments we annealed samples in ambient air. We studied

various effects of annealing on samples such as, effect of annealing on structural
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properties of thin films (e.g. change in film thickness, change in phase and crystal
structure), effect of annealing on bandgap of thin films and effect of annealing on

light emitting properties of thin films.

Fig. 4.5. KDF-S70 Electric Furnace

Fig. 4.6. Heating chamber of KDF-S70 electric furnace
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4.6. PL Measurement setup

Fig. 4.7 shows the schematic diagram of PL measurement setup. The setup used for
the PL measurements is shown in Fig. 4.8. An Helium-cadmium laser (Kimmon,
IK3251R-F,) with a wavelength of 325 nm and max power 200 mW was used to
excite the samples. The light was collected by a pair of convex lenses, each with focal
lengths of 10 cm. One was placed 10 cm away from the sample while the other was
placed 10 cm away from the entrance slit of the monochromator so an image of the
sample was projected onto the entrance slits. A 325 nm wavelength cut filter was used
before entrance slit. We used dual-grating monochromator (Roper Scientific,
Spectrapro-21501, grating size 32 x 32 mm, focal length 150 mm, scan range 0-1400
nm, with £ 0.25 nm accuracy) and CCD detector (Roper scientific, Pixis-100B, CCD
image sensor back-illuminated, 1340 x 100 CCD array 20 x 20-um pixels) setup to
measure PL intensity. We used WinSpec software for automatic data acquisition,

analysis and display provided by Princeton instruments.

Mirror

Visible light cut filt He-Cd Laser [Wavelength (1)=325nm]

Convex Lens

B &CDQeLector
f=10cm D

Computer

Sample Convex Lens 325nm  Monochromator

f=10cm Cut Filter

Fig. 4.7. Schematic diagram of PL. measurement setup
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Fig. 4.8. PL Measurement Setup used in this work
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4.7.  Electron Probe Micro Analyzer (EPMA)

An electron probe micro-analyzer is an instrument used primarily for the non-
destructive chemical analysis of minute solid samples. It is same as an scanning
electron microscope (SEM) with the added capability of chemical analysis. The
primary importance of an EPMA is the ability to acquire precise, quantitative
elemental analyses at very small "spot" sizes (as little as 1-2 microns). This
instrument has the features that special attention is not necessary in sample handling
procedures. The electron optics of an SEM or EPMA allow much higher resolution
images to be obtained than can be seen using visible-light optics. We used Shimadzu
EPMA-1610 to calculate the concentration of different elements in the samples

discussed in this thesis.

Fundamental Principle of Electron Probe Micro Analyzer (EPMA)

A beam of electrons is fired at a sample. The beam causes each element in the sample
to emit X-rays at a characteristic frequency; the X-rays can then be detected by the
electron microprobe [4.6]. The incident electron beam has sufficient energy to liberate
both matter and energy from the sample. These electron-sample interactions mainly
liberate heat, but they also yield both derivative electrons and x-rays. X-ray
generation is produced by inelastic collisions of the incident electrons with electrons
in the inner shells of atoms in the sample; when an inner-shell electron is ejected from
its orbit, leaving a vacancy, a higher-shell electron falls into this vacancy and must
shed some energy (as an X-ray) to do so. These quantized x-rays are characteristic of
the element. EPMA analysis is considered to be "non-destructive"; that is, x-rays
generated by electron interactions do not lead to volume loss of the sample, so it is

possible to re-analyze the same materials more than one time [4.7].
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EPMA consists of four major components:

>

>

An electron source commonly referred as a "gun."

A series of electromagnetic lenses located in the column of the instrument, used
to condense and focus the electron beam emanating from the source; this

comprises the electron optics and operates in an analogous way to light optics.

A sample chamber, with movable sample stage (X-Y-Z), that is under a vacuum
to prevent gas and vapor molecules from interfering with the electron beam on its
way to the sample; a light microscope allows for direct optical observation of the

sample.

A variety of detectors arranged around the sample chamber that are used to

collect x-rays and electrons emitted from the sample.

Applications

>

Quantitative EPMA analysis is the most commonly used method for chemical

analysis of geological materials at small scales.

EPMA is chosen in cases where individual phases need to be analyzed or where
the material is of small size or valuable for other reasons (e.g., experimental run
product, sedimentary cement, volcanic glass, matrix of a meteorite, archeological

artifacts such as ceramic glazes and tools).

In some cases, it is possible to determine a U-Th age of a mineral such as

monazite without measuring isotopic ratios.
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» EPMA is also widely used for analysis of synthetic materials such as optical

wafers, thin films, microcircuits, semi-conductors, and superconducting ceramics.

4.8. X-Ray Diffraction (XRD)

X-ray crystallography is a method of determining the arrangement of atoms within a
crystal, in which a beam of X-rays strikes a crystal and diffracts into many specific
directions. From the angles and intensities of these diffracted beams, a
crystallographer can produce a three-dimensional picture of the density of electrons
within the crystal. From this electron density, the mean positions of the atoms in the
crystal can be determined, as well as their chemical bonds, their disorder and various

other information.

In an X-ray diffraction measurement, a crystal is mounted on a goniometer and
gradually rotated while being bombarded with X-rays, producing a diffraction pattern
of regularly spaced spots known as reflections. The two-dimensional images taken at
different rotations are converted into a three-dimensional model of the density of
electrons within the crystal using the mathematical method of Fourier transforms,
combined with chemical data known for the sample. Poor resolution (fuzziness) or
even errors may result if the crystals are too small, or not uniform enough in their

internal makeup.

The X-ray diffraction (XRD) patterns of the samples annealed at various temperatures
were recorded by a Rigaku diffractometer using the Cu Ka radiation at a scanning

step of 0.02°.
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4.9. Surface Profiler

Surface analysis and accurate surface characterizations are critical in thin film
characterization. Surface profilers are used to measures surface profiles, roughness,
thickness, waviness and other parameters. We used Dektak-1I surface profiler for
characterization of our samples. In the surface profiler a tip flows in contact with
sample surface following its morphology. A position transducer converts tip
movements into height values producing the surface profile. We used surface profiler
to determine film thickness, sputtering rate, and band gap characterization in this

thesis.

Dektak TAY
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Fig. 4.9. Surface Profiler Dektak-I1
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In order to determine film thickness first we measured the substrate thickness and
then sample thickness after each sputtering process, this data was used to determine
sputtering rate for different materials. We measured film thickness of samples at three
places in order to make results accurate. Fig. 4.9. shows the surface profiler used for

sample characterization in this work.

4.10. Spectrophotometer

Fig. 4.10 shows the spectrophotometer Shimadzu MPC-3100 used for sample
characterization in this thesis. We measured transmittance of pre and post annealed

samples with spectrophotometer.

Fig. 4.10. Spectrophotometer Shimadzu MPC-3100
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5.1. Results and discussion

In this section, we will present and discuss all the results we obtained from our
experiments. First we will present the results of Erbium-doped silicon dioxide films
(Er-Si0,) fabricated with RF sputtering. Fig.5.1 shows the PL spectra of Er-Si0; films
annealed at different temperatures in ambient air. As deposited samples exhibit
photoluminescence centered at 620 nm wavelength. Post-annealed samples did not

show photoluminescence.

1000 L ——500°C i

——600°C
———800°C
g00 LI ——900°C
1000°C

—— without annealing
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PL Intensity (a.u)

400

200
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o WL o .
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Fig. 5.1. PL spectrum of Er-SiO; films annealed at different temperatures

Fig.5.2 shows the PL spectra of samples fabricated with different number of Er,O;
tablets. Sample fabricated with two Er,O; tablets shows the strongest PL intensity
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among all the samples. Fig.5.3 shows the PL spectra of Er-SiO, films with different

film thickness. Sample with 1.84 um thickness shows the strongest PL intensity.

PL Intensity (a.u)

1500

1000

500

Er1 Tab
Er2 Tab
Er 3 Tab
Er4 Tab

1 o ai
600 700 800

Wavelength (nm)

Fig. 5.2. PL spectrum of Er-SiO; films with different Er concentration

We observed photoluminescence at 660 nm wavelength from Er-SiO, samples.

Strongest PL intensity observed from the sample fabricated with two Er,O; tablets

and 2.18 um film thickness. Samples did not show any PL after annealing.
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Fig. 5.3. PL spectrum of Er-SiO; films with different film thickness

Next we will discuss the results of Ta,Os and Er-TaOy thin films fabricated by
sputtering. In order to understand light emission and optical properties of tantalum, it
1s important to understand band gap behavior of the tantalum thin films. In this part,
we will present the results of optical band gap and absorption coefficient investigation

in the tantalum thin films annealed at different temperatures.

To calculate bandgap, first we measured transmittance of the films with Shimadzu
MPC-3100 Spectrophotometer. Fig.5.4 shows the transmittance spectra of samples

annealed at different temperatures.
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Fig. 5.4. Transmittance spectra of samples

The absorption coefficient a can be calculated from the relation [5.1]

T=Aexp(-ad)  ............ (1)
where, T is the transmittance of thin film, A is a constant, and d is the film thickness.
Constant A is approximately unity, as the reflectivity is negligible and insignificant
near the absorption edge. The optical band gap of the films is determined by applying
the Tauc model [5.2] and the Davis and Mott model [5.3] in the high absorbance
region

ahv=D (hv-Ep)" ... )

where hv is the photon energy, E, is the optical band gap and D is a constant. n=2 for
direct transition materials. Fig. 5.5 shows graph between absorption coefficient and

estimated band gap energy.
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Fig. 5.5. Photon energy V/s absorption coefficient

Fig. 5.4 shows the transmittance spectra of annealed samples from 400-1000°C, In
Fig. 5.5 the relationship between absorption coefficient and hv is plotted. The E, value
can be obtained by extrapolating the linear portion to the photon energy axis in the

Fig.5.5. The optical band-gap values obtained are summarized in Table 5.1.

We noticed as the annealing temperature was decreased from 1000 to 600 °C, the

optical band gap shifted from 3.7-1.6eV.
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Table -5.1. Change in bandgap with various annealing temperature

Annealing Temperature Bandgap
600 °C 3.7eV
700 °C 3.7eV
800 °C 2.4eV
900/1000 °C 1.6eV

We prepared the tantalum pentoxide films with RF sputtering method. We observed
the lowest transmittance from the as deposited film due to their amorphous nature.
After annealing, films show better transmittance, which could be because of more
uniform film structure. Highest percentage of transmittance can be found in the films
with annealing temperature of 600 and 700°C. Films annealed at 500°, 600° and
700°C shows a bandgap of 3.7-3.2 eV. Films annealed at 800°C, shows the bandgap
of 2.4 eV. Films annealed at 900°-1000°C, shows band gap of 1.6 eV. It’s difficult to
determine a direct relationship between amorphous disordered thin films crystal
structure and band gap behavior. After annealing, change of bandgap and

transmittance of films could be due to the change of phase and crystal structure.
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Fig. 5.6. PL spectra of Ta-oxide films after annealing at 600°, 700° and 800°C

Fig.5.6 shows the photoluminescence spectra of tantalum pentoxide films annealed at
various temperatures. We did not observe light emission from as sputtered film. Post-
annealed films show visible light emission after annealing at 700°C. Sample annealed
at 700°C shows the highest PL intensity. The wavelength of photoluminescence
centered around 510 nm. Miura et al. reported blue light emission from tantalum
pentoxide films fabricated by RF-magnetron sputtering [5.4]. Zhu et al. reported red

light emission from amorphous tantalum pentoxide films [5.5].
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1cm.

1cm.

Fig. 5.7. Visible light emission from tantalum pentoxide film annealed at 700°C

Fig. 5.7 shows the visible light emission from tantalum pentoxide film annealed at
700°C for 20 min. We observed green light emission (wavelength 510 nm) from
tantalum pentoxide films in our result, which was not reported in previous works. As
far as origin of green light emission is concerned, it is not very clear yet and we are

still trying to investigate the origin of green light emission.

In next step, we tried to optimize the annealing time, RF power and Ar flow rate for
strong PL intensity. Samples were annealed for 20, 30, and 40 min in KDS-70 heating
furnace. Fig.5.8 shows PL spectra of samples annealed for 20, 30, and 40 min.

Samples annealed for 30 and 40 min show strong PL intensity.

Fig.5.9 shows PL spectra of samples fabricated with different RF power during
sputtering process. Sample fabricated with 100 W RF power shows stronger PL
intensity than samples fabricated with 200 and 300 W RF power.
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Fig. 5.8. PL Spectra of samples annealed for 20, 30 and 40 min.

Fig. 5.10 shows PL spectra of samples fabricated with different Ar flow rate during
sputtering process. Sample fabricated at Ssccm Ar flow rate shows stronger PL

intensity than samples fabricated at 10 and 15 sccm Ar flow rate.

We observed strongest PL intensity from the sample fabricated with 100 W RF power,

5 scem Ar flow rate, and 30 min annealing time.
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Fig. 5.9. PL spectra of samples fabricated with different RF power
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Fig. 5.10. PL spectra of samples fabricated with different Ar flow rate
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Erbium-doped Tantalum pentoxide

Fig. 5.11 plots the PL spectra of Er-TaOy films fabricated using two Er,Oj3 tablets and
annealed from 600° to 1100°C for 20 min. The as-deposited samples did not exhibit
PL. We observed two PL peaks at 550 and 670 nm from post-annealed samples. The
sample annealed at 900°C exhibits the strongest PL intensity. The PL peaks observed
at 550 and 670 nm are due to the transitions of Er’" from the * Ss to the 4 15, state
and from the * Fo) to the * 1,5/, state respectively [5.6]. Light emission at 670 nm could

not be observed in the samples annealed at 600° and 700°C.
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Fig. 5.11. PL spectra of Er-TaOy films annealed at 600° to 1100°C for 20 min.
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To observe the effect of annealing time on PL intensity and to optimize the annealing
time, we annealed samples (fabricated with two Er,O; tablets) at 900°C for 10 to 40
min in ambient air. Fig. 5.12 plots the PL spectra for different annealing times. The
sample annealed for 20 min had the strongest PL intensities at both wavelengths of

550 and 670 nm.
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Fig. 5.12. PL spectra of samples annealed at 900°C for 10 - 40 min

Fig. 5.13. plots the PL spectra with different Er concentrations annealed at 900°C for
20 min. It has been reported that fluorescence due to Er'™ exhibits the strongest
intensity at 1.2, 0.75, and 2 mol % Er concentration [5.7-5.9]. In our work, we
observed the strongest PL intensity with 0.96 and 0.63 mol% Er concentrations at 550
and 670 nm, respectively. Table-5.2 shows the detailed results of Er concentrations in

different samples measured with EPMA.
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Table - 5.2. Concentration of Er in different samples measured with EPMA.

Number of Er,0; tablet on
Ta,05 disc 1 2 3 4 5
Er concentration (mol %) 0.46 0.63 0.96 1.32 2.08

We observed an increase in Er concentration with the increasing number of Er,O;
tablets on the Ta,Os disc. It appears that different fabrication methods and dissolution
sites of Er in the host material affect the Er concentration required to optimally

enhance the PL intensity.
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Fig. 5.13. PL spectra of samples with different Er concentrations (mol %)
annealed at 900°C for 20 min.
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Fig. 5.14. XRD patterns of the films annealed at various temperatures.
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Fig. 5.15. XRD patterns of the films annealed from 10 to 40 min.
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Fig. 5.16. XRD patterns of the films fabricated with different Er concentration.

Fig. 5.14 shows the XRD patterns of the films annealed at various temperatures. Fig.
5.15 shows the XRD patterns of the films annealed at 900°C from 10 to 40 min. Fig.
5.16 shows the XRD patterns of the films fabricated with different Er concentration.

The diffraction pattern fits well with references [5.10 and 5.11]. The absence of 20
peaks in samples annealed below 800°C indicates amorphous Ta,Os film formation.
XRD Patterns of the sample annealed at 800° and 900°C probably show a mixed
phase of 8- Ta;Os (hexagonal, low-temperature phase) and - Ta,Os (orthorhombic,
high-temperature phase) [5.12]. High PL intensities in the samples annealed at 800°
and 900°C could be a result of crystallization of the films. We can observe a change

in intensity of the first peak (20 = 23°) in the samples annealed at 1000° and 1100°C.

In the samples annealed at 1000° and 1100°C, B- Ta;Os (orthorhombic) grew more

than 8- Ta,0Os (hexagonal), therefore a change in PL intensity was observed.
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1cm.

1cm.

Fig. 5.17. Green light emission from Er-TaQOy films.

As we have mentioned earlier, some previous works reported PL from Er-TaOy films.
Kojima et al. [5.13] observed a green fluorescence peak around 550 nm from samples
fabricated with sol-gel process. Rigneault et al. [5.14] also reported fluorescence
spectra centered at 532 and 1530 nm from Er-TaOy samples fabricated with ion
implantation Maeda et al. [5.15] also reported fluorescence spectra around 550 nm
and a weak peak around 660 nm with sol-gel process. In comparison to these previous
works, we observed two very sharp PL peaks at 550 and 670 nm. Moreover, we
observed visible green light emission by the naked eye that was not reported
previously. This concludes that PL intensity at 550 nm is stronger in our results than

previously reported works.

TaO, is superior to SiO, and GeO, in terms of both the phonon energy and Er’"
solubility. Amorphous Ta,Os has better Er'™ solubility than SiO, because of the
relatively large amount of edge oxygen having a negative charge [5.9]. The crystalline
bulk phase of Ta;Os is known to exist below 1630K [5.16], but its crystal structure is

not uniquely determined. Processing conditions and impurities have subtle effects on
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the crystal structure and light emission. It is surmised that the change in light intensity
of films after annealing is the result of changes in the phase, the crystal structure, and

the dissolution site of Er'" in the Ta,0s.
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Er-TaOx films with Ytterbium-doping

Yb is well known as a sensitizer for Er as it has larger absorption area than Er. It can
absorb the energy efficiently and transfer the energy to Er, which helps to enhance Er
emission at 1550 nm wavelength. Er-Yb co-doped fiber amplifiers are popular and
commercially available. There is no report of energy transfer from Yb to Er at 550
and 670 nm wavelengths. We tried to observe that if transfer of energy from Yb to Er

is also possible at 550 and 670 nm wavelengths, in this work.
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Fig. 5.18. PL spectra of samples with different Er-Yb concentrations
annealed at different temperature for 20 min.

Fig. 5.18 shows the PL spectra of samples with different Er-Yb concentrations
annealed at different temperature for 20 min. The strongest PL intensity was observed

from the sample fabricated with two tablets of Er and annealed at 900°C.
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Fig. 5.19. PL spectra of samples annealed at different temperatures for
20 min.

Fig. 5.19 shows the PL spectra of samples annealed at different temperature for 20min.

The strongest PL intensity was observed from the sample annealed at 800°C.

We did not observe any significant improvement in PL intensity at 550 and 670 nm

wavelengths due to Yb doping.
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6.1. Summary and Conclusion

We fabricated functional thin films with different materials and optimized the
fabrication and annealing condition for light emission. We observed PL at different
wavelengths due to different materials, fabrication method and annealing conditions.

These are the main findings of this dissertation-

Er-Si0, films fabricated with RF sputtering show the photoluminescence centered at
620 nm wavelength. Post-annealed samples did not show photoluminescence.
Strongest PL intensity was observed from the sample fabricated with two Er,Os

tablets and 2.18um film thickness.

Ta,0s films show the photoluminescence spectra after annealing. We did not observe
light emission from as sputtered film. Post-annealed films show visible light emission
after annealing at 700°C. Sample annealed at 700°C shows the highest PL intensity.

The wavelength of photoluminescence centered around 510 nm.

We fabricated Er-TaOy films using the RF-sputtering method and then annealed them
at various temperatures and time durations. PL peaks were observed at wavelengths of
550 and 670 nm. We observed the strongest intensities of the 550 and 670 nm peaks
from the samples with 0.96 and 0.63 mol% Er concentrations after annealing at 900°C
for 20 min, respectively. 8-Ta,Os (hexagonal, low-temperature phase) is the most
suitable for light emission. To the best of our knowledge, this is the first report of
visible light emission observed by naked eyes from Er-TaOy films fabricated by the
RF-sputtering method. These results demonstrate that Er-TaOy films fabricated by RF
sputtering can serve as high-quality luminescent layers. These can easily be combined

with other passive devices to realize novel active devices (e.g., a green-light-emitting
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photonic crystal), as only sputtering and annealing processes are needed for

fabrication.

We investigated effect of Yb-doping in Er-TaOy films. No significant improvement
has been observed in light intensity after Yb-doping. We observed new PL peaks in
Yb-doped samples at 850 and 980 nm wavelengths.

Some other researchers also recently reported interesting optical properties from

TaOx and Er-TaOy films, such as-

> TaO films have very high third order nonlinear susceptibility 2x10™" esu, at 1550
nm.

» Er-TaOy planer waveguide show 0.4 dB/cm loss at 1550 nm.

Such optical properties make Er-TaOyx films very suitable for applications in

integrated optics, as-

Light emitting devices
Waveguides

Optical switches

YV V VYV V

Optical interconnects

Results of this dissertation can be used to realize such novel photonic devices for

various applications.

Page | 82



