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Chapter 1

Introduction

1.1 Porous materials
1.1.1 Porous silicon thin films
1.1.1.1 Why porous silicon thin film

Porous silicon (Si) is a three dimensional network of Si nanocrystals, which is first
discovered by Uhlir in 1956 [1]. Since porous Si is compatible with Si processes, it is known
to be the most important material in Si based photonics. Since the discovery of multicolor
room temperature emission from nanoporous Si, porous Si has further evoked intense interest
[2-4]. The emission wavelength can be extended to the near infrared region by thermal
oxidation. However, the emission hardly covers the optical telecommunication wavelengths
(from 1.0 to 1.6 um) [5]. In general, luminescence center doping is an effective way to extend
the application in communication technology. Porous Si is a very suitable host material for
luminescence center doping because it consists of many open pores, and has large surface area.
Luminescence centers can be doped very easily during or after the growth of porous Si.
Another important advantage of porous Si as a host is ability to sensitize luminescence
centers.

On the other hand, thin film integrated optics are becoming more and more important in
optical communication technology. The technology for the fabrication of passive devices such
as planar optical waveguides is well developed [6]. One next step is the development of
waveguide optical amplifiers that can be integrated in passive devices. Since the refractive
index of porous Si can be changed over a wide range by controlling the porosity, waveguide
interconnection can be produced by porous Si. Recently, rare earth ions doped porous Si has
attracted great interest as a candidate material for waveguide optical amplifier [7,8]. For
example, Er’* doped porous Si shows emission at 1530 nm, the wavelength coincides well

with the low loss window of silica based optical fibers. However, with the rapid development
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of the optical fiber communication networks in recent years, broader gain bandwidth in the
telecommunication window is required. Very recently, Fujimoto and Nakatsuka [9] reported a
novel infrared luminescence from bismuth (Bi) doped silica-based glasses ranging from 1.0
pum to 1.6 pm. Since the report of optical amplification in Bi doped silica glass, Bi doped
various materials have been intensively studied [10-16]. In first part of this work, we focus on
porous Si as a host material to study the optical properties of Bi-doped oxidized porous Si thin
films for developing a broadband optical amplifier at the telecommunication wavelengths.
This part summarizes the optical properties of porous Si based on the past reports, and then

elucidates the purpose of this work.

1.1.1.2 Preparation of porous silicon

Generally, porous Si is prepared by electrochemical anodisation (electrochemical etching)
of bulk Si wafers in a solution of aqueous or ethanoic hydrofluoric acid (HF). Schematic
diagram of porous Si formation set up was shown in Figure 1.1. By contacting the anodizing
electrolyte, the porous Si is only formed on the surface of Si wafer. During the past years,
several mechanisms for pore formation in Si substrate have been proposed [17,18]. Figure 1.2
shows a proposed porous Si formation mechanism by Lehmann and Gosele [18]. During the
anodisation process, the positively charged Si surface is oxidized by F ions followed by the
formation SiF¢> and 2H" complex. After the anodisation, ethanol is added to remove the H,
bubbles from the sample surface. Various kinds of porous Si can be simply prepared by
controlling the preparation conditions, such as type of Si wafer, HF concentration and the
acidity (PH value) in anodisation solution, the anodisation current density and anodisation
time, and so on [19-22].

HF + C,HsOH Pt

[ ;
T — : - —

O-ring Braés Si Teflon

Figurel.l: Anodisation cell used for the fabrication of porous Si thin film.
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Figurel.2: Suggested mechanism for the electrochemical dissolution of Si [18].

1.1.1.3  Morphology of porous silicon

During the past years, the microstructure of porous Si has been widely studied by many
groups by means of microscopy techniques [19-24]. The pore type, pore size, porosity and
porous thickness are known to be the main structural parameters of the porous Si. Based on
the size of pores in porous Si, porous Si can be divided into three categories: microporous
(less than 2 nm), mesoporous (between 2 to 50 nm), and macroporous (larger than 50 nm). To
study the structure of porous Si, field emission- scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), atomic force microscopy (AFM) measurements etc
are commonly used. As shown in Figure 1.3, detailed information about pore size and

morphology can be seen from the cross-sectional SEM image [25].

Wy 1000 ilpam WD T Smmn

Figure 1.3: Cross sectional SEM image of porous Si [25].

Furthermore, the surface structure of oxidized porous Si was observed by TEM in our
group [26]. Figure 1.4 shows (a) plain-view TEM images of as-prepared porous Si and
plain-view TEM images of porous Si oxidized at (b) 800 °C, (c¢) 900 °C and (d) 1000 °C. In
Figure 1.4, the dark regions correspond to porous Si skeletons, while the bright regions

correspond to pores. We can see that the pore size (diameter of the pores) is several tens of


http://en.wikipedia.org/wiki/Macropore
http://en.wikipedia.org/wiki/Mesoporous
http://en.wikipedia.org/wiki/Microporous_material
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nanometers. The pore size decreases with increasing annealing temperatures. When annealed
at the highest temperature, that is, 1000 °C, although pores still remain, the size is much

smaller than that in the as-prepared sample.

Figure 1.4: (a) Cross-sectional and (b) plain-view TEM images of as-prepared porous Si and
plain-view TEM images of porous Si oxidized at (c) 900 °C and (d) 1000 °C [26].

1.1.1.4  Luminescence of porous silicon

Since the first report on the room temperature luminescence in the visible range by L. T.
Canham in 1990, porous Si has evoked much interest [27]. After then, further study on the
luminescence properties by the group indicated that porous Si contains quantum size
crystalline structures responsible for the visible emission [28]. Recently, luminescence
properties of porous Si are widely investigated. Usually, porous Si is terminated with Si—-H
bonds. Due to the weak bonding in the hydrogen termination, non-radiative defect centers can
be formed under light illumination, making porous Si not so stable. One way to solve the

problem is thermal oxidation or electrochemical oxidation [5, 29, 30].
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Porous Si shows near infrared (NIR) Iluminescence after thermal treatment.
Photoluminescence (PL) properties of porous Si at the oxidation temperature from 0 to 1200
°C were investigated by Nakamura et al. [5]. It was found that NIR luminescence can be
observed in the high temperature annealed oxidized porous Si. As shown in Figure 1.5, the
peak position and intensity of the oxidized porous Si strongly depend on the oxidation
temperature. Visible luminescence is observed in the as prepared sample and the samples
annealed at low temperature. The PL intensity in the NIR region is steeply quenched after
annealing at 300 °C, and recovered at above 700 °C. XPS measurement suggests that the
formation of thick high-quality SiO, layer under high temperature annealing results in the PL
intensity recovery. It is concluded that the thickness and quality of SiO, layer play a crucial
role in the PL properties of the thermally oxidized porous Si.
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Figure 1.5: PL spectra of the porous Si powders oxidized from 0 to 1200 °C [5].

1.1.1.5  Applications of porous silicon

Various excellent characteristics of porous Si have given rise to a variety of potential
applications, such as Si-on-insulator (SOI), light emitting diodes (LEDs), waveguide and so
on. A full wafer SOI structure based on porous Si can be easily formed. For example, a
porous Si layer is prepared in a Si wafer and thereafter is anodically oxidized in the same cell
for the preparation of the porous layer using an oxidant electrolyte solution without HF. The
anodic oxidation can lead to the formation of an oxide layer located only at the bottom of the

porous layer, the result being a structure porous Si/ anodic oxide/Si substrate. A following
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high temperature annealing can densify the anodic oxide and introduce re-crystallization of
the remaining porous Si layer. The process lead to an SOI structure [31-33]. During the
1980’s, many research on porous Si were carried out to develop SOI technology for device
isolation in integrated circuits. A method is based on the oxidized porous Si to isolate
pre-defined islands of crystalline Si from the bulk Si substrate. Compared to conventional
methods, the full isolation by oxidized porous Si method offered the advantages of higher
speed, lower power consumption, higher packing density and a reduced number of fabrication
steps [34]. Another advantage is the simplicity of processing and low leakage current [35].
LEDs based on Si would find many applications, such as very large scale integration and
display technology. However, Si normally shows only very weak infrared luminescence.
Since the discovery of multicolor visible luminescence from porous Si, it has generated much
interest. In 1990°s many porous Si LEDs were proposed [36-38]. L. Pavesi et al demonstrated
a porous Si LED based on a resonant planar microcavity [36]. They found that the porous Si
LED offered a few advantages compare to conventional LED: higher efficiency, narrower

band emission, higher directionality of the emission pattern, and higher stability.
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Figure 1.6: Schematic view of optical waveguide based on oxidized porous Si. 1 - Si

substrate; 2 - oxidized porous Si; 3 - Si oxide layer,; 4 - light source [39].

Since the refractive index of porous Si can be tuned in wide range, by varying the porosity,
it is worth considering the material to form waveguide interconnects. In 1995, optical
waveguiding has been observed in oxidized porous Si on SiO; isolating layer on Si substrate.

The schematic view of the optical waveguide based on oxidized porous Si is shown in Figure
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1.6 [39]. Since then, many approaches to manufacture active porous Si layers based
waveguides operating from visible to infrared wavelengths have been demonstrated [39-42].
In Ref. [42] it was found that it is possible to produce integrated optical waveguides based on
oxidized porous Si. The fabrication process is compatible with the traditional Si technology
and consists of the formation of local layers of porous Si followed by thermal oxidation of the
layers. Active waveguide devices in telecommunication wavelengths can be obtained by
introducing luminescence centers into the waveguide channel. Er’" is of special interest for
this purpose, since its main emission band with peak wavelength at 1530 nm corresponds to
minimum loss of the quartz fiber [40,41,43]. Recently, Er'" doped oxidized porous Si
waveguides were extensively investigated, an optical losses and internal gain in Er doped
porous Si waveguide reached 2dB/cm and 5.8 dB/cm at a pumping power of 65 mW,
respectively [40]. The gain is much larger than that in Er’* doped Si rich silica waveguide
(0.58 dB/cm) at low power pumping [44]. In first part of this work, the broadband NIR
luminescence from Bi doped oxidized porous Si thin film is studied, aiming for its potential
application in broadband optical waveguide amplifier at optical telecommunication

wavelengths.

1.1.2  Zeolites
1.1.2.1 Why zeolite

Zeolite is a highly crystalline porous material, which has many excellent features, such
as microporous uniformity, structural symmetry, and topological variety. These properties
result in high surface areas, thermal stability, and the ability to sieve molecules based on size
and shape-selectivity. Zeolites have been widely used in applications such as gas separation
and selectively absorption, ion exchange, catalysis, and have been suggested for use as
chemical sensors, membrane reactors, and low dielectric constant materials for
semiconductors.

The porous structure and large surface areas of zeolites enable them to act as hosts for
molecules and ions or as templates for nanostructures synthesis [45]. Recently, zeolites acting
as host materials for luminescence centers have attracted considerable attention for
constructing functional materials designed at nanosized levels. Luminescence centers (rare
earth (RE) ions, Bi, and so on) can be simply doped in zeolite by a simple ion exchanging.
Optically activated zeolites show various potential applications, such as fiber amplifiers,
LEDs, biological probes, lighting, laser materials, and so on [46-49]. In addition, zeolite is
one of the most suitable host materials for the formation of metal clusters. Metal clusters are
known to be chemically stable in the nano-sized pores in the cage, and can be formed by a

simple ion exchange process followed by a thermal treatment. In second part of this work,
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photosensitization of RE ions by silver clusters/ions in zeolites is studied. This part
summarizes the optical properties of zeolite based on past reports, and then elucidates the

purpose of this work.

1.1.2.2 Structure

Zeolites are aluminoslilicate crystalline nanoporous material with small pores (1-20 A
diameter). The aluminosilicate framework consists of corner sharing orthosilicate (Si04) and
orthoaluminate (AlO4) tetrahedra units by sharing oxygen between every two consecutive
units, and cations located inside channels or cavities to balance negative charges in the
framework [50]. Zeolite is defined as crystalline structure due to its regular porous shape and
size. Zeolites can be prepared with a wide range of shapes and pores size, and the composition
can be modified during preparation, in order to tailor the properties. Zeolites also can be
prepared with various silica to alumina ratios, but the constraints are that the sum of the
number of Si atoms and the number of Al atoms equals 192 and that the total charge of the

cations equals the number of Al atoms [51,52].

silicon or Zeolite A
oxygen aluminum ‘ "’
‘}/ %
sodalite
cage

faujasite

Figure 1.7: basic building block of zeolite [53].

As shown in Figure 1.7, the sodalite cage (or S cage) is known to be the basic building
block of zeolites [53]. The sodalite cage has both four-membered and six-membered rings in
its structure. By fusing together the four-membered rings, sodalite is formed and which is a

naturally occurring material. By bridging the four-membered rings, zeolite A is formed. This
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does not occur in nature, but is industrially produced on a massive scale. If the six-membered
rings are bridged (prism), then possibly the most important zeolite structure, zeolite X and Y
(faujasite (FAU) type zeoltie) is formed. The X and Y are divided by the ratio of
silicon/aluminum. This structure has very large microporous spaces, allowing organic
molecules to diffuse in and out. Another important class is the pentasil zeolites, named so
because they are constructed of five-membered rings. The most important example is that of
ZSM-5. FAU type zeoltie is one of the most widely used zeolite (Figure 1.8 (a)). The diameter
of the entrance to the supercage is about 7.5 A, whereas the diameter of the supercage itself is
about 12 A. In contrast, the diameter of the sodalite cage is 6.6 A and that of the hexagonal
prism is 1.8 A. On the other hand, zeolite A exhibits the LTA (Linde Type A) structure
(Figure 1.8 (b)). It has a 3-dimensional pore structure with pores running perpendicular to
each other in the x, y, and z planes. The pore diameter is defined by an eight member oxygen
ring and is small at 4.2 A. This leads to a larger cavity of minimum free diameter of 11.4 A
(diameter of supercage). Zeolite A has a void volume fraction of 0.47, with a Si/Al ratio of 1.0.
The water molecules in the zeolite structure can be removed by dehydration and their number
is variable [45]. Actually, a typical feature of zeolites is that they can absorb and lose water

without damage to their crystal structures.

hexagonal P cage
(a) (b)
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Figure 1.8: Structure of FAU type (a) and LTA type (b) zeolite [54].

1.1.2.3  Applications
Zeolites have uniform pore dimensions, high internal surface area, ion exchange ability,
and high thermal stability. These properties make zeolites unique among other inorganic

oxides. Zeolites have been accepted in a variety of applications, such as separation, catalysis
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and ion exchange [53-57]. The porous structure enables the zeolites to selectively admit some
molecules while excluding those that are too large to fit into the pores. This leads to its
molecular sieve properties. Zeolite as a molecular sieve was derived by McBain in 1932 [55].
The dimensions of zeolites’ channels and their ability to adsorb gases and water have made
zeolite molecular sieves suitable for a number of applications such as in the areas of refinery
fuel processing, production of chemicals and environmental pollution control [56,57].

Zeolites are also known as a shape selective catalyst. The possible shape selectivity of
zeolites was illustrated in Figure 1.9. There are reactant selectivity, product selectivity and
transition selectivity [53]. On the other hands, efficient optical properties of optically
activated zeolites show various potential applications, such as fiber amplifiers, LEDs,
biological probes, lighting, laser materials, and so on. In second part of this work, the
photosensitization of RE ions by Ag clusters/ions in zeolites is studied, aiming for its

potential application in white LEDs.
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Figure 1.9: Schematic illustrations of shape selectivity exhibited by zeolites [53].

10



Chapter 1 Introduction

1.2 Luminescence centers in porous materials
1.2.1 Near infrared luminescence of Bi and rare earth ions in porous materials
1.2.1.1 NIR PL of rare earth ions in porous silicon

One of the most considered host material is Si because of its relevance in the
microelectronic and telecommunications industries. A promising alternative to the
conventional Si doping procedures is to use porous Si layers as host. The large surface area
allows the penetration of the luminescence centers into the matrix and the oxidation of the
porous layers, which are necessary for the ion activation [58-61]. Porous Si is a very suitable
host material for RE ions to utilize the sensitization effect of Si-ncs because it consists of
many open pores. RE ions can be doped very easily during the growth of porous Si and also
after the growth. Several doping techniques such as ion implantation [58], spin-on [59], dip
coating [60] and electrochemical [61] methods were used to incorporate RE ions into porous
Si.

Recently, Er’” doped porous Si has been studied intensively because the luminescence
wavelength exactly coincides with the optical telecommunication wavelength [39-43]. Thus,
Er’" doped porous Si waveguide has been extensively investigated for optical amplifier
applications. It shows many advanced properties, such as broad range of light transmission;
porous Si makes Er'" to be optically active; technology of Er’" doped oxidized porous Si
waveguides is compatible with standard Si microelectronic technology [39-43]. For example,
V. P. Bondarenko [39] et al. investigated Er’”* doped oxidized porous Si for integrated optical
waveguides, indicating that electrochemical deposition of Er in porous Si following the
oxidation of the porous layer makes it possible to introduce Er into the core of the waveguide
channel and preserve the waveguide properties of oxidized porous Si. It was also shown that
Er’" in the waveguide was in optically active state. PL at 1532 nm from Er’* in optical
waveguides can be observed by light pumping. Afterwards M. Balucani et al. reported
Er-doped channel oxidized porous Si waveguides prepared from n-type Si by two-step
anodisation process [43]. It is found that the Er’* doped oxidized porous Si waveguides can
achieve the amplification effect by optimizing Er'” concentration and refractive index of
porous Si. These indicate that porous Si provides the possibility of fabricating a small size
optical amplifier which can be integrated in thin film optical devices.

1.2.1.2  NIR PL of Bi in porous materials
The two useful wavelengths for optical communication in Si based material were shown
in the Figure 1.10. One is minimum dispersion region of silica glass fiber at 1300 nm, the

other is the maximum transparency wavelength of silica glass fiber at 1540 nm [62,63]. A

11
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method to solve the problem of lacking efficient silicon-based light source in optoelectronic
integration on Si is luminescence centers doping. Considerable works have been contributed
to develop optical fiber amplifiers to revolutionize the telecommunication systems, such as
Erbium doped fiber amplifiers, Ytterbium doped fiber amplifiers, thulium doped fiber
amplifiers, Praseodymium doped fiber amplifiers, and so on.

With the rapid development of the optical fiber communication networks in recent years,
the wavelength division multiplexing system demands fiber amplifiers with broader gain
bandwidth in the telecommunication window. The gain bandwidth of RE doped fiber
amplifier is less then 100 nm, due to the restriction of the forbidden f-f transition. Great
efforts have been devoted to explore and synthesize new gain media which possess much
broader luminescence bands than conventional rare earth ions doped gain media [64-66]. One
successful example is Bi doped silica-based glasses. Broad NIR luminescence from Bi in
silica glass was first discovered by Murata et al. in 1956. Since realization of optical
amplification in the 1.0 to 1.6 um region in Bi doped silica-based glasses by Fujimoto and
Nakatsuka in 2003, Bi doped silica-based glasses have attracted great attention [66]. As
shown in Figure 1.11, the NIR emissions of Bi in silicate glass cover whole

telecommunication wavelengths [67].

10 Optical fiber
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Figure 1.10: Optical loss of silica glass fiber [62,63].

12



Chapter 1 Introduction

i f/% CaO% ]

Intensity (a.u)

1000 1200
Wavelength (nm)

Figure 1.11: NIR emission spectra of Bi-doped silicate glass [67].

Recently, tremendous research on NIR luminescence from Bi ion has been carried out in
different host materials, such as glasses, crystals, ionic liquids, optical devices, and so on
[66-70]. Very recently, the family of Bi doped material is extended to porous materials: such
as zeolite and porous glass [47, 70-78]. For example, Bi doped zeolites are intensively
investigated by our group [71-75]. Bi doped zeolite is simply prepared by an ion-exchange
process and subsequent high-temperature annealing under Ar atmospheric conditions [47]. As
shown in Figure 1.12, the Bi doped high silica zeolite (FAU type) shows strong, air-stable,
long-lived, ultra-broadband (with a FWHM larger than 160 nm) NIR luminescence. The PL
covers the whole telecommunication windows of O (1260—1360 nm), E (1360-1460 nm), and
S (1460-1530 nm) bands, and even the C (1530—1565 nm) and L (1565—-1625 nm) bands,
being much broader than those of RE ions. They find that the NIR PL displays spectral
tunability by tailoring the excitation wavelength, and the PL intensity significantly depends on
the annealing temperature. Owing to the excellent optical properties of these activated zeolites
and the mature zeolite assembly techniques developed, they suggested that these materials are
promising for applications as the active media of broadly tunable micro- or nano-optical
sources and devices. Further investigations of the Bi doped zeolite indicated that intensity and
lifetime of the Bi NIR PL can be tuned by Bi concentration and co-dopant of Al [74,75].

13



Chapter 1 Introduction
a) anneal temp. b)
ﬂ 1000 °C 10} - 514.5 nm
L ¥ ¥ 950 °C &
- a? % 00 © 08}
5 iy ¢ 800 °C s
LAk § 3
oy i i E o6}
@ : F &
c 3 g =
8| J e
= ¥ @ 04
2 ..
B j 0.2 —j
n B 0.0k : T T T T T T T _'
900 1050 1200 1350 1500 1650 900 1050 1200 1350 1500 1650
Wavelength (nm) Wavelength (nm)
100
c) 'F , d) —=—514.5nm SV
—==800 nC r —o—632.8 nm V/' ]
= o= 900 C —A—800.0 nm
..a-- 950 °C lo- 80 * E 100
o ot 3
R N\ 1000 C E - o~
g g 60 2
= g | 10 Q
-.“c-‘-' @ i E
= S 40} 1 ®
001} c Jy =
E w E
r 20 ]
i ol 401
T ? ¥ T 4 T . T " 1 ]
0 1 2 3 4 5 800 850 900 950 1000
Time (ms) Temperature (°C)

Figure 1.12: a) Ultra-broadband NIR PL spectra of zeolites annealed at the indicated
temperatures in an Ar atmosphere, which were excited by the 514.5nm line of an Art laser. b)
Normalized NIR PL of the sample annealed at 1000 °C under 514.5, 632.8, and 800 nm

excitation. c) Fluorescence-decay curves of the annealed samples at room temperature. d)

Left axis: annealing temperature dependence of enhancement factor of PL when excited at

514.5, 632.8, and 800 nm. Enhancement factors at different excitation wavelengths were

calculated by dividing integrated PL intensities at different temperatures by that at 800 oC.

Right axis: temperature dependence of 1/e lifetime at 1145 nm [47].

On the other hands, the NIR PL of Bi was reported in alumino-silicate nanoporous glass.

Luminescence from blue-green, to orange, red, and even to ultra-broadband infrared (IR)

14
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luminescence were observed in the Bi doped nanoporous glass thermally treated in Ar
atmosphere [76]. As shown in Figure 1.13, both the visible and the IR luminescence
significantly depend on the excitation wavelengths. The author suggested that the
multicolored nanoporous glass can be potential wide-spectrum light source. For many years, it
is believed the introduction of extra elements such as Al is indispensable to obtain NIR
emission from Bi-doped silica glasses [66, 68]. However, very recently Razdobreev et al. [77]
demonstrated that Bi doped pure porous silica glass can exhibit broadband NIR luminescence.
The experimental results reveal the existence of at least two different types of Bi NIR active
centers and clearly demonstrate that the presence of other dopant in the glass matrix is not

necessary to obtain the NIR PL from Bi in silicate glass.
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Figure 1.13: (a) PL and PL excitation of Bi doped nanoporous glass in visible region under
various excitations. (b) Infrared luminescence from Bi doped nanoporous glass under various
excitations [77].

Unfortunately, the origin of Bi-related broadband luminescence is still controversial,
because Bi ions may take the form of multiple valence states in different hosts, such as Bi™",
Bi3+, Bi2+, and Bi' [47, 70, 79-81]. Significant differences in absorption, emission, and life
time of emission among the Bi**, Bi*" and Bi NIR active centers indicate that the broadband
NIR PL probably does not originate from Bi*" and Bi’" [80,81]. On the other hand, the high
temperature annealing may be able to be ruled out the origin from Bi’*, because Bi’" is not
stable at high temperature [79]. Sun et al. studied annealing atmosphere and temperature
dependence of Bi NIR PL in zeolite, they suggest that Bi' is the most probable origin of the
Bi NIR luminescence. Very recently, interstitial negative-charged Bi dimers, Bi, and Bi*

are also suggested as a model of broadband NIR luminescence active centres in Bi doped
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glasses [70]. The model (Figure 1.14) was proposed based on quantum-chemical calculations
of equilibrium configurations, absorption, luminescence and luminescence excitation spectra
of the dimers in an alumosilicate glass network. Above controversial results indicate that

further investigation on Bi NIR luminescence for clarifying the origin is necessary.
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Figure 1.14: Total energy curves for low-lying states of Bi*~ > dimer [70].

1.2.2 Ag clusters in zeolites
1.2.2.1 Tunable luminescence of Ag species in zeolites

Zeolite is one of the most suitable host materials for the formation of metal clusters. Metal
clusters are known to be chemically stable in the nano-sized pores in the cage, and can be
formed by a simple ion exchange process followed by a thermal treatment [82-84]. Geoffrey
A. Ozin et al. [83] investigated the Ag atoms and small Ag clusters stabilized in zeolite Y by
optical spectroscopy measurement. The investigation suggests that under low loading
conditions, isolated Ag atoms are located in site I (Figure 1.8 (a)). Higher Ag loading causes

the formation of an Ag," cluster which appears to be best described as a Ag atom in site I
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interacting with a Ag ion in site I'. Ags*" clusters from the existing Ag," cluster by occupying
the vacant site I' adjacent to the Ag atom in site I can be formed in completely Ag exchanged
zeolite Y annealed in oxygen at high temperature 400-480 °C. Ag exchanged Na-A zeolite
under v irradiation or H, reducing was studied by J. Michalic and L. Kevan [84]. Depending
on Ag concentration, Ag; and Age can be formed in the sodalite cage.

750 —
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® Zeolite Ag,Ca-A
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Figure 1.15: Position of the most pronounced luminescence bands of the heattreated
silver-exchanged zeolites. For each set of samples, the global trends upon increasing the
silver loading are highlighted by the colored arrows. The resolution of the excitation maxima
is 20 nm [82].

Very recently, tunable fluorescent of Ag exchanged various zeolites were reported [82].
Depending on the zeolite topology, the presence of specific cation, and the Ag concentration,
various emissions shown in Ag doped zeolites annealed in air. In the Ref [82], various
concentrations of Ag in different types of zeolites were prepared. Tunable emission-excitation
bands were observed, the positions of the most intense luminescence bands for the different
samples are summarized in Figure 1.15, where x represents the amount of Ag atoms in the
unit cell. The emission position strongly depends on Ag concentration and zeolite type. Based

on luminescence properties and ESR measurements, the origin of yellow and red emission
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was ascribed to Ags” and Agg cluster, respectively. In the further work of this group, they
analyzed the appearance of Ags cluster in zeolite A and Y [85]. Triatomic Ag clusters were
found to be located inside the sodalite cages for LTA zeolites, while in FAU-type zeolites the
Ags"" is located at the hexagonal prisms, as indicated in Figure 1.16. Furthermore, the
external quantum efficiency (EQE %) of Ag doped zeolites was measured by integrated
sphere [86]. In Figure 1.17, EQE dependence of the Ag concentration in zeolites was analyzed.
As shown in Figure 1.17, higher EQE was observed in zeolite FAU type zeolites, the EQE of
LTA is lower than that in FAU type zeolites.

Figure 1.16: Location of triatomic silver clusters in LTA and FAU type zeolites. In LTA
zeolites, the bent Ags"" cluster is located inside the cuboctaheral sodalite cages, with the
outer silver atoms at the hexagonal windows. In FAU type zeolites the Ags"" cluster is linear

and located at the hexagonal prisms [85].
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Figure 1.17: EQE of silver-clusters zeolite composites as a function of silver loading [86].

Optical properties of Ag ions in zeolites were also extensively investigated [87-89]. It
shows blue emission with a UV excitation [87]. R. Seifert at el. [88] studied the UV-visible
absorption spectra of hydrated and vacuum activated Ag" of zeolite A from room temperature
to 200 °C. The concentration dependence of absorption and activation conditions was reported.
It was found that the Ag” coordinated to 6- and 8-ring oxygens gives rise to electronic
transitions in the near-UV region. The electronic transition is denoted as Ag'(5s)—O(n). An
absorption in the visible region at 22000 cm™ appeared in the yellow colored vacuum
activated sample when increasing Ag concentration. Furthermore, the red colored sample with
high concentration of Ag shows absorption band at 19 000 cm™. The absorptions of Ag ions
in dehydrated and hydrated zeolite Y are also shown in the report. A band at about 34000 cm’
appeares in Ag doped zeolite Y upon dehydration and vanishs upon rehydration. The above
researches indicate that zeolites are suitable host material for the formation of Ag clusters and

stabilization of Ag ions.

1.2.2.2 Ag species act as sensitizer for rare earth ions

LEDs have been developed for application in many fields, such as lighting, displays, and
devices indicators, etc [90-92]. Especially, white LEDs lightings have attracted considerable
attention and have already partially been put into practical use.

In 1997, the first white LEDs became commercially available [93]. There are three
typical ways to obtain white LEDs. The first type is the combination of a blue LED with a
yellow powder phosphor, blending the blue light from the LED and yellow light from the
phosphor results in white light. This is the most commonly adopted type for industry due to
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its low cost and mass production adaptability. The second type is combining blue, green and
red LEDs to obtain white emission. The third type is to use ultraviolet (UV) light to excite the
red, green and blue phosphors to generate the white emission. Figure 1.18 shows the common
emission spectrum of a white LED composed of a blue LED chip and a cerium doped yttrium
aluminum garnet [Y3A;5012:Ce®” (YAG:Ce™)] yellow powder phosphor coating with a
silicone resin on the blue LED chip surface [94]. However, the device based on YAG:Ce®"
phosphor exhibits a poor color rendering index (Ra~ 70-80) and a high correlated color
temperature (CCT~ 7750 K) because of lacking a red light contribution [94,95].
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Figure 1.18: White emission spectrum of the w-LED consisting of YAG:Ce’"yellow phosphors
and a blue LED chip [94].

Another effective way for obtaining white light is mixing the three monochromatic sources
(blue, green, and red) [96]. Very recently, a crystal BaMg,AlsSioOs0:Eu®’, Tb*", Mn** for
white LEDs was reported. White light can be abtained by coupling the blue emission of Eu*",
green emission of Tb’" and red emission of Mn”" (as shown in Figure 1.19). By properly
controlling the relative composition of Tb**/Mn*", chromaticity coordinates of (0.31, 0.30),
high color rendering index (Ra = 90), and correlated color temperature (CCT = 5374 K) can
be achieved upon UV excitation. The report indicates that UV white LED can easily be
achieved by combining three monochromatic sources.

RE ions activated phosphors have attracted great interest [94, 96]. The Eu’" and Sm’”
activated phosphors are good choice for red emitting phosphors in white LEDs [97]. On the
other hand, Dy’" is another good activator and a report of Dy’ -activated YPO, indicate that it

is a potential white phosphor because of the yellow (4F9/2-6H13/2) and blue (4F9/2 -6H15/2)
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emissions of Dy’". By controlling the yellow-to-blue intensity ratio appropriately, it is
possible to obtain near-white emission [98]. Recently, RE ions activated zeolites have been
studied. It has been shown that they are promising phosphors, lasers and NIR emitters [47,
99-102]. The location dependence of the Eu’" on the heat treatment temperatures from 0 to
200 °C in zeolite Y was investigated by Berry et al. [99]. It is found that the Eu®" ions are
located in the supercage until annealed at 100 °C. Then they are moved into sodalite cage
while annealed up to 200 °C. S.B. Hong et al. [100] investigated the variation of the cation
location and occupancy at different sites in Tb>" doped Na-Y zeolites as a function of
treatment temperature. The results demonstrate that most of the Tb>* ions exchanged into the
supercages, the Tb>" ions migrate first to sodalite cages at temperatures lower than 473 K and
then migrate to hexagonal prisms between 473 and 523 K. Furthermore, S.B. Hong et al.[101]
observed that the intra migration of Tb>* ions arising from thermal treatments in FAU-type
zeolites is strongly depend on the framework ratio of Si to Al. For a low-silica FAU zeolite
(Si/A1 = 1.37), most of the Tb>" ions are exchanged into the supercages. They begin to
migrate directly to hexagonal prisms at 423 K without staying at sodalite cages. In contrast,
the cations in a high-silica FAU zeolite (Si/A1 = 3.40) move first to sodalite cages at 373 K
and then turn to hexagonal prisms at temperatures higher than 373 K. The luminescence
properties of hydrated Eu’* exchanged zeolite A at 4.2 K were reported [102]. They suggested
that Eu®" ions are located in two sites (supercage and outside of the zeolite) in the zeolite A at

low temperature.
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Figure 1.19: The PL spectra of a single composition BMAS: 0.04Eu’", 0.08Tb>", 0.16Mn**
phosphor under 365 nm excitation [96].
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However, the optical absorption of the RE*" ion is very week due to the forbidden nature
of intra-4f transitions. Sensitization by surface Plasmon resonance or energy transfer process
is an attractive way to obtain efficient emission from RE ions. Many researches on
sensitization of RE ions are reported. S. Yan et al. [103] reported an observation of enhanced
red emission at 613 nm originating from Dy - 'F, transition of Eu*" in CaMoO, by co-doping
Bi*". Strongly enhanced red emission from Eu’" is obtained by adding Bi’" instead of
increasing the Eu®" concentration. Lifetime and diffuse reflection spectra measurements
indicate that the red emission enhancement is due to the enhanced transition probabilities
from the ground state to "L and °D, states of Eu’" in the distorted crystal field and an energy
transfer from Bi’" to Eu’". They concluded that the material is a promising red-emitting
phosphor for white light diodes with near-UV/blue GaN-based chips. Enhanced PL of Dy3+
based phosphor by Li" doping was also reported [104]. The incorporation of Li" ions into the
Ga,03:Dy’" film have enlarged the grain size and enhanced the PL intensities.

One of the most important properties of Ag species is acting as sensitizer for RE ions.
During the past years, RE ions sensitized by Ag species are extensively reported. For example,
PL of RE ions in silicate glasses can be significantly enhanced by metal clusters (Ag and Au)
precipitated by synchrotron X-ray irradiation. The enhancement is found to be caused by
energy transfer from metal clusters to RE ions. The excitation and emission bands are located
in the UV (325-375 nm) and bluish-green (450-700 nm) regions, respectively [105]. It has
been also reported that, in oxyflouride glass, doping of Ag ions (Ag") can greatly enhance the
PL of RE ions, due to the energy transfer from Ag’ to RE ions [106]. The significant
enhancement was observed under the excitation in the UV region. Furthermore, A. Pillonnet
et al. reported that RE ions coupled with Ag nanoparticles (NPs) have been investigated. It is
generally accepted that sensitized luminescence occurs due to the local surface plasmon
resonance effect of Ag NPs. The resonant wavelength is around 400 nm, depending on the
size and the dielectric constant of surrounding materials [107]. RE ions coupled with Ag
species such as Ag clusters, Ag ions, and Ag particles are very promising for the realization of
UV LED based white light sources which possess a wide range of color temperature tunability.
These researches indicate that metal clusters/ions have great potential to enhance the effective

excitation cross section of RE ions.

1.3 Chapter Overview and Goal of this thesis
1.3.1 Photoluminescence properties of Bi doped oxidized porous silicon

22



Chapter 1 Introduction

The goal of the first part of this thesis is to achieve Bi NIR luminescence in porous Si thin
films, to clarify the conditions of Bi NIR luminescence in porous Si thin films, and to
investigate the mechanism of the NIR luminescence. In chapter 2, Luminescence properties of
Bi-doped porous Si thin films are studied for the first time. The samples are prepared by a
solution based method, consisting of conventional anodizing etching of Si wafer and dip
coating. Two broadband NIR luminescence bands are observed in the Bi doped porous Si by
pre-oxidizing porous Si thin film and annealing in N, at high temperature. The PL spectra
depended on the Bi concentration and oxidation temperature. The oxidation temperature
dependence revealed that oxidation of Si into silica is indispensable to activate the Bi NIR
active centers in oxidized porous Si. A detailed analysis of the 3D plot of PL intensities versus
excitation and emission wavelengths revealed that these luminescence bands arise from at
least two different kinds of Bi luminescence centers. The NIR luminescence depended
strongly on the annealing atmosphere and temperature. It is found that annealing in N, is
necessary for activating NIR emission from Bi in pure porous silica thin films. To reveal the
origin of the NIR luminescence, comprehensive PL studies including steady state and
time-resolved PL measurements at 8300 K in wide excitation (250-500 nm) and detection
(400-1550 nm) wavelength ranges are performed. It is revealed that multiple Bi luminescence

3+ O+ —+ . g g . ey
centers, such as Bi® , Bi® , Bi', and Bi dimer, are stabilized in porous silica.

1.3.2  Photosensitization of Eu®" by silver clusters in zeolite Y

The goal of second part of this thesis is to obtain photosensitization of RE*" ions by Ag
clusters/ions in zeolites. In Chapter 3, the effect of Ag clusters on the PL properties of Eu’"
ions in zeolite Y is investigated. Ag cluster can be formed in zeolite Y by ion exchange and
thermal treatment procedure. A new absorption band and the enhancement in the PL of Eu®"
ions for the sample containing Ag clusters are observed. Dependence of PL intensity on Ag
concentration revealed that the enhancement factor of the Eu-PL reaches as high as 27.
Excitation wavelength dependence of the PL intensity coincides well with the absorption
spectrum of the Ag clusters, indicating that the energy transfer from Ag clusters to Eu’* ions
is responsible for the enhancement of the PL of Eu’" ions. The results suggest that zeolite is a

promising host material for the sensitization of RE ions by metal clusters.

1.3.3  Enhanced red luminescence of Sm** in zeolite A by silver ions

The goal of chapter 4 of this thesis is to investigate the sensitization of RE ions (Sm) by
Ag ions in zeolite A. In chapter 4, it is shown that the PL of Sm’" is significantly enhanced by
the presence of Ag ions in UV excitation wavelength region. The PL results indicate that the

enhancement factor of the Sm-PL reaches as high as 30 without further annealing steps. The
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excitation wavelength dependence of the PL intensity in co-doped sample coincides well with
the absorption spectrum of the Ag ions, indicating that the energy transfer from Ag" ions to
Sm’" ions is responsible for the enhancement of the PL of Sm>". It is expected that the present

RE and Ag co-doped zeolites have potential application in white LEDs.
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Chapter 2

Luminescence properties of Bi-doped oxidized

porous silicon thin films

In this chapter, luminescence properties of Bismuth (Bi) doped oxidized porous silicon
(Si) thin films are studied. It is found that this material shows two broad luminescence bands
centered at 845 nm with the FWHM of 120 nm and at 1410 nm with that of 220 nm under 488
nm excitation. The Photoluminescence (PL) spectra depend on the Bi concentration and
oxidation temperature. The oxidation temperature dependence reveal that oxidation of silicon
into silica is indispensable to activate the Bi NIR active centers in oxidized porous Si. On the
other hands, PL properties of Bi doped porous silica thin films annealed at various
temperatures and in different atmospheres are studied. The near infrared (NIR) luminescence
depends strongly on the annealing atmosphere and temperature. To reveal the origin of the
NIR luminescence, comprehensive PL studies including steady state and time-resolved PL
measurements at 8-300 K in wide excitation (250-500 nm) and detection (400-1550 nm)
wavelength ranges are performed. It is revealed that multiple Bi luminescence centers, such

3+ 2+ .+ . 7. .7 . o7
as Bi’", Bi"", Bi', and Bi dimer, are stabilized in porous silica.

2.1 Introductions

With the rapid development of the optical fiber communication networks in recent years,
the wavelength division multiplexing system demands fiber amplifiers with broader gain
bandwidth in the telecommunication window. Great efforts have been devoted to explore and
synthesize new gain media which possess much broader luminescence bands than

conventional rare earth ions doped gain media [1-4]. One successful example is Bi doped
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silica-based glasses. Fujimoto and Nakatsuka [5, 6] reported a novel infrared luminescence
from Bi doped silica-based glasses and realized the optical amplification in the 1.0 um to 1.6
um region. Since this broadband gain has a potential to improve transmission capacity and
transportation speed of optical fiber communication, Bi doped silica-based glasses have
attracted great attention today [7-10].

On the other hand, thin film integrated optics are becoming more and more important in
optical communication technology. The technology for the fabrication of passive devices such
as planar optical waveguides is well developed now [11]. One next step is the development of
waveguide optical amplifiers that can be integrated in passive devices. Recently, oxidized
porous Si has attracted great interest as a candidate material for a waveguide optical amplifier
[12, 13]. This material can be integrated with other optical devices by conventional
microelectronic technology. Furthermore, due to the high open porosity, luminescent
materials such as erbium ions can be easily incorporated into the oxidized porous Si thin films.
Therefore, oxidized porous Si provides the possibility of fabricating a small size optical
amplifier which can be integrated in thin film optical devices [14, 15].

For many years, it is believed that addition of extra elements such as Al is indispensable
to obtain NIR emission from Bi-doped bulk glasses [6,16,17]. However, Razdobreev et al.
recently demonstrated that Bi doped pure silica glass can exhibit NIR luminescence when the
silica glass is porous [18]. Furthermore, we have also found that Bi doped oxidized porous Si
shows NIR luminescence without additional elements [19]. Oxidized porous Si is a promising
material as a host for different kinds of optical centers. Especially, during the past years,
Er-doped oxidized porous Si waveguide type amplifiers have been studied and they are
considered to be promising for integrated optical filters, amplifiers/modulators, light-emitting
diodes and other optoelectronic devices [12,13,20]. The broadband NIR luminescence from
Bi-doped oxidized porous silica may pave the way for the development of broadband
waveguide type optical amplifiers operating in the NIR range. However, the research on
Bi-doped oxidized porous silica is still limited and the relation between preparation
parameters and PL properties is not fully clarified. Furthermore, the origin of the NIR PL is
not fully elucidated.

In this chapter, optical properties of Bi-doped oxidized porous Si thin films are studied for
the first time. The samples are prepared by a solution-based simple method, consisting of
conventional anodizing etching of Si wafer and dip coating. The obtained thin films show
broad near infrared (NIR) luminescence which covers the whole telecommunication window,
and the electronic configuration of the luminescence centers are discussed. Furthermore,
comprehensive PL studies of Bi-doped oxidized porous silica thin films annealed in different

atmospheres at different temperatures in wide excitation (250-500 nm) and detection
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(400-1550 nm) wavelength ranges are performed. The temperature dependence of the NIR PL
spectra and the lifetime for the NIR PL bands are also studied. Based on these results, it is
shown that the temperature quenching of the NIR PL is very small, and two different kinds of
Bi NIR active centers (Bi" and Bi dimer) co-exist in the Bi-doped porous silica. The
ultra-broadband of the NIR luminescence with the lifetime of few hundreds microseconds
suggests that the porous Si thin film is a promising material for a Si based waveguide type

optical amplifier at optical telecommunication wavelengths.

2.2 Experiment details

(100) oriented P-type Si wafers with the resistivity of 20 mQ-cm are used as initial
substrates for the preparation of porous Si. 100 um thick free standing porous Si monolayers
are prepared by electrochemical anodization in the mixture of hydrofluoric (HF) (46 wt. % in
water) and ethanol (HF: ethanol = 1: 1) with the anodic current density of 70 mA/cm?. At the
end of the etching process, a high current pulse (300 mA/cm?, 1.6 s) is applied to detach the
porous Si layer from the substrate. Figure 2.1 shows the plain view transmission electron
microscope (TEM) image of the as-prepared free standing porous Si. The dark regions
correspond to porous Si skeletons, while the bright regions to pores. The pore size is several
tens of nanometers. The porosity of the porous Si estimated from the effective refractive index
is about 58 % [21, 22].

The obtained porous Si film is oxidized at 850 — 1100 °C in air for 1 h. The oxidized thin
films are soaked in the doping solutions of Bi(NO3)3-5H,0 for 48 h at ambient condition. The
PH value of the doping solution is controlled to be 3.0 by adding HNOs to increase the
solubility of Bi(NOs);:5H,0O. The concentration of Bi(NO;);:5H,O in doping solution is
changed from 0 to 3.0 mol/L. For the activation of Bi, the samples are annealed in air or N,
gas at the temperatures ranging from 1000 to 1300 °C. The compositions of the samples are
determined by energy-dispersive x-ray spectroscopy (EDS). However, Bi concentration is
below the detection limit (~0.1 at. %) for all the samples. PL spectra are measured by using a
single grating monochromator equipped with a liquid-nitrogen-cooled InGaAs diode array.
Excitation source is a 488 nm line of an argon ion laser. Time-resolved PL measurements are
performed by detecting the modulated luminescence signal with a photomultiplier tube
(Hamamatsu, R5509-72), and then analyzing the signal with a photon-counting multichannel
scaler. The excitation source for the lifetime measurements is the 488 nm light from an optical
parametric oscillator pumped by the third harmonic of a Nd:YAG laser. The measurements of
NIR PL and decay time are performed in the temperature range of 8-300 K. PLE spectra are
measured by the spectrofluorometer equipped with an InGaAs diode array as a detector and

xenon lamp (450 mW) as an excitation source at wavelength between 200 nm and 800 nm.
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All the measurements are carried out at room temperature. For all the PL spectra, the spectral
response of the detection system is corrected by the reference spectrum of a standard tungsten

lamp.

Figure 2.1: TEM image of as-prepared porous Si.

2.3 Results and discussion

First of the study, the PL spectra of host material oxidized porous Si are measured. In the
Figure 2.2 (a), the PL spectra of porous Si oxidized from 800-1100 °C under the excitation of
488 nm are shown. The broad NIR PL observed in the oxidized porous Si, the peak position is
in the range from 790 to 900 nm. The PL intensity and the peak position strongly depend on
the annealing temperature because it arises from the defect of porous Si [23]. From the
normalized PL spectra (Figure 2.2 (b)) we can see that the PL peak first blue shift from 850
°C drastically, and then red shift gradually.
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Figure 2.2: (a) PL spectra of the pure oxidized porous Si at various oxidation temperatures
from 800-1100 °C. The excitation wavelength is 488 nm. (b) Normalized PL of the samples.

2.3.1 Bi concentration dependence of the NIR PL
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Figure 2.3: (a) Bi concentration dependence of PL spectra of Bi-doped oxidized porous Si
thin films, Bi concentration in doping solution is changed from 0.05 mol/L to 2.5 mol/L. (b) Bi

concentration dependence of integrated intensities of the PL bands.

Figure 2.3(a) shows NIR PL spectra of Bi-doped oxidized porous Si films oxidized at
950 °C. Bi concentration in doping solution is changed from 0.05 mol/L to 2.5 mol/L. We can
see two broad PL bands, one at 1410 nm with the full width at half maximum (FWHM) of
220 nm and the other at 845 nm with the FWHM of 120 nm. Figure 2.3(b) shows the
integrated PL intensities of the PL bands as a function of Bi concentration in doping solution.
These PL bands are not observed for the samples without Bi doping, thus the PL bands can be
ascribed to Bi ions. Since the detailed origin of the NIR PL of Bi ions is still not clarified,
hereafter we call them Bi NIR active centers. In Figure 2.3(b), it can be seen that the

intensities of the two different bands exhibit similar Bi concentration dependence; with
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increasing Bi concentration, the intensities first increase and then decrease. At present, the
mechanism of the decrease in intensities at high Bi concentration range is not clear.
Considering the very low Bi concentration in the present samples (less than 0.1 at. %), it is
not due to concentration quenching. In fact, in Bi doped B,03-Al,03;-BaO glasses, the
concentration quenching occurs above the Bi concentration of 2.0 mol% [17]. Although the
reason is not clear, the quenching is probably due to the decrease of the number of Bi NIR
active centers at high Bi concentration range.

It is interesting to note that the PL spectra in longer wavelength side (in Figure 2.3(a))
are much different from those of Bi doped silica-based bulk glasses (such as Si0,;-Al,03
glasses, Si0,-P,0s glasses, and Si0,-BaO glasses) [5, 8, 9]. When exited at 488 nm, they
show PL with the maximum around 1100 — 1200 nm, while the present samples have the
maximum around 1410 nm. The PL spectra observed in our samples are similar to those in a

silica glass prepared from a nano porous xerogel [10].

2.3.2  Oxidation temperature dependence of the NIR PL

In order to clarify the condition for the activation of Bi ions in oxidized porous Si thin
films, we study the oxidation temperature dependence of the PL spectra. Figure 2.4(a)
presents PL spectra of the samples oxidized at 850 — 1100 °C. Below 800 °C, the samples
show no Bi-related NIR luminescence (data was not shown here). In these samples, the Bi
concentration in the doping solution is 1.5 mol/L. The PL intensity depends on the oxidation
temperature despite the same doping procedure. Figure 2.4(b) plots the integrated PL
intensities as a function of the oxidation temperature. With increasing the oxidation
temperature, the intensities increase, until the oxidation temperature reaches 1000 °C, and
then decrease. Note that the samples are oxidized before Bi-doping. When the oxidation
temperature is below 800 °C, porous Si films are not fully oxidized and brownish,
transmittance spectra of oxidized porous Si films are shown in our previous work [19]. The
result that the samples oxidized below 800 °C show no Bi-related NIR luminescence suggests
that high temperature oxidation of Si into silica is necessary to activate Bi NIR active centers.
The increase in the PL intensity in the lower oxidation temperature range (<1000 °C) is
probably due to the higher degree of oxidation of oxidized porous Si films [19, 20]. On the
other hand, the decrease in the PL intensity in higher oxidation temperature range is
considered to be due to the decrease of porosity of oxidized porous Si thin films. The decrease
of the size and number of pores in oxidized porous Si might make Bi doping inefficient,
resulting in the decrease of the PL intensities. The decrease of the porosity of oxidized porous

Si films by high temperature oxidation is shown by TEM observation [24].

36



Chapter 2 Luminescence properties of Bi-doped oxidized porous silicon thin films

It should be noted that pure oxidized porous Si also exhibit a PL band around 845 nm
with the full width with half maximum of about 150 nm (Figure 2.2) [23,25-26]. This is very
similar to that observed in Bi doped oxidized porous Si. However, the PL properties of pure
oxidized porous Si are much different from those of Bi-doped oxidized porous Si. The Figure
2.2 revealed that the PL intensity of pure porous silica is more than 300 times weaker than
that of Bi doped porous silica [19]. In addition, the shape and peak position of the PL from the
Bi active center is very insensitive to oxidization conditions of porous Si (Figure 2.3). This is
in a sharp contrast with that the peak position of PL from porous silica strongly depends on
the oxidation condition [23,25-26]. Thus the origin of the PL at 845 nm can be ascribed to Bi

NIR active center.
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Figure 2.4: (a) PL spectra of Bi-doped oxidized porous Si thin films as a function of oxidation
temperature. (b) The integrated intensities of the PL bands as a function of oxidation

temperature.

2.3.3  Excitation wavelength dependence of the NIR PL
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Figure 2.5: (a) (b) Normalized NIR PL bands of Bi doped oxidized porous Si at excitation
wavelengths 360, 420, and 500 nm.

Figures 2.5(a) and 5(b) show the normalized PL spectra of Bi-doped oxidized porous Si
thin films oxidized at 950 °C measured with various excitation wavelengths. The both PL
strongly depend on the excitation wavelengths. In Figure 2.5(a), the PL at about 840 nm
excited by the 360 and 420 nm are almost identical, while that excited at the 500 nm is
significantly different. Similar phenomenon is observed in the PL at about 1400 nm (Figure
2.5(b)). As shown in Figure 2.5(b), PL spectrum excited by the 500 nm is much broader than
those excited at the 360 or 420 nm. The PL band excited at 500 nm can be decomposed into
two Gaussian bands (black lines) with the maximum at 1250 nm and 1400 nm. The PL band
at 1400 nm is almost identical to those observed under the 360 and 420 nm excitations, while
the PL band at 1250 nm is observed only under the 500 nm. This excitation wavelength
dependence of NIR PL suggests that there are at least two different kinds of Bi NIR active

centers in our samples. This is consistent with the previous report [10].

2.3.4  Annealing conditions dependence of PL
2.3.4.1 Annealing atmosphere dependence of PL
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Figure 2.6: (a) and (b) are the 3D plots of the PL intensity versus excitation and emission
wavelengths of Bi doped porous silica annealed in N> and air. (c) Normalized visible to NIR

PL spectra of Bi doped porous silica under the various excitation wavelengths.

Figure 2.6 (a) shows a 3D mapping of the visible to NIR PL intensity of the sample
annealed at 1300°C in N, gas. The oxidation temperature of the porous Si is 1000 °C. The
oxidized porous Si can be called to be porous silica, since the porous Si is fully oxidized
while the temperature is above 1000 °C. The ordinate is the excitation wavelength and the
abscissa is the emission wavelength. Three PL emission bands, one in the visible range and
two in the NIR range, can be seen. For the PL emission band around 606 nm, the PL
excitation bands appear around 352 and 475 nm. For the NIR PL emission band around 845

and 1410 nm, two PL excitation bands are seen around 374 and 420 nm. The PL emission
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bands around 845 and 1410 nm are similar to those observed for Bi doped pure silica glass
fiber perform [3,10].

In contrast to the sample annealed in N, gas, the sample annealed in air at 1300 °C did
not show NIR PL (Figure 2.6(b)). It exhibits a PL emission band around 530 nm with a PL
excitation band around 290 nm. Bi-related luminescence is known to be very sensitive to the
annealing atmosphere. Recently, Bi doped alkali borosilicate porous silica glass annealed in
various atmosphere including oxygen, argon, and hydrogen gases has been reported [9]. It
revealed that only the glass annealed in oxygen did not exhibit NIR luminescence. The present
results are thus consistent with those in the previous reports [7,27,28].

For more detailed analysis, normalized PL spectra of the sample annealed in N, excited
at various wavelengths are shown in Figure 2.6(c). For comparison, PL spectrum of the
sample annealed in air (orange) is also shown. When excitation wavelengths are shorter than
300 nm, both samples show broad PL around 530 nm. The PL and the PLE features shown in
Figure 2.6(b) are very similar to those of Bi doped germinate glass and it is in general
assigned to Bi*"[29]. When the excitation wavelength is 320 nm, a PL peak appears around
606 nm for the sample annealed in N, gas. In figure 2.6(a), we can see the PL excitation bands
around 352 and 475 nm for the PL emission band at 606 nm. This orange emission has been
reported for various materials, e.g., StB4O7, and is usually assigned to Bi**[30]. In addition to
these visible PL assigned to Bi*"and Bi*", the sample annealed in N, at 1300°C exhibits NIR
PL around 845 and 1410 nm. These PL emission bands have similar excitation bands around
374 and 420 nm.
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Figure 2.7: Excitation wavelengths dependence of PL intensity of the sample annealed in N,
at 1300 °C. Scale up the intensity of PL for 1150 nm.
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To elucidate the mechanism of NIR luminescence, the excitation wavelength dependence
of the PL intensity is measured, as shown in Figure 2.7. At the emission wavelength of 1150
nm, we can see two broad PL excitation bands at 500 and 700 nm. This is very similar to
those of Bi' in multi-component glasses [17,27-28]. On the other hand, at the emission
wavelengths of 850 nm and 1450 nm, sharp PL excitation bands at about 374 and 420 nm are
observed. These bands are similar to the absorption bands in Bi doped porous silica glass [10].
Very recently, the similar absorption bands were reported in crystals and glasses, in which the
absorption was ascribed to Bidimer [31, 31]. Thus Bi dimer can be considered to be the origin
of the PL emission bands at 850 nm and 1450 nm.

2.3.4.2 Annealing temperature dependence of PL
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Figure 2.8: (a) NIR PL spectra of the sample at various annealing temperatures 1100-1300
°Cin N; gas. (b) and (c) are the normalized spectra of NIR PL bands.
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Figure 2.8(a) shows the PL spectra of Bi-doped porous silica annealed in N, from
1100 to 1300 °C. The excitation wavelength is 488 nm. We can see two broad PL bands. Both
PL bands are strongest when the annealing temperature (Ta.) is 1200 °C. The full width at half
maximum of the long wavelength side PL spectra at 1410 nm (annealing temperature is 1300
°C) is comparable to those reported for Bi-doped multi-component bulk glasses [17,28].
Figures 2.8(b) and 2.8(c) are the normalized spectra of the two PL bands. It is interesting that
the shape of the shorter wavelength PL peak around 850 nm is independent of the annealing
temperature, while that the longer wavelength PL peak shifts from 1310 to 1410 nm with
increasing the annealing temperature. This result suggests that the PL intensity of Bi™ (at
around 1270 nm) decreases while that of Bi dimer (at around 1420 nm) increases with
increasing the annealing temperature. This implies that Bi ions aggregate and becomes Bi

dimer when the annealing temperature is high.
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Figure 2.9: XPS spectra of Bi doped porous silica annealed in N> from 1100 to 1300 °C.

In order to clarify the valence state of Bi, the X-ray photoelectron spectroscopy (XPS)
spectra are measured. Figure 2.9 shows the XPS spectra of Bi-doped porous silica annealed in
N, from 1100 to 1300 °C. The samples show Si*" (2s) peak and Bi*" (4f;,) peak, which
reveals that 3+ is the dominant valence state of Bi in these samples. Other valence states of Bi
are under the detection limit. Unfortunately, due to the low Bi concentration, it is difficult to
obtain more information on the valence states of Bi active centers. The XPS intensity of Bi*"

peak decreases with increasing the annealing temperature. This is probably due to the
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evaporation of Bi during the annealing at high temperatures [27]. As shown in figure 2.8(a),
the PL intensity at 845 and 1450 nm of our samples is the strongest when the annealing
temperature is 1200 °C. Probably, this optimum annealing temperature is determined by the
trade-off between the activation rate of Bi NIR active centers and evaporation of Bi during the

high temperature annealing.

2.3.5 Temperature dependence of the NIR PL
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Figure 2.10: (a) IR PL spectra upon photo-excitation with a wavelength of 488 nm at various
temperatures 10-300 K of the sample annealed in N> at 1300 °C. (b) Temperature dependence
of integrated intensity of the two Gaussian peaks at 1270 and 1420 nm.

For further study of the NIR PL properties, the NIR PL spectra of the sample annealed at

1300 °C in N, atmosphere is measured as a function of temperature. Figure 2.10 shows the

results. For all the temperatures, we can see broad NIR PL spectra. The PL spectra can be
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decomposed into two Gaussian bands centered at 1270 and 1425 nm. The temperature
dependence of the PL intensities of the two PL bands is shown in Fgure 2.10. Both the PL
intensities first increases, and then decreases. Qualitatively similar results were reported in a
previous work on the NIR PL from BisGe;O;; crystal [34]. In that work, the PL intensity
increased as the temperature increases from 8 to 100 K, then the intensity dropped by 90% as
the temperature raised to 300 K. On the other hand, in present work, it drops by only 40%.
This small temperature quenching is a promising feature for applications such as optical

amplifiers at optical telecommunication wavelengths.
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Figure 2.11: (a) decay curves of the sample annealed in N at 1300 °C measured at 8 and 300
k, detection and excitation wavelengths are 1450 and 488 nm, respectively. (b) Temperature
dependence of slow component’s lifetimes at various detection wavelengths under the

excitation wavelength of 488 nm.

To draw more information from the NIR PL properties, time resolved PL is measured as
a function of temperature. Figure 2.11(a) shows decay curves of the sample annealed in N at
1300 °C measured at 8 and 300 K. The detection and excitation wavelengths are 1450 and 488

nm, respectively. The PL decay curves consist of two components, i.e., fast and slow
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components. The lifetime of the fast components is shorter than 4 ps, which is independent on
the detection wavelengths (data was not shown). This component probably arises from defects
in porous silica. The lifetime of the slow component at room temperature is 675 us, which is
comparable to those reported for Bi doped glasses and crystals. The lifetime increases to 857
us at low temperature (8 K). In Figure 2.11(b), the lifetime of the slow component is plotted
as a function of the temperature at various detection wavelengths (1200 — 1550 nm). At all the
detection wavelengths, the lifetime decreases gradually with increasing the temperature. The
decrease in the lifetime in the temperature range from 8 K to 300 K was about 30 %. This
value is much smaller than that of Bi4sGe;O; crystal, which has been reported to be about
90 % [34]. The observed small temperature dependence of the lifetime is consistent with the

small temperature quenching of the PL.

2.4 Conclusion

PL properties of Bi-doped oxidized porous Si thin films are studied for the first time.
Two broad PL bands peaking at 845 nm under 488 nm excitation are observed. The PL
spectra depend on the Bi concentration and oxidation temperature. The oxidation temperature
dependence revealed that oxidation of silicon into silica is indispensable to activate the Bi
NIR active centers in oxidized porous Si. Bi doped porous silica thin films are annealed at
various temperatures in air or N, gas atmosphere. NIR PL of these samples is measured as a
function of excitation wavelengths. It was found that the annealing in N, is necessary for the
activating NIR emission from Bi in pure porous silica thin films. The multiple Bi centers
would be stabilized in various forms as Bi3+, Bi2+, Bi", and Bi dimer. Robustness of NIR PL
intensity against temperature is shown by measuring the steady state and time-resolved PL at
8 to 300 K.
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Chapter 3

Photosensitization of Eu ions by Ag clusters

in zeolite Y

In this chapter, photosensitization of trivalent europium (Eu’*) ions by silver (Ag)
clusters is achieved by simultaneously doping Eu and Ag in zeolite cages. The
photoluminescence (PL) due to the >Dy—'F) transition of Eu’* ions at 613 nm is significantly
increased by the presence of Ag clusters. The excitation wavelength dependence of the PL
intensity coincided well with the absorption spectrum of Ag clusters, indicating that Euw’" ions

are excited by the energy transfer from Ag clusters.

3.1 Introductions

Rare-earth (RE) ions are well-known fluorescence materials, which are practically used
for many kinds of commodities, such as lighting, display, laser and so on [1-5]. Most of them
show sharp luminescence arising from the intra-4f shell transitions. Past years, the optical
properties of Eu’" ions doped into various host materials have been extensively studied since
the Eu’" ion is a best choice for red emitting phosphors in white light emitting diodes (LEDs)
[4]. However, the optical absorption of the Eu’” jon is very week. Since the 4f shell of RE
ions is shielded by outer shells, the luminescence is little affected by their surrounding
environment, and thus highly efficient in a variety of host materials [6, 7]. Recently,
Eichelbaum et al. [8] reported that PL of RE ions in silicate glasses were significantly
enhanced by metal clusters precipitated by synchrotron X-ray irradiation. The enhancement

was found to be energy transfer from metal clusters to RE ions. Their results indicate that
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metal clusters have a great potential to enhance the effective excitation cross section of RE
ions, which is intrinsically small due to the dipole forbidden process.

In the chapter, zeolite as a host material to study the photosensitization effect of metal
clusters. Zeolite, possessing a cage structure consisting of orthosilicate ion (SiO4") and
orthoaluminate ion (AlO4>) structural units, is one of the most suitable host materials for the
formation of metal clusters [9-12]. Metal clusters are known to be chemically stable in the
nano-sized pores in the cage, and can be formed by a simple ion exchange process followed
by a thermal treatment [13-16]. In this chapter, the effect of Ag clusters on the PL properties
of Eu ions in zeolite is investigated for the first time. PL of Eu ions in the visible region can
be significantly increased by Ag clusters in zeolite, due to the photosensitization effect. The
results suggest that zeolite is a promising host material for the sensitization of RE ions by

metal clusters.

3.2 Experimental details

Eu and Ag doped zeolite is prepared by an ion exchange process. The NH,; form of
faujasite-type zeolite (zeolite Y, SiO,/Al,O; = 7) is purchased from Tosoh Co. Japan. As
shown in Figure 3.1, the average diameter of particles zeolite is about 800 nm. The zeolites
are stirred in the aqueous solution of EuCl;.6H,O at room temperature for 24 h. The products
are filtered, washed with deionized water, and dried in air at 100 °C. To activate the Eu ions,
the Eu doped zeolite (zeolite:Eu) is annealed in air at 800 °C for 2 h. The crystalline structure
of zeolite Y is not destroyed at this temperature as confirmed by a XRD measurement [17].
For Ag doping, zeolite:Eu is stirred in aqueous solution of Ag(NH3)2+ at 70 °C for 24 h.
Ag(NH;)*" is prepared by reaction of Ag nitrate with aqueous ammonia [10]. After 24 h of
stirring, Eu and Ag codoped zeolites (zeolite:Eu,Ag) are filtered, washed and dried in air at
100 °C for 24 h. The co-doped zeolite powders are then annealed at 350 °C for 1 h in air. This
low temperature annealing forms Ag clusters in the cages of zeolite [13,18]. As a reference
sample, Ag singly doped zeolites (zeolite:Ag) are also prepared, and annealed at from 300 to
600 °C. The sample preparation process was illustrated in Figure 3.2. It is possible for Eu ions
to migrate into the sodalite cages by annealing at 800 °C [19]. The Ag clusters are most
possible to be formed in small cage: prism [13, 20-21]. The concentrations of Eu and Ag in
zeolites are determined by energy-dispersive x-ray spectroscopy (EDS). Concentration of
doped Ag is varied from 4.7 to 6.8 at.% by changing Ag concentration in doping solutions.
The concentration of Eu is varied from 1.0 to 2.0 at.% , which is also controlled by changing
Eu concentration in doping solutions. The samples are kept in air. PL spectra are measured by
a spectrophotometer (Horiba Jobin Yvon, Flourolog). The diffuse reflectance spectra are
measured by a UV-VIS-NIR spectrophotometer (Shimadzu, Solid Spec-3700) and the data are
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converted using the Kubelka—Munk function. Morphologies of the samples are studied by a
field emission scanning electron microscopy (FE-SEM) (JEOL, JSM-7001F).

15.0kV SEI

Figure 3.1: FE-SEM image of zeolite.

Time resolved PL spectra are measured by a monochromator equipped with a
charge-coupled device with an image intensifier (ICCD) (Princeton Instrument, PI-Max). The
third harmonic of a Nd:YAG laser (355 nm, pulse width 5 ns, repetition frequency 20 Hz) is
used as the excitation source. The ICCD array is gated by a trigger signal from the exciting
laser. The time resolution of the measurement system is 5 ns. For these optical measurements,

the powder is put in a sample holder loosely. All the measurements are carried out at room

temperature.
24 hrs
= __ Heat treatment =
= = at 800°C In air | =5 =
FAU type zeolite
powders . . Stir in Ag(NH,)?*
Stir in EuCl; solution at solution at 70°C

room temperature

Heat treatment Ea
at 350°C In air 9

Figure 3.2: Schematic of the sample preparation procedures.
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The external quantum efficiency (EQE) is determined by an integrating sphere method
[20]. The measurement set up is similar to that in the report [20]. Excitation is provided by
Hd-Cd laser (325 nm). The schematic view of the experiment is shown in Figure 3.3. To
measure the EQE, three steps are performed. First (a), a Teflon sample holder (without
sample) is positioned inside the integrating sphere; the exact incident photon flux at the
excitation wavelength (La) and the background signal at the emission wavelengths can be
observed from this measurement. Afterward (b and c), the sample holder is filled with the
samples. The excitation and emission intensity of the sample is measured when the sample is
out and in the laser beam. These two steps measurements yield the photon flux not absorbed
by the sample at excitation wavelengths due to indirect (Lb) and direct absorption (Lc) and
the photon flux emitted by the sample at emission wavelengths (Pb and Pc) (Figure 3.4), and
the EQE is calculated using Equation 1.

_ R -(-A)F,
ext LaA E 1
L &
Where,A =1——%
b
L, L +P L +P
PMT PMT

‘ Sample
holder

(a) -afﬂe (b)
Sample Sample

Laser Laser Laser

A
[

Without sample With sample With sample
(out of the laser beam) (in the laser beam)

Figure 3.3: schematic view of EQE measurement.
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Figure 3.4: PL spectra of the EQE measurement of the sample zeolite:Eu(1.0),Ag(6.1). (L)

Excitation range and (P) emission range. Excitation wavelength is 325 nm.

3.3 Results and discussion
3.3.1 Ag singly doped zeolite Y

0.6f ' ' ' )
Ta. 350 °C  conc. (at.%)
5 04 zeolite:Ag(4.8) 1
©
@ 02} -
I
0.0 zeolite

200 300 400 500 600
Wavelength (nm)

Figure 3.5: Diffuse reflectance ultraviolet to visible spectra, plotted as the Kubelka-Munk
function (F) of the reflectance (R) of zeolite, zeolite:Ag(4.8).

The color of the annealed high concentration Ag doped zeolite sample is brownish, while
it is white looking for the low concentration samples. The ultraviolet (UV) to visible diffuse
reflectance spectra plotted as the Kubelka-Munk function (F) of the reflectance (R) of zeolite,
zeolite:Ag(4.8), are shown in Figure 3.5. The numbers in the parentheses represent the Ag
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concentration (at. %). The annealing temperature of the samples is 350 °C. Zeolite shows a
very weak absorption band below 300 nm. Zeolite:Ag(4.8) exhibits a broad strong UV
absorption around 310 nm. This peak is very similar to that reported for Ag clusters in
hydrated zeolite Y. In Ref. [16], Ag, has been proposed as the possible origin of the
absorption, which was formed by an Ag atom and an Ag ion. In other reports [13, 21], Ags
has been also proposed as possible Ag clusters in hydrated zeolite Y, which are formed by a
Ag atom in prism and two Ag ions in sodalite cages in zeolite Y (see Figure 1.16). The cluster
configuration still seems controversial, however, it is generally accepted that the absorption
arises from Ag clusters. Note that Ag ions in hydrated zeolite Y show the absorption only
below 250 nm, which is quite different from that observed in this work [22, 23]. Thus Ag ion

is not considered to be the origin of the absorption.

04rF
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300 400 500 600
Annealing temperature (°C)

Figure 3.6: Diffuse reflectance ultraviolet to visible spectra, plotted as the Kubelka-Munk
function (F) of the reflectance (R) of zeolite:Ag(4.8) under various annealing temperature.
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Annealing temperature dependence of the UV to visible diffuse reflectance spectra
plotted as the Kubelka-Munk function (F) of the reflectance (R) of zeolite:Ag(5.78), are
shown in Figure 3.6(a). The UV absorption peak almost does not depend on the annealing
temperature. The optimum annealing temperature for the absorbance at about 310 nm is 350
°C. In the Figure 3.6(b) plotted the annealing temperature dependence of the absorbance at
310 nm. It is indicated that the absorbance strongly depends on the annealing temperature,
which first increases and then decreases with increasing the annealing temperature. This
suggests that the Ag cluster is not stable under high temperature annealing. It is consistent

with the results of previous report [24].
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Figure 3.7: 2D exciation-emisson graph of zeolite:Ag(4.8) annealed from 300 to 600 °C.
Generally, the rehydrated white looking powders are known to hardly fluorescence.

Fortunately, strong luminescence under low-power UV excitation is observed in our samples

(Figure 3.7). 2D exciation-emisson graphs of zeolite:Ag(4.8) under various annealing
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temperature are measured. All the graphs show a broad emission band around 550 with an
excitation band around 310 nm. In common, which is very similar to that observed for Ag
clusters in zeolite Y prepared in a similar method [13, 21]. The excitation band is consistent
with the position of Ag absorption in zeolite Y, as shown in Figure 3.5. The position of
excitation-emission bands almost do not depend on the annealing temperature. However, the
intensity strongly depends on the annealing temperature, which first increase and then
decrease with increasing the annealing temperature. This indicates that the number of Ag

cluster reaches maximum at lower temperature 350°C.
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Figure 3.8: 2D exciation-emisson graph of zeolite:Ag with Ag concentration from 0.7 to 6.1
at.%.

2D emission-excitation graph of the Ag singly doped sample with various Ag
concentrations are also measured, as shown in Figure 3.8. Ag concentration is changed from
0.7 to 6.1 at.%. The emission and the excitation bands do not depend on the Ag concentration,
which is consistent with the previous reports [13]. But the emission intensity strongly depends

on the Ag concentration, which reached maximum in zeolite:Ag(6.1).

3.3.2 Eu and Ag co-doped zeolite Y
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Figure 3.9: (a) UV-visible diffuse reflectance spectra, plotted as the Kubelka-Munk function
(F) of the reflectance (R) of zeolite:Eu(1.0), zeolite:Ag(4.8) and zeolites:Eu,Ag. (b) F(R)
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intensity (absorption optical intensity) versus plotted as a function of Ag concentration of

zeolite:Eu,Ag.

The ultraviolet to visible (UV-visible) diffuse reflectance spectra plotted as the
Kubelka-Munk function (F) of the reflectance (R) of zeolite:Eu(1.0), zeolite:Ag(4.8),
zeolite:Eu(1.0),Ag(4.7) and zeolite:Eu(1.0),Ag(6.1) are shown in Figure 3.9(a).
Zeolite:Eu(1.0) has a weak absorption band below 300 nm due to the charge transfer state of
O* to Eu’" [4]. Zeolite:Ag(4.8) and zeolite:Eu(1.0),Ag(4.7) exhibits a strong and broad UV
absorption around 310 nm of Ag cluster. In addition to the 310 nm peak, the high
concentration sample zeolite:Eu(1.0),Ag(6.1) has a broad absorption band around 450 nm,
which can be assigned to the surface plasmon resonance of Ag nanoparticles (NPs) [25, 25].
To clarify the Ag NPs formation, the morphology of the sample is observed by FE-SEM
measurement. The FE-SEM images of zeolites (a) and zeolite:Eu(1.0),Ag(6.1) (b) are shown
in Figure 3.10. Large Ag NPs are observed at the surface of crystals. In Figure 3.9(b), the
values of F(R) at 310 nm are plotted as a function of the Ag concentration. While the Eu
concentration is fixed to 1.0 at. %, the increase of the F(R) value with increasing the Ag

concentration can be seen.

Figure 3.10: FE-SEM image of (a) zeolites and (b)zeolite: Eu(1.0)Ag(6.1).
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Figure 3.11: (a) PL spectra of zeolite, zeolite:Eu and zeolite:Eu,Ag of various Ag
concentrations. The inset of the figure is enlarged PL spectra of zeolite and zeolite:Eu. (b) Ag

concentration dependence of Eu-PL intensity.

Figure 3.11(a) shows the PL spectra of the zeolite:Eu,Ag. The Eu concentration is fixed
at about 1.0 at.%, and the Ag concentration is changed from 0 to 6.8 at.%. The excitation
wavelength is 350 nm. The PL of the sample without Ag doping zeolite: Eu(1.0) is enlarged
in the inset of the Figure 3.11(a), together with that of zeolites as a reference. The zeolite
shows weak and broad PL centered around 570 nm, which probably arises from
oxygen-vacancies in the zeolite [27]. In addition, zeolite:Eu(1.0) shows a sharp PL peak

around 613 nm due to the *Dy—F, transition of Eu’' ions (Eu-PL). In zeolite:Eu,Ag samples,
g
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a broad PL centered at 550 nm is observed and the intensity increases with increasing Ag
concentration. In the same way of the increase of the 550 nm band, Eu-PL at 613 nm
increases with increasing Ag concentration. Figure 3.11 (b) shows the integrated Eu-PL
intensitiy as a function of Ag concentration. The intensity is normalized to that of
zeolite:Eu(1.0). We can see that the Eu-PL is at most 27 times increased by co-doping Ag.
The Ag concentration dependence of the Eu-PL intensity is very similar to that of the
absorbance in Figure 3.9(b). This strongly suggests that Ag clusters sensitize Eu ions and

increase the effective excitation cross section.
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Figure 3.12: (a-c) PL spectra of zeolite, zeolite:Eu(1.0), and zeolite:Eu(1.0),Ag(4.7) under the
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excitation of 350, 342, and 326 nm. (d) First derivative PL spectra of
zeolite:Eu(1.0),Ag(4.7) at various excitation wavelengths.

To elucidate the mechanism causing the increase in PL, the excitation wavelength
dependence of the PL spectra is studied. Figure 3.12(a-c) shows the PL spectra of zeolite,
zeolite:Eu(1.0) and zeolite:Eu(1.0),Ag(4.7) excited at 350, 342, and 326 nm, respectively.
Note that the PL spectra of zeolites and zeolite:Eu(1.0) are multiplied by a factor of 3. When
the excitation wavelength is 350 and 342 nm, we can clearly see that the Eu-PL intensity is
significantly increased by co-doping Ag. With decreasing excitation wavelengths, the Ag-PL
grows very rapidly, and as a result the Eu-PL is almost smeared when excited at 326 nm. In
order to estimate the relative intensity of the Eu-PL hidden by the strong background of the
Ag-PL, the spectra are differentiated, as shown in Figure 3.12(d). A sharp peak at 613 nm can
be seen in the first derivative spectra for all the excitation wavelengths. The derivative
technique is known to be an effective tool for quantitative analysis of PL spectra from
mixtures of fluorescent compounds [28]. The amplitude of the first derivative spectra depends
only on the intensity of the PL if the PL spectral shape is identical. This assumption is in
general applicable to the PL from trivalent rare-earth ions. The excitation wavelength
dependence of the Eu-PL intensity at 613 nm estimated from the first derivative PL spectra is
shown in Figure 3.13. Zeolite:Eu(1.0) has a broad excitation band below 280 nm and two
sharp peaks at 320 nm and 394 nm. The sharp peaks at 320 nm and 394 nm correspond to the
"Fo—>Hg and 'Fy—’Ls transitions of Eu3+, respectively [29, 30]. The broad excitation band
below 280 nm is due to the energy transfer from the charge transfer state of O*" to Eu’" [4, 30].
The excitation spectrum of codoped sample zeolite:Eu(1.0),Ag(4.7) is different from that of
zeolite:Eu(1.0). It has a very broad PL excitation band and the intensity is much stronger than
that of zeolite:Eu(1.0) in the whole wavelength range. The ratio of the Eu-PL intensity of
zeolite:Eu(1.0),Ag(4.7) to that of zeolite Eu(1.0) at the same wavelengths are shown in Figure
3.13 on the right axis. An increase in intensity of up to five times in the excitation region
centered at around 330 nm is observed. Note that the sharp dip in the Eu-PL intensity ratio
around 320 nm is due to the increased PL intensity of zeolite:Eu(1.0).

Comparison between the excitation wavelength dependence of the Eu-PL intensity ratio
and the absorption spectra in Figure 3.9 reveals that the PL increase at wavelengths where Ag
cluster show absorption. This is clear evidence that the PL increase is due to energy transfer
from Ag clusters to Eu ions. The simple energy transfer process was illustrated in Figure 3.14.
Ag clusters absorb excitation photons more efficiently than Eu®’, and transfer the excitation
energy to Eu’". The strong increase of the Eu-PL indicates that the energy transfer is the

. . . -+
dominant excitation process for Eu’”.
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The EQEs of the zeolite:Ag and zeolite:Eu,Ag are measured by the integrating sphere
method (as shown Figure 3.3). The EQE of zeolite:Ag (4.8), zeolite:Eu(1.0),Ag(4.7), and
zeolite:Eu(1.0),Ag(6.1) are found to be approx 19%, 15% , and 17%, respectively. The values

are comparable to those of a previous report [20].
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Figure 3.13: The excitation wavelengths dependence of Eu-PL intensity of zeolite:Eu(1.0) and
zeolite:Eu(1.0),Ag(4.7), right axis is the ratio of Eu-PL intensity of zeolite:Eu,Ag to that of

zeolite:Eu.

To study the energy transfer process in detail, time-resolved PL measurements at
excitation of 355 nm are performed. The time-resolved PL spectra of zeolite:Eu(0.1),Ag(4.7)
are shown in Figure 3.15. When the delay time is 8 us, the spectrum is dominated by the
broad Ag-PL. The sharp Eu-PL emerges with increasing delay time and it is still observed
when delay time is 1928 us. Figure 3.16(a) shows a PL decay curve of Ag-PL at 520 nm for
zeolite:Ag(4.8) and zeolite:Eu,Ag with an Ag concentration of 6.1 at.% and Eu concentration
from 1.4 to 2.0 at. %. The decay curves show a fast and a slow component. The decay time of
the fast and slow components estimated by fitting the curves to a bi-exponential function is
plotted as a function of Eu concentration in Figure 3.16(b). In zeolite:Ag(4.8), the lifetimes of
the slow and the fast components are 129 and 12 ps, respectively. By doping Eu, the lifetimes

first increase and then decrease with increasing Eu concentration. The increase of the lifetime
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may be due to the quenching of nonradiative processes of Ag clusters by isolating them from
water molecules by Eu co-doping. The shortening of the lifetime for the Eu concentrations
above 1.4 at.% is probably due to the energy transfer from Ag clusters to Eu’"ions. It should
be noted here that the observed lifetime is much longer than that reported in previous work
(~a few ns) [13, 31]. The fast PL can’t be observed because our time resolution (5 ns) is

slower than the lifetime. The fast component may also contribute to the energy transfer.

310nm

Figure 3.14: Schematic illustrations of the energy transfer process from Ag clusters to Eu’".
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Figure 3.15: Time resolved PL spectra of zeolite:Eu(1.0),Ag(4.7) upon different delay times
excited by 355 nm.

In Figure 3.16(c), the PL decay curves of Eu-PL at 617 nm are shown. The Eu
concentration is about 1.0 at.% for all the samples and the Ag concentration is changed from
4.7 to 6.1 at.% for the zeolite:Eu,Ag samples. To isolate the Eu-PL from Ag-PL, the
background determined from the PL intensities at 604 and 631 nm is subtracted from that at
617 nm. The lifetimes, defined by the time where the PL intensity decreases to 1/e, are plotted
as a function of the Ag concentration in Figure 3.16(d). Without Ag doping, the lifetime is
about 105 us. It increases to about 600 ps by co-doping Ag and is almost independent of the
Ag concentration. The reason for the increase of the lifetime is considered to be similar to that
in the Figure 3.16(b). Ag co-doping may change the environment of Eu’" ions in zeolite cages
and may quench nonradiative processes of Eu’" ions by isolating them from water molecules.
It is noted here that we could not see a rising part in the time transient of Eu-PL in Figure
3.16(c). This is probably due to strong back ground luminescence from Ag clusters and

zeolite.
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Figure 3.16: (a, c) The PL intensities as a function of delay time of zeolite: Eu,Ag with various
concentration of Eu and Ag at excitation of 355 nm. (b, d) the decay time of zeolite:Eu,Ag
dependence on the Eu and Ag concentration at 520 and 617 nm.

3.4 Conclusion
The effect of Ag clusters on the PL properties of Eu ions in zeolite is investigated for the

first time. The appearance of a new absorption band and the increase of the PL of Eu ions for
the sample containing Ag clusters are observed. Ag concentration dependence of the PL
intensity revealed that the Eu-PL is increased as high as 27 times. The excitation wavelength
dependence of the PL intensity coincides well with the absorption spectrum of the Ag clusters,
indicating that the energy transfer from Ag clusters to Eu ions is responsible for the increase

of the PL of Eu ions.
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Chapter 4

Enhanced red photoluminescence of Sm ions in

zeolite A by interaction with Ag ions

In this chapter, photosensitization of samarium (Sm’") ions by silver (Ag) ions is studied
by simultaneously doping Sm and Ag in zeolite A cages. Photoluminescence (PL) from the
4G2/5—>6H2/7 transition 0me3+ ions at 600 nm is found to be more than 30 times enhanced by
the presence of Ag ions. The excitation wavelength dependence of the PL intensity coincided
well with the absorption spectra of Ag ions in the ultraviolet region, indicating that Sm’" ions

are excited by the energy transfer from Ag ions.

4.1 Introduction

As an important lighting source, light-emitting diodes (LEDs) have been widely used in
many commodities such as backlights, device indicators, automobile headlights, displays, and
so on [1-3]. Recently, an ultraviolet (UV) LED chip combined with red, green and blue
phosphors have attracted much attention due to their wide range of color temperature
tenability [4-5]. Rare-earth (RE) ions are practically used in phosphor materials for LEDs
[6,7]. Among them, trivalent samarium ion (Sm®) is a preferable choice for red emitting
phosphors [8,9]. However, the optical absorption of Sm®" is very weak due to the forbidden
nature of intra 4f transition. Thus it cannot be efficiently excited by UV LEDs [10].

Recently, RE ions coupled with silver nanoparticles (NPs) have been widely investigated.
It is generally accepted that sensitized luminescence occurs due to the local surface plasmon
resonance effect of Ag NPs. The resonant wavelength is around 400 nm, depending on the
size and the dielectric constant of surrounding materials [11]. On the other hand, Eichelbaum
et al. [12] reported that PL of RE ions in silicate glasses can be significantly enhanced by Ag

clusters precipitated by synchrotron X-ray irradiation. The enhancement was found to be
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caused by energy transfer from Ag clusters to RE ions. The excitation and emission bands are
located in the UV (325-375 nm) and bluish-green (450-700 nm) regions, respectively. It has
been also reported that, in oxyflouride glass, doping of Ag ions (Ag') can greatly enhance the
PL of RE ions, due to the energy transfer from Ag' to RE ions. The significant enhancement
was observed under the excitation in the UV region. RE ions coupled with Ag species such as
Ag particles, Ag clusters, and Ag ions are very promising for the realization of UV LED
based white light sources which possess a wide range of color temperature tenability [13].

Zeolites are very promising host materials due to their cage structure, which enables
doping of luminescent ions by a simple ion exchange process. The cage consists of
orthosilicate ion (SiO4") and orthoaluminate ion (AlO,>) structural units with low vibration
quanta [14,15], and it is optically transparent from UV to near infrared regions [16,17]. In
addition, various Ag species such as Ag nanoparticles, Ag clusters, and Ag ions can be easily
stabilized in the cages [18-20]. Therefore, zeolite is a promising host material to realize
efficient coupling between Ag species and luminescent ions. In this chapter, the effect of Ag"
on the PL properties of Sm®" in zeolite A is investigated. It is shown show that the PL of Sm*”
in the visible region can be significantly enhanced by Ag" under the excitation in the UV
region. The results suggest that the metal ions doped zeolite A is very promising as phosphor
materials for UV LEDs.

4.2 Experimental details

Sm and Ag doped zeolite is prepared by an ion exchange process. Sodium (Na) form of
LTA zeolite (zeolite A, SiO,/Al,03 = 1) is purchased from Tosoh Co. Japan. The zeolite is
stirred in the aqueous solution of SmCl;.6H,0 at room temperature for 24 h. The products are
filtered, washed with de-ionized water, and dried in air at 80 °C. Sm doped zeolite
(zeolite:Sm) is annealed in air at 600 °C for 2 h. For Ag doping, Zeolite:Sm is stirred in
aqueous solution of Ag (NO); at 40 °C. After 5 h stirring, Sm and Ag codoped zeolite
(zeolite:Sm,Ag) is filtered, washed and dried in air at 80 °C. The sample preparation process
was illustrated in Figure 4.1. It is possible for Sm ions to migrate into the sodalite cages by
annealing the sample at 600 °C. The Ag ions are most possible to locate in supercage after ion
exchanging [21,22]. As a reference sample, Ag singly doped zeolite (zeolite:Ag) is also
prepared. In Ag and Sm codoped sample, the concentration of Ag is varied from 0.5 to 1.2
at.% and that of Sm is fixed to about 2.0 at.%, with respect to the total amount of atoms.
These values are determined by X-ray photoelectron spectroscopy measurements [23,24]. PL
spectra are measured by a spectrofluorometer (Horiba Jobin Yvon, Flourolog). The diffuse
reflectance spectra are measured by a spectrophotometer equipped with an integrating sphere

(Shimadzu, Solid Spec-3700). Time resolved PL spectra are measured using a
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monochromator equipped with a charge-coupled device with an image intensifier (ICCD)
(Princeton Instrument, PI-Max). Third harmonic of a Nd:YAG laser (355 nm, pulse width 5
ns, repetition frequency 20 Hz) and a modulated light (405 nm) of a laser diode are used as
excitation sources for time resolved PL measurements. The ICCD array is gated by a trigger
signal from the exciting lasers. For these optical measurements, the powder is packed in a

sample holder loosely. All the measurements are carried out at room temperature.

24 hrs 5 hrs
il | = Lt =

LTA type zeolite -
powders Stir in SmCl, Stir in Ag(NO),

solution

Figure 4.1: Schematic of the sample preparation procedures.

4.3 Results and discussion
4.3.1 Ag singly doped zeolite A

Figure 4.2 shows the diffuse reflectance spectra plotted as the Kubelka-Munk function (F)
of the reflectance (R) of zeolite:Ag without annealing steps. Ag concentration is changed
from 1.1 to 13.9 at.%. As shown in Figure 4.2(a), the without annealed samples have a UV
absorption blow 320 nm. Similar absorption has been observed in numerous reports on Ag
doped hydrated zeolite A. Generally it is attributed to a charge transfer transition from Ag"
coordinated water molecules to the empty 5s state of Ag’ [18, 23]. The enlarged spectra are
shown in the inset of the Figure. The weak absorption at about 370 nm is observed in some
high concentration samples. It may form Ag cluster by increasing the Ag concentration. The
Ag concentration dependence on the absorbance F(R) intensity at 280 nm is plotted in the

Figure 4.2(b). With increasing Ag concentration, the absorption increases.
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Figure 4.2:(a) Diffuse reflectance spectra plotted as the Kubelka-Munk function (F) of the
reflectance (R) of without annealed zeolite:Ag with various Ag concentrations. (b) F(R)

intensity plotted as a function of Ag concentration of zeolite:Ag.
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Figure 4.3: Diffuse reflectance spectra plotted as the Kubelka-Munk function (F) of the

reflectance (R) of zeolite:Ag with various Ag concentrations annealed at 450 °C.

The diffuse reflectance spectra plotted as the Kubelka-Munk function (F) of the reflectance
(R) of zeolite:Ag with various Ag concentration annealed at 450 °C is shown in Figure 4.3.
Ag concentration is changed from 1.0 to 9.3 at.%. As shown in Figure 4.3, the zeolite:Ag
shows broad absorption at longer wavelength after annealing process. The zeolite:Ag(1.0)
shows absorbance at about 350 nm, and the absorption shows red shift with increasing
concentration. Generally, the absorption at about 350 nm of Ag in zeolite A is ascribed to Ag
trimer [25].
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Figure 4.4: 2D emission-excitation graphs of various concentration of Ag of zeolite:Ag

without annealing steps.

2D emission-excitation graphs of various concentration of Ag of zeolite:Ag under
without annealing are shown in Figure 4.4. The zaolite:Ag(1.0) shows an excitation band
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below 260 nm and an emission band below 450 nm. Generally, this UV excitation with an
emission at low wavelength in zeolite is ascribed to Ag ions. [18,23] The excitation and
emission points show red shift with increasing Ag concentration. As a result, the
zeolite:Ag(13.9) shows emission at about 550 nm with excitation band peak at about 310
and 370 nm. The long wavelength excitation and emission is consistent with which in Ag

cluster (trimer). But it could not be proved by these measurements.
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Figure 4.5: 2D emission-excitation graph of various concentration of Ag of zeolite:Ag
annealed at 450°C.
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Annealing the zeolite:Ag at 450 °C produced colored powders with a spectrum ranging
from yellow to orange. The color turns the white and then to yellowish again, while the
sample is exposed to air immediately. The first color change has been ascribed to a Ag ions
coordinating to the oxygen atoms in the zeolite lattice. In the dehydrated sample, a
ligand-to-metal charge transfer from the zeolite lattice to the empty 5s orbital of the Ag ion is
responsible for the yellow color [19]. Under rehydration, the absorption is strongly
blue-shifted, resulting in a white-looking powder. Such ionic Ag species generally shows
weaker fluorescence at about 350 nm as shown in the without annealed zeolite:Ag(1.0)
(Figure 4.4). On contrast, strong luminescence under low power UV excitation is observed in
annealed samples (as shown in Figure 4.5). Since cluster formation has been proven in Ag
exchanged zeolites upon thermal treatment, the luminescence can be ascribed to oligoatomic
silver clusters [19]. Yellow and red emissions are observed in the zeolite:Ag, and intensities
of the emissions strongly depend on the Ag concentration. In most cases at intermediate silver
loadings, a yellow fluorescent band around 550 nm is observed with likely a Ags" cluster as
representative species [26,27]. A red emission at about 630 nm with UV excitation as formed
in the low Ag concentration region, which diapered in high concentration sample. Generally,
for LTA zeolites at higher loadings a possible candidate species emitting around 690 nm was
formed. The luminescence of the 690 nm emitter was ascribed to a Ags" cluster in the report
[19]. However, the UV excitation of our sample is not consistent with the blue excitation of
690 nm emission. Thus the Ags" is probably not origin of the red emission. The positions of
emission-excitation bands in zeolite:Ag with various concentration of Ag under without
annealing and annealing at 450 °C are summarized in Figure 4.6. From Figure 4.6, we can see
that the emission peaks are red shifted by annealing the samples. Three main
emission-excitation bands shown in the samples, such as 500 nm emission with excitation of
300 nm, 550 nm emission with excitation of 370 nm, and 630 nm emission with excitation of
290 nm.
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Figure 4.6: positions of emission-excitation bands in zeolite:Ag with various concentrations

of Ag under annealing and without annealing steps.
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Figure 4.7: Annealing temperature dependence of 2D emission-excitation graph of zeolite:Ag

(1.1).

On the other hand, the emission and excitation bands and intensities depend on the
annealing temperature. As shown in the Figure 4.7, a blue emission from Ag ions is shown in
the sample without annealing. After annealing, new yellow emission with few excitation
bands is observed, while a red emission was shown in the high temperature annealed sample.
For sensitizing RE ions, the zeolite:Ag without annealing with high energy excitation and low

background luminescence is described in next work.

4.3.2 Sm and Ag singly co-doped zeolite A
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Figure 4.8: (a) Diffuse reflectance UV-visible spectra, plotted as the Kubelka-Munk function
(F) of the reflectance (R) of zeolite:Sm,Ag with various Ag concentrations. (b) F(R) intensity
plotted as a function of Ag concentration of zeolite:Sm,Ag.
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Figure 4.8 shows the Ag concentration dependence of the diffuse reflectance spectra
plotted as the Kubelka-Munk function (F) of the reflectance (R) of zeolite:Sm,Ag. With
increasing Ag concentration, the absorption below 300 nm increases. Generally the absorption
is attributed to a charge transfer transition from Ag’ coordinated water molecules to the empty
5s state of Ag' [20, 28]. The sample without Ag doping has a weak absorption band below
300 nm. This arises from the charge transfer state (CTS) of O0* to Sm®" [29]. The Ag
concentration dependence of the absorbance (F(R) intensity) at 280 nm is shown in Figure

4.8(b). The absorbance increases until the Ag concentration reaches 0.9 at. %, and then

saturates.
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Figure 4.9: (a) PL spectra of zeolite:Sm,Ag with various Ag concentrations under the
excitation of 250 nm. The inset shows the enlarged spectra of the Sm-PL. (b) Ag

concentration dependence of the Sm-PL intensity.

Figure 4.9(a) shows the PL spectra of zeolite:Sm,Ag with different Ag concentrations. The
excitation wavelength is 250 nm. By Ag codoping, a broad PL appears below 500 nm. Note
that the decrease in the PL intensity below 410 nm is due to the long-pass filter to cut the
excitation light. With increasing Ag concentration, the intensity increases. Similar PL have
been reported in Ag” doped zeolite and glasses [30,13]. In addition to the broad PL band, we
can see some small peaks at 560, 600 and 646 nm. These peeks are enlarged in the inset.
These peaks arise from the 4G5/2—>6H5/2, 4G5/2—>6H7/2, and 4G5/2—>6H9/2 transitions of Sm3+,
respectively [31, 32]. Hereafter, the PL from Ag and Sm are referred to as Ag-PL and Sm-PL,
respectively. In the inset, we can see that the Sm-PL is significantly enhanced by the Ag
codoping. Figure 4.9 (b) shows the Sm-PL intensity as a function of Ag concentration. The
Sm-PL intensity is estimated by subtracting the broad Ag-PL as a background signal. The
intensity is normalized to that of the sample without Ag doping. We can see that the Sm-PL is
at most 6.3 times enhanced by the Ag codoping. The Ag concentration dependence of the
Sm-PL intensity is very similar to that of absorbance F(R) in Figure 4.8(b). This implies that
the enhancement of the Sm-PL is due to the energy transfer from Ag ions in zeolite A cages.

Figure 4.10(a) shows the PL spectra of zeolite:Ag,Sm with various Sm concentration. The
excitation wavelength is 250 nm, and the Sm concentration is changed from 0 to 8.4 at.%.
Figure 4.10(b) plots the Sm-PL intensity (left axis) and the Ag-PL intensity (right axis) as a
function of Sm concentration. With increasing the Sm concentration, the Ag-PL intensity
decreases, while the Sm-PL intensity increases, in the low Sm concentration region (< 3.8
at. %). This strongly indicates that the energy transfer is responsible for the increased Sm-PL.
In the high Sm concentration region (>3.8 at. %), both the Ag-PL and Sm-PL decreases. This
is probably due to concentration quenching. To clarify the effect of re-absorption of the
Ag-PL, the PL spectra of zeolite:Sm,Ag and the mixture of zeolite:Sm and zeolite:Ag
(zeolite:Sm / zeolite:Ag = 1 in wt%) under the excitation at 250 nm are shown in the Figure
4.11. The Sm concentration in zeolite:Sm is about 2.0 at.%, Ag concentration in zeolite:Ag is
0.5 at.%. In zeolite:Sm,Ag, concentrations of Sm and Ag are 3.8 and 0.5 at.%, respectively.
We can see that the zeolite:Sm,Ag shows strong Sm-PL around 600 nm. In contrast, the
Sm-PL of the mixture of zeolite:Sm and zeolite:Ag is negligibly weak. This indicates that
re-absorption of the Ag-PL does not contribute to the enhancement of the Sm-PL of
zeolite:Sm,Ag.
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Figure 4.12(a) shows the Sm-PL intensity as a function of excitation wavelengths. The
sample without Ag doping shows a broad small excitation band below 280 nm. This is due to
the energy transfer from the CTS from O” to Sm>". All the samples exhibit 4 sharp peaks at
344,361, 375, and 402 nm, arising from 4f-4f transitions of Sm>" [31]. By Ag codoping, we
can see that the excitation band in the UV region is significantly enhanced. In addition,
compared to Figure 4.8, we can notice that the Ag concentration dependence of the excitation
band is very similar to that of the absorption band. This strongly suggests that the PL
enhancement is due to the energy transfer from Ag’ to Sm’". The Ag" absorbs excitation
photons more efficiently than Sm>*, and transfers the excitation energy to Sm>". The simple
energy transfer process was illustrated in the Figure 4.13. Under UV excitation, Ag" ions are
excited from ground state to excited state. An excited Ag’ ion relaxes from excited state to
ground state nonradiatively and transfers the excitation energy to a neighboring Sm’",
promoting it from ground state to excited state. After then, Sm ions in excited level relax from
luminescent level to ground level radiatively and result in enhanced red luminescence. The
strong enhancement of the Sm-PL indicates that the energy transfer is a dominant excitation
process of Sm>". In Figure 4.12 (b), the enhancement factor defined as the ratio of the Sm-PL
of zeolite:Sm,Ag to that of zeolite:Sm are shown. The enhancement factor has a peak at 282
nm and reaches as high as 30 at the maximum. The great enhancement suggests that the Ag
and Sm codoped zeolite is very promising as a phosphor material. The decrease of the
enhancement factor below 280 nm is due to the increased Sm-PL intensity of the sample
without Ag doping by the CTS band.
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Figure 4.13: Schematic illustrations of the energy transfer process from Ag" to Sm*".
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In order to obtain further insight on the PL properties, 2D excitation-emission

measurements are performed. Figure 4.14(a)-(c) show the results of zeolite:Sm, zeolite:Ag,
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and zeolite:Sm,Ag, respectively. As shown in Figure 4.14(a), zeolite:Sm possesses sharp
emission peaks at 560, 600 and 646 nm under the excitation at 344, 361, 375, and 402 nm.
These are related to the 4f-4f transitions of Sm>". In Figure 4.14(b), zeolite:Ag shows a broad
emission below 500 nm with a broad excitation band below 300 nm. To compare this band
more in detail with that in previous reports, the PL excitation (PLE) spectrum detected at 350
nm and the PL spectrum excited at 250 nm are displayed in the inset of Figure 4.14(b). The
PLE spectrum exhibits a broad band around 250 nm, while the PL spectrum is around 350 nm.
Very similar PLE and PL band have been reported for Ag' doped zeolites and glasses
[13,31,33,34]. In Figure 4.14(c), we can see the coexistence of both the excitation-emission
bands arising from Sm’" and Ag’. This suggests that the codoping of Sm’" does not
significantly affect the chemical state of Ag’. By comparing Figure 4.14(a) and 4.14(c), we
can notice that the Sm-PL is significantly enhanced when the excitation wavelength is below
300 nm.
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Figure 4.15: (a) PL decay curves of zeolite:Ag at 500 nm under the excitation at 355 nm. (b) PL decay
curves of zeolite:Sm,Ag with different Ag concentrations, detected at 600 nm under the excitation of
405 nm.
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To draw more information of the PL properties, time resolved PL measurements are
performed. Figure 4.15(a) shows a PL decay curve of zeolite:Ag detected at 500 nm under the

excitation of 355 nm. The decay curves of the sample is multi-exponential decay, and the

mean lifetime can be calculated by equation of J.[I 1, ]d (t), where I(t) is the luminescence
t0
intensity as a function of time ¢. the mean lifetime of Ag in zeolite:Ag is 16 us, which is
comparable to that observed for Ag” in glasses [34]. This confirms that Ag" is responsible for
the broad PL in the UV region. Figure 4.15 (b) shows the decay curve of Sm-PL of
zeolite:Sm,Ag with different Ag concentrations. The Sm-PL are detected at 600 nm and
excited at 405 nm. Note that the Ag" does not show PL under this excitation wavelength (see
Figure 4.14(b)). The PL decay curves consist of two components, i.e., fast and slow. The
lifetime of the fast component is shorter than 10 us. This does not depend on the Ag
concentration. The fast component probably arises from oxygen-vacancies in zeolites [35]. On
the other hand, the lifetime of the slow component clearly depends on the Ag concentration. It
decreases from 1.6 to 0.7 ms with increasing Ag concentration. This implies that the internal
quantum efficiency of the Sm-PL may decrease by the Ag codoping. The detailed mechanism
of the shortened lifetime is not clear at present and further discussion will be conducted in the

future work.

4.4 Conclusions

In conclusion, the effect of Ag™ on the PL properties of Sm®" in zeolite A is investigated
for the first time. The Sm -PL intensity is more than 30 times enhanced by the Ag codoping.
The PLE spectrum detecting the Sm-PL coincides well with the absorption spectrum of Ag’,
indicating that energy transfer from Ag" to Sm®" is responsible for the enhancement of the
Sm-PL.
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Chapter 5

Conclusions

In this thesis, the luminescence properties of Bi doped oxidized porous Si and
photosensitizations of rare earth ions by Ag clusters/ions in zeolites are studied. The
broadband and strong NIR emission of Bi doped oxidized porous Si covers the whole
telecommunication wavelengths. The thin film has potential applications in optical
communication. The enhanced red emission of RE ions in the nanostructured powder shows
potential application in white LED.

In chapter 2, luminescence properties of Bi doped oxidized porous Si thin films are studied
for the first time. The sample is prepared by a solution-based method, consisting of
conventional anodizing etching of Si wafer and dip coating. It is found that this material
shows two broad luminescence bands centered at 845 nm with the FWHM of 120 nm and at
1410 nm with the FWHM of 220 nm under 488 nm excitation. The NIR PL spectra depend on
the Bi concentration and oxidation temperature. The oxidation temperature dependence of PL
intensity revealed that oxidation of silicon into silica is indispensable to activate the Bi NIR
active centers in oxidized porous Si. PL properties of Bi doped porous silica thin films
annealed at various temperatures and in different atmospheres are studied. The NIR
luminescence depends strongly on the annealing atmosphere and temperature. Annealing in
N; at high temperature is necessary for the NIR luminescence. To reveal the origin of the NIR
luminescence, comprehensive PL studies including steady state and time-resolved PL
measurements at 8-300 K in wide excitation (250-500 nm) and detection (400-1550 nm)
wavelength ranges are performed. The samples also show visible orange and red
luminescence from Bi. Very small temperature dependence of PL intensity and life time is
observed in the Bi doped porous silica. The PL and PL excitation measurements indicate that
multiple Bi luminescence centers, such as Bi3+, Bi2+, Bi', and Bi dimer, are stabilized in
porous silica.

In chapter 3, photosensitization of Eu’" ions by Ag clusters is achieved by simultaneously
doping Eu’" and Ag in zeolite cages. The Eu’" and Ag doped zeolite is prepared by ion
exchange method. Ag cluster is formed by thermally annealed in air at low temperatures. The



Chapter 5 Conclusions

absorption and emission-excitation graphs of Ag singly doped zeolite Y are also shown. The
emission-excitation graphs indicate that the emission-excitation band positions of Ag cluster
do not depend on the concentration of Ag and annealing temperature. A broad absorption
around 450 nm is observed in high Ag concentration sample, the FE-SEM image prove that
the absorption is responsible to Ag NPs. In the Eu’" and Ag co-doped sample, the PL due to
the Eu’": "Dy—'F, transition of ions at 613 nm is significantly increased by the presence of
Ag clusters. The enhancement can be tuned by Ag concentration; Eu-PL is at most 27 times
increased by co-doping Ag. The excitation wavelength dependence of the PL intensity
coincided well with the absorption spectrum of Ag clusters, indicating that Eu ions are excited
by the energy transfer from Ag clusters.

In chapter 4, the effect of Ag” on the PL properties of Sm’" in zeolite A is investigated.
The absorption and emission-excitation graphs of Ag singly doped zeolite are also studied. It
is indicated that the samples without annealing show absorption blow 320 nm due to Ag ions
in zeolite. New absorption bands appeared in the annealed samples, which are probably due to
formation of Ag cluster under thermal oxidation. The Ag concentration and annealing
temperature dependence of emission-excitation graphs of Ag singly doped samples are shown
in the thesis, which indicates that emission-excitation graphs strongly depend on the Ag
concentration and annealing temperature. To sensitize the RE ions, the Sm®>" and Ag are
simultaneously doped in zeolite A. In the Sm’®" and Ag co-doped samples, the PL from Sm*" at about
600 nm is significantly enhanced by the presence of Ag ions. The enhancement increases with
increasing Ag concentration. The Sm -PL intensity is enhanced by more than 30 times by the
Ag codoping without further annealing steps. The concentration dependence of PL in codoped
samples suggests that the enhancement can be optimized by adjusting Ag and Sm
concentrations. The excitation wavelength dependence of the Sm-PL coincides well with the
absorption spectrum of Ag’, indicating that energy transfer from Ag" to Sm®" is responsible

for the enhancement of the Sm-PL.
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